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Preface  

The aim of this book is to present researches that have transformed the study of animal physiology and aided its 
advancement. With a special emphasis on animal reproduction, this book on animal physiology covers an extensive 
range of topics such as breeding, genetics, animal health and nutrition, etc. It contains a multitude of innovative 
topics which will prove to be very insightful for students and research scholars of zoology, veterinary sciences 
and allied disciplines.

This book is a result of research of several months to collate the most relevant data in the field. 

When I was approached with the idea of this book and the proposal to edit it, I was overwhelmed. It gave me an 
opportunity to reach out to all those who share a common interest with me in this field. I had 3 main parameters 
for editing this text:
1. Accuracy – The data and information provided in this book should be up-to-date and valuable to the readers.
2. Structure – The data must be presented in a structured format for easy understanding and better grasping of 

the readers.
3. Universal Approach – This book not only targets students but also experts and innovators in the field, thus my 

aim was to present topics which are of use to all.

Thus, it took me a couple of months to finish the editing of this book.

I would like to make a special mention of my publisher who considered me worthy of this opportunity and also 
supported me throughout the editing process. I would also like to thank the editing team at the back-end who 
extended their help whenever required.

Editor
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The immune modifying effects of amino acids on
gut-associated lymphoid tissue
Megan R Ruth and Catherine J Field*
Abstract

The intestine and the gut-associated lymphoid tissue (GALT) are essential components of whole body immune
defense, protecting the body from foreign antigens and pathogens, while allowing tolerance to commensal
bacteria and dietary antigens. The requirement for protein to support the immune system is well established. Less
is known regarding the immune modifying properties of individual amino acids, particularly on the GALT. Both oral
and parenteral feeding studies have established convincing evidence that not only the total protein intake, but the
availability of specific dietary amino acids (in particular glutamine, glutamate, and arginine, and perhaps
methionine, cysteine and threonine) are essential to optimizing the immune functions of the intestine and the
proximal resident immune cells. These amino acids each have unique properties that include, maintaining the
integrity, growth and function of the intestine, as well as normalizing inflammatory cytokine secretion and
improving T-lymphocyte numbers, specific T cell functions, and the secretion of IgA by lamina propria cells. Our
understanding of this area has come from studies that have supplemented single amino acids to a mixed protein
diet and measuring the effect on specific immune parameters. Future studies should be designed using amino acid
mixtures that target a number of specific functions of GALT in order to optimize immune function in domestic
animals and humans during critical periods of development and various disease states.

Keywords: Amino acids, Arginine, Epithelium, Glutamate, Glutamine, Gut-associated lymphoid tissue, Intestine,
Mucosa
Introduction
It is well established that protein deficiency suppresses the
immune response and increases susceptibility to infection.
In fact, protein energy malnutrition is hypothesized to be
the leading contributor to immune deficiency globally [1].
Although the requirement for protein to support immunity
is well defined and part of current recommendations, only
recently have investigators begun to explore the potential
use of individual dietary amino acids to optimize immune
function. Early evidence suggested that amino acids are im-
portant energy substrates for immune cells [2-5] and for
antioxidant defense mechanisms [6]. There are also critical
health states (i.e. burns, trauma, infection, total parenteral
(TPN) feeding) or periods of development (i.e. weaning,
pregnancy) where it is now accepted that some dietary
non-essential amino acids become conditionally essential.
* Correspondence: cjfield@ualberta.ca
Department of Agricultural, Food and Nutritional Science, 4-126A Li Ka Shing
Health Research Innovation Centre, University of Alberta, Edmonton, AB T6G
2E1, Canada
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These include arginine, glutamine, glutamate, glycine, pro-
line, taurine and cysteine [7]. This change in need for these
amino acids in the diet may be due in part because of their
effects on immune function.
The intestine serves not only as the main site of nutrient

absorption and amino acid metabolism, but is also the lar-
gest immune organ in the body. The intestinal epithelium,
while facilitating nutrient absorption, also has a major role
in protecting the host from oral pathogens, inducing oral
tolerance and maintaining a healthy interaction with com-
mensal bacteria. Indeed both protein and single amino acid
deficiencies have been shown to impair the physical integ-
rity and growth of the intestinal epithelium, as well as alter
the immune response [8]. This manuscript will review our
current understanding of Gut- Associated Lymphoid Tissue
(GALT) and examine the immunomodulatory effects of
specific amino acids on immunity that occurs or originates
in the intestine.
HNOLOGIES ________________________
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2 Animal Reproduction and Physiology
The intestinal barrier and the gut associated immune system
GALT, the largest immune organ in the body of humans
and domestic animals, contains a variety of immune cell
types from the innate and acquired immune systems
(as reviewed by [9]). Because of the proximity to the
microbiome and the immediate contact with food, it is
continually exposed to both ‘normal’ and potentially dan-
gerous antigens. Accordingly, GALT develops in a manner
that allows non-pathogenic substances, such as com-
mensal bacteria, to survive and enables tolerance to food
antigens, while protecting the host from pathogenic or-
ganisms and other potentially toxic substances [9]. GALT
is considered a component of the mucosal immune system
and is composed of aggregated tissue including Peyer’s
patches (PPs) and solitary lymphoid follicles, and non-
aggregated cells in the lamina propria, intestinal epithelial
cells (IECs), intraepithelial lymphocytes (IELs), as well as
mesenteric lymph nodes (MLNs) [9]. Collectively, GALT
plays a critical role in the development of the systemic im-
mune response. As a primary site of antigen exposure it
primes naïve T- and B-lymphocytes that develop into ef-
fector cells which migrate from the intestine to other sites
of the body to protect against immune challenges, such as
invading pathogens (Figure 1).
GALT has an important role in first line mucosal de-

fenses. The epithelium is protected from large pathogens
or particles by a layer of mucin, a glycoprotein secreted
from the specialized goblet cell within the endothelium
[10]. The IELs are dispersed among the IECs that line
intestinal villi and both cell types play a role in gut
Figure 1 Diagram of the Gut-Associated Lymphoid Tissue.

__________________________ WORLD TEC
immune function (Figure 1). Tight junction proteins, such
as claudin, occludin and ZO-1, determine the mucosal
permeability and regulate the flow of solutes between the
IECs [10]. IECs are involved in the intestinal immune re-
sponse and some consider them an integral part of GALT.
They can activate or suppress IELs via secretion of anti-
microbial peptides, cytokines and chemokines or through
the processing and presentation of antigen in the context
of MHC Class I and MHC class II molecules to the IELS
[11]. IELs are primarily T-cells but have functions distinct
from peripheral T-cells [12]. The types of T-cells present
vary widely by species and disease states [13], but the ma-
jority are CD8+, CD45RO + (antigen mature), and express
adhesion molecules that are thought to be homing signals
[12]. In mice and cows/calves, but not humans, the major-
ity of T-cells are γδ T-cell Receptor + (TCR+) and the
remainder are αβTCR + [13-15]. The primary role of
γδTCR + cells is to induce tolerance and the primary role
of the αβTCR + cells is to induce IgA production [13]. The
difference between species may be related to the degree of
exposure to the microbiota and different dietary exposure
and requirements.
The PPs are lymphoid aggregates that line the intestine

and colon and are the primary inductive sites of the mu-
cosal humoral immune response (Figure 1) [16]. The
follicle associated epithelium (FAE) layer of the PP con-
tains highly specialized cells called microfold or M cells
that continually sample the intestinal contents bringing
them in contact with the resident immune cells (primar-
ily B-cells and small numbers of macrophages, dendritic
HNOLOGIES ________________________



3The immune modifying effects of amino acids on gut-associated lymphoid tissue
cells and T-cells) [17]. Dendritic cells can also extend
through the intestinal epithelial cells to directly sample
antigen [18]. Antigen presenting cells, particularly den-
dritic cells, migrate from the PP or epithelium to the
MLN where they educate naïve T-cells [19]. The MLNs
act as the interphase between the peripheral immune
system and the gut and it is believed that they are the
primary sites of oral tolerance induction [17]. Oral toler-
ance is mechanistically defined as the process by which
dendritic cells present peptides to CD4+ T-cells and
through a series of signals (cell surface and secreted) in-
duce regulatory T-cells and subsequently the tolerance
to the antigen/peptide. In rats, MLN are composed pri-
marily of T-helper cells (55%), but also contain cytotoxic
T-cells (15%), B-cells (25%) and dendritic cells (5%) [20].
Pigs have slightly different phenotypes, with approxi-
mately 12% CD4+ CD8+, 25-28% CD4+ (single positive),
27-32% CD8+ (single positive) [21] and the rest com-
posed of B-cells and other antigen presenting cells [22].
After exposure to antigen in the PPs and MLNs, im-

mune cells circulate in the periphery and migrate to
other mucosal effector sites and home back to the lam-
ina propria (Figure 1) [23]. This is the major effector
component of GALT as these cells are antigen mature
and primed to respond to foreign antigens. The lamina
propria is comprised primarily of IgA secreting plasma
cells and effector T-cells (50% T-helper and 30% cyto-
toxic T-cells) [24]. Secretory IgA (sIgA) is the most
abundant immunoglobulin in the mammalian intestine
and acts by binding pathogens and facilitating the en-
trapment in mucous and removal from the intestinal
track [25]. Indeed a deficiency or inability to produce
IgA results in frequent intestinal infections [26].
Amino acids and the immune system
Although it has long been established that adequate nutri-
tion is essential to the development and maintenance of
the immune system, there is a rapidly growing body of lit-
erature that demonstrates the immune benefits of supple-
mentation with specific nutrients, particularly during
critical stages of development or disease states, when ani-
mals may have a higher demand for essential and non-
essential nutrients. Such states include weaning, infectious
diseases or chronic inflammatory conditions. The import-
ance of individual amino acids to gut function and immun-
ity has become apparent in recent years due to studies that
have supplemented amino acids to animals/humans fed: 1)
intravenously (total parenteral nutrition(TPN)), which
demonstrates not only the importance of GALT but also
the importance to immune functions beyond the intestine;
2) during weaning, which demonstrates the importance of
these amino acids to the normal growth and development
of the intestine and GALT; and 3) during infection or
__________________________ WORLD TEC
chronic inflammation, which has demonstrated the role in
regulating inflammation and infectious challenges.

Glutamine
Glutamine has been the most extensively studied amino
acid with regards to its effects on GALT and the intestine.
In health, glutamine is categorized as a non-essential
amino acid and represents the amino acid in highest pro-
portions in the body. However, during periods of stress
and during critical stages of development the essentiality
of exogenous sources of glutamine is now well-established
to support growth [7] and health in young animals [27].
Role as a precursor and energy substrate for immune and
epithelial cells
Glutamine is an important energy substrate and precursor
for other amino acids and derivatives in immune cells and
enterocytes (Table 1) [2-4,28]. In fact, both cell types cannot
function without at least some exogenous glutamine [29].
In immune cells, particularly lymphocytes, neutrophils and
macrophages, glutamine is used rapidly and metabolized
to glutamate, aspartate, lactate and CO2. Wu et al. [30]
demonstrated the main metabolic fates of glutamine in
enterocytes from weaning piglets are ammonia, glutamate,
alanine, aspartate and CO2. As a precursor for glutamate,
glutamine facilitates the production of glutathione (GSH),
an important regulator of redox in enterocytes and lympho-
cytes [31]. It also provides nitrogen for the synthesis of nu-
cleic acids and proteins that are needed for lymphocytes to
proliferate and produce signals such as cytokines [32].

Effects on intestinal function
In addition to its role as an energy substrate, glutamine
is important for intestinal development and function, in-
cluding maintaining the integrity of the gut barrier, the
structure of the intestinal mucosa and redox homeosta-
sis (Table 1).
Experimental evidence suggests that glutamine supple-

mentation to weaning animals is beneficial to intestinal
health. Wu et al. [28] first demonstrated that oral supple-
mentation with 1% w/w glutamine prevented the decrease
in jejunal villus height that occurs following weaning. Oral
supplementation of glutamine (0.5-1.0% w/w) to healthy
weaning piglets improves measures of intestinal health, in-
cluding increasing villus height and crypt depth, reducing
oxidative stress, lowering the proportion of apoptotic IECs
and increasing the proliferative rates of IECs [33,34]. Glu-
tamine supplementation has been demonstrated to reduce
the adverse effects of TPN on intestinal function in
healthy animals. A TPN solution containing 2% w/v glu-
tamine has improved villus length, crypt depth, tight junc-
tion protein expression (occludin, JAM1 and ZO-1), and
epithelial permeability [35-37].
HNOLOGIES ________________________



Table 1 Summary of the role of amino acids in GALT and the intestine

Amino acid Functions

Glutamine • Oxidative substrate for immune cells and IECs

• Precursor for glutamate/GSH

• Intestinal growth, structure and function (young animals and disease states)

• Supports proliferative rates and reduces apoptosis of IECs

• Protects against E.coli/LPS-induced damage to intestinal structure and barrier function

• Lowers inflammatory and increases immunoregulatory cytokine production

• Improves the proliferative responses of IELs and MLN cells

• Intestinal IgA levels

• Increases lymphocyte numbers in PP, lamina propria and IELs

Glutamate • Oxidative substrate for immune cells and IECs

• Precursor for GSH and other amino acids (i.e. arginine)

• Intestinal growth, structure and function

• Acts as Immunotransmitter between dendritic cells and T-cells*

• Facilitates T-cell proliferation and Th1 and proinflammatory cytokine production

Arginine • Precursor for NO and glutamate in IECs and immune cells

• Intestinal growth, structure and function

• Supports microvasculature of intestinal mucosa

• Increases expression of HSP70 to protect intestinal mucosa

• Protects against E.coli/LPS-induced damage to intestinal structure and barrier function

• Facilitates neutrophil and macrophage killing through iNOS-mediated NO production

• Increases intestinal IgA levels

• Lowers inflammatory cytokine levels in intestine

• Increases T-lymphocytes in lamina propria, PPs, intraepithelial spaces

Methionine &
Cysteine

• Precursor for GSH, taurine and cysteine

• Reduces intestinal oxidative stress

• Intestinal structure

• Increases goblet cells and proliferating crypt cells

• Protects against DSS-induced intestinal damage (colitis model) by lowering inflammation, crypt damage and intestinal permeability.

Threonine • Mucin synthesis

• Intestinal structure and function

• Intestinal IgA levels

*No direct evidence of effects on immune cells in GALT.

4 Animal Reproduction and Physiology
In addition to the beneficial effects in healthy animals,
we and others have demonstrated that glutamine supple-
mentation may be protective to intestinal health during
E. coli infection in animals at weaning (Table 1). We previ-
ously demonstrated that supplementing the weaning diet
of piglets with glutamine (at 4.4% w/w) improved intes-
tinal barrier function (decreased ion movement across
mucosa), and maintained tight junction (claudin-1 and
occludin) protein expression after an E. coli challenge [38].
Similarly, Yi et al. [39] reported that weaned piglets
fed 2% w/w glutamine for 12 days prior to oral E. coli
challenge maintained villus height, area and volume simi-
lar to uninfected piglets. Suckling piglets supplemented
with oral glutamine (3.42 mmol/kg body weight) were
__________________________ WORLD TEC
protected against LPS-induced damage to the intestine
[40]. Glutamine supplementation (5% w/w) was also
reported to improve gut barrier function in a rat model of
colitis [41].

Effects on GALT
In vitro and in vivo studies have demonstrated the im-
portance of glutamine to B- and T-lymphocyte, neutro-
phil and macrophage functions (as reviewed by [42]). In
vitro, glutamine supports the proliferative response of T-
cells, plasma cell generation, macrophage inflammatory
cytokine production and phagocytosis of neutrophils and
macrophages [42]. We and others have shown that glu-
tamine supplementation lowers inflammatory cytokine
HNOLOGIES ________________________



5The immune modifying effects of amino acids on gut-associated lymphoid tissue
levels, improves intestinal cytokine mRNA expression,
increases immunoregulatory cytokine concentrations
and increases the proliferative responses of MLN cells
to a B- and T-cell mitogen (pokeweed mitogen) in healthy
weaning piglets [22,34,38,43]. We also reported a lower
proportion of IgA + cells in the MLN of weaning piglets fed
glutamine relative to the control group, suggestive of
less intestinal permeability and subsequently lower MLN
lymphocyte activation with supplementation (Table 1) [22].
In addition to healthy weaning animals, there is sup-

port for a protective effect of glutamine in models of
sepsis suggesting a therapeutic role for this amino acid
in the infected animal (Table 1). Oral glutamine supple-
mentation (1.1-2% w/v) prior to the induction of sepsis
or endotoxemia increased the number of lymphocytes
in PPs and lamina propria and normalized intestinal
IgA levels of control animals [44-46]. Interestingly, even
a single IV bolus of glutamine given immediately fol-
lowing the induction of sepsis appears to be protective.
Previous studies have demonstrated that a 0.75 g/kg
bolus of glutamine normalized systemic and intestinal
inflammatory cytokine levels, increased the number of
CD8αα +TCRαβ + and TCRγδ+/CD8αα + IELs , lowered
the expression of inflammatory mediators in IELs and
reduced IEL apoptosis [47,48]. Glutamine supplementa-
tion (4% w/w) also increased the proportion of IgA +
cells in the lamina propria in rat models of short bowel
syndrome [49].
The importance of glutamine to the intestine is also

evident when provided systemically. In healthy mice, a
TPN solution containing 2% w/v glutamine was re-
ported to restore intestinal IgA levels, the total number
of lymphocytes in PPs, IEL and lamina propria, and
improved intestinal levels of regulatory cytokines, IL-
10 and IL-4 [37,50,51].

Summary
Overall, animal studies have demonstrated that dietary
supplementation with glutamine (0.5%–5% w/w) is re-
quired to maintain a healthy intestinal mucosa and sup-
port several GALT functions during weaning (lymphocyte
counts and proliferative responses, decreased inflamma-
tory cytokine production and increased immunoregulatory
cytokines), infection (increased lymphocytes and sIgA
levels, decreased inflammatory cytokine levels and IEL
apoptosis, intestinal barrier function and structure and
IEL proliferation and decreased oxidative stress) and other
intestinal inflammatory states (increased sIgA levels).
Providing glutamine systemically (TPN studies) have
established the importance of glutamine to the health of
the intestinal barrier (maintained intestinal structure and
function) and for some GALT and other mucosal immune
responses (maintained sIgA, lymphocyte and regulatory
cytokine levels).
__________________________ WORLD TEC
Glutamate
Glutamate is one of the most abundant dietary amino
acids, but is found in very low concentrations in plasma
[6,52]. This is likely the result of glutamate being a major
energy substrate for intestinal epithelial cells [6]. It also
serves as a precursor for other amino acids (L-alanine, L-
aspartate, L-ornithine and L-proline) and for GSH in the
intestine [53]. GSH is essential to maintaining the thiol
redox state, which is vital to adequate functioning of
enterocytes and immune cells (Table 1) [6].

Effects on intestinal function
Glutamate has a very low capacity to cross biological
membranes, and enterocytes contain glutamate trans-
porters in the plasma membrane [54] making them one of
the few cells that can rapidly transport and metabolize ex-
ogenous glutamate [55]. This contributes to glutamate’s
recognition as the single most important oxidative sub-
strate for IECs [55]. Dietary glutamate, as both a carbon
and nitrogen donor, is the precursor of the conditionally
essential amino acid, arginine [55]. Maintaining endogen-
ous arginine synthesis in piglet enterocytes has been dem-
onstrated to be essential for optimal growth [31].
In vitro and in vivo studies have reported that providing

glutamate can modulate the intestinal epithelium (Table 1).
In an in vitro model of intestinal hyperpermeability (Caco2
cells), glutamate treatment reduced hyperpermeabilty up
to 30% [56]. Wu et al. [57] reported that weanling piglets
fed 1% w/w dietary glutamate for 20 days had increased je-
junal villus height, mucosal thickness and intestinal epi-
thelial cell proliferation. Although the immune functions
of the intestine were not specifically measured in these
studies, these changes would be consistent with improved
intestinal immune function. However, Tsuchioka et al.
[58] reported that rats given TPN supplemented with glu-
tamate (6.3% w/v) for 5 days had lower mucosal thickness
and villous height in the small intestine relative to control
TPN, suggesting a negative effect on the intestinal epithe-
lium when glutamate is provided systemically.

Effects on immune function and GALT
Although immune cells produce considerable amounts of
glutamate when provided glutamine [4], investigations into
the effects of glutamate on immune cells are limited. It has
been recently reported that T-cells, B-cells, dendritic cells
and macrophages express glutamate receptors [59,60],
suggesting that glutamate likely has an important role in
immune cell function. In support, Sturgill et al. [60]
reported that purified B-cells and peripheral mononuclear
cells produced more IgG and IgE when cultured with glu-
tamate in vitro. In T-cells, glutamate may function as an
immunotransmitter, akin to its role as a neurotransmitter,
as extracellular concentrations of glutamate have been
shown to regulate T-cell responses (Table 1). Pacheco et al.
HNOLOGIES ________________________



6 Animal Reproduction and Physiology
[61] demonstrated that dendritic cells release glutamate
during antigen presentation to T-cells and this released
glutamate influences T-cell proliferation and cytokine pro-
duction. During the early stages of dendritic cell-T-cell
interaction, glutamate binds to the constitutively expressed
mGlu5R on T-cells to inhibit proliferation and cytokine
production; however, later in the interaction glutamate
binds to mGlu1R to induce T-cell proliferation and Th1
and proinflammatory cytokine production [61]. This study
demonstrates that glutamate plays an essential role in regu-
lating antigen-specific T-cell activation and suggests that
the high concentrations of glutamate in the intestine may
play an important role in T-cell regulation in the gut.
Despite glutamate being present in high concentrations

in the intestinal lumen and immune cells having unique
glutamate receptors, there have not been dietary studies
that have directly assessed the effect on GALT. Due to the
high oxidation rate of glutamate by enterocytes and im-
mune cells, and its role as a precursor for GSH and other
amino acids [62] it is reasonable to postulate that changes
in the availability of glutamate modulates aspects of GALT
(Table 1). We recently reviewed the evidence and pre-
sented a hypothesis for a novel role of glutamate receptors
on immune cells as the means by which changes in glu-
tamate availability modulates specific immune functions
[6]. In that review, we proposed that due to its immuno-
suppressive effects at concentrations above plasma levels,
glutamate may have a key role in the development and
maintenance of oral tolerance [6], a unique aspect of im-
munity in the intestine.
Despite the lack of investigation into the immune

modulating properties of glutamate on GALT, it is likely
that it has an essential role. To date, the effects of glu-
tamate on GALT have not been examined in vivo. How-
ever, it is likely that glutamate has an essential role as an
oxidative substrate to both enterocytes and immune
cells. It is also a precursor for the synthesis of GSH,
which is required to protect the intestinal mucosa and
optimize immune cell function. And, finally, glutamate is
a precursor for arginine, the substrate for the synthesis
of NO. A high rate of NO synthesis by neutrophils is re-
quired during the innate immune response to infection.
This is an important role of the immune system in the
intestine.

Summary
Dietary glutamate appears essential for intestinal barrier
function and likely other immune functions of the IEC, pri-
marily as a precursor for GSH and as an oxidative sub-
strate for enterocytes. Based on the available data, we can
only hypothesize that the availability of glutamate to the
cells in GALT has an immunoregulatory role. Studies
conducted in systemic immune cells suggest that glutamate
is essential for T-cell activation and B-cell immunoglobulin
__________________________ WORLD TEC
production and we postulate from indirect evidence that
glutamate has a role in the induction of oral tolerance
(that originates in GALT) and protection from enteric
infections.

Arginine
In most adult mammals, arginine is considered a dietary
non-essential amino acid as it can be synthesized from
glutamine, glutamate and proline, but becomes condition-
ally essential during periods of stress [63,64]. Moreover,
the absence of arginine in the diet has been shown to have
adverse effects in adults, including reproductive, metabolic
and neurological derangements [29]. Arginine is classified
as an essential amino acid in young mammals as endogen-
ous synthesis cannot meet demands [29]. Several studies
have demonstrated that arginine supplementation, either
to the piglet’s diet or to the lactating sow, improves growth
performance in piglets [65-68]. The immune system is
particularly sensitive to changes in arginine availability
during early development and various disease states.

Metabolism
Arginine is the most plentiful nitrogen carrier in animals
and is a precursor for urea, polyamines, proline, creatin-
ine, agmatine, glutamate and protein [64]. Perhaps most
importantly, for the immune system, arginine is the only
precursor for nitric oxide synthase (all isoforms) for the
synthesis of nitric oxide (NO). In both the intestine and
immune system, NO is essential for optimal functioning,
including regulating the inflammatory response, facilitat-
ing killing of microbes by neutrophils and macrophages,
and facilitating lymphocyte functions [63].

Effects on intestinal function
The structure and function of the intestine is sensitive to
the amount of arginine in the diet during critical periods
of development and disease states (Table 1). Studies have
shown that arginine supplementation supports the growth
and the development of the intestine and mucosal barrier
in weanling piglets [65,69,70]. Dietary L-arginine supple-
mentation ranging from 0.6% to 1.0% w/w increased intes-
tinal growth, mucosa microvasculature (0.7% but not 1.2%
w/w), villus height, crypt depth, and goblet cell counts in
the piglets [65,69,70]. A proposed mechanism is that feed-
ing arginine (0.6% w/w) increases expression of heat shock
protein 70 (HSP70) which prevents protein denaturation
and associated cellular stress [65].
In addition to supporting normal growth and develop-

ment, supplementation with arginine has also been re-
ported to reduce intestinal damage induced by E. coli
derived LPS (Table 1). Sukhotnik et al. [71] demonstrated
that arginine (2% w/v in drinking water) ameliorated the
adverse effects of LPS on the rat intestine, including im-
proving intestinal weight, villous height, epithelial cell
HNOLOGIES ________________________
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proliferation and mucosal DNA and protein. In addition,
arginine (0.5 or 1.0% w/w) supplemented to weaned piglets
abolished the villous atrophy and morphological changes
induced by LPS infection [72]. Arginine supplementation
(1% v/v in water) lowered serum concentrations of endo-
toxin suggestive of improved gut permeability in a rat
model of acute pancreatitis [73]. In support of this finding,
other researchers have reported that arginine supplementa-
tion reduces bacterial counts in mesenteric lymph nodes
(4% w/w arginine) [74] and improves gut barrier function
(0.33 g/d arginine) [75].

Effects on GALT
The immunomodulatory properties of L-arginine are
well established and have been reviewed elsewhere
[63,76,77]. Arginine has a fundamental role in both the
innate and adaptive immune responses. One of the pri-
mary functions of arginine in leukocytes is as a substrate
for inducible nitric oxide synthase (iNOS) to produce
NO. Macrophages and neutrophils utilize NO to kill a
variety of pathogens and malignant cells [63,76]. NO
also appears to be important for B-cell development and
T-cell receptor function [63]. The effects of arginine on
GALT have been studied in both healthy and disease
states and the available evidence suggest a beneficial ef-
fect on immune function.
Feeding arginine has been shown to be beneficial to

GALT in inflammatory and trauma animal models, as
well as healthy animals (Table 1). Rats fed diets
containing 1% w/w arginine orally prior to the induction
of acute pancreatitis had a higher proportion of T-helper
cells and an increased ratio of CD4+:CD8+ cells in the
intestinal lamina propria, as well as a greater concentra-
tion of fecal sIgA [73]. Similarly, Fan et al. [78] reported
that supplementing arginine (1 g/kg) to severely burned
mice for 7 days increased the number of lymphocytes
isolated from PPs and intestinal IgA concentrations. Ar-
ginine supplemented mice (1 g/kg) also had intestinal
cytokine profiles favouring a less inflammatory state (in-
creased IL-4 and IL-10 and lower IFN-γ and IL-2) [78]. In
chickens, feeding diets containing 2% w/w arginine im-
proved intraepithelial cytotoxicity to viral infection and im-
proved the antibody response to vaccine, suggesting effects
on both cell types of the acquired immune system [79].
Animal models of TPN in both health and disease states

have demonstrated that arginine supplementation can re-
verse the negative effects that TPN (not providing nutri-
ents to the intestine) has on GALT. Mice supplemented
with arginine (2 g/kg), prior to (oral diet) and following
(TPN), had greater numbers of PPs and lymphocytes iso-
lated from PPs, higher intestinal IgA levels and greater
PHA-stimulated IL-10 production (splenocytes) relative to
mice given no arginine prior to induction of sepsis [80].
This study suggests that dietary arginine may be essential
__________________________ WORLD TEC
to maintaining the intestinal immune system during acute
infection. Despite these improvements in immune param-
eters, arginine supplementation in this model of sepsis did
not significantly improve survival [80]. However, arginine
supplementation to healthy animals fed by TPN also
seems to have a similar beneficial effect on GALT. TPN
supplemented with 1% w/v arginine given to healthy mice
increased the proportion of αβTCR+ T-cells and CD4+ T-
cells in PPs and intraepithelial spaces compared to mice
supplemented with 0.3% w/v arginine [81]. These studies
strongly support an essential role for a systemic supply of
arginine to maintaining GALT, particularly when the in-
testine is not receiving nutrients directly from the diet.

Summary
There is considerable support that in health and stressed
conditions oral ingestion of arginine (0.6% to 2% w/w) has
a beneficial effect on GALT, with particular improvements
in aspects of the acquired immune response. Arginine also
supports the growth, development and maintenance of a
healthy intestinal mucosa during critical periods of devel-
opment (weaning) and under certain health conditions.
These effects on the intestinal mucosa and GALT may be
partly explained by arginine’s role as an essential precursor
for NO.

Other amino acids
Methionine and cysteine–sulfur containing amino acids
The dietary essentiality of methionine and conditional es-
sentiality of cysteine to humans and animals has been well
established [82,83]. Currently, there is little direct evidence
demonstrating that these sulfur-containing amino acids
alter immune function. However, indirectly their efficacy
is supported by evidence that their metabolites (taurine,
GSH and homocysteine) have immunomodulatory proper-
ties in vitro [82]. GSH (also see glutamate section) func-
tions as a free radical scavenger and may support proper
immune cell function through a role in T-cell prolifera-
tion, and inflammatory cytokine regulation [6,82,83]. GSH
also has a crucial role in protecting the intestinal epithe-
lium from electrophile and fatty acid hydroperoxide dam-
age [29]. There is evidence that taurine and homocysteine
have immunodulatory properties. Taurine is an end prod-
uct of cysteine metabolism and diets devoid of taurine in
cats resulted in reduced lymphocyte numbers, and mono-
nuclear cells with impaired respiratory burst capacity [82].
In vitro evidence suggests that taurine chloramine can
suppress NF-kappaB activation and pro-inflammatory
cytokine (IL-6 and TNF-α) production and in stimulated
macrophages [82]. In an in vitro model, homocysteine
promoted monocyte activation and increased their adhe-
sion to endothelial cells [84]. At present there are no feed-
ing studies to provide direct support for the effect of
homocysteine or taurine on immune function in GALT.
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There is some evidence that dietary methionine and
cysteine are important to ensure the health of the intestine
and immune function during development and in inflam-
matory states (Table 1). For example, Bauchart-Thevret
et al. [85] demonstrated that relative to healthy neonatal
piglets fed a deficient diet, piglets supplemented with cyst-
eine (0.25 g/kg) and methionine (25 g/kg) had less intes-
tinal oxidative stress, improved villus height and area and
crypt depth, higher number of goblet cells and Ki-67+
proliferative crypt cells. Cysteine also appears to be thera-
peutic in stressed inflammatory states, through improving
intestinal inflammation and permeability. An infusion of L-
cysteine (0.144 g/kg) given to pigs after DSS-induced colitis
lowered mRNA expression of IL-8, MCP-1, MIP-1α, and
MIP-2, and normalized IL-6, TNF- α, IFN-γ, IL-12, IL-1β
and IL-10 in colon tissue [86]. In addition, less inflamma-
tory cell infiltration, crypt damage and lower intestinal
permeability were observed in the pigs supplemented with
L-cysteine (Table 1) [86]. While these studies demonstrate
the importance of sulfur containing amino acids to gut
health in healthy and stressed animals, there is no direct
evidence of the effects on lymphocyte or macrophage cell
function in GALT.
Threonine
Threonine is a dietary essential amino acid that has been
shown to have a particularly high retention rate in the
intestine, which suggests an important function in the
gut [55,87]. Threonine has a major role in mucin synthe-
sis, a glycoprotein that is required to protect the intes-
tinal epithelium (Table 1) [88]. Mucin production is
reduced in diets low or deficient in threonine in healthy
rats and piglets [88-91]. Feeding a diet low in threonine
(0.37% w/w) was found to adversely affect tight junction
ultrastructure in the intestinal epithelium and induce vil-
lus atrophy in pigs [91,92], supporting the importance of
a dietary supply of threonine in maintaining gut barrier
function. Consistent with this, threonine-deficient piglets
were found to have higher paracellular permeability
which would increase the risk of infectious organisms or
their products coming in contact with the body [92]. To
date, there are no studies examining the effect of feeding
threonine on the function of immune cells in GALT.
However, Hamard et al. [92] reported that pigs fed a
30%-reduced threonine diet for two weeks had increased
expression of genes involved in inflammation and im-
munity in the ileum, including MHC Class I antigen
(HLA-B), T-cell differentiation antigen CD6, and chemo-
kine receptors. Chickens fed 0.4% w/w threonine in the
diet for 8 weeks had higher IgA concentrations in the
ileum than chickens fed 0%, 0.1% or 0.2% threonine [93],
suggesting an effect on B cell function in the lamina
propria (Table 1).
__________________________ WORLD TEC
Conclusion
The intestine and the GALT are essential components of
immune defense, protecting the animal/human from for-
eign antigens and pathogens, while allowing the absorp-
tion and tolerance of dietary nutrients. Feeding trials,
primarily conducted in pigs and rodents, have established
convincing evidence that not only the total protein intake
but the availability of specific dietary amino acids, in par-
ticular glutamine, glutamate, and arginine, and perhaps
methionine, cysteine and threonine, are essential to opti-
mizing the immune functions of the intestine and specific
immune cells located in GALT. These amino acids modu-
late their effects by maintaining the integrity, growth and
immune functions of the epithelial cells in the intestine, as
well as improve T-cell numbers and function, the secre-
tion of IgA, and regulate inflammatory cytokine secretion.
The studies conducted using feeding regimes (TPN) that
bypass the oral route suggest that amino acids delivered in
the blood from other parts of the body are important for
maintaining GALT.
To date the majority of the studies have focussed on

modulating single amino acids in a diet that contains
many different proteins (combinations of amino acids)
and determined function by measuring selective (often
single parameters) functions. Evidence for some of these
immunoactive amino acids comes primarily from in vitro
studies or cells isolated from the systemic immune system
(blood). Future studies should be designed using amino
acid mixtures based on the existing knowledge to optimize
immune function and growth in domestic animals and
humans during critical periods of intestinal and GALT de-
velopment in order to optimize health.
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Evaluation of steroidogenic capacity after follicle
stimulating hormone stimulation in bovine
granulosa cells of Revalor 200® implanted heifers
Andrea D Stapp1, Craig A Gifford1, Dennis M Hallford2 and Jennifer A Hernandez Gifford1,3*
Abstract

Background: Heifers not used as breeding stock are often implanted with steroids to increase growth efficiency
thereby altering hormone profiles and potentially changing the environment in which ovarian follicles develop.
Because bovine granulosa cell culture is a commonly used technique and often bovine ovaries are collected from
abattoirs with no record of implant status, the objective of this study was to determine if the presence of an
implant during bovine granulosa cell development impacts follicle stimulating hormone-regulated steroidogenic
enzyme expression. Paired ovaries were collected from 16 feedlot heifers subjected to 1 of 3 treatments:
non-implanted (n = 5), Revalor 200 for 28 d (n = 5), or Revalor 200 for 84 d (n = 6). Small follicle (1 to 5 mm)
granulosa cells were isolated from each pair and incubated with phosphate buffered saline (n = 16) or 100 ng/mL
follicle stimulating hormone (n = 16) for 24 h.

Results: Granulosa cells of implanted heifers treated with follicle stimulating hormone produced medium
concentrations of progesterone similar (P = 0.22) to non-implanted heifers, while medium estradiol concentrations
were increased (P < 0.10) at 28 and 84 d compared to non-implanted heifers indicating efficacy of treatment.
Additionally, real-time PCR analysis in response to follicle stimulating hormone treatment demonstrated a decrease
in steroidogenic acute regulatory protein (P = 0.05) mRNA expression in heifers implanted for 84 d and an increase
in P450 side chain cleavage mRNA in granulosa cells of heifers implanted for 28 (P < 0.10) or 84 d (P < 0.05)
compared to non-implanted females. However, no difference in expression of 3-beta-hydroxysteroid dehydrogenase
(P = 0.57) and aromatase (P = 0.23) were demonstrated in implanted or non-implanted heifers.

Conclusions: These results indicate follicles which develop in the presence of high concentrations of androgenic
and estrogenic steroids via an implant tend to demonstrate an altered capacity to respond to follicle stimulating
hormone stimulation. Thus, efforts should be made to avoid the use of implanted heifers to study steroidogenesis
in small follicle granulosa cell culture systems.

Keywords: Bovine, Follicle stimulating hormone, Granulosa cells, Implant, Steroidogenesis
Background
Combination trenbolone acetate (TBA) and estradiol-17β
(E2) implants are commonly used in feedlot cattle to in-
crease feed efficiency and muscle mass [1]. However, expos-
ure to exogenous hormones also influences other
physiological functions. SJ Jones, RD Johnson, CR Calkins
and ME Dikeman [2] demonstrated that implanted bulls
had reduced cortisol and testosterone serum concentrations
* Correspondence: jah.hernandez_gifford@okstate.edu
1Department of Animal Science, Oklahoma State University, Stillwater, OK
74078, USA
Full list of author information is available at the end of the article

__________________________ WORLD TEC
and smaller testicular size compared to non-implanted
bulls. These data indicate that combination implants alter
adrenal and gonadal steroid production and normal go-
nadal development.
In females, elevated concentrations of hormones, includ-

ing estradiol, can alter ovarian function and steroid hor-
mone synthesis. Anabolic agents used to enhance growth
inhibit pituitary release of gonadotropins [3] as a result of
the androgenic activity as exhibited by TBA [4] or the es-
trogenic activity [5]. Consequently, implanting developing
heifers has marked impacts on reproductive function.
Heifers receiving a TBA and E2 implant at 84 d of age had
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delayed puberty and retardation in reproductive tract devel-
opment [6]. Ewes prenatally treated with testosterone dur-
ing mid-gestation did not display a delay in onset of
puberty but demonstrated absent or disrupted progesto-
genic cycles, and had larger follicles with prolonged pres-
ence [7]. Heifers receiving a TBA implant at estrus or d 13
of the estrous cycle were anestrus for a period of time dur-
ing growth promotant release, thereafter d 13 implanted
heifers remained anestrus due to follicle or luteal cysts [8].
Though steroid implants are not intended for use in

breeding females, bovine ovaries are often harvested
from abattoirs for GC culture to investigate mechanisms
regulating follicle maturation and differentiation. To our
knowledge there is no study demonstrating the impact
of elevated levels of androgens and estrogens on the de-
veloping follicle. Therefore, the objective of this study
was to determine if the presence of anabolic and estro-
genic steroids impacts follicle stimulating hormone
(FSH)-regulated steroidogenic enzyme expression.

Methods
Animals
All procedures involving animals were approved by the
Oklahoma State University Institutional Animal Care and
Use Committee (AG-12-4). Sixteen predominantly Angus
heifers (361 kg) were randomly assigned to one of three im-
plant groups: non-implanted (n = 5), implanted for 28 d
with a combination implant (200 mg TBA+ 20 mg E2;
Revalor 200®; Intervet, Inc., Millsboro, DE, USA; 28 d;
n = 5), and 84 d with Revalor 200® (84 d; n = 6). Assigned
heifers were implanted on d 0 (group implanted for 84 d)
or d 56 (group implanted for 28 d) and were not re-
implanted. Heifers were harvested on d 84 and 85 and
paired ovaries were harvested (Robert M. Kerr Food and
Agriculture Products Center, Oklahoma State University,
Stillwater, OK) from each heifer for GC collection and
culture.

Granulosa cell culture
Small follicle (1 to 5 mm) GC were isolated from ovaries of
each animal and each animal’s GC were cultured separately
using methods previously described [9]. Follicle size selec-
tion was based on the intent of investigating FSH signaling
cascades in implanted and non-implanted heifers. Previous
observations indicate that 1) recruitment of bovine follicles
able to respond to FSH occurs at a diameter of 1 to 3 mm
[10]; 2) GC acquire FSH receptors prior to follicular re-
cruitment [11,12]; and 3) GC of recruited follicles express
steroidogenic enzyme mRNAs before LH receptor mRNA
is detected [13]. Briefly, GC were resupended and washed
twice in short-term media (1:1 mixture of Dulbecco’s Modi-
fied Eagle Medium (DMEM) and Ham’s F12 containing
0.12 mmol/L gentamycin and 38.5 mmol/L sodium bicar-
bonate) obtained from Sigma-Aldrich (St. Louis, MO,
__________________________ WORLD TEC
USA). After the final wash, cells were re-suspended in 0.5
to 2 mL of resuspension medium (serum-free medium with
2.5 mg/mL collagenase and 1 mg/mL DNase) (Sigma-
Aldrich) to prevent cell clumping prior to plating. Cell
number and viability were determined via hemocytometer
using trypan blue dye exclusion. Granulosa cells from each
animal were seeded in two-60-mm culture dishes at a dens-
ity of 5.2 × 105 cells in DMEM complete medium (1:1
DMEM and Ham’s F-12 containing 10% fetal bovine serum,
0.12 mmol/L gentamycin, 2.0 mmol/L glutamine, and
38.5 mmol/L sodium bicarbonate). Incubation of cells oc-
curred at 38.5˚C and 5% CO2 and medium was changed
every 24 h until cell confluency reached 70-75%. Once con-
fluency was reached, medium and unattached cells were re-
moved. To test how each animal’s GC responded to FSH
treatment, one culture dish of GC from each animal were
incubated with phosphate buffered saline (PBS; Con;
n = 16) in serum free media supplemented with 10-7 mol/L
testosterone propionate (Sigma-Aldrich) for 24 h, allowing
each animal to serve as its own control. The second culture
dish was treated with 100 ng/mL purified human FSH
(S1AFP-B-3; National Hormone and Peptide Program, Na-
tional Institute of Diabetes and Digestive and Kidney
Diseases, National Institutes of Health, Bethesda, MD,
USA; n = 16) in serum free media supplemented with
10-7 mol/L testosterone propionate (Sigma-Aldrich) for
24 h. Treatment medium was collected and frozen at
−80°C until analysis. Treatments were terminated by re-
moving medium and rinsing cells once with ice cold PBS.
Cells were scraped into 1 mL TRIzol (Invitrogen, Grand
Island, NY, USA) reagent and stored at −80°C until isola-
tion of RNA.

RNA extraction and quantitative real-time PCR
RNA was isolated from cultured GC using TRIzol re-
agent according to the manufacturer’s protocol and
stored at −80°C. Integrity of RNA was assessed by
visualization of 18S and 28S ribosomal RNA resolved
by agarose gel electrophoresis. RNA purity and quan-
tity was determined using a NanoDrop, ND 1000
Spectophometer (Thermo Fisher Scientific, Wilmign-
ton, DE, USA). Purity was determined by 260/280 nm
absorbance ratios, absorbance ratios above 1.8 were
considered acceptable. Total RNA (1 μg) was treated
with 1 μL DNase I Amplification Grade (Invitrogen)
to remove genomic DNA contamination following
manufacturer’s instructions. First strand cDNA was
synthesized from total RNA using oligo(dT) primers
and 1 μL Superscript II Reverse Transcriptase (Invi-
trogen) for each FSH-treated and non-treated sam-
ples. Samples were stored at −20°C until analysis. All
gene specific primers were designed using Primer3
[14] and synthesized by Integrated DNA Technologies
(Coralville, IA, USA). Forward and reverse primer
HNOLOGIES ________________________
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sequences are listed in Table 1. Primers were vali-
dated at a concentration of 300 nmol/L using a 7-log
dilution curve as previously reported [15].
A working solution of cDNA was prepared by dilut-

ing 1:10 with DEPC-treated water. Five microliters of
cDNA working solution was added to 20 μL master
mix containing 13 μL SYBR green and fluorescein
mix (Bioline, Taunton, MA, USA) and 0.75 μL of each
forward primer (10 μmol/L) and reverse primer
(10 μmol/L). Real-time PCR analysis for each sample
was carried out in duplicate using a CFX real-time
PCR detection system (Bio-Rad Laboratories,
Hercules, CA, USA). Standard thermocycler condi-
tions were as follows: 95°C for 10 min, followed by
40 cycles of 95°C for 15 s, 60°C for 30 s, and 72°C
for 30 s. Relative fold change in target mRNAs was
quantified using the ΔΔCq method where the FSH
ΔΔCq for each animal was determined by subtracting
each animals Con ΔCq from their FSH ΔCq [16]. All
reverse-transcribed cDNA samples were assayed in
duplicate for each gene, and melt curve analyses were
performed to ensure specificity of amplification. Melt
curve analysis was carried out for 81 cycles with
0.5°C temperature increase from 55°C to 95°C.
To determine the appropriate reference gene to

normalize cDNA variability between samples, a panel
of three reference genes was analyzed including,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
cyclophilin A (PPIA), and mitochondrial ribosomal
protein L19 (MRPL19). The raw Cq values were ob-
tained for each gene in all samples and analyzed
using GeNorm (Biogazell qbasePLUS2, Zwijnaarde,
Belgium) to determine the most stable normalization
factor. The most stable housekeeping gene for target
gene normalization was determined to be GAPDH
and was used as the reference gene [17].
Table 1 Primer sequences used in real-time PCR

Gene Accession no. F
13β-HSD NM_174343 CCACACCAAA
2CYP11A1 NM_176644 AAGTTTGACCC
3CYP19A1 NM_174305 CAACAGCAGA
4GAPDH NM_001034034 GGGTCATCATC
5MRPL19 NM_001046068 GGAAAGCAGG
6PPIA XM_002690515 GGTACTGGTGG
7STAR BC110213 CCCATGGAGA
13β-HSD = 3β-hydroxysteroid dehydrogenase.
2CYP11A1 = P450 side chain cleavage.
3CYP19A1 = aromatase.
4GAPDH = glyceraldehyde-3-phosphate dehydrogenase.
5MRPL19 =mitochondrial ribosomal protein L19.
6PPIA = cyclophilin A.
7STAR = steroidogenic acute regulatory protein.

__________________________ WORLD TEC
Radioimmunoassay
Granulosa cell culture medium was analyzed for E2 and
progesterone (P4) by solid-phase radioimmunoassay using
components of Siemens Medical Diagnostics Corp (Los
Angeles, CA, USA) commercial kits as previously described
[9]. The E2 concentration in samples of cell culture medium
was determined in 200 μL of medium and the specific bind-
ing was 62.5%. Detection limit (95% of maximum binding)
of the assay was 2 pg/mL. Intra-assay CV for E2 was 6.5%
for cell culture medium. The P4 concentration in samples
of GC medium was assayed at 10 μL. The specific binding
was 58.8%. Detection limit (95% of maximum binding) of
the assay was 0.1 ng/mL. Intra-assay CV for P4 was 4.1%
for cell culture medium.

Statistical analysis
Experiments were analyzed by analysis of variance for a
completely randomized design in which three treatments
were included; non-implanted (n = 5), Revalor 200® for
28 d (n = 5), and Revalor 200® for 84 d (n = 6). Relative
fold changes in gene expression for steroidogenic acute
regulatory protein (STAR), 3β-hydroxysteroid dehydro-
genase (3β-HSD), P450 side chain cleavage (CYP11A1),
and aromatase (CYP19A1) mRNA, and medium hormo-
nal concentration of P4 and E2 are presented as the least
square means ± standard error of the mean. For all cul-
ture experiments, GC from each animal were kept separ-
ate and each animal’s GC were subjected to either
control treatment or FSH treatment. Thus, fold change
values are each animal’s FSH response relative to that
animal’s non-treated controls. A value in CYP11A1
mRNA expression of a non-implanted heifer at least
three standard deviations from the mean and a missing
fold change for CYP19A1 in the 84 d treatment group
were excluded from statistical analysis. Quantitative real-
time PCR data and hormone concentrations were
Sequences of primers (5′-3′)

orward Reverse

GCTACGATGA GCAAGCCAGTACTGCAGAGA

AACCAGGTG GTGGATGAGGAAGAGGGTCA

GAAGCTGGAAGACA CACCCACAACAGTCTGGATTTCCCT

TCTGCACCT GGTCATAAGTCCCTCCACGA

TTCTTGAGTCC TGGCATATGGGTCAGCAGTA

CAAGTCCAT GCCATCCAACCACTCAGTCT

GGCTTTATGA CGTGAGTGATGACCGTGTCT
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FSH Effect P < 0.01

Figure 1 Anabolic androgens and estrogens did not affect
progesterone (P4) production but increased estradiol (E2)
concentrations. Small follicle granulosa cells from non-implanted
heifers (n = 5) or heifers implanted for 28 d (n = 5) or 84 d (n = 6)
were treated for 24 h with FSH (100 ng/mL, 24 h) or PBS, subse-
quently cell culture medium were analyzed by RIA. (A) Combination
implants of TBA and E2 did not affect the ability of granulosa cells to
produce P4. (B) Medium E2 concentrations were greater in cells ex-
posed to FSH (P < 0.01) compared to non-treated controls indicating
successful FSH treatment. Additionally, medium E2 concentrations in-
creased (P < 0.10) in granulosa cells from implanted heifers com-
pared with non-implanted. Concentration is presented as the least
square mean ± pooled standard error. Results are compared within
FSH treatment group. *P < 0.10 indicates a significant difference
when compared with non-implanted heifers.
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analyzed using the GLM procedures of SAS (SAS Insti-
tute, Cary, NC, USA). Data were tested for homogeneity
of variance using Hartley’s F max test and STAR and E2
were corrected by log transformation (log + 3 and log +
1, respectively). When a significant treatment effect was
observed, means were separated using the least signifi-
cant test computed by the predicted difference option of
SAS. Statistical significance was set at P < 0.10.

Results and discussion
The anabolic effects of implants are likely a consequence
of altering the endogenous hormonal milieu. This con-
cept is supported by the demonstrated increase in
plasma GH concentrations in response to E2 [18] or
TBA and E2 [19] implants. High levels of anabolic hor-
mones can also modulate reproduction as demonstrated
by TBA induced anestrus in cows [8,20] and delayed pu-
berty and decreased fertility in TBA plus E2 implanted
heifers compared to non-implanted controls [6,21].
To determine the steroidogenic capacity of small fol-

licle GC from an environment of elevated anabolic ste-
roids, we first evaluated steroid accumulation in cell
culture medium. Hormonal output was analyzed via
radioimmunoassay. The ability of cultured GC to
synthesize P4 was not affected by heifer implant status
(P = 0.22; Figure 1A). These results are similar to previ-
ous studies in which bovine GC were cultured with
200 ng/mL FSH and also did not show an effect on pro-
duction of P4 in cell culture medium compared to con-
trols [22]. As expected, FSH treated GC had increased
(P < 0.01) concentrations of E2 compared to PBS-treated
controls (Figure 1B) demonstrating successful induction
of the FSH signaling pathway. Additionally, GC from
heifers implanted for 28 d or 84 d produced greater con-
centrations of E2 (78 and 80 ± 21 pg/mL, respectively)
compared to non-implanted heifers (26 ± 21 pg/mL;
P < 0.10; Figure 2B) in response to FSH.
Based on the apparent change in estrogen production

as a result of implant status and that estrogen produc-
tion by the follicle is determined by FSH regulation of
genes encoding key steroidogenic enzymes, we next eval-
uated gene expression of the steroidogenic enzymes of
non-implanted and implanted heifers in response to
FSH. Analysis of steroidogenic enzyme mRNAs of pu-
bertal heifers implanted with TBA and E2 in the pres-
ence or absence of FSH demonstrated differences in
expression as compared to non-implanted heifers. The
first rate limiting step in steroid synthesis is the delivery
of cholesterol to the inner mitochondrial membrane
which is mediated by steroid acute regulatory protein
(STAR). Expression of STAR was reduced (P < 0.05) in
response to FSH in cells from heifers exposed to TBA
and E2 for 84 d when compared to non-implanted
heifers and heifers implanted for 28 d (Figure 2A). STAR
__________________________ WORLD TEC
is fundamental to the biosynthesis of steroid hormones
as it provides cholesterol to the cytochrome P450 side-
chain cleavage enzyme (CYP11A1). Mitochondrial
CYP11A1 catalyzes the cleavage of the cholesterol side
chain to form pregnenolone and this reaction represents
the first committed step in steroidogenesis. Follicle
stimulating hormone increased mRNA expression of
CYP11A1, in GC from 28 d (P < 0.10) and 84 d (P < 0.05)
implanted heifers as compared to non-implanted
(Figure 2B). Studies indicate that both delivery of choles-
terol to the enzyme system and the expression of
CYP11A1 are important factors controlling the rate of
steroid hormone synthesis [23] and may contribute to
HNOLOGIES ________________________
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Figure 2 Expression of key steroidogenic enzymes is altered in
FSH stimulated granulosa cells from implanted heifers. Bovine
small follicle granulosa cells were treated as described in Figure 1.
Gene expression data are represented as fold change for each group
compared to its respective control to demonstrate individual group
response to FSH treatment. Fold change of (A) STAR, (B) CYP11A1,
(C) 3βHSD, and (D) CYP19A1 mRNA expression was analyzed by real
time-PCR. Statistical significance is presented as the least square
mean ± pooled standard error. *P < 0.10 and **P < 0.05 indicates a
significant difference when compared with non-implanted heifers.
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the increase in medium estrogen detected on d 28 and
84. In the female, ovarian androgens and estrogens regu-
late release of LH and FSH by feedback mechanisms on
the hypothalamus and pituitary and it is not unexpected
that exposure to anabolic steroids may disrupt this deli-
cate balance. Elevated concentrations of anabolic and es-
trogenic steroids from the implants did not have a
marked effect on mRNA expression of 3β-HSD
(P = 0.57; Figure 2C) the enzyme responsible for convert-
ing pregnenolone to progesterone. Next, we evaluated
CYP19A1, the enzyme in granulosa cells responsible for
converting androgens to estrogen. However, no change
in gene expression was detected for CYP19A1 in control
versus heifers implanted for 28 or 84 d (P = 0.22;
Figure 1D). This may be explained in part by the rela-
tively short 3 h half-life of CYP19A1 in FSH-stimulated
bovine granulosa cells compared to the more stable 14 h
half-life demonstrated for CYP11A1 [24].
Additionally, although implant status did not result

in significant changes in CYP19A1 mRNA expression,
E2 concentrations however, were elevated in both FSH
treated implanted groups. This is consistent with pre-
vious work in cattle showing that minimal regulation
in CYP19A1 gene expression can contribute to meas-
urable differences in E2 synthesis [9,25]. Normal
follicular development relies on increasing concentra-
tions of E2 corresponding with follicle maturation and
resultant proliferation and differentiation of GC [26].
Additionally, elevated levels of E2 in culture medium
improves growth of oocytes from early antral follicles
[27] supporting an important role of E2 in folliculo-
genesis. However, elevated exogenous concentration
of E2 can increase the chance of developing cystic fol-
licles and decreases fertility in heifers [6].
In conclusion, these results indicate that follicles

which develop in the presence of high concentrations
of androgenic and estrogenic steroids via an implant
have an altered ability to respond to FSH stimulation
as demonstrated by varied steroidogenic enzyme ex-
pression and elevated estradiol production. Thus, ef-
forts should be made to avoid the use of implanted
heifers to study steroidogenesis in small follicle GC
culture systems.
HNOLOGIES ________________________
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Calcium potentiates the effect of estradiol on
PGF2α production in the bovine endometrium
Claudia Maria Bertan Membrive1, Pauline Martins da Cunha2, Flávio Vieira Meirelles3 and Mario Binelli2*
Abstract

Background: Estradiol (E2) is required for luteolysis in cows and its injection stimulates prostaglandin F2α (PGF2α)
release. The main goal of our study was to investigate the ability of endometrial explants and cells treated with E2
and the calcium ionophore (CI) A23187 to synthesize PGF2α.
Results: Treatment with E2 in vivo resulted in a 48.4% increase of PGF2α production by endometrial explants
treated in vitro with A23187. Production of PGF2α was better stimulated with A23187 at concentrations of 10−6 and
10−5 mol/L compared with other concentrations used. The concentration of PGF2α for untreated bovine
endometrial cell cultures was 33.1 pg/mL, while for cultures treated with E2, A23187, or a combination of E2 and
A23187, the PGF2α concentration was 32.5, 92.4 and 145.6 pg/mL, respectively.

Conclusions: Treatment with A23187 tended to stimulate PGF2α production. In the presence of E2, A23187
significantly stimulated PGF2α synthesis. It appears that A23187 potentiates the effects of E2 with respect to
synthesis of endometrial PGF2α in cattle.

Keywords: Animal reproduction, Cattle, Estradiol, Luteolysis, PGF2α synthesis, Reproductive physiology
Background
In cattle, administration of 17β-estradiol (E2; 3 mg) as
early as day 13 of the estrous cycle causes an increase
in the plasma concentration of 13,14-dihydro-15-keto-
prostaglandin F2α (PGFM), the main metabolite of PGF2α
[1,2]. Consistently, ablation of ovarian follicles, which
causes a decrease in plasma concentrations of E2, delays
luteolysis in ruminants [3-5]. E2 is capable of inducing
endometrial synthesis of PGF2α [6]; furthermore, E2 can
induce luteolysis [7].
The endometrial synthesis of PGF2α results from a com-

plex cascade of highly coordinated events. Arachidonic acid
(AA), stored in the phospholipid membranes, is the pri-
mary precursor of prostaglandins [8]. Oxytocin (OT), acting
through its receptor on the endometrial cell membrane, ac-
tivates a guanosine nucleotide-binding protein (G protein),
which promotes the activation of phospholipase C (PLC)
[9]. PLC then cleaves phosphatidylinositol triphosphate
into inositol triphosphate (IP3) and diacylglycerol (DAG).
IP3 binds to receptors on the endoplasmic reticulum,
* Correspondence: binelli@usp.br
2Department of Animal Reproduction, School of Veterinary Medicine and
Animal Science, University of São Paulo, São Paulo, Brazil
Full list of author information is available at the end of the article
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promoting an increase in cytoplasmic calcium concentra-
tion. DAG activates protein kinase C (PKC), a serine/threo-
nine kinase that is dependent on calcium for activation.
Activated PKC phosphorylates phospholipase A2 (PLA2).
The IP3-induced increase in cytosolic calcium stimulates
calcium-dependent PLA2 activity [10]. PLA2 preferentially
cleaves the sn-2 position of phosphatidylcholine, releasing
AA [11]. The free AA is then converted into prostaglandin
H2 (PGH2) by prostaglandin endoperoxide synthase 2
(PTGS2). Finally, PGH2 is converted into PGF2α by PGF
synthases, such as Aldo-keto reductase family 1 member
C1 (AKR1C1). Calcium is a known cofactor of PKC and
PLA2, which are enzymes involved in PGF2α production.
Although the proteins involved in the synthesis of PGF2α
have been identified, the role of E2 in this process remains
unknown.
The main goal of our study was to determine the ability

of endometrial explants and cells to synthesize PGF2α.
Specifically, we sought to evaluate the capacity of E2, when
administered in vivo, to stimulate PGF2α synthesis in
endometrial explants incubated with a calcium ionophore
(CI), melittin or oxytocin. We also sought to determine
the CI dose that was capable of stimulating the synthesis
of PGF2α in cultured endometrial cells, and to evaluate
HNOLOGIES ________________________
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the capacity of bovine endometrial (BEND) cells to
synthesize PGF2α following treatment with E2 and/or
a CI.

Methods
Experiment 1
We used 13 cyclic cross-bred beef heifers (B. taurus × B.
indicus) in our study. Animals procedures were approved
by Ethics and Animal Handling Committee of the Univer-
sidade de São Paulo. Animals were fed pasture (Brachiaria
decumbens var. marandu) supplemented with minerals
and had access to water ad libitum. Animals were im-
planted with a device containing 1 g of P4 (CIDR®, Pfizer,
USA) along with an intramuscular injection of gonadore-
lin (100 μg; Fertagil®, Intervet, The Netherlands) on the
first day of the synchronization protocol. Devices were
removed 7 days later and cows were administered D-
cloprostenol (150 μg; Preloban®, Intervet) intramuscularly
and were marked on the tailhead using an All-Weather
Paintstik® (LA-CO Industries Inc., USA). Estrous behavior
was observed twice daily for 48–120 h after PGF2α was
injected. The start of standing estrus was considered day 0
of the estrous cycle (day 0). On day 6, an ultrasonographic
examination was performed (Aloka, SSD-500, linear probe
7.50 MHz), and females with a dominant follicle ≥7.5 mm
received an intramuscular injection of gonadorelin (100 μg;
Fertagil®, Intervet, The Netherlands) to induce ovulation
of the dominant follicle and promote the emergence of a
new follicular wave [12]. Ultrasonographic examination
was performed to verify the presence of an accessory cor-
pus luteum on day 16 of the cycle. Heifers were paired ac-
cording to the day of standing estrus and randomly
chosen for intravenous treatment with 0 (n = 6) or 3 mg of
E2 (n = 7) on day 17. At 2 h post-treatment, animals were
stunned by cerebral concussion from a pneumatic pistol
and euthanized by jugular exsanguination. Genital tracts
were transported to our laboratory on ice immediately
after animals were euthanized. The endometrium of the
ipsilateral horn to the original corpus luteum was dis-
sected, and fragments of the intercaruncular region weigh-
ing 80–100 mg were conditioned in 12 mm× 75 mm
borosilicate tubes containing 0.5 mL Krebs-Hensleit bicar-
bonate medium (KHB; 118 mmol/L NaCl, 4.7 mmol/L
KCl, 2.56 mmol/L CaCl2, 1.13 mmol/L MgCl2, 25 mmol/L
NaHCO3, 1.15 mmol/L NaH2PO4, 5.55 mmol/L glucose,
20 mmol/L Hepes and 0.013 mmol/L phenol red, pH 7.4).
Cultures were maintained according to procedures de-
scribed by Burns et al. [13]. Tubes containing explants
were kept at 37°C in a shaking waterbath (40 rpm) for 1 h.
Culture media was discarded and explants were washed
twice with 0.5 mL of KHB. Explants were incubated for
1 h in KHB, washed, and then treated in vitro with 1 mL
of either: KHB medium (control); KHB supplemented with
10−5 mol/L A23817, a CI (C-7522, Sigma Chemicals, USA);
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KHB supplemented with 10−5 mol/L melittin (M-2272,
Sigma Chemicals, USA); or KHB supplemented with
10−6 mol/L OT (O-6379, Sigma Chemicals, USA). Explants
from each cow received all treatments in triplicate. The
concentrations of drugs we used were based on those
previously reported [13-15]. Samples comprising 100 μL
of culture medium were removed immediately after the
administration of treatments (time 0) and 60 min later.
Samples were stored at −20°C until required. The con-
centration of PGF2α (pg/mL/mg of endometrial tissue)
in the culture medium was measured using radio immuno
assays as described by Danet-Desnoyers et al. [14]. Intra-
assay variation coefficients were 23.7 and 14.1%, and the
inter-assay coefficients were 23.4 and 13.1% for standards
containing 250 and 1,000 pg/mL PGF2α, respectively.

Experiment 2
We obtained BEND cells [16] from the American Type
Culture Collection (ATCC CRL-2398; USA). Cells were
suspended in 4 mL of complete culture medium [40%
HAM F-12 (N6760, Sigma Chemicals, USA); 40% min-
imal essential medium (MEM; M0643, Sigma Chemicals,
USA); 200 IU/L insulin (I5500, Sigma Chemicals, USA);
10% (v/v) fetal bovine serum (FBS; 10270-106, Gibco
Life, USA); 10% (v/v) equine serum (Nutricel, Brazil);
and 1% (v/v) antibiotic and antimycotic solution (A7292,
Sigma Chemicals, USA)] and seeded in 6-well tissue cul-
ture plates (Corning Incorporated, USA). Cells were cul-
tured at 38.5°C/5% CO2 until 90% confluent. Subsequently,
cells were maintained in serum-free medium for 24 h,
washed twice in the same medium, and incubated for 12 h
in 4 mL of serum-free medium supplemented with 0, 10−7,
10−6 or 10−5 mol/L A23817 (C-7522, Sigma Chemicals,
USA) in triplicate wells. Samples of media (500 μL) were
collected immediately after the administration of treat-
ments (time 0) and 12 h later. After sample collection at
time 0, the same volume of medium containing the spe-
cific treatment was replaced in culture wells. Samples
were stored at –20°C until required. Experiments were
repeated three times; intra-assay variation coefficients
were 13.2 and 18.8%, and inter-assay variation coeffi-
cients were 10.3 and 22.0% for standards containing 250
and 1,000 pg/mL PGF2α, respectively.

Experiment 3
We seeded BEND cells in 24-well plates (4 × 104 cells/well;
Corning Incorporated) with 1.5 mL of complete culture
medium. Cultures were incubated at 38.5°C/5% CO2 until
cells were 90% confluent. Cells were then cultured in
serum-free medium for 24 h, washed twice with the same
medium, and incubated for 12 h in serum-free medium
supplemented with 10−13 mol/L E2 (E-8875, Sigma Che-
micals, USA) and 10−6 mol/L A23817 (Sigma Chemicals,
USA). Control wells received serum-free medium without
HNOLOGIES ________________________
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supplements; all experiments were conducted in triplicate.
Samples of media (300 μL) were collected immediately
after the administration of drugs (time 0) and 12 h later.
After sample collection at time 0, the same volume of
medium containing the specific treatment was replaced
in wells. Samples were stored at –20°C until subsequent
measurement of PGF2α concentration. Experiments were
conducted three times; intra-assay variation coefficients
were 16.0 and 20.6%, and the inter-assay variation coeffi-
cients were 4.0 and 18.9% for standards containing 250
and 1,000 pg/mL PGF2α, respectively.

Statistical analysis
Data that did not meet the assumptions of normality of
residues (Shapiro-Wilk Test, P ≤ 0.01) or homogeneity of
variances (F Test, P ≤ 0.01) were transformed by square
roots and reanalyzed. Data were analyzed by ANOVA
using the GLM procedure with the SAS program and
are presented as untransformed least squares means ±
SEM. Treatment means were compared by orthogonal
contrasts. In Experiment 1, the dependent variable was
DIF60 (the difference between PGF2α concentrations at
0 and 60 min), and the independent variable was treat-
ment. For Experiments 2 and 3 the dependent variable
was DIF12 (the difference between PGF2α concentra-
tions at 0 and 12 h) and the independent variables were
experiment, treatment and the interaction between ex-
periment and treatment. Statistical significance was
considered at P < 0.05.

Results
Experiment 1
The DIF60 for the various treatments are shown in
Table 1. Endometrial explants that remained untreated
in vitro produced similar concentrations of PGF2α whether
they were obtained from cows injected with E2 (3 mg)
(20.7 ± 4.2 pg/mL/mg of tissue) or not (24.7 ± 4.6 pg/mL/mg
of tissue; Table 1). Regarding control animals, PGF2α
synthesis was similar among untreated explants (24.7 ±
4.6 pg/mL/mg of tissue) and explants treated with
OT (28.2 ± 4.6 pg/mL/mg of tissue), melittin (26.9 ±
5.0 pg/mL/mg of tissue) or A23187 (29.0 ± 4.6 pg/mL/mg
Table 1 Concentration of PGF2α (pg/mL/mg of tissue)
produced by endometrial explants from cross-bred
heifers on Day 17 of the estrous cycle treated in vivo
with 17β-estradiol and in vitro with A23817, melittin or OT

Variable Treatment (mean ± SEM)

Control E2 Stimulator E2/Stimulator

DIF60 –A23817 24.7 ± 4.6b 20.7 ± 4.2b 29.0 ± 4.6b 43.0 ± 4.2a

DIF60 - melittin 24.7 ± 4.6 20.7 ± 4.2 26.9 ± 5.0 31.7 ± 4.6

DIF60 - OT 24.7 ± 4.6 20.7 ± 4.2 28.2 ± 4.6 33.2 ± 4.2
a,bsignificantly different, P ≤ 0.01.
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of tissue; Table 1). In contrast, synthesis of PGF2α from
explants originating from animals treated with E2 was
48.4% greater following exposure to A23817 (43.0 ± 4.2
pg/mL/mg of tissue) compared with explants from control
animals (29.0 ± 4.6 pg/mL/mg of tissue; P≤ 0.01). Treat-
ment with E2 in vivo did not affect the responses to melit-
tin (26.9 ± 5.0 vs. 31.7 ± 4.6 pg/mL/mg of tissue) or OT
(28.2 ± 4.6 vs. 33.2 ± 4.2 pg/mL/mg of tissue).

Experiment 2
We used A23187 at 10−7, 10−6 and 10−5 mol/L, and these
concentrations stimulated dose-dependent increase in
PGF2α production (Figure 1). A23187 stimulated the syn-
thesis of PGF2α in all treatment groups compared with
that seen in the control group (P≤ 0.01). The level of
stimulation was greater when A23187 was used at 10−6

and 10−5 mol/L, in comparison with A23817 at 10−7 mol/L
(P≤ 0.01). We did not observe a significant difference in
stimulation levels between 10−6 and 10−5 mol/L A23817.

Experiment 3
Mean PGF2α concentrations were 33.1, 32.5, 92.4 and
145.6 pg/mL (SEM: 21.8 pg/mL) for untreated cells, cells
treated with E2, cells treated with A23817, and cells
treated with E2 and A23817, respectively (Figure 2). Pro-
duction of PGF2α was similar between cells treated with
E2 and untreated cells. The cells treated with A23817
tended (P ≤ 0.08) to produce higher quantities of PGF2α
compared with cells treated with E2, or cells that were
left untreated . The combination of E2 and A23817 stim-
ulated greater synthesis of PGF2α compared with the
other treatments (P < 0.01). A23817 was responsible for
a 179% increase in PGF2α production relative to the
control group. When A23817 was combined with E2, the
production of PGF2α increased by 340% compared with
that in the control group.

Discussion
In Experiment 1, PGF2α synthesis was not stimulated in
the endometrial explants from cows treated with E2
in vivo and received no treatment in vitro (Table 1).
These results oppose those reported by Mann [17]. In
contrast, Asselin et al. [18] and Xiao et al. [19] reported
that the addition of E2 to the culture medium was not
able to stimulate the release of PGF2α. Because of the
inconsistencies in the previously reported data, it was
considered appropriate to administer E2 in vivo in this
experiment. Previous reports indicated that the adminis-
tration of E2 could stimulate the production of PGFM in
cows on days 13 [2,20,21], 17 [20-22], 18 [1,20,23] and
19 [21] of the estrous cycle. Bertan et al. [21] verified
that E2 promoted an increase in the plasma concentra-
tion of PGFM 4 h after injection; its concentration
peaked within 6.5 h and returned to basal levels 9 h after
HNOLOGIES ________________________
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Figure 1 PGF2α production after 12 h in the culture medium of bovine endometrial (BEND) cells treated with A23817 (DIF12).
a,b,csignificantly different, P < 0.01.
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treatment. Given this time frame, it was considered appro-
priate to administer E2 in vivo 2 h prior to euthanizing
cows. This procedure allowed the explants to be incubated
with different stimulants approximately 6.5 h after the E2
injection.
It was expected that E2 would stimulate the synthesis

of enzymes involved in the synthesis of PGF2α. Thus, E2
would increase the concentrations of the corresponding
proteins in cellular compartments. It was also expected
that the activity of these proteins during PGF2α produc-
tion would be amplified following specific stimulation.
The CI A23817 promotes an increase in intracellular cal-
cium concentration that is responsible for the activation
of PKC and PLA2. The stimulant melittin specifically acti-
vates PLA2. Melittin and A23817 increase the synthesis of
PGF2α in ovine [13,24] and bovine endometrial explants
[13,14,17,25,26]; however, this stimulation was not observed
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Figure 2 PGF2α production after 12 h in the culture medium of BEND
different, P < 0.01.
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in our studies when A23817, melittin or OT was used on
their own.
In our Experiment 1, synthesis of PGF2α was observed

only when A23817 was used in combination with E2.
Other researchers observed that the effects of E2 were
frequently associated with an increase in the concentra-
tions of free calcium in the cytosol [27-29]. We suggest
that PKC and PLA2 are present in greater concentra-
tions in the explants from animals treated in vivo with
E2. Increased production of PGF2α would result in re-
sponse to this greater concentration of enzymes stimu-
lated by A23817. However, it is possible that higher
concentrations of PLA2 in the endometrial explants that
were previously exposed to E2 could amplify the synthe-
sis of PGF2α in the presence of melittin. This could be
explained by the fact that calcium is likely to be the
major limiting factor in the activation of PLA2. In
a

A23817 Estradiol + A23817

b

cells treated with estradiol and/or A23817 (DIF12). a,bsignificantly
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summary, we suggest that higher concentrations of PKC
and PLA2 were present in the explants treated with E2,
and that these enzymes promoted an increase in the syn-
thesis of PGF2α in the presence of A23817.
In Experiment 2 (Figure 1), A23817 stimulated the

synthesis of PGF2α for all treatment groups. When
A23817 was administered at doses of 10−6 and 10−5 mol/L,
stimulation was greater than that when the CI was used at
10−7 mol/L. The capacity of BEND cells to synthesize
PGF2α [30-32] and the cellular model for the synthesis of
PGF2α described by Burns et al. [13] indicate that calcium
is responsible for the activation of enzymes such as PKC
and PLA2. These enzymes are essential for the synthesis
of PGF2α by endometrial cells. Treatment with a CI has
stimulated PGF2α synthesis in endometrial explants
from sows [33], guinea pigs [34,35], ewes [36-38] and
cows [14,15,39].
In our study, CI stimulated PGF2α synthesis in BEND

cells in a dose-dependent manner. Other studies have
verified the dose-dependent effects of CI on the synthe-
sis of PGF2α in endometrial explants. Lafrance and Goff
[40] observed that a CI at 2.6 μg/mL was sufficient to
stimulate the synthesis of PGF2α in the endometrial ex-
plants of heifers on days 19 or 20 of the estrous cycle.
Danet-Desnoyers et al. [14] reported that the biosyn-
thesis of PGF2α stimulated by a CI in the endometrium
of cows on day 17 of the estrous cycle exhibited a dose-
dependent response. Synthesis was increased by 0, 67
and 107% when doses of 2, 4 and 10 μg/mL were admin-
istered, respectively. In the present experiment, doses of
0.052 (10−7 mol/L), 0.52 (10−6 mol/L), and 5.2 μg/mL
(10−5 mol/L) increased the production of PGF2α by 46,
105 and 661%, respectively. We propose that lower doses
of A23817 stimulate the synthesis of PGF2α in BEND
cells, with a significantly amplified response compared
with that in endometrial explants. The increase in intra-
cellular calcium concentration is associated with PLA2
activity [41,42] and in the increased availability of AA
for the synthesis of PGF2α [41]. Arnold et al. [15] veri-
fied that the synthesis of PGF2α was stimulated in bovine
endometrium cultured with a CI, regardless of whether it
was supplemented with PLA2. Synthesis was greater when
the endometrium was treated with a CI and PLA2 com-
pared with explants treated with PLA2 alone. We propose
that calcium has an additive effect on the stimulation of
PLA2-induced synthesis of PGF2α.
Our hypothesis for Experiment 3 was that E2 increases

the sensitivity of endometrial cells to calcium. We verified
that A23817 promoted an increase of 179% in the produc-
tion of PGF2α compared with untreated cells. However,
when A23817 was used in combination with E2, this in-
crease was approximately 340% (Figure 2), similar to our
results in Experiment 1. Thus, E2 increased the sensitivity
of endometrial cells to calcium, supporting the hypothesis
__________________________ WORLD TEC
of our experiment. Several researchers reported that the
synthesis of PGF2α by endometrial explants was not in-
creased by supplementing cultures with E2 [26,43,44].
Consistently, in Experiment 3, synthesis of PGF2α was not
stimulated in BEND cells treated with E2 only. The gen-
omic action of E2 is promoted by the E2-receptor complex,
which activates transcription factors that are bound to
DNA, ultimately resulting in new protein synthesis [29].
In vivo, E2 most likely activates the synthesis of PGF2α by
stimulating the transcription and translation of proteins
involved in the production of PGF2α. However, the activ-
ity of E2-induced proteins might need further stimulation
in vitro because of limited access to calcium under culture
conditions. In our study, the addition of A23817 to BEND
cell cultures increased intracellular calcium concentra-
tions, to enhance intracellular mechanisms that depend
on this ion. Therefore, PKC and PLA2, which are involved
in the synthesis of PGF2α, might have been activated, to
increase synthesis of PGF2α.
In summary, from our experiments, E2 did not stimulate

the synthesis of PGF2α by endometrial cells and explants
cultured in vitro. Many other in vitro studies have shown
that the administration of E2 alone in endometrial ex-
plants does not stimulate PGF2α synthesis [26,43,44]. We
suggest that the participation of E2 in the synthesis of
PGF2α involves other endocrine and paracrine factors that
are absent in cell and explant culture systems. Bertan et al.
[21] clearly showed that E2 did not immediately affect the
cows that were treated on day 17 of the estrous cycle. The
interval between the injection of E2 and the increase in
PGFM serum concentrations suggests that E2 acts on
the synthesis of PGF2α through a genomic pathway. We
speculate that E2 directly stimulates the synthesis of
proteins involved in PGF2α production; these proteins
might include PKC and PLA2, as they contain calcium-
dependent activation domains. Further studies are re-
quired to test this proposition.
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Escherichia coli challenge and one type of
smectite alter intestinal barrier of pigs
Juliana Abranches Soares Almeida1, Yanhong Liu1, Minho Song1,2, Jeong Jae Lee1, H Rex Gaskins1,
Carol Wolfgang Maddox3, Orlando Osuna4 and James Eugene Pettigrew1*
Abstract

An experiment was conducted to determine how an E. coli challenge and dietary clays affect the intestinal barrier
of pigs. Two groups of 32 pigs (initial BW: 6.9 ± 1.0 kg) were distributed in a 2 × 4 factorial arrangement of a
randomized complete block design (2 challenge treatments: sham or E. coli, and 4 dietary treatments: control, 0.3%
smectite A, 0.3% smectite B and 0.3% zeolite), with 8 replicates total. Diarrhea score, growth performance, goblet
cell size and number, bacterial translocation from intestinal lumen to lymph nodes, intestinal morphology, and
relative amounts of sulfo and sialo mucins were measured. The E. coli challenge reduced performance, increased
goblet cell size and number in the ileum, increased bacterial translocation from the intestinal lumen to the lymph
nodes, and increased ileal crypt depth. One of the clays (smectite A) tended to increase goblet cell size in ileum,
which may indicate enhanced protection. In conclusion, E. coli infection degrades intestinal barrier integrity but
smectite A may enhance it.

Keywords: Barrier function, E. coli, Pigs, Smectite, Zeolite
Background
Weaning is a stressful period for piglets due to environ-
mental, social and nutritional changes. During this
period, pigs are also vulnerable because of their imma-
ture immune and digestive systems [1]. The stress may
result in depressed feed intake which may lead to poor
performance and changes in the intestinal structure and
microbiota, thus increasing the susceptibility of pigs to
enteric diseases [2]. Post-weaning diarrhea caused by
Escherichia coli is a common enteric disease in weaned
pigs; it causes economic losses due to mortality, morbid-
ity, decreased growth performance and cost of medica-
tion [3]. Diarrhea also impairs nutrient absorption,
increases permeability in the intestine, decreases tight
junction integrity, increases paracellular movements of
molecules and increases infection [4]. Among a large
number of potential mechanisms are mucosal injury,
villous atrophy, increased mast cell number, and reduc-
tion in numbers of lymphocytes subsets (CD8+ T and
CD4+ T) in jejunum and ileum [4,5].
* Correspondence: jepettig@illinois.edu
1Department of Animal Sciences, University of Illinois, Urbana 61801, USA
Full list of author information is available at the end of the article
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Antibiotics suppress growth of certain microorganisms
and are widely used as growth promoters in the swine
industry [6]. However, concern over their potential con-
tribution to antibiotic resistance in bacteria infecting
humans has led to tightening restrictions on antibiotic
use in animals, including cessation of their use as growth
promoters in Denmark in May 1995 [7] and elsewhere
more recently. The resulting reduction of growth per-
formance and increase in the morbidity in nursery pigs
in Denmark indicate the need for prophylaxis [7]. There-
fore, it is important to find other reliable strategies to
maintain pig health. Among several alternatives, clays
have shown promise [8].
Clays have been used in human medicine to amelior-

ate diarrhea [9], and they are also used in the pig indus-
try with some success [8,10,11]. In the livestock
industry, clays are used mainly as mycotoxin binders
and as additives that contribute to improve the flow of
the feed in bins and feeders, reducing problems with
caking of feed. Clays have not been shown to consist-
ently alter growth performance [12-14]. Several types of
clays are available and they appear to have different ap-
plications and modes of action. Clays with both the 1:1
layer structure (e.g. kaolinite) and the 2:1 layer structure
HNOLOGIES ________________________
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Table 1 Ingredient composition of experimental control
diet (as-fed basis)

Ingredient, % Control diet

Corn, ground 40.93

Dried whey 20.00

Soybean meal, 47% 10.00

Fishmeal 10.00

Lactose 7.22

Soy protein concentrate 5.00

Poultry byproduct meal 3.22

Soybean oil 2.92

Mineral premix1 0.35

Vitamin premix2 0.20

L-Lys HCl 0.06

DL-Met 0.05

L-Thr 0.03

L-Trp 0.02

Calculated energy and nutrient levels

ME, kcal/kg 3,480

CP, % 22.53

Fat, % 6.48

Ca, % 0.80

P, % 0.73

Available P, % 0.51

Lys, % 1.50

Lactose, % 21.00
1Provided as milligrams per kilogram of diet: 3,000 of NaCl; 100 of Zn from
zinc oxide; 90 of Fe from iron sulfate; 20 of Mn from manganese oxide; 8 of
Cu from copper sulfate; 0.35 of I from calcium iodide; 0.30 of Se from
sodium selenite.
2Provided per kilogram of diet: 2,273 μg of retinyl acetate; 17 μg of
cholecalciferol; 88 mg of DL-α-tocopheryl acetate; 4 mg of menadione from
menadione sodium bisulfite complex; 33 mg of niacin; 24 mg of
D-Ca-pantothenate; 9 mg of riboflavin; 35 μg of vitamin B12; 324 mg of
choline chloride.
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(e.g. smectite) have positive effects on gastrointestinal
health of the animals [15,16]. Song et al. reported [8] that,
when pigs were challenged with a pathogenic E. coli, feed-
ing dietary clays including smectite, zeolite, kaolinite or
combinations of them at 0.3% of the diet reduced diarrhea.
Thus, the effect of clays on gastrointestinal health seems
more consistent and beneficial than the effect of clays on
performance.
Knowledge of the mechanisms through which clays spe-

cifically improve gastrointestinal health is lacking, but
there are indications [15,16] that clays may strengthen the
mucus layer of the intestinal barrier. Moreover, the effects
of a challenge with a pathogenic E. coli on bacterial trans-
location from intestinal lumen to mesenteric lymph nodes
and goblet cell size and number in weaned pigs has not
yet been reported. Our objectives were to determine the
effects of a pathogenic E. coli challenge and of dietary clays
on the intestinal barrier of pigs.

Materials and methods
The Institute of Animal Care and Use Committee of the
University of Illinois reviewed and approved the animal
care procedures for this experiment.

Animals, experimental design and diets
Two groups of 32 weanling pigs each (about 21 d old;
initial BW: 6.9 ± 1.0 kg) were obtained from the Swine
Research Center of the University of Illinois. Pigs were
housed in disease-containment chambers of the Edward
R. Madigan Laboratory building at the University of
Illinois at Urbana-Champaign from weaning to about 35
d of age. Pigs had 6 d of adaptation period before chal-
lenge. There were a total of 32 individual pens, 4 in each
of 8 chambers in each suite. There were 2 suites that
were used for either challenged or unchallenged pigs
and in each suite, 4 chambers in each suite were used.
The treatments were arranged in a 2 × 4 factorial design
[without or with E. coli challenge and 4 dietary treat-
ments: control, and 0.3% of 3 different clays added to
the control diet: smectite A (SMA), smectite B (SMB)
and zeolite (ZEO)]. The enterotoxigenic (ETEC) E. coli
used for the challenge was isolated from a field disease
outbreak, (isolate number UI-VDL 05–27242). It is an
F-18 fimbria + E. coli strain that produces the heat-labile
toxin, heat-stable toxin b, and Shiga-like toxin-2 [17].
The pigs were orally inoculated with E. coli (1010 cfu per
3 mL dose) in PBS daily for 3 d continuously to cause
mild diarrhea [17]. The unchallenged treatment (sham)
received a 3 mL dose of PBS daily for 3 d. Both ino-
culations were given orally beginning 6 d after weaning
(d 0). Personnel conducting the experiment were blind
to the dietary treatments.
The complex nursery basal diet [8] was formulated to

meet or exceed NRC [18] estimates of requirements of
__________________________ WORLD TEC
weanling pigs (Table 1). All the other experimental diets
were made from the basal and the addition of 0.3% of
each dietary clay. It did not include spray-dried plasma,
antibiotics, or zinc oxide to avoid their antibacterial or
physiological effects. The experimental diets were intro-
duced at weaning (d −6).

Feeding and sample collection
Pigs and feeders were weighed on the d of weaning (d −6),
the d of the first inoculation (d 0), and d 5, for calculation
of average daily gain (ADG), average daily feed intake
(ADFI), and gain to feed ratio (G:F). Diarrhea score was
assessed visually with a score from 1 to 5 (1 = normal
feces, 2 =moist feces, 3 =mild diarrhea, 4 = severe diar-
rhea, and 5 = watery diarrhea) daily from d 0 by 1 scorer
who was blind to the dietary treatments. Frequency of
HNOLOGIES ________________________
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diarrhea was calculated by counting pig d with diarrhea
score of 3 or higher.
The standard E. coli vaccine was withheld from the

dams of the pigs used in this experiment, as were all
routine treatments of the piglets with antibiotics. Prior
to weaning, fecal samples of the sows from which we ob-
tained the piglets for this experiment were collected to
verify if they were negative for β-hemolytic coliforms by
plating on blood and McConkey agars. Plates were incu-
bated at 37°C and 5% CO2 for 24 h before reading. Popu-
lations of both total coliforms and β-hemolytic coliforms
on blood agar were assessed visually. In the present study
β-hemolytic coliforms were detected in the sow feces but
they were not the pathogenic E. coli we used.
One-half of the pigs (16 from the challenged group

(4 from each dietary treatment) and 16 from the sham
group (4 from each dietary treatment)) were euthanized
on d 5 post inoculation (PI) and the remainder on d 6
PI. Prior to euthanasia, pigs were anesthetized by intra-
muscular injection of a 1-mL combination of telazol,
ketamine, and xylazine (2:1:1) per 23 kg of body weight.
The final mixture contained 100 mg telazol, 50 mg keta-
mine, and 50 mg xylazine in 1 mL (Fort Dodge Animal
Health, For Dodge, IA). After anesthesia, pigs were
euthanized by intracardiac injection of 78 mg sodium
pentobarbital per 1 kg of BW (Fort Dodge Animal Health,
For Dodge, IA).
Mesenteric lymph nodes were aseptically collected

then pooled within pig, ground, diluted and plated on
brain heart infusion agar for measurement of total
bacteria and the results were expressed as CFU per g
of lymph node [19].
Three-cm samples of ileum and colon were collected

and cut with scissors longitudinally in the mesenteric
border. Tissues were gently washed in buffered saline
then fixed in Carnoy’s solution for 2–3 h. Subsequently
tissue samples were placed in 100% ethanol, 95% etha-
nol, and 70% ethanol for 30 min each and maintained in
70% ethanol until the staining process. The fixed intes-
tinal tissues were embedded in paraffin, sectioned at
5 μm and stained with high iron diamine (HID) and
alcian blue (AB), pH 2.5, as previously described [20].

Sample processing and analysis
After staining, the slides were scanned by NanoZoomer
Digital Pathology System (Hamamatsu Co., Bridgewater,
NJ), and the measurements were conducted in Nano-
Zoomer Digital Pathology Image Program (Hamamatsu
Co., Bridgewater, NJ). Measurements included villus
height, crypt depth, and the cross-sectional area of sul
fo- (stained brown) and sialomucin (stained blue). The
measurements for villus height and crypt depth were per-
formed on 10 well-oriented villi [21] scanned at 40×
resolution.
__________________________ WORLD TEC
The total number of goblet cells per villus was
counted and NDP.view software was used to measure
the cross-sectional area (μm2) of individual goblet cells.
The measurements were performed in 3 well-oriented
villi scanned at 40x resolution.

Statistical analysis
Data were subjected to an analysis of variance using the
Proc Mixed procedure (SAS Inst. Inc., Cary, NC). Pig
was the experimental unit. The statistical model in-
cluded effects of E. coli challenge, diet, and their inter-
action as fixed effects and group as a random effect.
Specific contrasts were used to test comparisons be-
tween the control and the clay treatments collectively
within each challenge group. In addition, differences
among the clay treatments within each challenge group
were tested by pair-wise comparisons when the overall
main effect or the diet x challenge interaction was sig-
nificant. The χ2 test was used for the frequency of diar-
rhea. The α levels of 0.05 and between 0.05 and 0.10
were used for determination of significance and ten-
dency, respectively, among means.

Results and discussion
After the challenge, fecal samples were collected from
pigs from sham and E.coli-challenged groups and it was
observed that both groups of pigs carried β-hemolytic
E. coli. Subsequent PCR analysis [22] showed that the
sham-challenged pigs carried E. coli that produced cyto-
toxic necrotizing factor. This minor background infec-
tion with a wild strain of E. coli occurred in some of the
sham-challenged and E.coli-challenged pigs in this ex-
periment indicating that the sham-challenged pigs had
pathogenic organisms and that the E.coli-challenged pigs
could have other pathogenic organisms besides the chal-
lenge one, so the model represents a multiple infection
rather than an uncomplicated single-pathogen challenge.
Cytotoxic necrotizing factor is produced by 40% of

pathogenic E. coli strains involved in urinary tract infec-
tions and 5-30% of those involved in diarrheic infections
[23]; it increases adherence of the pathogen to epithelial
cells. The impact of infection with this wild strain on the
response to the challenge strain is unclear, but if clays
provide protection from diarrhea by strengthening the
mucus barrier, they should provide similar protection
from both of these strains of E. coli.

Diarrhea score and growth performance
The E. coli challenge was successful as it increased diar-
rhea score moderately from d 3 to 5 (Table 2) and reduced
ADG from d 0 to 5 PI (Table 3), consistent with previous
results [8]. The diarrhea scores were low during the first d
after challenge, apparently reflecting a lag period after the
inoculation before the clinical signs appeared (Table 2).
HNOLOGIES ________________________



Table 2 Effect of clays on diarrhea score of pigs experimentally infected with a pathogenic E. coli1

Treatment2 P-value

Sham E. coli Main effect3 CON vs. Clays4

Item CON SMA SMB ZEO CON SMA SMB ZEO SEM E. coli Diet E x D Sham E. coli

d 0 to 25 2.02 2.33 2.23 2.21 1.50 1.94 2.00 1.60 0.19 0.03 0.46 0.91 0.27 0.45

d 3 to 5 2.37 1.98 2.52 1.87 2.64 3.04 2.94 2.50 0.24 0.01 0.45 0.66 0.64 0.52

d 0 to 5 2.20 2.16 2.37 2.04 2.07 2.49 2.47 2.05 0.17 0.65 0.39 0.81 0.34 0.98

Pig d6 48 48 48 48 48 48 48 48 - - - - - -

Diarrhea d7 3 4 4 4 3 8 8 5 - - - - - -

Frequency, %8 6.25 8.33 8.33 8.33 6.25 16.67 16.67 10.42 - 0.13 0.14 0.08 0.64 0.13
1n = 8 pigs/treatment.
2Sham = unchallenged; E. coli = E. coli challenged; CON = control diet; SMA = 0.3% smectite A; SMB = 0.3% smectite B; ZEO = 0.3% zeolite.
3E. coli = E. coli challenge effect; Diet = diet effect; E x D = interaction between E. coli and diet effects.
4Contrast between CON and all clay treatments within challenge treatments.
5Diarrhea score = 1, normal feces, 2, moist feces, 3, mild diarrhea, 4, severe diarrhea, 5, watery diarrhea.
6Pig d = number of pigs x the number of d of diarrhea scoring.
7Diarrhea d = number of pig days with diarrhea score ≥ 3. Statistical analysis was conducted by chi-square test.
8Frequency (frequency of diarrhea during the entire experimental period) = diarrhea days*100/pig days.
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During this period the E.coli-challenged pigs actually had
lower diarrhea scores (P < 0.05) than did the sham-
challenged ones. During the active disease, from d 3 to 5
PI, the E.coli-challenged pigs had a higher diarrhea score
than the sham-challenged pigs (P < 0.05), as expected
(Table 3).
There were no dietary effects on either diarrhea scores

(Table 2) or growth performance (Table 3), in contrast
to the beneficial effects of clays on diarrhea score is in
our earlier results [8]. Our earlier experiments [8] con-
tinued for 12 d after inoculation, well into the recovery
phase. The pigs in the present experiment were eutha-
nized at around the peak of disease (d 5 and 6 PI) in
order to measure physiological effects of the E. coli chal-
lenge and the clays at that crucial time. Therefore, diar-
rhea was assessed for only a short time, with the critical
period being d 3–5 PI. It is not clear if we would have
observed the same effects on diarrhea score as we did
earlier [8] if the experiment had been carried out until
Table 3 Effect of clays on growth performance of pigs experi

Treatment2

Sham E. coli

Item CON SMA SMB ZEO CON SMA S

d −6 to 0

ADG, g 6.25 29.17 −2.08 −25.00 12.50 −25.00 3

ADFI, g 394 442 319 367 421 421 3

d 0 to 5

ADG, g 237 180 157 187 137 132 1

ADFI, g 715 715 557 632 632 627 4

G:F5 0.34 0.26 0.33 0.32 0.23 0.24 0
1n = 8 pigs/treatment.
2Sham = unchallenged; E. coli = E. coli challenged; CON = control diet; SMA = 0.3% sm
3E. coli = E. coli challenge effect; Diet = diet effect; E x D = interaction between E. col
4Contrast between CON and all clay treatments within challenge treatments.
5G:F was not reported for period −6 to 0 because of the negative values for ADG.

__________________________ WORLD TEC
the recovery phase. In one of our earlier experiments
clays reduced diarrhea during d 3–6 PI; whereas in the
other there was only a trend during d 3–6 PI but clearer
effects later [8]. The benefits of clays in reducing diar-
rhea that we reported [8] are supported by research in
humans, as a meta-analysis of 9 studies showed that
children with acute gastroenteritis consistently had
lower duration of diarrhea when treated with smectite
along with re-hydration compared with a placebo group
without smectite [24].

Goblet cell number and size
Goblet cells in the intestine produce mucins, the pro-
teins that comprise the bulk of the mucus layer which
acts as the first line of defense against enteric infections
[25]. The present results show that the E. coli challenge
increased both the number and size of goblet cells in the
ileum (Table 4), consistent with an increase in mucin se-
cretion in response to pathogenic bacteria or intestinal
mentally infected with a pathogenic E. coli1

P-value

Main effect3 CON vs. SM4

MB ZEO SEM E. coli Diet E x D Sham E. coli

3.33 8.33 42.4 0.80 0.86 0.38 0.87 0.84

29 406 212 0.74 0.31 0.96 0.79 0.60

22 85 63.71 < 0.01 0.52 0.73 0.16 0.58

55 517 193 0.11 0.15 1.00 0.42 0.32

.24 0.24 0.048 0.11 0.95 0.92 0.64 0.95

ectite A; SMB = 0.3% smectite B; ZEO = 0.3% zeolite.
i and diet effects.
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Table 4 Effect of clays on goblet cell number and size in ileum and colon of pigs experimentally infected with a
pathogenic E. coli1

Treatment2 P-value

Sham E. coli Main effect3 CON vs. SM4

Item CON SMA SMB ZEO CON SMA SMB ZEO SEM E. coli Diet E x D Sham E. coli

Ileum

Number5 25.54 23.58 23.67 25.62 27.42 25.00 32.42 26.87 3.08 < 0.01 0.16 0.06 0.49 0.71

Size6,7, μm2 29.47b 29.58b 31.88a,b 30.72b 31.00a,b 35.96a 30.65b 31.89a,b 0.764 0.01 0.18 0.01 0.32 0.15

Colon

Number 28.21 24.75 27.54 25.83 27.71 28.85 26.67 24.18 12.71 0.84 0.43 0.39 0.29 0.60

Size, μm2 26.26 27.33 27.60 30.37 25.56 28.31 25.82 27.69 0.801 0.20 0.04 0.41 0.09 0.21
a,bMeans with different superscripts in the same row differ.
1n = 8 pigs/treatment.
2Sham = unchallenged; E. coli = E. coli challenged; CON = control diet; SMA = 0.3% smectite A; SMB = 0.3% smectite B; ZEO = 0.3% zeolite.
3E. coli = E. coli challenge effect; Diet = diet effect; E x D = interaction between E. coli and diet effects.
4Contrast between CON and all clay treatments within challenge treatments.
5Goblet cell number; total number of goblet cells per villus, average of 3 villi.
6Goblet cell size, cross-sectional area.
7Con vs. SMA (Tukey adjustment) P = 0.07.
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microbes that has been previously reported [21,26,27].
Perhaps the increased mucin production is a protective
response. One of the clays (SMA) tended to increase
goblet cell size in the ileum (P = 0.07) when compared to
BAS in the E.coli-challenged group. There was a trend
(P = 0.06) for an interaction between diet and challenge
on ileal goblet cell number in which one clay (SMB) in-
creased the number of goblet cells in challenged pigs
only. There was a diet effect on goblet cell size in the
colon (Table 4) in which the clays generally increased
goblet cell size, mostly in the sham group. These modest
increases in goblet cell size and number during the acute
phase of the infection when clays were fed may reflect
enhanced protection and may at least partially explain
the reduction in diarrhea observed previously in pigs [8]
and children [24].

Bacterial translocation
The E. coli challenge clearly increased bacterial trans-
location from the lumen to the lymph nodes but the
dietary treatments did not detectably alter it (Table 5).
To our knowledge, bacterial translocation from the in-
testinal lumen to the mesenteric lymph nodes has not
been reported for pigs challenged with a pathogenic E.
coli strain. Chicks infected with Eimeria acervulina, E.
Table 5 Effects of clays on bacteria in lymph nodes of pigs ex

Treatment2

Sham E. coli

Item CON SMA SMB ZEO CON SMA SM

Log10 CFU
5 1.05 0.74 0.65 0.60 1.87 2.12 2.0

1n = 64 (8 pigs/treatment).
2Sham = unchallenged; E. coli = E. coli challenged; CON = control diet; SMA = 0.3% sm
3E. coli = E. coli challenge effect; Diet = diet effect; E x D = interaction between E. col
4Contrast between CON and all clay treatments within challenge treatments.
5Log10 CFU/g of lymph node.
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maxima, and Clostridium perfringes exhibited increased
bacterial translocation from intestinal lumen to the
spleen when compared with control birds [26] indicating
that enteric infections reduce the integrity of the intes-
tinal barrier. The increased total bacterial translocation
caused by E. coli in the present study (Table 5) indicates
that the infection reduced the effectiveness of the intes-
tinal barrier, which was expected.

Intestinal morphology
Weaning triggers a reduction in villus height and in the
villus height:crypt depth ratio, caused at least partially by
interruption of voluntary feed intake [28], and restor-
ation of villus height may be important for health and
growth performance of the pig. In the present study, the
challenge increased crypt depth and tended to reduce
the villus height:crypt depth ratio (VH:CD; Table 6) as
shown previously [17]. These effects of disease may ex-
acerbate the detrimental impact of weaning on pig
health and growth. The response to E. coli is inconsist-
ent across experiments. Our observed values for the
sham group are similar to previously reported in some
cases [29] but smaller than those previously reported
[17,30] in others. We did not detect any effect of clays
or challenge on intestinal morphology (Table 6) except
perimentally infected with a pathogenic E. coli1

P-value

Main effect3 CON vs. Clays4

B ZEO SEM E. coli Diet E x D Sham E. coli

3 1.69 0.30 0.01 0.88 0.90 0.44 0.87

ectite A; SMB = 0.3% smectite B; ZEO = 0.3% zeolite.
i and diet effects.
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Table 6 Effect of clays on intestinal morphology of pigs experimentally infected with a pathogenic E. coli1

Treatment2 P-value

Sham E. coli Main effect3 CON vs. Clays4

Item CON SMA SMB ZEO CON SMA SMB ZEO SEM E. coli Diet E x D Sham E. coli

Duodenum

VH5 384.6 374.6 380.6 359.1 356.6 393.8 382.5 365.0 21.06 0.99 0.78 0.80 0.64 0.40

CD6 264.9 276.3 263.8 262.0 273.5 257.1 259.9 275.45 39.15 0.98 0.95 0.63 0.87 0.55

VH:CD7 1.55 1.48 1.53 1.47 1.39 1.84 1.61 1.45 0.26 0.42 0.25 0.15 0.70 0.07

Ileum

VH 299.0 310.7 288.7 305.8 305.4 289.8 282.1 309.9 9.15 0.64 0.36 0.72 0.85 0.45

CD 208.4 214.1 212.8 222.4 228.5 232.3 230.8 217.6 8.37 0.05 0.96 0.48 0.45 0.88

VH:CD 1.44 1.49 1.37 1.38 1.34 1.25 1.25 1.45 0.08 0.10 0.61 0.35 0.76 0.81

Colon

CD 236.0 229.0 247. 7 227.5 228.8 244.2 223.1 216.4 73.94 0.28 0.36 0.18 0.90 0.93
1n = 8 pigs/treatment.
2Sham = unchallenged; E. coli = E. coli challenged; CON = control diet; SMA = 0.3% smectite A; SMB = 0.3% smectite B; ZEO = 0.3% zeolite.
3E. coli = E. coli challenge effect; Diet = diet effect; E x D = interaction between E. coli and diet effects.
4Contrast between CON and all clay treatments within challenge treatments.
5Villus height, μm.
6Crypt depth, μm.
7Villus height:crypt depth ratio.

29Escherichia coli challenge and one type of smectite alter intestinal barrier of pigs
for a tendency (P = 0.07) for the effects of clays in in-
creasing VH:CD in the E.coli challenged pigs. Beneficial
effects of small amounts of dietary clays have been re-
ported previously. For example, montmorillonite in-
creased villus height and villus height: crypt depth ratio
in jejunum when fed to weanling pigs at 0.15% of the
diet [13]. Similar results were obtained in broiler chick-
ens. Previous authors [14,30,31] reported that feeding
0.1%, or 0.2% montmorillonite increased villus height
and reduced crypt depth in the duodenum and jejunum.

Sulfo- and sialomucin
Mucins can be acidic or neutral. Acidic mucins are com-
prised of sulfo- and sialomucins. The body often reacts
Table 7 Effect of clays on relative amounts of sulfo- and sialo
pathogenic E. coli1

Treatment2

Sham E. coli

Item CON SMA SMB ZEO CON SMA SMB

Ileum

Sulfo5 44.31 37.59 32.86 37.95 31.28 32.31 37.38

Sialo6 55.69 62.41 67.14 62.05 68.62 67.69 62.62

Colon

Sulfo 92.39 92.74 95.09 94.96 93.37 90.49 87.60

Sialo 7.61 7.26 4.91 5.03 6.63 9.51 12.40
1n = 8 pigs/treatment.
2Sham = unchallenged; E. coli = E. coli challenged; CON = control diet; SMA = 0.3% sm
3E. coli = E. coli challenge effect; Diet = diet effect; E x D = interaction between E. col
4Contrast between CON and all clay treatments within challenge treatments.
5Sulfo = % of total sulfo- and sialomucin area that is sulfamucin.
6Sialo = % of total sulfo- and sialomucin area that is sialomucin.

__________________________ WORLD TEC
to infection by increasing the secretion of sulfomucins
[32] as a protective mechanism; the present data do not
show that response (Table 7). The present results do not
show effects of either infection or dietary clays on the
relative amount of sulfo- and sialomucins within goblet
cells (Table 7).

Conclusions
The present results provide novel information regarding
the physiological responses in the intestinal barrier of
pigs to a challenge with a pathogenic E. coli strain. To
our knowledge, it is the first time that bacterial trans-
location from intestinal lumen to mesenteric lymph
nodes and goblet cell size and number in weaned pigs
mucin area of pigs experimentally infected with a

P-value

Main effect3 CON vs. Clays4

ZEO SEM E. coli Diet E x D Sham E. coli

37.10 5.80 0.52 0.97 0.73 0.37 0.65

62.90 5.80 0.52 0.97 0.73 0.37 0.65

94.29 1.57 0.14 0.43 0.26 0.45 0.33

5.71 1.57 0.14 0.43 0.26 0.45 0.33

ectite A; SMB = 0.3% smectite B; ZEO = 0.3% zeolite.
i and diet effects.

HNOLOGIES ________________________



30 Animal Reproduction and Physiology
challenged with a pathogenic E. coli is reported. Both
the infection and SMA altered goblet cell size and
number. The clinical benefits of clays in the face of enteric
infections that we observed in previous experiments with
pigs, such as the reduction in diarrhea score, did not occur
in this shorter experiment, but it is unclear whether they
may have appeared if the experiment had been longer.
However, it was important to explore the potential benefi-
cial of the clays during the acute phase of an enteric
infection.
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Preslaughter diet management in sheep and
goats: effects on physiological responses and
microbial loads on skin and carcass
Govind Kannan, Venkat R Gutta, Jung Hoon Lee*, Brou Kouakou, Will R Getz and George W McCommon
Abstract

Sixteen crossbred buck goats (Kiko x Spanish; BW = 32.8 kg) and wether sheep (Dorset x Suffolk; BW = 39.9 kg) were
used to determine the effect of preslaughter diet and feed deprivation time (FDT) on physiological responses and
microbial loads on skin and carcasses. Experimental animals were fed either a concentrate (CD) or a hay diet (HD)
for 4 d and then deprived of feed for either 12-h or 24-h before slaughter. Blood samples were collected for plasma
cortisol and blood metabolite analyses. Longisimus muscle (LM) pH was measured. Skin and carcass swabs were
obtained to assess microbial loads. Plasma creatine kinase activity (863.9 and 571.7 ± 95.21 IU) and non-esterified
fatty acid concentrations (1,056.1 and 589.8 ± 105.01 mEq/L) were different (P < 0.05) between sheep and goats.
Species and diet treatments had significant effects on the ultimate pH of LM. Pre-holding total coliform (TCC) and
aerobic plate counts (APC) of skin were significantly different between species. Goats had lower (P < 0.05) TCC
(2.1 vs. 3.0 log10 CFU/cm

2) and APC (8.2 vs. 8.5 log10 CFU/cm
2) counts in the skin compared to sheep. Preslaughter

skin E. coli counts and TCC were different (P < 0.05) between species. Goats had lower (P < 0.05) counts of E. coli
(2.2 vs. 2.9 log10 CFU/cm

2) and TCC (2.3 vs. 3.0 log10 CFU/cm
2) in the skin compared with those in sheep. Diet,

species, and FDT had no effect (P > 0.05) on E. coli and TCC in carcass swab samples. The APC of carcass swab
samples were only affected (P < 0.05) by the FDT. The results indicated that preslaughter dietary management had
no significant changes on hormone and blood metabolite concentrations and sheep might be more prone for fecal
contamination than goats in the holding pens at abattoir.

Keywords: E. coli contamination diet, Goats, Physiology, Sheep
Background
The hide and viscera of animals entering the abattoir are
potential sources of contamination of carcasses with
pathogenic bacteria [1]. The hide of the live animal be-
comes contaminated with pathogenic and non-pathogenic
microorganisms from a wide range of sources such as feces,
soil, water, and vegetation [2]. Animals can spread the con-
taminants to other animals during preslaughter transport
and holding, directly via physical contact with one another
or with the contaminated floor [3]. Fecal shedding of bac-
teria can be controlled by manipulating the preslaughter
diet [4] and feed deprivation time [5] in ruminants.
Preslaughter dietary manipulation may not only affect

the micro flora in gastrointestinal tracts in ruminants,
* Correspondence: leej@fvsu.edu
Agricultural Research Station, Fort Valley State University, 1005 State
University Drive, Fort Valley, GA 31030, USA

__________________________ WORLD TEC
but may also influence the variables related to meat quality
and animal welfare [6,7]. Feeding grain diets can change
the rumen and intestinal microbial populations [8]. Over-
feeding cattle with grain has been shown to cause a 2 log
scale increase in total coliform counts [9].
Stress and dehydration resulting from preslaughter

management methods can adversely affect production
variables such as live and carcass weights as well as meat
quality [10]. A switch to hay feeding from a concentrate
diet is likely to influence carcass weights, although Stanton
and Schultz [11] indicated that such a diet change did not
have a dramatic impact on carcass characteristics and final
body weights in cattle. However, Kannan et al. [12] reported
that 18 h of feed deprivation resulted in a 10% live weight
shrinkage in goats. Earlier studies also showed that fasting
sheep for 24 h resulted in about 7% live weight loss due to
reduction in gut contents [13,14]. Feed deprivation is one
HNOLOGIES ________________________
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of the preslaughter stress factors that may be responsible
for depletion of muscle glycogen prior to slaughter [15].
Preslaughter depletion of muscle glycogen may result in
an abnormally high pH of meat, which may have adverse
effects on meat quality such as dark cutters [16] and poor
shelf life due to microbial spoilage [17].
Blood hormone and metabolites in ruminants are also

influenced by feed deprivation. Plasma cortisol con-
centration, a good indicator of welfare status during
the preslaughter period in food animals [18], increases
in sheep [19] and goats [12] due to feed deprivation. Feed
deprivation also alters plasma glucose [20,21], urea nitrogen
[10,12], and non-esterified fatty acid [22,23]. Kannan et al.
[24] reported an increase in creatine kinase activity in the
circulation during preslaughter feed deprivation in goats.
The objectives of this study were, therefore, to estimate

the efficacy of preslaughter diet (concentrate vs roughage)
and feed deprivation time (12 vs. 24 h) on E. coli and other
enteric bacterial population on skin and carcass, as well as
to determine the effects on blood hormone and metabo-
lites in sheep and goats.

Methods
Animal feeding and feed deprivation treatments
Experimental procedures involving animals were con-
ducted with approval of the Fort Valley State University
(FVSU) Institutional Animal Care and Use Committee.
Animals were obtained from the Georgia Small Ruminant
Research and Extension Center at (FVSU). Sixteen cross-
bred wether sheep (Dorset x Suffolk; BW= 39.9 ± 0.88 kg)
and buck goats (Kiko x Spanish; BW= 32.8 ± 0.91 kg)
grazed on winter pea and rye grass dominant forages were
assigned in a completely randomized design to a feeding
trial consisting of two dietary treatments: primarily corn
based concentrate (Table 1) and Bermuda grass hay diets.
Each treatment was replicated in two pens with either four
sheep or goats per pen. Each pen of four experimental
Table 1 Ingredient composition of concentrate diet1,2 fed
to sheep and goats

Ingredient Composition,%

Cottonseed hull 14.0

Ground corn 67.8

Soybean meal 13.6

Poultry fat 2.73

Trace minerals3 0.5

Vitamin premixed 0.5

Dicalcium phosphate 0.9
1Predicted digestible Energy (DE) = 4.0 Mcal/kg.
2Crude protein = 12.9%.
3Composition: NaCl, 45 to 50%; Ca 9.0 to 10.8%; P, >4.5%; Mg, >1.5%; K, >0.9%;
S, >0.3%; Zn, >1.55%; and I, >180 ppm; Fe, >2,000 ppm; Mn, >4,000 ppm;
Se, >60 ppm; vitamin A, >2,200,000 IU; vitamin D3, >165,000 IU; and vitamin
E, >6,600 IU/kg.

__________________________ WORLD TEC
animals was fed twice a day either a concentrate (CD)
or hay diet (HD) with ad libitum access to water for
4 days. At the end of the 4-d feeding trial, half of ani-
mals from each pen (n = 16) were randomly selected
and transported to the university slaughter and pro-
cessing facility. Each animal was weighed and then
assigned to a pen in the holding area according to the
original pen numbers in order to maintain the same
social group. This group of animals was deprived of
feed for a 24-h period with continuous access to water.
Other half of animals (n = 8/pen) were assigned to deprive
of feed for a 12 h period according to previously descried in
the 24 h feed deprivation. Both feed deprivation time (FDT)
groups were processed on the same day such that harvest
occurred within the same time frame for both group.

Animal behavior
Behavior of each animal was monitored for a 90-min
period before slaughter. The weather conditions were
identical on the experimental days. Minimum tempera-
tures ranged from 5 to 7°C and maximum temperatures
ranged from 18 to 20°C. Standing, moving, agonistic
(ramming, jumping, horning, and head butting) lying and
drinking behaviors were recorded. Behavioral observations
were made every minute using the scan sampling method
in each pen (from pen 1 to 8) [25]. At each monitoring
period, the number of animals performing each behav-
ior was recorded. Animals were slaughtered in a prede-
termined order and rotated among pens to avoid
confounding of effects.

Blood sampling and analysis
Blood samples were collected from each animal at the
beginning of the feeding trial (pretrial) and prior to
slaughter. Blood samples were collected by trained
personnel via jugular venipuncture into 10 mL Vacutainer
tubes containing 81 μL of 15% EDTA solution and imme-
diately placed on ice. All efforts were made not to agitate
the animals during sampling. Plasma was separated by
centrifugation at 1,000 × g for 30 min in a Sorvall Super-
speed model 5RC2-B automatic refrigerated centrifuge
(Ivan Sorvall Inc., Newton, CT) and stored in a 10-mL
vial at −20°C for determination of plasma cortisol, glu-
cose, creatine kinase (CK), urea nitrogen (PUN), and
non-esterified fatty acid (NEFA) concentrations.
Plasma cortisol concentrations were determined using

a Coat-A-Count radioimmunoassay (RIA) kit (Diagnostic
Product Corp., Los Angeles, CA) as described by Kannan
et al. [12]. Blood glucose and PUN concentrations and CK
activity were analyzed using an IDEXX VetTest® instru-
ment (IDEXX Laboratories Inc., Westbrook, ME). The
plasma sample was delivered into a pipette tip and dis-
pensed onto each metabolite testing slide. As the sample
was absorbed and filtered through the layers of the slides,
HNOLOGIES ________________________
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color changes occurred due to biochemical reactions. The
color and intensity were measured by an optical system.
Plasma NEFA concentrations were analyzed using a com-
mercially available kit (Wako Chemicals, Richmond, VA)
as described by Kannan et al. [24]. The assay was performed
using acetyl CoA synthetase/acetyl-CoA oxidase method
(NEFA C Code No. 994–75409 E). The absorbance values
were determined using a Shimadzu® (Model UV-2401 PC)
UV–VIS spectrophotometer (Shimadzu Scientific Instru-
ments, Inc., Columbia, MD).

Carcass yield and muscle pH
Animals were weighed prior to slaughter and then proc-
essed at the FVSU slaughter and meat processing facility.
After final carcass wash, hot carcass weights were re-
corded. Dressed carcasses were stored at 2°C for 24 h be-
fore fabrication. After 24 h cooling, cold carcass weights
were also recorded. Dressing percent of each carcass was
reported as carcass yield. Muscle pH was recorded at 0-
(immediately after skinning) and 24-h postmortem using a
portable pH meter (Fisher Scientific, Pittsburgh, PA) with
a penetrating probe (Pakton® Model OKPH1000N, Fisher
Scientific). The probe was inserted directly into the longis-
simus muscle of each carcass to measure pH.

Microbial counts
Sterile sponges, hydrated with 10 mL of buffered peptone
water (BioPro Enviro-Sponge Bags, International BioPro-
ducts, Redmond, WA) with disposable sterile paper tem-
plates (5 cm × 5 cm) were used for collection of skin and
carcass swab samples. The swab sampling procedure for
skin was adopted from Kannan et al. [26]. Samples were
obtained from each animal at the beginning of the feeding
trial and prior to slaughter by swabbing the hind leg within
the 25 cm2 template area with five vertical wipes and five
horizontal wipes. Carcass swab sampling was followed by
the USDA procedure used for genetic E. coli testing [27] as
modified by Kannan et al. [26]. The modification was the
smaller sampling area and fewer wipes to suit the smaller
size of goat carcasses instead of the 10 cm × 10 cm template
recommended by the USDA. Swab samples were collected
from each carcass after skinning and evisceration, but be-
fore washing by swabbing three different anatomical loca-
tions (flank, brisket, leg) within the 25-cm2 template area
for a total sampling area of 75 cm2. The swab samples
were placed in sterilized sponge bags, transported on ice,
and stored under refrigeration until analysis.
After swabbing, the sponges were transferred into

sterilized stomacher bags and 90-mL of 0.1% sterile
buffered peptone water (Difco Laboratories, Detroit, MI)
was added to each bag. The contents of the bag were pum-
meled in a stomacher (Seward Model 400, Tekmar Co. Cin-
cinnati, OH) for 1 min. Serial dilutions were prepared with
0.1% sterile buffered peptone water. The 3M™ Petrifilm
__________________________ WORLD TEC
plate techniques were used to enumerate microbial loads
on skin and carcass samples as recommended by the
manufacturer [28]. Appropriate sample dilutions were inoc-
ulated on Petrifilm plates (3M™ Microbiology Products, St.
Paul, MN) to determine E. coli and total coliform (3M™ Pet-
rifilm™ E. coli/coliform Counts Plates) counts (TCC), and
aerobic plate (3M™ Petrifilm™ aerobic Count Plates)
counts (APC) as prescribed by the supplier. Colonies
were counted after 24-h incubation in a Fisher Isotemp in-
cubator (Fisher Scientific, Pittsburgh, PA) at 35°C for E.
coli and total coliform counts, and after 48-h incubation
for aerobic plate counts. Bacterial counts of skin and
carcass samples were converted to log10 CFU/cm

2 values.

Statistical analysis
The body weight (BW) data were analyzed as a Completely
Randomized Design (CRD) with repeated measures using
the PROC MIXED procedure of SAS (SAS institute Inc.,
Cary, NC), with individual animal as experimental unit. The
effects of species, diet, FDT, and their interactions were con-
sidered to be fixed effects. Behavior data were analyzed as a
CRD with 2 × 2 factorial treatment arrangement using the
PROC MIXED procedures of SAS, with animal as a random
effect and species, diet, and their interactions considered as
fixed effects. Blood data were also analyzed as a CRD with
2 × 2 × 2 factorial treatment using the PROC MIXED pro-
cedures of SAS, with animal considered to be a random ef-
fect. The effects of species, diet, FDT, and their interactions
were considered to be fixed, with pretrial concentrations as
covariate. Carcass yield, muscle pH, and microbial data
were also analyzed as a CRD with 2 × 2 × 2 factorial treat-
ment using the PROC MIXED procedures of the SAS, with
animals considered to be a random effect and species, diet,
and feed deprivation considered to be fixed effects.
The following statistical models were used to analyze

1) body weight data; 2) behavior data (standing, moving,
agonistic, lying and drinking); 3) blood data (plasma cor-
tisol, glucose, creatine kinase, plasma urea nitrogen, and
non-esterified fatty acids); and 4) carcass yield, muscle
pH and microbial data (E. coli, Enterobacteriaceae, total
coliform, and aerobic plate counts):

Yijklm ¼ μþ Si þ Dj þ Fk þ Tl þ SDij þ SFik þ STil

þ DFjk þ DTjl þ FTkl þþ SDFijk þ SDTijl

þ SFTikl þ DFTjkl þ SDFTijkl þ eijklm

ð1Þ

Yijk ¼ μþ Si þ Dj þ SDij þ eijk ð2Þ

Yijklm ¼ μþ Si þ Dj þ SDij þ DFjk þ SFik
þ SDFijk þ Bl þ eijklm ð3Þ

Yijkl ¼ μþ Si þ Dj þ Fk þ SDij þ DFjk þ SFik
þ SDFijk þ eijkl ð4Þ
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35Preslaughter diet management in sheep and goats: effects on physiological responses...
Where Yijkl or Yijklm = dependent variables, μ = overall
means, Si = species, Dj = diet, Fk = feed deprivation, Tl =
body weights (prior to diet, feed deprivation, and slaughter)
as repeated measures, Bl = pretrial concentrations of plasma
cortisol, glucose, creatine kinase, plasma urea nitrogen, or
non-esterified fatty acids, eijkl or eijklm = residuals.
From each analysis, least squares means were generated

and when significant by ANOVA, separated using the
PDIFF option of SAS for main or interaction effects. Pear-
son correlation analysis (SAS Institute Inc.) was performed
to study the relationships among selected dependent vari-
ables [29]. Significance was determined at P < 0.05, but dif-
ference of 0.05 ≤ P < 0.1 was considered as trends.

Results
Body weight and animal behavior
The mean BW of sheep (39.6 ± 0.47 kg) was significantly
higher than that of goats (32.1 ± 0.47 kg) in this experiment
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Figure 1 Body weights of sheep and goats measured prior to feeding (p
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(Figure 1). Diet and FDT significantly influenced (P < 0.05)
BW of experimental animals. The BW were 36.9 ± 0.47
and 34.9 ± 0.47 kg in CD and HD groups, respectively.
Mean BW of animals in the 12- and 24-h FDT groups
were 36.8 ± 0.47 and 35.0 ± 0.47 kg, respectively. Species ×
diet and diet × FDT interactions also had significant ef-
fects on BW of animals during the experimental period
(Figure 1).
Frequencies of standing, moving, and agonistic behav-

iors were higher (P < 0.05) in goats than sheep (Table 2).
Sheep spent more time lying down than goats (P < 0.01).
Animals from the CD group had significantly higher fre-
quencies of moving and agonistic behaviors than those
from the HD group. The frequencies of standing and lying
behaviors were higher in animals from the HD group than
those from the CD group. Animals rarely drank water dur-
ing the preslaugher holding period and thus the frequency
of drinking behavior was not affected (P > 0.05) by either
-holding Pre-slaughter

Concentrate diet with 24 h feed deprivation

Hay diet with 24 h feed deprivation

-holding Pre-slaughter

Concentrate diet with 24 h feed deprivation

Hay diet with 24 h feed deprivation

re-treatment), holding (pre-holding), and slaughter (pre-slaughter).
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Table 2 Effects of species, diet, and feed deprivation time (FDT) on blood hormone, metabolite, behavior, and muscle
pH in sheep and goats

Species Diet FDT

Response Goat Sheep P-value HD CD P-value 12-hrs 24-hrs P-value SE

n 16 16 16 16 16 16

Blood hormone

Plasma cortisol, ng/mL 54.76 80.11 0.2027 62.79 72.08 0.6452 64.84 70.02 07911 13.612

Blood metabolite1

Plasma glucose, mg/dL 130.39 128.54 0.8888 122.60 136.24 0.2159 132.37 126.47 0.5888 7.551

PUN, mg/dL 17.24 18.30 0.6820 17.24 18.30 0.6468 17.16 18.38 0.5944 1.603

Plasma CK activity, IU 571.74b 863.94a 0.0392 732.97 702.72 0.8265 747.15 688.54 0.6798 95.210

Plasma NEFA, mEq/L 589.78b 1056.05a 0.0054 953.56 692.27 0.1105 729.05 916.79 0.2108 105.01

Behavioral observations2

Standing 3.49a 3.24b 0.0008 3.46a 3.26b 0.0084

Moving 0.37a 0.28b 0.0440 0.19b 0.46a 0.0001

Agonistic 0.13a 0.01b 0.0001 0.03b 0.11a 0.0024

Lying 0.00b 0.48a 0.0001 0.32a 0.16b 0.0043

Drink 0.00 0.003 0.3176 0.002 0.00 0.3176

Dressing percent,% 43.02 42.84 0.7380 42.59 43.28 0.2049 42.79 43.07 0.5959 0.3752

Muscle pH3

Initial 6.96 6.96 0.6000 6.97 6.91 0.2740 6.92 6.97 0.3688 0.039

Ultimate 6.02a 5.84b 0.0002 5.98a 5.87b 0.0141 5.92 5.93 0.8678 0.029

HD = hay diet; CD = concentrate diet.
1PUN = plasma urea nitrogen; CK = creatine kinase; NEFA = non-esterified fatty acids.
2Observed or 90 min before staring the slaughtering process.
3Inital = pH of longissimus muscle at immediately after skinning; Ultimate = pH of longissimus muscle at 24 h postmortem.
a,bWithin a row, least squares means that do not have a common superscript letter differ (P < 0.05).
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species or diet. Species × diet interaction effect was signifi-
cant for frequencies of standing, agonistic, and lying be-
haviors (Figure 2). Hay-fed goats (3.7 ± 0.08/min) had a
higher (P < 0.05) frequency of the standing behavior com-
pared to other treatment groups (species × diet); and,
concentrate-fed goats (0.2 ± 0.03/min) also had a higher
(P < 0.05) frequency of agonistic behavior compared to
other groups. However, sheep (0.6 ± 0.06/min) fed with
the concentrate had a higher (P < 0.05) frequency of the
lying behavior compared to other groups.
Blood hormone and metabolite concentrations
Plasma cortisol, glucose, and plasma urea nitrogen (PUN)
concentrations were not influenced (P > 0.05) by any of
the factors studied (Table 2). The interaction effects were
also not significant for plasma cortisol or any of the meta-
bolic concentrations (glucose, creatine kinase, plasma urea
nitrogen, and non-esterified fatty acids). However, plasma
creatine kinase (CK) activities and non-esterified fatty
acids (NEFA) levels were different (P < 0.05) between spe-
cies (Table 2). The HD animals tended to have higher
(P = 0.11) plasma NEFA levels than CD animals (Table 2).
__________________________ WORLD TEC
Carcass yield and muscle pH
Carcass yield ranged from 40 to 45% in the present ex-
periment, but was not influenced by species, diet, or
FDT (Table 2). However, goats (43.7 ± 0.53%) deprived
of feed for 24-h had a higher mean carcass yield than
those deprived for 12-h (42.3 ± 0.53%), while an opposite
trend was noticed in sheep (species × FDT, P < 0.05,
Figure 3).
The initial pH of LM was not affected (P > 0.05) by spe-

cies, diet, or FDT (Table 2). However, species x FDT inter-
action effect was significant (Figure 4). Sheep subjected to
12-h feed deprivation (7.02 ± 0.055) had lower (P < 0.05)
pH values than those subjected to 24-h feed deprivation
(6.83 ± 0.055), while the initial pH of goat carcasses
were not affected by FDT. The ultimate pH was higher
in goats compared to sheep (P < 0.05) and higher in HD
compared to CD animals (P < 0.05, Table 2). However,
the interaction effects were not significant (P > 0.05) for
the ultimate muscle pH values in the current study.

Skin bacterial counts
Pre-holding E. coli counts of skin samples were not influ-
enced (P < 0.05) by species, diet, or diet × species interaction
HNOLOGIES ________________________
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effects (Table 3). However, TCC of skin were significantly dif-
ferent between the two species. Goats had lower (P < 0.05)
coliform counts in the skin than sheep (Table 3). Diet treat-
ments or diet x species interaction factors had no significant
effects on TCC (Table 3). The TCC was influenced (P < 0.05)
by the species × diet × FDT interaction (Figure 5), with
concentrate-fed sheep having the highest TCC (P < 0.05,
3.73 ± 0.353 log10 CFU/cm

2) after 12 h feed deprivation com-
pared to all other groups. Goats also had lower (P < 0.05)
skin APC compared to sheep (Table 3). No significant effects
of diet and diet x species interaction were detected in aerobic
plate counts of skin.
Preslaughter skin E. coli counts and TCC were different

(P < 0.05) between species (Table 3), and goats had lower
(P < 0.05) counts of E. coli and TCC in skin swab samples
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compared with sheep. Diet, FDT, or interaction effects
were not significant (P > 0.05) for skin E. coli and total
coliform counts (Table 3). However, skin swab samples of
the 24-h feed deprivation group tended (P = 0.12) to have
higher E. coli counts than the 12 h group. Total coliform
counts tended (P = 0.14) to be higher in the 24-h group
than 12-h feed deprivation group (Table 3). Aerobic plate
counts of skin swab samples were not influenced (P > 0.05)
by any of the main effects or interactions.

Carcass bacterial counts
Diet, species, FDT, and their interactions had no signifi-
cant effects on E. coli and coliform counts (Table 3). Aer-
obic plate counts of carcass swab samples were also not
influenced (P > 0.05) by any of the treatment factors or
Sheep

on 24-h feed deprivation 

b

ab

(SE = 0.531). Bars bearing different letters are different (P < 0.05).
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their interactions, except the feed deprivation (FD) time
(Table 3). Carcasses from the 12 h feed deprivation group
had higher (P < 0.05) APC than those from 24 h group.
Carcass swab samples from sheep tended (P = 0.07) to
have higher APC than those from goats (Table 3).

Discussion
In sheep, the body weights appeared to increase due to
concentrate feeding, but did not change or decrease due
Table 3 Effects of species, diet, and feed deprivation time (FD
carcass of sheep and goats

Species Die

Response Goat Sheep P-value HD

n 16 16 16

Skin, pre-holding1

E. coli count 2.00 2.21 0.2129 2.06

Total coliform count 2.12b 3.04a 0.0011 2.43

Aerobic plate count 8.21b 8.53a 0.0305 8.42

Skin, pre-slaughtering2

E. coli count 2.23b 2.93a 0.0118 2.56

Total coliform count 2.26b 3.01a 0.0135 2.60

Aerobic plate count 8.31 8.30 0.8017 8.33

Carcass, pre-washing3

E. coli count 2.28 2.51 0.2212 2.34

Total coliform count 2.29 2.56 0.1999 2.35

Aerobic plate count 7.93 8.28 0.0718 8.16

HD = hay diet; CD = concentrate diet.
1Skin swabs from hind leg before depriving feed to experimental animals.
2Skin swabs from hind leg right before starting slaughtering.
3Carcass swabs from flank, brisket and leg regions right before washing after skinni
a,bWithin a row, least squares means that do not have a common superscript letter

__________________________ WORLD TEC
to hay feeding. In goats, there was no clear pattern in
body weight changes due to diet. However, body
weights decreased due to feed deprivation in both
sheep and goats. Live weight losses during the pre-
slaughter period are of major concern in small rumi-
nants. Live weight shrinkage can be about 10% in goats
after 18 h feed deprivation, and about 7% in sheep after
24 h feed deprivation [12,13]. These live weight losses
can be attributed to reductions in gut weights, since the
T) on the microbial counts (log10 CFU/cm
2) on skin and

t FDT

CD P-value 12-hrs 24-hrs P-value SE

16 16 16

2.16 0.5527

2.73 0.2413

8.31 0.4511

2.60 0.8650 2.38 2.78 0.1238 0.180

2.67 0.8074 2.42 2.85 0.1352 0.197

8.28 0.3198 8.34 8.28 0.2163 0.035

2.44 0.6018 2.28 2.41 0.8959 0.134

2.50 0.4587 2.43 2.43 1.0000 0.141

8.04 0.5076 8.35a 7.85b 0.0128 0.131

ng and gut removed.
differ (P < 0.05).
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gastrointestinal tract contributes to a major proportion
of live weight in small ruminants [30].
Plasma cortisol and certain metabolite concentrations

are good indicators of the physiological status of animals as
influenced by preslaughter dietary treatment and FDT. The
cortisol concentrations were not influenced by species,
diet, or FDT in the present experiment. Feed deprivation
combined with a 2.5-h transportation has been reported to
elevate cortisol concentrations in goats [12]. Transporting
animals from the experimental facility to the slaughter
plant was completed within 10 min in the present study. It
appears that feed deprivation alone for 12 or 24 h is not
stressful enough to elevate circulating cortisol concentra-
tions in sheep and goats. A similar effect was observed in a
previous study when Spanish does were feed deprived for
7, 14, or 21 h [24]. However, feed deprivation has been re-
ported to elevate cortisol concentrations in sheep [19].
Creatine kinase activities were higher in sheep compared
to goats, although behavioral observations showed that
goats were more active than sheep during preslaughter
holding. Creatine kinase activity in blood increases due to
muscle damage or increased muscular activity in animals
[31]. Plasma NEFA concentrations were also higher in
sheep than goats. The higher CK and NEFA levels may be
attributed simply to a species difference. It is not clear if
size of animals could have contributed to this effect, since
the sheep used in this study were heavier than goats. Hay-
fed animals tended to have higher NEFA concentrations
than concentrate-fed animals. Furthermore, animals sub-
jected to 24 h of feed deprivation tended to have higher
NEFA concentrations than those subjected to 12 h of feed
deprivation. Knowles et al. [22] reported that the plasma
NEFA concentrations increased in sheep after 24 h feed
deprivation. Kouakou et al. [23] found that feed restriction
__________________________ WORLD TEC
elevated plasma NEFA concentration in goats because feed
deprivation increases lipolysis in animals, which in turn in-
creases free fatty acid levels in the blood [32].
In the present study, carcasses from CD group had lower

ultimate LM pH values than HD animals (Table 2). Vari-
ation in glycogen content of muscles may be responsible
for the differences in the ultimate pH. Glycogen content of
muscles at the time of slaughter is the important factor
that affects muscle ultimate pH and meat quality [33].
Forage-finished animals have been reported to produce
lower quality meat than grain-finished animals [34,35].
Immonem et al. [36] reported variations in the ultimate
pH of muscle due to energy levels in the diet of cattle,
and they found that cattle fed a high energy diet had a
lower (P < 0.05) ultimate muscle pH (5.69 ± 0.03) value
compared to cattle fed a low energy diet (5.93 ± 0.03).
In contrast, Diaz et al. [37] did not find any significant
differences in meat quality and muscle pH (measured
immediately after slaughter, after 45 min and after
24 h) from pasture-fed and concentrate-fed lambs.
The skin of a live animal becomes contaminated with

microorganisms derived from a wide range of sources
such as feces, soil, water and vegetation [2]. The APC,
TCC, and E. coli counts of skin swab samples collected
at two different times in the present study was not influ-
enced by diet. Skin swab samples collected from sheep
showed higher bacterial counts than goats. Sheep fleece
may be responsible for picking up fecal material from
the pen floor and retaining the contamination for longer
time. Behavioral observations of the animals during
holding period revealed that sheep tended to spend
more time lying down in the pens than goats. It is pos-
sible that goats were not able to withstand the cold
temperature of concrete floors, which would have
HNOLOGIES ________________________
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prevented them from lying down. This experiment was
conducted in the month of December. Skin swab sam-
ples collected from the 24-h feed deprivation group
showed higher E. coli counts than the 12-h group. There
is always more chance for skin contamination with fecal
material if the animals spend more time in the holding
pens.
Preslaughter diet and feed deprivation time had no ef-

fect on TCC and E. coli counts of carcass swab samples.
Major sources of carcass contamination are unclean ani-
mal skin and viscera of animals entering the slaughter fa-
cility [1]. Carcass TCC and E. coli counts were not
correlated with skin counts. Elder et al. [38] found no cor-
relation between the prevalence of E. coli O157 contamin-
ation on cattle hides and that resulting on carcasses. In
their study, the prevalence of E. coli O157 on the carcasses
was higher than that on hides.

Conclusions
Preslaughter diet and FDT did not influence the physio-
logical status of sheep and goats according to plasma cor-
tisol, glucose, CK, PUN, and NEFA. Feed deprivation may
significantly decrease body weights in sheep and goats.
Sheep had higher skin contamination than goats, probably
due to differences in their behavior during preslaughter
holding. Sheep spent more time lying down than goats in
holding pens. Diet and FDT did not influence skin con-
tamination in sheep and goats. There was no relationship
between skin contamination and carcass contamination in
the present study. Preslaughter diet may have an effect on
the energy reserves in muscles, as the LM ultimate pH
was lower in the concentrate-fed group. The results indi-
cate that diet can be manipulated without significant ef-
fects on physiological responses in sheep and goats.
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Evaluation of alfalfa inter-seeding effect on
bahiagrass baleage fermentation and lactating
Holstein performance
Michael E McCormick1*, Kun Jun Han2, Vinicius R Moreira3 and David C Blouin4
Abstract

Background: Previous research indicates that bahiagrass may be successfully conserved as baleage, but nutritive
value is typically low for lactating dairy cows. The purpose of this study was to determine the effect of adding
modest amounts of alfalfa forage (22%), achieved by inter-seeding alfalfa into an existing bahiagrass pasture, on
baleage nutritive value and lactation performance of Holstein cows. Forage treatments employed were monoculture
bahiagrass baleage (MBB; negative control), bahiagrass-alfalfa mixture baleage (BAB) and conventional corn silage
(CCS; positive control). Thirty six mid lactation Holstein cows [34.8 ± 5.8 kg 3.5% fat-corrected milk and 112 ± 19 d
in milk (DIM)] were stratified according to milk yield and DIM and assigned randomly to 1 of 3 forage treatments.
Cows were trained to Calan feeding gates and were offered a common CCS-based TMR in a 10-d covariance period
followed by a 42-d treatment feeding period.

Results: The BAB contained more protein and less NDF than MBB (12.6 vs 10.3% CP and 71.8 vs 76.6% NDF). Diet
DMI was similar for MBB and BAB (19.5 vs 21.6 kg/hd/d), but cows consumed more of the CCS diet (25.5 kg/hd/d)
than either baleage-based diet. Cows offered BAB tended to produce more milk than cows offered MBB based
TMR (28.4 vs 26.1 kg/hd/d), but both baleage diets generated less milk than CCS-based diets (33.1 kg/hd/d). Milk
composition was similar across diets except for milk protein concentrations which were higher for CCS than
either MBB or BAB diets; however, milk urea nitrogen (MUN) was lowest for cows fed CCS diets. Cow BW gain
was higher for BAB than MBB implying that a portion of the higher energy contributed by the alfalfa was being
used to replenish weight on these mid lactation cows.

Conclusions: Data from this study indicate that alfalfa inter-seeded in bahiagrass sod that produces BAB with as
little as 22% alfalfa may improve nutritive value compared to monoculture bahiagrass baleage and marginally
improve lactation performance of Holstein cows. However, the CCS diet was vastly superior to either MBB or
BAB-based diets for milk production.

Keywords: Alfalfa, Bahiagrass, Baleage, Corn silage, Lactating dairy cows
Background
Bahiagrass (Paspalum notatum, L.) is a common peren-
nial forage base for many dairies in southern Louisiana
and Mississippi, USA [1]. When properly managed, this
forage is high yielding and persistent, particularly given
the often harsh environmental conditions of the area.
However, nutritive content of conserved bahiagrass is
* Correspondence: memccormick@agctr.lsu.edu
1Southeast Region LSU Agricultural Center, 21549 Old Covington Hwy,
Hammond, LA 70403, USA
Full list of author information is available at the end of the article
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often below requirements of young growing animals and
lactating dairy cattle [2]. In spite of its low nutritive
value and water soluble carbohydrate content, bahiagrass
may be successfully conserved as baleage [3].
Interseeding legumes into perennial grass pastures often

increases animal growth and milk production above that of
animals grazing pure grass stands [4,5]. Most of the re-
search on interseeding legumes into grass pastures has been
conducted in the Northeastern and Midwestern USA
where conditions are favorable for legume production.
HNOLOGIES ________________________
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Researchers in Louisiana attempted to inter-seed red clover
(Trifolium pretense) into bermudagrass (Cynodon dactylon)
and bahiagrass pastures for lactating dairy cattle [6]. They
recorded a 10% (4 pounds FCM) increase in milk yield for
cows grazing grass-clover pastures compared to those graz-
ing grass alone. During the last decade, alfalfa varieties have
been developed which are especially adapted for grazing in
southern climates [7]. Research using these varieties has fo-
cused on interseeding (no-till drilled) in existing bermuda-
grass pastures [8,9]. Bermudagrass stand loss has been a
concern with interseeding due to earlier spring emergence
of alfalfa and shading of bermudagrass plants. Increasing al-
falfa row spacing from 20 to 60 cm aided in maintaining
the bermudagrass stand and reduced alfalfa seeding rate
from 19 to 6.4 kg/ha. No information on overall forage
quality was provided with these reports nor is information
available on more traditional hay type (upright growing)
alfalfa plants inter-seeded in summer perennial grasses.
Research on inter-seeding alfalfa in existing bahiagrass
stands and its effect on conserved forage nutritive value are
not available. Though bahiagrass has a dense sod, it was
speculated that a late fall interseeding of alfalfa would allow
sufficient early spring alfalfa production to improve the
nutritive value of the resulting bahiagrass-alfalfa bale silage
crop. A lactation performance study was conducted to
evaluate the nutritive value of subsequent bahiagrass-alfalfa
baleage fed to lactating dairy cows. Monoculture bahiagrass
served as a negative control and corn silage (Zea Mays, L.)
was included as a positive control.

Materials and methods
Forage production, storage and sampling
All agronomic and animal procedures described in this
report were conducted at the Louisiana State University
Agricultural Center’s Southeast Research Station located
approximately 8 km west of Franklinton, LA (Lat 30° 47’
04” N and Lon 90 12’ 19” W). A 4.9 ha field of
‘Argentine’ bahiagrass (Paspalum notatum, var. latiflorum)
was top-dressed with 4.5 Mg/ha dolomitic lime on May 25,
2006. On December 19, 2006 the bahiagrass was inter-
seeded with 7.4 kg live seed/ha of ‘Amerigraze 702’ alfalfa
(Medicago sativa, L.; America’s Alfalfa, Madison, WI) with
a Bush Hog Model 9690 no-till drill (M & L Industries,
Inc., Baton Rouge, LA). Alfalfa seeds were factory-coated
with material containing a fungicide (metalaxyl-M) and rhi-
zobia (Sinorhizobium meliloti) constituting 34% of planted
seed weight. Alternating seed drops on the planter were
closed to provide row widths of approximately 30 cm. In
late February the inter-seeded bahiagrass-alfalfa was top-
dressed with 140 kg K, 60 kg P, 28 kg S, 24 kg N and 4 kg B
fertilizer per ha. Following an initial late-April hay harvest,
the bahiagrass-alfalfa field was top-dressed with 125 kg K,
17 kg P, 15 kg N, 26 kg S and 3 kg B fertilizer per ha. A
nearby (<300 m distant) 5.7 ha field of ‘Argentine’
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bahiagrass was used as a negative control i.e. monocul-
ture bahiagrass. Fertilizing and harvest schedules were
similar to that of the inter-seeded field except lime was
applied at 2.25 Mg/ha and fertilizer consisted of 449 kg/
ha of a blended fertilizer containing 24% nitrogen, 10%
phosphorus and 17% potassium.
On June 11th, 2007 at approximately 1000 h, the

bahiagrass-alfalfa field (second harvest; 43 d regrowth)
was harvested with a Kuhn model FC-300C disc cutter
equipped with a flail-type conditioner (Kuhn North
American, Inc., Broadhead, WI). The regrowth contained
bahiagrass with less than 10% seed heads and 1/10-bloom
stage alfalfa. One meter-length windrow samples were col-
lected from four random locations within the field and sep-
arated into bahiagrass, alfalfa and weed fractions. Forage
was allowed to wilt in 1.2 m windrows for approximately
24 h after which high-moisture forage was baled into
1.5 m × 1.2 m round bales using a model 568 John Deere
baler equipped with a high moisture kit (John Deere, Inc.,
Cary, NC). Prior to wrapping, six randomly selected bales
were weighed on a digitized platform scale (Rice Lake
Weighing Systems, Rice Lake, WI) and core-sampled to a
depth of 45 cm in four locations and forage was composted
and stored on ice until processed in the Southeast Research
Station Forage Quality Laboratory. Within 1.5 h post-
baling, bales were individually wrapped (Ag Wrap, Ag
Nations Products, Inc., Canton, OH) in six layers of
25-μm-thick white stretch film stretched 50% (Silage Wrap
Sun Film, AEP Industries, Inc., Chino, Ca, USA). After
wrapping, bales were moved to a well-drained location and
stored outside on the ground. Hereafter, wrapped high
moisture bales from the bahiagrass field inter-seeded with
alfalfa will be designated as bahiagrass-alfalfa baleage (BAB).
The adjacent 5.7 ha field of monoculture bahiagrass

was cut on June 12, 2007. Forage was managed in a
manner similar to that described for the BAB. Windrow
samples were handled as above and evaluated for bahia-
grass and weed content. Hereafter, wrapped high moisture
bales from the monoculture bahiagrass field will be referred
to as bahiagrass baleage (MBB).
Corn silage was produced from Pioneer ‘31R87RR’

corn seed (Pioneer Hi-Bred International, Inc., Johnston,
IA, USA) planted with a John Deere Maxi-Merge no-till
planter (John Deere, Inc., Cary, NC, USA) in late March
2007 at a seeding rate of 64,200 plants ha. The non-
irrigated corn was fertilized with 202 kg N/ha as urea,
31 kg/ha P and 88 kg/ha K at planting. Silage was har-
vested in mid-July at 1/3 milk line stage, chopped to
1.2 cm theoretical length and stored in a 2.7 m × 42.0 m
silage bag (Ag Bag Model 9135) Ag Bag Systems, Inc.,
Astoria, OR, USA. Six green forage samples were col-
lected every 7 m of bag length during silo filling and
transported to the Southeast Forage Quality Laboratory
for analysis. In future references within this report, this
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positive control forage will be referred to as conven-
tional corn silage (CCS).

Animal management
Thirty six mid lactation Holstein cows (34.8 ± 5.8 kg
3.5% fat-corrected milk (FCM) and 112 ± 19 d in milk
(DIM)) were stratified according to lactation number (18
multiparous and 18 primiparous), DIM and milk yield
and allotted to forage treatments. Cows were housed in
a free stall barn equipped with Calan Gates (American
Calan, Norwood, NH, USA) for measuring individual in-
take. Cows were trained to Calan Gates for 2 wk, after
which they were subjected to a 10-d covariance period
followed by a 42-d treatment feeding period. During the
standardization period, all cows were fed a corn silage-
based total mixed ration (TMR) containing 17.1% crude
protein (CP), 22.7% acid detergent fiber (ADF) and
37.8% neutral detergent fiber (NDF) formulated to meet
energy, CP, rumen undegradable protein (RUP) and min-
eral requirements for a 613 kg Holstein cow producing
39 kg FCM daily [10]. All animal procedures employed
in this study were approved by the Louisiana State
University Animal Use and Care Committee.
Milk weights were automatically recorded for each

cow at each a.m. and p.m. milking using the AFI-Milk
2000 Information System (Germania Dairy Automation,
Waunakee, WI, USA). Morning and evening milk sam-
ple composites were collected weekly, preserved with 2-
bromo, 2 nitropropane-1, 3-diol and analyzed for fat,
protein, lactose and urea N via infrared spectroscopy
and SCC was determined via flow cytometry (Louisiana
DHIA, Baton Rouge, LA, USA). Body weights and body
condition score (BCS; 1 = extremely thin and 5 = extremely
obese) [11] were recorded on two consecutive days at the
beginning and end of the trial. Body condition scores were
assigned by three independent observers.
On the morning of d 42, 10 mL of rumen fluid was

collected pre-feeding from each animal via rumenocent-
esis [12]. Rumen fluid pH was measured immediately
with an Orion model 230A portable pH meter (Orion Re-
search Inc., Boston, MA) and the sample was then
placed on ice until transported to the Southeast Re-
search Station Forage Quality Laboratory. Five mL of
rumen fluid was sterilized with 1.0 mL 25% meta-
phosphoric acid and samples were centrifuged at
7,000 g in a refrigerated centrifuge (4°C), filtered
through a 2.0 micron filter and stored at −20°C.

Diet preparation and Lab analyses
Forages conserved as baleage (BAB and MBB) were
ground with a flail type hay grinder (Model 2554
HayBuster, McConnell Machinery Co., Lawrence KS)
into a vertical auger TMR mixer (Jaylor Model 3650, Orton,
Ontario, Canada). A fresh bale of each treatment baleage
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was processed each morning between 0700 and 0830 h dur-
ing the 42 d feeding period. Ground forage treatments were
augured from the TMR mixer wagon onto a conveyor and
into a Calan Data Ranger (American Calan, Inc., Norwood,
NH, USA) whereupon concentrates were added to
complete the experimental TMRs. Corn silage was
handled in a manner similar to ground baleages. Cows
were individually fed once per day between 0800 h and
0930 h to leave 10% or more orts.
Orts were collected and weighed prior to feeding each

day. Ort and TMR grab samples were collected daily
and stored at 4°C. These samples were composited
weekly and used to determine TMR nutritive value and
DM intake. Grab samples of ground baleage and corn
silage were also taken daily at the conveyor, composited
weekly and later analyzed for nutritive value in the
Southeast Research Station Forage Quality Laboratory
(Franklinton, LA, USA). A 1.0 kg sample of ground for-
age was collected weekly and manually evaluated for
particle length (Table 1). During the second half of the
study (wk 4–6), ambient and ort temperatures were re-
corded using a hand-held Raynger ST60 laser thermometer
(Raytek, Inc., Santa Cruz, CA, USA). Ort temperatures
were measured only for those cows leaving at least 5.0 kg
fresh weight. Temperatures were taken from the approxi-
mate center of the ort TMR mass.
Weekly silage and TMR composite samples were

weighed, dried at 55°C for 48 h and ground through a
1-mm screen. Ground samples were analyzed for DM
and CP (micro Kjeldahl) according to AOAC [13] pro-
cedures. Sample ADF and NDF concentrations were
determined using the detergent fiber methods of Van
Soest et al. [14]. Sodium sulfite and amylase were
added to NDF solutions before fiber analyses were con-
ducted. In vitro digestibility (IVTD) of silage samples
was determined by the two stage rumen fermentation-
pepsin technique as described by Goering and Van
Soest [15] and water soluble carbohydrate (WSC) con-
centrations were determined using the phenol-sulfuric
acid procedure [16]. Volatile fatty acids (VFA) for silage
and rumen fluid samples were measured via gas–liquid
chromatography [17]. Rumen fluid lactic acid concentration
was determined via the enzymatic conversion of L-lactate
to pyruvate using the YSI 2700 Select Biochemistry
Analyzer (YSI, Inc., Yellow Springs, OH).
Bahiagrass net energy was estimated by the equation:

NEL (Mcal/kg) = 2.2 × [1.085 – (0.0124 × ADF)] and corn
silage by the equation: NEL (Mcal/kg) = 2.2 × [1.044 –
(0.0124 × ADF)] [3]. Concentrate mix NEL was estimated
based on NRC [10] estimates of NEL for grain supplement
ingredients [10]. Concentrations of Ca, K, Mg, Mn, Zn and
Cu in silages and TMRs were determined by dry ashing,
solubilizing in 20% HCl and analyzing via atomic absorp-
tion spectroscopy (Analyst 30, Perkin Elmer, Norwalk, CT)
HNOLOGIES ________________________



Table 1 Chemical composition, fermentation characteristics
and particle size of silage crops (% of DM)1

Silage crop2

Item MBB BAB CCS

DM 55.77 ± 13.03 51.60 ± 9.70 29.23 ± 1.13

CP 10.32 ± 0.38 12.64 ± 0.89 9.53 ± 0.46

ADF 42.18 ± 1.19 41.50 ± 0.60 26.55 ± 0.83

NDF 76.56 ± 1.73 71.80 ± 1.76 45.70 ± 1.94

IVTD3 68.12 ± 5.97 71.34 ± 3.54 80.61 ± 2.50

NEL, Mcal/kg 1.23 ± 0.04 1.32 ± 0.06 1.56 ± 0.04

WSC3 2.22 ± 0.96 3.77 ± 1.05 10.26 ± 4.20

pH 5.71 ± 0.55 5.39 ± 0.32 3.76 ± 0.09

Lactate 0.73 ± 0.29 0.58 ± 0.12 3.47 ± 0.59

Acetate 0.24 ± 0.12 0.27 ± 0.05 4.78 ± 1.57

Propionate 0.00 0.00 0.69 ± 0.29

Butyrate 0.00 0.03 ± 0.01 0.05 ± 0.02

Isobutyrate 0.02 ± 0.01 0.00 0.00

Valerate 0.04 ± 0.10 0.03 ± 0.06 0.00

Isovalerate 0.01 ± 0.01 0.00 0.00

Calcium 0.32 ± 0.03 0.57 ± 0.07 0.15 ± 0.05

Phosphorus 0.17 ± 0.01 0.27 ± 0.02 0.87 ± 0.21

Potassium 1.49 ± 0.29 1.88 ± 0.12 0.96 ± 0.23

Magnesium 0.25 ± 0.05 0.23 ± 0.02 0.13 ± 0.01

Copper, ppm 4.00 ± 1.45 3.61 ± 1.66 2.29 ± 2.01

Manganese, ppm 236.1 ± 121.1 147.0 ± 63.0 35.38 ± 8.79

Zinc, ppm 25.71 ± 4.18 22.2 ± 3.65 24.63 ± 1.58

Post-ensiling particle size4 % of total

< 1.0 cm 24.9 ± 14.4 22.5 ± 12.1 37.5 ± 29.0

1 to 7.4 cm 13.9 ± 3.5 13.2 ± 1.7 13.2 ± 4.4

7.5 to 14.8 cm 17.4 ± 2.0 25.9 ± 1.6 16.7 ± 6.9

14.9 to 22.2 cm 16.2 ± 4.9 22.3 ± 4.8 17.2 ± 10.6

22.3 to 29.6 cm 13. 1 ± 5.3 10.5 ± 4.3 8.6 ± 9.1

> 29.7 cm 14.4 ± 10.5 5.6 ± 5.1 6.8 ± 5.9
1Determined from forage samples collected each day and composited
weekly (n = 7).
2MBB =monoculture bahiagrass baleage, BAB = bahiagrass-alfalfa baleage and
CCS = conventional corn silage.
3IVTD = in vitro true digestibility; WSC = water soluble carbohydrates.
4Based on fresh samples collected biweekly and manually measured for
particle length.
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[13]. Phosphorus was determined by the molybdovanadate
colorimetric method [13].

Statistical analyses
Lactation performance data were statistically analyzed
using the MIXED procedure of SAS Institute [18]. All
daily intake and milk production data were reduced to
cow-week means before statistical analysis. The model
for the lactation performance data included forage treat-
ment, week and forage treatment x week as fixed effects;
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cow nested within treatments as random effects; and cows
by week as residual error effects. Performance data col-
lected during the standardization period were used as
covariables for the dependent variables. Treatment means
were generated via Tukey-Kramer procedures and results
are accompanied by the highest standard error. Statistical
differences between means were declared at P < 0.05 and
tendencies were reported at P > 0.05 and < 0.10.

Results and discussion
Forage agronomic and nutritive value assessment
Although alfalfa broke dormancy several weeks prior to
bahiagrass, alfalfa constituted less than 10% of the forage
mix in the initial late April harvest. However, at the sec-
ond cutting on June 11, 2007 the alfalfa accounted for
22.3% of the forage mixture, bahiagrass accounted for
76.8% and weeds represented the remaining 1.5% of the
forage mass (BAB treatment). The monoculture bahia-
grass field contained 97.1% bahiagrass and 2.9% weeds at
the second cutting (MBB treatment). The bahiagrass-
alfalfa harvest used for the study generated forty five
1.5 m × 1.2 m round bales weighing an average of
659 kg fresh weight. Average DM yield for the second
cutting was 3,235 kg/ha for BAB and 3,450 kg/ha for
MBB treatment.
Chemical composition, fermentation characteristics

and particle size of silage crops are presented in Table 1.
The CP levels were low and NDF high for MBB (10.3
and 76.5%, respectively), but these concentrations are
similar to values reported by Florida researchers for 5-
wk bahiagrass regrowth [19]. Crude protein concentra-
tion in BAB was 22.5% higher and NDF was 7.3% lower
than MBB, reflecting the higher nutritive value of alfalfa
present in the BAB mixture [20]. In vitro digestibility
and net energy for lactation of bahiagrass baleage were
also improved by interseeded alfalfa. In general, research
with tropical grass-legume mixtures indicates nutritive
values similar to the ratios of the grass and legumes
present in the mixture [21]. Corn silage in vitro digest-
ibility and NEL were considerably higher than those of
either bale silage crop, though this was an exceptionally
high-energy corn silage crop for dry land corn grown in
southeastern Louisiana [2]. Poor bahiagrass baleage nu-
tritive value i.e. low protein and high NDF, was also re-
ported in previous baleage work at this unit [3], but
NDF levels were higher in the present study likely due
to the later stage of maturity of harvested bahiagrass.
Dry matter content in baleage crops MBB and BAB was

similar and was well within the optimum range of 40-60%
described by Muck [22]. Since DM differences between
MBB and BAB were minimal, pH and fermentation charac-
teristics were more likely influenced by forage composition
than baleage moisture content. Residual WSC concentra-
tions were much lower for baleage crops than corn silage
HNOLOGIES ________________________



Table 2 Ingredient and chemical composition of
experimental diets (% of DM)1

Diets2

Item MBB BAB CCS

Ingredient composition

Corn, grd 21.93 23.92 21.93

Soybean meal, 55% 17.74 15.73 17.75

Cottonseed 8.34 8.34 8.34

Mineral mix3 1.74 1.74 1.74

Sodium bicarbonate 0.89 0.89 0.89

Rumen inert fat4 0.85 0.85 0.85

SC5 0.63 0.63 0.63

Calcium carbonate 0.43 0.43 0.43

Forage 47.45 47.47 47.44

Chemical composition

CP 16.38 ± 1.65 16.10 ± 0.93 17.07 ± 1.08

ADF 27.02 ± 1.65 26.90 ± 1.79 19.25 ± 2.62

NDF 50.30 ± 2.82 47.61 ± 3.21 32.11 ± 2.23

NEL, Mcal/kg 1.41 ± 0.08 1.47 ± 0.10 1.62 ± 0.11

IVTD6 74.90 ± 2.16 74.30 ± 6.35 87.38 ± 3.57

Calcium 0.62 ± 0.08 0.67 ± 0.07 0.69 ± 0.13

Phosphorus 0.34 ± 0.03 0.36 ± 0.02 0.45 ± 0.02

Potassium 1.77 ± 0.18 1.77 ± 0.23 1.35 ± 0.16

Magnesium 0.30 ± 0.04 0.29 ± 0.03 0.29 ± 0.02

Copper, ppm 16.40 ± 3.75 14.29 ± 2.82 17.54 ± 5.51

Manganese, ppm 222.4 ± 89.9 145.9 ± 40.2 87.4 ± 28.8

Zinc, ppm 89.0 ± 11.3 82.3 ± 12.8 100.3 ± 6.6
1Chemical composition of total mixed rations determined from samples
collected daily and composited weekly (n = 7).
2MBB =mono culture bahiagrass baleage-based diet, BAB = bahiagrass-alfalfa
baleage-based diet and CCS = conventional corn silage-based diet.
3Mineral and vitamin mix containing 23% Ca, 3% P, 7% Mg, 6% K, 3.0% S,
15 mg Co/kg, 650 mg Cu/kg, 50 mg I/kg, 1200 mg Mn/kg, 2700 mg Zn/kg,
18 mg Se/kg, 300,000 IU Vitamin A/kg, 30,000 IU Vitamin D/kg, and 1,500 IU
Vitamin E/kg.
4MegaLac rumen inert fat manufactured by Church and Dwight, Inc.,
Princeton, NJ.
5Saccharomyces cerevisiae yeast product sold by Diamond V Mills, Inc. Cedar
Rapids, IA.
6IVTD = in vitro true digestibility.
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and coupled with high pH indicate a restricted fermenta-
tion for MBB and BAB. A slight increase in silage WSC
and decrease in pH was noted for BAB compared to MBB,
but pH values for both baleage crops were above 5.0, the
maximum pH threshold required for inhibition of undesir-
able clostridial fermentations [22]. In spite of this restricted
fermentation, high levels of mold were not observed in bale
interiors probably a result of relatively low baleage moisture
concentrations [23] and airtight bale wrapping. Lactic acid
was the predominant organic acid present in baleage ex-
tracts though concentrations were less than one fourth of
that found (4% of DM) in high WSC-containing cool sea-
son grasses [24]. As McEniry et al. [23] noted, extent of
baleage fermentation is often limited in low moisture forage
crops. Similarly, Foster et al. [19] recorded bahiagrass bale-
age WSC of 3.72% post-ensiling and lactate concentrations
equaled less than 1% of DM. However, Foster et al. [19]
noted butyrate concentrations of 0.39%, whereas we were
unable to detect any butyrate in our MBB silage. In fact,
only nominal levels of VFAs were detected for either bale-
age crop with the exception of acetate whose average con-
centration was 0.24 and 0.27% for MBB and BAB,
respectively. Overall, the pH, organic acid concentrations
and nutritive values were quite similar between the two
bahiagrass baleage crops with each data set indicating that
bahiagrass is a forage crop low in WSC and overall nutritive
value, which under the management conditions imposed,
may none the less be successfully ensiled as baleage. Corn
silage pH was typical of that recorded for well-preserved
chopped whole plant corn (<4.0), but acetic acid concentra-
tions were inordinately high (4.78% of DM) suggestive of
hetero-fermenting bacteria dominant ensiling [24].
Post-grinding particle sizes for silage crops presented

in Table 1 varied considerably between MBB, BAB and
CCS (non-ground). More than 27% of the MBB forage
exceeded 22 cm in length compared to 16.4 and 15.4%
for BAB and corn silage, respectively. Lower levels of
long particles in BAB than MBB suggest that alfalfa for-
age length was more efficiently reduced by grinding than
bahiagrass forage as would be expected based on lower
alfalfa NDF concentrations. In addition, nearly 50% of
corn silage particles were less than 7.4 cm in length
compared to only about 35% for the baleage crops. In
spite of our best efforts to reduce baleage particle length
via a hay grinder, baleage crop particle lengths remained
substantially longer than those of corn silage during the
feeding study.
Ingredient and chemical composition of experimental

diets are presented in Table 2. Forages represented ap-
proximately 47.5% of DM for all experimental diets. Diet
CP, ADF, NDF, and IVTD concentrations were similar
for MBB and BAB. These data contradict the individual
silage compositions in which CP and IVTD were higher
and NDF was slightly lower for BAB than MBB (Table 1).
__________________________ WORLD TEC
These findings are in contrast to those of Titterton and
Bareeba [21] who noted that nutritive value of tropical
grass – legume mixtures was generally a reflection of in-
dividual nutrient composition and the ratio of grass to
legume. In our study, windrow samples indicated about
22% alfalfa content in the mixed sward which should
have led to higher BAB protein content than experi-
enced based on forage and TMR analyses. This implies
that actual legume contribution to BAB may have been
lower than recorded or sampling procedures failed to
generate representative samples. We did note consider-
able variation in field-wide alfalfa growth prior to forage
HNOLOGIES ________________________
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harvest. This variation in percentage bahiagrass and al-
falfa was also likely present within BAB bales. As ex-
pected, the corn silage-based TMR was lower in fiber
fractions and higher in IVTD than either baleage-based
TMR.

Lactation performance and rumen characteristics
Lactation performance data are presented in Table 3. Al-
falfa inclusion in the bahiagrass baleage did not improve
DM intake though cattle offered BAB showed numeric-
ally higher (10.5%) diet consumption. Cattle fed CCS-
based TMR consumed 24.2% more (P < 0.05) DM than
the average consumed by the cows fed baleage-based
TMRs. Expressed as a percent of final body weight, DMI
was 3.16, 3.35 and 3.74% of BW for MBB, BAB and CCS,
respectively. Intake for the corn silage based diets was simi-
lar to that predicted by NRC [10], but cattle consumed the
baleage-based diets at considerably lower levels than pre-
dicted. Differences in DMI between baleage diets and CCS
Table 3 Lactation performance of Holstein cows fed total
mixed diets containing monoculture bahiagrass baleage
(MBB), bahiagrass-alfalfa baleage (BAB) or conventional
corn silage (CCS)

Silage crop

Item MBB BAB CCS SE

Cows 12 12 12

DM intake, kg 19.51a 21.56a 25.50b 0.75

CP intake, kg 2.86a 3.20ab 3.48b 0.24

NDF intake, kg 9.81a 10.26a 8.18b 0.85

Milk yield, kg1 26.11a 28.44b 33.12c 0.71

3.5% FCM, kg 27.58a 29.83a 35.26b 1.20

Fat,% 3.87a 3.95a 3.83a 0.12

Fat, kg 1.00a 1.09a 1.28b 0.06

Protein,% 3.08a 3.04a 3.24b 0.04

Protein, kg 0.89a 0.89a 0.95b 0.01

Lactose,% 4.64a 4.68a 4.78b 0.02

Lactose, kg 1.37a 1.38a 1.40a 0.01

MUN, mg/dL 16.80a 15.76a,b 14.31b 0.53

SCC × 1,000 304a 209a 221a 89

FE2, kg fcm/kg DMI 1.49a 1.42a 1.38a 0.06

Initial BW, kg 611.17a 611.26a 657.12a 21.50

Final BW, kg 616.90a 643.38a 681.29a 21.60

BW gain, kg 5.73a 32.12b 24.17ab 4.71

Initial BCS 2.83a 2.63a 2.64a 0.15

Final BCS 2.78a 2.67a 3.03a 0.13

BCS change −0.05a 0.04a 0.39b 0.11
a, b, cMeans in a row with different superscripts differ significantly (P < 0.05).
1Milk yield for BAB tended to be higher than MBB (P < 0.10). Milk yield for CCS
was higher than either MBB or BAB (P < 0.05).
2FE = feed efficiency.
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were likely related to the higher digestibility, and smaller
particle size of corn silage compared to the baleage treat-
ments (Table 2). Also, NDF intake as percent BW was
1.65% for baleage-based diets compared to only 1.25% for
corn silage-based diets. Long particle length and high NDF
concentrations have been shown to limit DMI for both
tropical [25] and cool season grasses [26].
Secondary fermentation i.e. diet heating, may also have

influenced MBB consumption. From wk 4 to 5 of the
study, minimum ambient temperature increased from
7.3 to 15.2°C which increased TMR refusal temperature
8.1 degrees (from 10.0 to 18.1°C) for MBB compared to
a 5.5 degree increase (from 9.7 to 15.2°C) for CCS
(Figure 1). Higher pH and lower VFA concentrations, es-
pecially lower acetic acid in baleages compared to CCS
may have allowed more rapid proliferation of molds and
yeasts which led to more extensive TMR heating and
lower palatability [27].
Milk yield tended to be higher (P < 0.10) for cows of-

fered BAB than MBB (28.44 vs 26.11 kg/hd); however,
when expressed on a 3.5% FCM basis milk yields
between the two baleage crops were similar. Since the
percentage improvement in milk yield with alfalfa intro-
duction was about 9% for both actual and FCM, lack of
statistical difference between the two baleage treatments
for FCM was likely due to higher variability in milk fat
concentration as evidenced by a SE for actual milk yield
of 0.71 compared to 1.20 kg/hd for FCM. Cows fed
CCS-based diets produced substantially more (P < 0.05)
actual and FCM than cows fed either BAB or MBB-
based diets as expected based on differences in diet NDF
and NEL concentrations (Table 2). Actual milk yields
and NRC [10] predictions for energy allowable milk were
similar among diets. Feed efficiency averaged 1.43 kg
FCM/kg DMI and did not differ with dietary treatment.
Research studying inclusion of cool season perennial le-
gumes in warm-season perennial grass silage diets is
scant, but substitution of red clover for bermudagrass
pasture or ryegrass silage indicated a substantial im-
provement in DMI and FCM yield but not in feed
efficiency [6,28].
Percentage milk fat concentration did not differ among

dietary treatments. Since both baleage diets contained
higher NDF concentrations and longer particle lengths,
it was anticipated that baleage treatments would gener-
ate higher milk fat concentrations than CCS-based diets.
The fact that they did not may partially be explained by
the higher DMI for CCS, but may also be related to in-
herently low NDF digestibility for the bahiagrass-based
diets [19]. However, rumen fluid analysis demonstrated
that acetate, the major precursor for milk fat synthesis,
was present in higher concentrations for MBB than the
other two silages (Table 4). These inconsistencies may
be related to time of rumen fluid sampling (4 h fast) that
HNOLOGIES ________________________
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Figure 1 Ambient and ort temperatures for bahiagrass baleage (BB), bahiagrass-alfalfa baleage (BAB) and conventional corn silage
(CCS). Values are weekly means and standard deviations.

Table 4 Rumen fluid characteristics of Holstein cows fed
total mixed diets containing monoculture bahiagrass
baleage (MBB), bahiagrass-alfalfa baleage (BAB) and
conventional corn silage (CCS)1

Silage crop

Item MBB BAB CCS SE

pH 6.40a 6.61a 6.55a 0.11

Lactate 0.02a 0.03a 0.05a 0.01

Acetate 55.23a 39.60b 42.30b 3.11

Propionate 13.69a 9.20b 11.83ab 0.99

Butyrate 0.36a 1.08a 0.18a 0.26

Isobutyrate 9.02a 6.04a 6.30a 1.13

Valerate 17.90a 10.15a 14.06a 2.54

Isovalerate 0.12a 0.12a 0.54a 0.25

Total VFA 96.20a 66.19b 75.21b 5.75

A:P2 4.08ab 4.34a 3.67b 0.13
a, b, cMeans in a row with different superscripts differ significantly (P < 0.05).
1Rumen fluid collected via rumenocentesis on d-42 prior to a.m. feeding (4 h fast).
2Acetate to propionate ratio.
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favored larger particle sizes and slower fiber digestion
rates for bahiagrass baleage-based TMRs vs corn silage-
based TMRs.
Percent milk protein and lactose did not differ among

cows fed BAB or MBB, but cows offered CCS generated
higher (P < 0.05) levels of milk protein and lactose than
either baleage crop. Higher milk protein and other com-
ponent concentrations for CCS may be related to greater
microbial protein synthesis and or enhanced dietary N
utilization due to more of easily fermentable carbohy-
drate in the rumen than baleage-based diets. Milk urea
nitrogen concentrations, though similar between BAB
and MBB, were higher for baleage-based diets than CCS
diets (16.3 vs 14.3 mg/dL) which may again suggest
poorer N utilization by cows fed the baleage-based diets.
Differences in MUN between bahiagrass and corn silage
TMR were not likely due to differences in total dietary
N intake as CCS diet was higher in CP intake than MBB
and BAB (Table 3), but more likely differences were re-
lated to higher soluble N concentrations for the baleage
crops compared to corn silage [29].
Body weight and condition score changes were gener-

ally positive, as expected for cows that averaged 162
DIM at study conclusion (Table 3). The BW gain was
higher (P < 0.05) for cows on BAB than MBB (32.1 vs
5.7 kg/h/d) suggesting that a portion of the higher
__________________________ WORLD TEC
energy and numerically higher DMI for BAB may have
been partitioned toward BW gain rather than milk pro-
duction. Cows consuming MBB had the lowest BW gain
and, on the average, experienced slight losses in BCS.
Differences in BW gain between BAB and CCS were
HNOLOGIES ________________________
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small, but BCS change was 0.35 and 0.44 units higher
(P < 0.05) for CCS than either BAB or MBB, respectively.
Again, higher DMI for CCS allowed cows to begin
replenishing body condition earlier than experienced by
cows receiving baleage-based diets.

Conclusion
In conclusion, modest levels of alfalfa (22%) in bahiagrass-
alfalfa mixture fed in this study improved forage energy and
protein concentrations and tended to improve actual milk
yield compared to monoculture bahiagrass forage. Neither
MBB nor BAB was consumed as readily as CCS-based
TMR by mid-lactation Holstein cows and cows offered
CCS diets produced 23.0% more FCM than the average of
cows offered MBB or BAB-based diets. Never the less,
inter-seeding alfalfa into bahiagrass pastures may serve as a
means of improving bahiagrass pasture and stored forage
nutritive value.
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Changes in fetal mannose and other carbohydrates
induced by a maternal insulin infusion in pregnant
sheep
Laura D Brown1,2*, Stephanie R Thorn1, Alex Cheung1, Jinny R Lavezzi1, Frederick C Battaglia1 and Paul J Rozance1,2
Abstract

Background: The importance of non-glucose carbohydrates, especially mannose and inositol, for normal development
is increasingly recognized. Whether pregnancies complicated by abnormal glucose transfer to the fetus also affect
the regulation of non-glucose carbohydrates is unknown. In pregnant sheep, maternal insulin infusions were used
to reduce glucose supply to the fetus for both short (2-wk) and long (8-wk) durations to test the hypothesis that a
maternal insulin infusion would suppress fetal mannose and inositol concentrations. We also used direct fetal insulin
infusions (1-wk hyperinsulinemic-isoglycemic clamp) to determine the relative importance of fetal glucose and insulin
for regulating non-glucose carbohydrates.

Results: A maternal insulin infusion resulted in lower maternal (50%, P < 0.01) and fetal (35-45%, P < 0.01) mannose
concentrations, which were highly correlated (r2 = 0.69, P < 0.01). A fetal insulin infusion resulted in a 50% reduction of
fetal mannose (P < 0.05). Neither maternal nor fetal plasma inositol changed with exogenous insulin infusions.
Additionally, maternal insulin infusion resulted in lower fetal sorbitol and fructose (P < 0.01).

Conclusions: Chronically decreased glucose supply to the fetus as well as fetal hyperinsulinemia both reduce fetal
non-glucose carbohydrates. Given the role of these carbohydrates in protein glycosylation and lipid production, more
research on their metabolism in pregnancies complicated by abnormal glucose metabolism is clearly warranted.

Keywords: Fructose, Glucose, Inositol, Insulin, Mannose, Pregnancy
Background
The importance of non glucose carbohydrates for nor-
mal fetal and neonatal development is becoming increas-
ingly recognized, especially for mannose and inositol
[1-4]. Carbohydrates not only serve as substrates for the
glycolytic pathway, but also are critical for glycoprotein
formation [5], phospholipid and glycerol production
[2,6], and neural development [7,8]. Insights into fetal
metabolism of mannose and inositol have been provided
by recent reports which show that, like glucose, the fetus
is dependent on its mannose supply from the mother.
Conversely, the fetus and placenta endogenously pro-
duce inositol from glucose [9,10]. In the term neonate,
* Correspondence: Laura.Brown@ucdenver.edu
1Perinatal Research Center, Division of Neonatology, Department of
Pediatrics, University of Colorado Denver School of Medicine, Aurora, CO,
USA
2Center for Women’s Health Research, University of Colorado Denver School
of Medicine, Aurora, CO, USA

__________________________ WORLD TEC
the utilization rates of mannose and inositol are much
higher than the rate which could be obtained from
human milk, suggesting endogenous production of both
substrates after birth to meet daily requirements [11,12].
Pathological conditions in pregnancy such maternal

under nutrition, placental insufficiency, and diabetes
have the potential to increase or decrease the delivery of
carbohydrates to the fetus and adversely affect growth,
body composition, and long term outcomes in human
and livestock pregnancy [13,14]. For example, diabetic
pregnancies are characterized by increased glucose
transfer to the fetus with subsequent elevations in fetal
insulin concentrations [15]. In adults, insulin regulates
mannose concentrations independent of glucose by
suppression of hepatic mannose production [16-19]. Thus,
the fetus is potentially at risk for hypomannosemia, both
from fetal hyperinsulinemia as well as from decreased
mannose delivery from the mother if insulin is used
to manage maternal diabetes. Placental insufficiency in
HNOLOGIES ________________________
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humans and sheep, on the other hand, restricts glucose
delivery to the fetus leading to decreased fetal glucose
and insulin concentrations [20,21]. Placental insuffi-
ciency in pregnant sheep also decreases fetal sorbitol
and inositol concentrations [22]. Thus, a better under-
standing of the metabolism of non glucose carbohy-
drates during pregnancy is warranted, especially when
carbohydrate supply to the fetus is compromised.
We experimentally decreased maternal glucose con-

centrations in sheep pregnancies using an insulin infu-
sion both short term (2-wk) and long term (8-wk) to test
the hypothesis that a maternal insulin infusion would
suppress maternal and thus fetal mannose and inositol
concentrations. We also used direct fetal insulin infusions
in the form of a 1-wk hyperinsulinemic-isoglycemic clamp
to determine the relative importance of fetal glucose and
insulin concentrations for regulating fetal non glucose
carbohydrates. Finally, we report for the first time the
concentrations of several other carbohydrates and poly-
ols under each of these conditions.

Methods
Surgical preparation
Three separate groups of Columbia-Rambouillet ewes
with singleton pregnancies were used for the following
experiments: 1) 2-wk maternal insulin infusion, 2) 8-wk
maternal insulin infusion, and 3) 1-wk direct fetal insulin
infusion. All maternal and fetal surgical preparations
and post operative care have been previously described
[23-25]. Maternal femoral venous and arterial catheters
were placed through a left groin incision. Fetal infusion
catheters were placed into fetal femoral veins via hind
limb pedal veins and sampling catheters were placed into
the fetal abdominal aorta via a hind limb pedal artery.
Ewes were fed Premium Alfalfa Pellets (Standlee; Kimberly
ID) and intake was not different between control and
hypoglycemic groups (1.80 ± 0.10 kg/d control; 1.59 ±
0.10 kg/d hypoglycemic).

Care and use of animals
All animal procedures have followed established stan-
dards for the humane care and use of animals and were
in compliance with guidelines of the United States
Department of Agriculture, the National Institutes of
Health, and the American Association for the Accredit-
ation of Laboratory Animal Care. The animal care and use
protocols were approved by the University of Colorado
Institutional Animal Care and Use Committee.

Experimental design
Two-Wk maternal insulin infusion
For the 2-wk maternal insulin infusion group and their
respective controls, maternal and fetal catheters were
surgically placed at 122.8 ± 1.3 d of gestation (dGA;
__________________________ WORLD TEC
term = 148 dGA) [23,26-28]. One randomly assigned
group received a continuous maternal infusion of intra-
venous insulin for 2-wk. Maternal arterial plasma glu-
cose was measured at least twice daily and the insulin
infusion was adjusted to achieve a 40-50% reduction in
glucose concentrations (2-wk HG; n = 8). Maternal in-
sulin concentrations are approximately doubled by this
experimental design [29]. The control group received a
maternal saline infusion at rates matched to the insulin
infusion rates (2-wk C; n = 13). Fetal arterial plasma
was sampled at the end of the 2-wk maternal infusion
period for insulin and carbohydrate measurements.

Eight-Wk maternal insulin infusion
For the 8-wk maternal insulin group and their respective
controls, an initial surgery was performed at 70.0 ± 0.8
dGA to place maternal catheters [25]. One randomly
assigned group (n = 9) received a continuous maternal
infusion of intravenous insulin for 8-wk. Maternal arter-
ial plasma glucose was measured at least twice daily and
the insulin infusion was adjusted to achieve a 40-50%
reduction in glucose concentrations. Maternal insulin
concentrations are approximately doubled by this ex-
perimental design [30,31]. The control group received a
maternal saline infusion at rates matched to the insulin
infusion rates (8-wk C; n = 5). At 119.4 ± 0.5 dGA, a second
surgery was performed to place fetal catheters. After the
second surgery, 8-wk HG ewes were further randomly
divided into 2 groups. Fetuses in one of these groups
received a direct fetal insulin infusion for the final week of
the study (8-wk HG+I; n = 4). The insulin infusion was
kept constant at 100 mU/h (using necropsy weights =
38.9 mU/kg/h ± 2.8) and ran concurrently with a direct
fetal infusion of 33% dextrose (wt/vol) to prevent a fur-
ther fall in fetal glucose concentrations. Fetal arterial
plasma glucose concentrations were measured at least
twice daily and the dextrose infusion was adjusted
accordingly. The other group received a direct fetal saline
infusion matched at equal infusion rates to the combined
insulin and dextrose infusion (8-wk HG; n = 5). Finally,
fetuses in the 8-wk C group also received a direct fetal
saline infusion at equal rates. Fetal arterial plasma was
sampled at the end of the infusions for insulin and carbo-
hydrate measurements.

One-Wk fetal insulin infusion
Six late gestation animals were used in this experiment.
Fetal catheters were placed at 118.5 ± 0.6 dGA. All
fetuses received an insulin infusion with a concurrent dex-
trose infusion into a fetal hind limb vein. The insulin infu-
sion rate was progressively increased such that infusion rates
ranged from 36.6 ± 8.4 mU/h on the first day to 121.8 ±
1.2 mU/h on the final d. The fetal dextrose infusion was
adjusted to prevent a fall in glucose concentrations based
HNOLOGIES ________________________



Table 1 Two-Wk maternal insulin infusion

Measurement Control Hypoglycemic

Gestational age, d 138.5 ± 0.4 137.5 ± 0.8

Fetal weight, kg 4.37 ± 0.14 3.30 ± 0.18**

Fetal plasma arterial insulin, ng/mL 0.30 ± 0.03 0.11 ± 0.01**

Fetal plasma arterial carbohydrates, μmol/L

Glucose 1,159 ± 64 594 ± 47**

Mannose 24.5 ± 1.2 15.9 ± 1.4**

Inositol 638.5 ± 138.6 1,129.0 ± 256.1

Sorbitol 123.8 ± 12.7 53.9 ± 10.5**

Fructose 4771 ± 450 1,909 ± 356**

Erythritol 399.6 ± 28.1 345.9 ± 20.8

Arabinol 245.0 ± 11.9 225.3 ± 15.6

Ribitol 128.1 ± 9.1 148.5 ± 18.8

Mannitol 72.8 ± 9.7 49.8 ± 10.1

Values are means ± SEM. ** refer to significant differences between Control (n = 13)
and Hypoglycemic (n = 8); P< 0.01 by Students t test or the Mann–Whitney test.
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on measurement of fetal arterial plasma glucose once or
twice daily. Baseline, 4d, and 7d fetal arterial plasma was
sampled for insulin and carbohydrate measurements.

Biochemical analysis
Whole blood was collected in EDTA-coated syringes
and immediately centrifuged (14,000 g) for 3 min at 4°C.
Plasma was removed and the glucose concentration
immediately determined using the YSI model 2700
select biochemistry analyzer (Yellow Springs Instru-
ments, Yellow Springs, OH) [23]. The remainder of the
plasma was stored at −70°C for insulin and carbohy-
drate measurements. Insulin (Alpco; inter-assay and
intra-assay coefficients of variation: 2.9 and 5.6%) was
measured by enzyme-linked immunosorbent assay
[23]. Plasma was analyzed for mannose, inositol, fruc-
tose, mannitol, erythritol, arabinol, sorbitol and ribitol
by HPLC as we have previously described [9].

Postmortem exam
Liver tissue from the right hepatic lobe was obtained in
the 8-wk HG, 8-wk C, and 8-wk HG+I fetuses under
conditions closely approximating in vivo study condi-
tions as previously described for measurement of sorb-
itol and fructose [25].

Statistical analysis
Statistical analysis was performed with SAS v.9.2 (SAS
Institute) and GraphPad Prism 4. Results are expressed
as mean ± SEM. P-values less than 0.05 were considered
significant. The 2-wk HG and C fetuses were compared
with Student’s t test (parametric data) or the Mann–
Whitney test (non parametric data). The 8-wk HG, HG+I,
and C fetuses were compared with a one-way ANOVA.
For measurements taken at multiple time points within an
animal a mixed models ANOVA was used with terms
for experimental group, time, group by time interaction
as indicated. Repeated measurements made within an
animal were accounted for. Post-test comparisons were
made using Fishers least squares difference if the overall
ANOVA had a P < 0.05.

Results
Two-Wk maternal insulin infusion
Fetal insulin, carbohydrates, and polyols
As previously reported [23,26-28], gestational ages were
similar, but fetal weight, fetal arterial plasma insulin, and
glucose were 24%, 63%, and 49% lower, respectively in the
2 wk HG group (P < 0.01, Table 1). We found lower fetal
arterial plasma concentrations of mannose (35%, P < 0.01),
sorbitol (57%, P < 0.01), and fructose (60%, P < 0.01) in
the 2-wk HG group (Table 1). Although the mean arter-
ial plasma inositol concentration was nearly doubled
in the 2-wk HG fetuses this did not reach statistical
__________________________ WORLD TEC
significance. Other fetal plasma carbohydrate concen-
trations were similar between 2-wk HG and C groups
(Table 1).
Eight-Wk maternal insulin infusion
Maternal plasma carbohydrates and polyols
Since 2-wk maternal insulin infusion experiments focused
only on plasma carbohydrate changes in the fetal circula-
tion, we included maternal carbohydrate analysis with the
8-wk insulin infusion studies. Consistent with study
design, maternal arterial plasma glucose concentrations
in the 8-wk HG group were approximately 40% lower
compared to 8-wk C group throughout the insulin infu-
sion period as previously reported (Table 2, P < 0.01)
[25]. Maternal arterial plasma mannose concentrations
also were 48% lower in the 8 wk HG group (Table 2, P <
0.01), but maternal arterial plasma inositol, sorbitol,
erythritol, arabinol, and ribitol did not change (Table 2).
Fetal insulin, carbohydrates, and polyols
As previously reported, gestational age at the time of study
was not different between the groups. Fetal weights were
40% lower in the 8-wk HG group compared to 8-wk C
(Table 2, P < 0.01) [25]. Fetal arterial plasma insulin and
glucose were lower in the 8-wk HG group (P < 0.05,
Table 2) [25]. Fetal arterial plasma mannose was 44%
lower (P < 0.01), as were sorbitol (71%, P < 0.01) and fruc-
tose (64%, P < 0.01, Table 2). Furthermore, the arterial
plasma maternal - fetal mannose difference also was lower
(P < 0.01, Figure 1A), and fetal and maternal arterial
plasma mannose concentrations were highly correlated
(Figure 1B). Fetal arterial plasma inositol, erythritol,
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Table 2 Eight-Wk maternal insulin infusion

Measurement Control Hypoglycemic HG+I

Gestational age, d 133.2 ± 1.1 133.0 ± 1.3 134.5 ± 0.9

Maternal plasma arterial carbohydrates, μmol/L

Glucose 3,605 ± 203 1,715 ± 145** 1,817 ± 95**

Mannose 67.0 ± 4.3 34.7 ± 3.5** 31.4 ± 5.0**

Inositol 27.7 ± 4.4 34.9 ± 3.9 34.6 ± 3.1

Sorbitol 13.4 ± 3.4 18.8 ± 4.2 11.8 ± 1.3

Erythritol 52.8 ± 5.5 44.5 ± 3.1 39.6 ± 8.5

Arabinol 96.2 ± 13.3 125.6 ± 6.5 118.0 ± 23.3

Ribitol 25.6 ± 3.0 25.9 ± 3.2 16.1 ± 4.3

Fetal weight, kg 3.66 ± 0.12 2.20 ± 0.14** 2.61 ± 0.21**

Fetal plasma arterial insulin, ng/mL 0.46 ± 0.09 0.16 ± 0.03* 0.66 ± 0.17

Fetal plasma arterial carbohydrates, μmol/L

Glucose 1,553 ± 282 587 ± 56** 511 ± 37**

Mannose 30.4 ± 3.8 17.0 ± 1.1** 7.9 ± 0.9**

Inositol 741.4 ± 240.8 910.1 ± 157.5 792.2 ± 199.5

Sorbitol 188.5 ± 31.9 55.2 ± 11.9** 41.3 ± 8.3**

Fructose 4,508 ± 981 1,631 ± 301** 800 ± 154**

Erythritol 394.6 ± 30.7 372.2 ± 9.3 311.6 ± 24.6

Arabinol 235.3 ± 17.1 237.5 ± 15.1 214.9 ± 54.3

Ribitol 124.3 ± 15.9 139.6 ± 21.7 156.8 ± 57.6

Mannitol 47.4 ± 8.5 31.4 ± 6.1 33.8 ± 8.7

Fetal hepatic sorbitol and fructose, nmol/g

Sorbitol 589.0 ± 90.1 205.8 ± 42.1** 161.3 ± 56.0**

Fructose 1,679 ± 219 398 ± 119** 215 ± 95**

Values are means ± SEM. *, ** refer to significant differences from Control (n = 5) animals; P < 0.05, 0.01, respectively, by ANOVA.
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arabinol, ribitol, and mannitol were similar between
8-wk HG and C groups (Table 2).
A direct fetal insulin infusion for the final wk of the

8-wk maternal insulin infusion with a concurrent direct
fetal dextrose infusion to prevent a further fall in fetal
arterial plasma glucose was used to determine the effect
of fetal glucose and insulin concentrations on regulating
fetal non glucose carbohydrates. The direct fetal insulin
infusion with a concurrent dextrose infusion (HG+I)
resulted in fetal arterial plasma insulin concentrations
3-fold higher than HG fetuses (P < 0.05) without a change
in fetal arterial plasma glucose concentrations (Table 2), as
previously reported [25]. HG+I fetuses demonstrated even
lower arterial plasma mannose concentrations when
compared to the HG group (53%, P < 0.05), and had
mean fructose concentrations which were over 50%
lower, though this failed to reach statistical significance
(P = 0.058 by post hoc Student’s t test). There was no
effect on fetal arterial plasma inositol, sorbitol, eryth-
ritol, arabinol, ribitol, and mannitol (Table 2). Fetal
hepatic sorbitol and fructose concentrations were lower in
__________________________ WORLD TEC
the 8-wk HG group compared to C fetal livers (P < 0.01,
Table 2). HG+I fetuses did not have changes in hepatic
sorbitol or fructose compared to the 8-wk HG fetuses
(Table 2).

One-Wk fetal insulin infusion
In order to determine the effect of fetal glucose and
insulin concentrations for regulating non glucose car-
bohydrates in fetuses whose mothers did not receive a
chronic insulin infusion, we infused 6 fetuses directly
with insulin with a concurrent dextrose infusion to
maintain fetal glucose concentrations for 1 wk begin-
ning on 125.2 ± 0.7 dGA. Fetal plasma arterial glucose
concentrations were stable throughout the infusion
period, however the dextrose infusion was increased
progressively during the insulin infusion period to
maintain euglycemia, starting at 3.6 ± 1.1 mg/min and
ending at 12.1 ± 2.5 mg/min. Fetal arterial plasma insulin,
carbohydrate, and polyol concentrations were measured at
baseline and on d 4 and d 7 of the insulin infusion (Table 3).
Fetal arterial plasma insulin concentrations were increased
HNOLOGIES ________________________
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Figure 1 Fetal and maternal mannose concentrations following
an eight wk maternal insulin infusion. A) The maternal-fetal arterial
plasma mannose difference measured in control (n = 5), hypoglycemic
(n = 5), and hypoglycemic + insulin (HG + I, n = 4).* indicates P < 0.05.
Values are mean ± SEM. B) In both control (black squares, n = 5) and
hypoglycemic fetal sheep (open circles, n = 5) fetal and maternal
arterial plasma mannose concentrations are highly correlated in control
(black squares) hypoglycemic animals (r2 = 0.69, P < 0.01).
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(P < 0.01) and fetal arterial plasma mannose, fructose, and
erythritol concentrations were decreased (P < 0.05).

Discussion
Non glucose carbohydrates are important for normal
fetal development [1-4]. Pathological conditions in preg-
nancy that adversely affect glucose delivery to the fetus
could affect the delivery of non glucose carbohydrates.
Therefore, the primary goal of the current study was to
determine how a maternal insulin infusion with an asso-
ciated reduction in glucose supply to the fetus affected
the plasma concentrations of these metabolites in both
the maternal and fetal circulations. We found that a
maternal insulin infusion which reduced glucose supply
to the fetus of both short (2-wk) and long (8-wk) dura-
tions resulted in decreased maternal and fetal mannose
__________________________ WORLD TEC
concentrations along with decreased fetal concentrations
of sorbitol and fructose. As in human pregnancies, fetal
and maternal arterial plasma mannose concentrations
were highly correlated, suggesting that maternal mannose
concentration determines fetal mannose concentrations.
However, a physiological increase in fetal insulin after pro-
longed fetal hypoglycemia further reduced circulating fetal
mannose concentrations, indicating that insulin also plays
a key role in regulating mannose concentrations. Finally,
we found that neither maternal nor fetal arterial plasma
inositol concentrations changed with exogenous insulin
infusions.
The most striking findings in this study relate to the

regulation of fetal mannose concentrations. There has
been emerging evidence in both normal human and
sheep pregnancies that the fetus is dependent on placental
delivery of mannose [9,10,32]. In fact, in human pregnan-
cies, it appears that over 95% of fetal circulating mannose
is derived from transplacental transfer from the mother
[10]. Our findings also support transplacental transfer of
mannose from the mother as the dominant source of cir-
culating fetal mannose, as we found that maternal and
fetal plasma arterial mannose concentrations were highly
correlated when an experimental maternal insulin infusion
decreased maternal mannose concentrations. Further-
more, we found a significant decrease in the maternal to
fetal mannose concentration difference in 8-wk HG sheep.
This finding suggests that decreased fetal mannose con-
centrations were due to decreased maternal mannose con-
centrations rather than a decrease in placental transport
capacity. In fact, when fetal and maternal mannose con-
centrations were measured in a sheep model of chronic
placental insufficiency there was a significant increase in
the maternal to fetal mannose concentration gradient,
indicating that placental insufficiency has the potential to
disrupt maternal to fetal mannose delivery [22].
Our results also demonstrate a key role for insulin in

the regulation of both maternal and fetal plasma man-
nose concentrations. We report for the first time that
long term (8-wk) maternal insulin infusion during
pregnancy results in a 50% reduction in maternal mannose
concentrations. As these maternal ewes were also chro-
nically hypoglycemic, we cannot determine whether
chronic hypoglycemia or chronic hyperinsulinemia was
directly responsible for reductions in mannose con-
centrations. However, previous work in rodents and
adults has shown that insulin is independently involved
in lowering plasma mannose by suppressing hepatic
glycogen breakdown and mannose efflux from the liver
[16,18]. In healthy adults, oral glucose administration
increased both glucose and insulin concentrations yet
mannose concentrations were still decreased, arguing
for insulin stimulated mannose disposal independent
of glucose [17,19].
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Table 3 One-Wk fetal insulin infusion

Measurement d0 d4 d7

Fetal plasma arterial insulin, ng/mL 0.26 ± 0.03 0.92 ± 0.20** 0.92 ± 0.10**

Fetal plasma arterial carbohydrates, μmol/L

Glucose 1,338 ± 96 998 ± 76 1,201 ± 79

Mannose 33.9 ± 2.1 18.9 ± 2.4** 16.8 ± 2.1**

Inositol 838.2 ± 165.2 703.1 ± 144.3 673.3 ± 85.0

Sorbitol 163.4 ± 62.7 134.2 ± 76.1 82.5 ± 27.1

Fructose 5,751 ± 884 3,214 ± 673** 2,658 ± 538**

Erythritol 402.1 ± 38.2 356.5 ± 32.2* 330.3 ± 32.0**

Arabinol 193.9 ± 24.1 176.5 ± 28.4 178.3 ± 23.8

Ribitol 153.1 ± 21.4 148.9 ± 22.0 133.9 ± 17.1

Mannitol 69.4 ± 5.8 64.5 ± 10.0 60.1 ± 8.8

Values are means ± SEM. *, ** refer to significant differences from d0; P < 0.05, 0.01, respectively, by ANOVA. n = 6.
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From the present study, however, we were able to gain
some insight into the independent effects of glucose and
insulin on circulating mannose in the fetus. When a dir-
ect fetal insulin infusion restored physiological insulin
concentrations in 8-wk HG+I fetuses and fetal glucose
concentrations were maintained, fetal mannose concen-
trations were further reduced by 50%. This argues for
insulin mediated reductions in fetal plasma mannose to
extremely low concentrations (~8 μmol/L) independent
of concurrent hypoglycemia. To further determine the
independent effects of glucose and insulin on fetal man-
nose, we infused insulin with a concurrent dextrose
infusion to maintain glucose concentrations in a separ-
ate group of normal late gestation fetuses. This fetal
hyperinsulinemic-euglycemic clamp also resulted in
decreased mannose concentrations, confirming a role
for insulin in the regulation of fetal mannose independ-
ent of glucose concentrations.
We also showed decreased fetal arterial plasma sorb-

itol and fructose concentrations in 8-wk HG fetuses.
Contrary to our hypothesis, fetal plasma inositol concen-
trations were maintained during restricted fetal glucose
supply. Maternal glucose has several potential fates once
it enters the placenta. It can be directly transferred to
the fetus or oxidized for fuel production [10,33]. Add-
itionally, the placenta can convert glucose to inositol or
sorbitol [9,22,32]. Glucose is converted to inositol by
glucose-6-phosphate:1-phosphate cyclase and to sorbitol
by aldose reductase [34-36]. The balance between these
two pathways is regulated by NADPH derived from the
placental uptake of glutamate from the fetus [37-40].
Although we did not directly measure placental glutam-
ate uptake in this study, fetal arterial plasma glutamate
concentrations are reduced by 50% in HG fetuses, which
might lead to a reduction in placental NADPH availabil-
ity [41]. This would, in turn, limit placental production
of sorbitol and preserve or increase the production of
__________________________ WORLD TEC
inositol. This also is consistent with our findings of
decreased fetal plasma fructose and decreased hepatic
sorbitol and fructose, as the major fate for fetal sorbitol
in the sheep is conversion to fructose in the liver by
sorbitol dehydrogenase.
Interestingly, fetal fructose concentrations also are

decreased by fetal insulin infusion independent of glucose.
Relationships between fructose and insulin have been
previously reported, such that pancreatectomized fetal
sheep have increased fructose concentrations [42], and
fructose infusion into the sheep fetus can stimulate
insulin secretion [43]. The role of fructose in human
fetal and neonatal development remains to be deter-
mined, though postulated roles include alternative path-
ways in glucose metabolism, redox balance, and lipid
synthesis [6,44].
The results of our study are limited only to changes in

maternal and fetal arterial plasma concentrations of
carbohydrates and polyols, thus conclusions cannot be
made regarding their uptake and utilization rates by the
fetus. However, the results are consistent with previous
studies in human fetuses showing placental transport of
maternal mannose, fetal production of inositol, and
placental export to the fetus of sorbitol [9,10]. Future stud-
ies are warranted to determine the effects of fetal glucose
and insulin on uptake, production, and utilization rates
of these carbohydrates, thus providing a more in depth
understanding of their metabolism in the pregnant mother
and fetus.

Conclusions
In summary, the results of this study show that a
chronic and constant maternal insulin infusion sup-
presses both maternal and fetal mannose concentra-
tions by approximately 50%. Additionally, insulin can
suppress fetal mannose and fructose concentrations inde-
pendent of glucose availability. The functional implications
HNOLOGIES ________________________
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of this degree of fetal hypomannosemia are unclear, but a
recent report demonstrating embryonic lethality in mice
with a hypomorphic phosphomannomutase 2 gene defect
shows the critical role of mannose in normal fetal de-
velopment [4]. Our results also show a significant
reduction in fetal sorbitol concentrations, likely due to
decreased placental sorbitol production and transfer to
the fetus following increased shuttling of placental glucose
into inositol production. Taken together, our findings
demonstrate the potential for other carbohydrates, in
addition to glucose, to be adversely affected by alter-
ations in maternal and/or fetal insulin concentrations
and glucose supply. Given the important role that
many of these non glucose carbohydrates have in fetal
development, future research on pathological condi-
tions in pregnancy should include further investigation
into carbohydrate metabolism beyond glucose, espe-
cially when conditions of fetal hyperinsulinemia are
considered.
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Factors controlling nutrient availability to the
developing fetus in ruminants
Kathrin A Dunlap*, Jacob D Brown, Ashley B Keith and M Carey Satterfield
Abstract

Inadequate delivery of nutrients results in intrauterine growth restriction (IUGR), which is a leading cause of
neonatal morbidity and mortality in livestock. In ruminants, inadequate nutrition during pregnancy is often
prevalent due to frequent utilization of exensive forage based grazing systems, making them highly susceptible to
changes in nutrient quality and availability. Delivery of nutrients to the fetus is dependent on a number of critical
factors including placental growth and development, utero-placental blood flow, nutrient availability, and placental
metabolism and transport capacity. Previous findings from our laboratory and others, highlight essential roles for
amino acids and their metabolites in supporting normal fetal growth and development, as well as the critical role
for amino acid transporters in nutrient delivery to the fetus. The focus of this review will be on the role of maternal
nutrition on placental form and function as a regulator of fetal development in ruminants.

Keywords: Intrauterine growth restriction, Nutrient transport, Placenta, Ruminant
Introduction
It is widely accepted that maternal nutrient restriction
during gestation results in offspring that are smaller at
birth than counterparts from adequately fed mothers
[1-4]. Sub-optimal fetal growth and development is a
significant problem to livestock producers, contributing
to lower productivity especially during periods of ex-
treme nutritional hardship such as drought. The ability
of the placenta to adapt to such environmental chal-
lenges influences nutrient transport to and development
of the fetus. Understanding such differences will lead to
elucidation of mechanisms for enhancing placental nu-
trient transport that will be necessary for generation of
management strategies to combat fetal and neonatal
loss.
In sheep, increasing the efficiency of livestock produc-

tion can be more readily achieved by increasing the aver-
age number of offspring weaned than by improving
growth rate or body composition [5]. Nearly one-half of
all pre-weaning lamb deaths occur on the day of birth
[6] with birth weight being the single greatest contribu-
tor to lamb mortality [7]. Even under moderate levels of
management, death losses of more than 65% for lambs
* Correspondence: kdunlap@tamu.edu
Department of Animal Science, Texas A&M University, 2471 TAMU, College
Station, Texas 77843, USA
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weighing less than 4 pounds at birth have been observed
[8]. In comparison, lambs born weighing between 9 and
12 pounds exhibited losses of 6.4 to 8.1%. In cattle, ana-
lyses of over 83,000 births indicated that birth weight >1.5
standard deviations below the mean, within breed and sex,
doubled the likelihood for perinatal mortality in both
complicated and uncomplicated pregnancies [9]. The pre-
natal growth trajectory of all eutherians (placental mam-
mals) is sensitive to the direct and indirect effects of
maternal nutrition at all stages between oocyte maturation
and birth [10-12].
Fetal nutrient restriction
Pregnancy is a particularly sensitive period to environ-
mental challenges that lead to suboptimal nutritional
availability to the fetus due to the increased nutrient re-
quirements for the dam and fetus. In cases of suboptimal
nutrition the fetus may never be able to reach its max-
imal genetic potential [13]. Epidemiological studies have
demonstrated links between maternal undernutrition/
overnutrition and the susceptibility to chronic metabolic
disease in adult offspring [14]. Metabolic syndrome has
been defined as a cluster of disorders, including obesity,
hyperglycemia [fasting serum glucose (>6.1 mmol/L)],
hyperinsulinemia, hyperlipidemia, hypertension, and in-
sulin resistance (impaired response of cells or tissues to
HNOLOGIES ________________________
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physiological concentrations of insulin) [15]. These epi-
demiological observations have been recapitulated in
controlled experimental studies using a variety of model
systems, and have collectively given rise to the concept
of fetal programming [16]. Fetal programming proposes
that alterations in fetal nutrition and endocrine status
impacts development, permanently changes structure
and metabolism and, as a result, influences an individ-
ual’s susceptibility to disease [17]. Many of these changes
are potentially mediated at the level of the epigenome,
and are observed as stable and sometimes heritable alter-
ations of genes through covalent modifications of DNA
and core histones without changes in DNA sequences [18].
Maternal nutrition is arguably the most important and

potentially manageable factor that contributes to preg-
nancy and maternal health [19]. Livestock species are
produced in different environmental conditions. Swine are
commonly produced in a confinement setting and are fed
specifically formulated plant based diets (intensive
systems). On the other hand ruminants, such as cattle
and sheep, are more commonly managed under graz-
ing systems. However, the quality of the grazing sys-
tem is directly dependent on availability of nutrients,
which is usually limited during the winter months
and times of dry conditions. Thus nutrient availability
may be limited for adequate growth and development
as well as proper gestation and lactation [20]. The
sheep, in particular, is a seasonal breeder that enters
estrus in fall and early winter. Therefore, most of ges-
tation occurs in the winter months, a time of low for-
age quality and limited nutrient availability [21]. In
fact, Thomas and Knott reported, that without sup-
plementation, the nutrient consumption of grazing
ewes in the Western United States is often less than
50% of the National Research Council (NRC) recom-
mendations (Council NR. Nutrient Requirements of
Sheep. Washington, DC: Natl. Acad. Press; 1985.) In
ruminants, IUGR remains a critical problem due to
the traditional utilization of extensive forage based
grazing systems which leaves the producer susceptible
to large swings in nutrient quality and availability,
coupled with challenges in feeding of supplemental
nutrients in range based production systems [22]. Re-
searchers and producers alike are working to find efficient
and non-invasive means for preventing the continuous oc-
currence of IUGR and premature delivery. Thus nutri-
tional means are an attractive option for non-invasive
prevention. In order to fully utilize nutritional intervention
one must understand the mechanisms by which nutrition
mediates fetal growth.
Simplistically, it is easy to predict that more offspring

lead to more total livestock product, and ultimately
greater profit for the producer. Certainly, recent ad-
vances in the field of reproductive technologies, such as
__________________________ WORLD TEC
embryo transfer, have tested this theory. One would be
quick to hypothesize that producing twins in cattle
would be an easy way to increase profit; as the overhead
costs for maintaining a single-calving cow accounts for
more than 50% of the total costs of production [23].
Thus, one would assume that by doubling the amount of
offspring produced by a single cow this would offer posi-
tive financial gains. However, this hypothesis does not
recognize the impact of maternal reproductive health
and adequate uterine space as well as management of a
cow with two calves after birth. Cows that carry twins
lose on average 12% body weight during the last trimes-
ter of gestation and twinning also reduces fetal growth
and consequent birth weight of offspring. This could
lead to decrease weight at sale. Thus, careful consider-
ation must be demonstrated in analyzing enhanced pro-
duction technologies. The sheep industry displays a
similar situational paradigm. Under ideal environmental
and management conditions multiple offspring pregnan-
cies increase the prolificacy of the species. However, it is
important to note, that increased number of fetuses can
contribute to placental insufficiencies and thus lower
birth weights [24]. As mentioned, prolificacy is an im-
portant factor in intensive sheep production, however
the economic benefits of high prolificacy ewes are usu-
ally not fully exploited because multi-fetal pregnancies
are associated with IUGR, increasing perinatal mortality
and altering postnatal growth trajectories.
Other natural factors can affect birth weight in sheep,

such as maternal age. Lambs born to relatively young
ewes and relatively old ewes generally possess lower
birth weights [25]. In young animals the fetus is in direct
competition for nutrients with the growing dam as op-
posed to older ewe, which typically have reduced body
condition scores, and thus may struggle to balance the
nutritional needs for survival as opposed to growth. Fe-
male body condition at mating may also influence fetal
development, as ewes that were lighter and thinner at
mating, and thus exhibited low nutrient intake, had
lambs with an associated 13% decreased birth weight
[26]. Seasonality can also be an indicator of birth weight.
Lambs born in the fall and summer are generally lighter
than those born in the spring and winter; which can pos-
sibly be explained by alterations in melatonin and seasonal
effects on gestation. Additionally, gestation occurring in
the warmer months where ewes shuttle blood flow to the
periphery of the body to dissipate heat rather than to the
core could ultimately decrease placental blood flow and
placental growth [27].
Altitude is another factor that affects birth weights.

Offspring that are born at high altitude may experience
hypobaric hypoxia and be lighter than those born at a
lower altitude. Heat stress is a primary concern in cattle
production, particularly relevant to the dairy industry.
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Heat stress has been shown to reduce placental weight
and mass [28-30] while also negatively impacting the
hormonal properties of the placenta, having decreased
levels of placental lactogen and pregnancy associated
glycoprotein [29,31].
All of these situations can ultimately lead to IUGR off-

spring who possess reduced survival ability [25]. Ultim-
ately, the hypothesis is that exposure to any of these
challenges may cause alterations in fetal growth stemming
from a hindrance of the placental growth trajectory.

Placental formation
The placenta mediates the transport of nutrients, gases,
and waste products of their metabolism between the ma-
ternal and fetal circulation [22]. Placental growth pre-
cedes fetal growth and its development is crucial for
optimal fetal growth [32-34]. The placenta has two evo-
lutionary roles conserved among all species. The first is
it generates a large surface area for nutrient exchange by
the epithelial barrier and fetal blood vessels, all of which
make up the chorioallantoic placenta. The second basic
function is that the trophoblast cells interact closely with
the uterus, which produces histotroph that provides key
growth factors, nutrients, and immune cell regulators
necessary to facilitate blood flow and nutrient delivery to
the fetus [35]. In addition to the presence of secretory
uterine glands, the ruminant uterus is also home to a
number of aglandular areas of stroma that are covered
by a single layer of luminal epithelial cells, which are
termed caruncles. The number of caruncles varies be-
tween species, with sheep having approximately 100 and
deer less than 10 and cattle ranging between 75–125
[32,36]. During pregnancy the carunclar crypts will
interdigitate with the fetal cotyledonary villi to give rise
to a feto-maternal structure known as a placentome,
which is the structure responsible for high-throughput
nutrient transfer between the uterus and the fetus [37].
Failure of placentome development results in loss of the
fetus [38], because they provide the primary source of
hematotrophic nutrition as maternal and fetal blood ves-
sels are in very close proximity for exchanging oxygen
and micronutrients [39]. Vascularization of the placen-
tomes is established early in gestation, which is to be ex-
pected as the majority of placental growth occurs during
the first half of pregnancy [34]. Increased microvascular
density, interdigitation and alterations in villous shape
are potential mechanisms by which the placentome
adapts to the maternal environment to meet the growing
demands of the fetus [40]. As these structures are re-
sponsible for an increasing percentage of blood flow
throughout gestation it is not surprising that they continue
to experience modest changes in capillary area density
from mid to late gestation [41,42]. As stated, failure of pla-
centome formation results in loss of pregnancy, however a
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surgical reduction in the number of caruncles results in an
increase in the average size of placentomes [43]. This may
prove to be a compensatory mechanism by which the
uterus and placentomes work to provide support required
for fetal development. In the bovine uterus a relatively
small number (20) of cotyledons are first visible on the
fetal placental membrane as early as day 37 of pregnancy,
however that number has tripled by day 50 and the begin-
ning of a caruncular- cotyledonary interrelationship is
clearly present [44,45]. By day 90 of pregnancy there are
greater than 100 placentomes present in the bovine
uterus, each possessing a characteristic mushroom-like
shape, rooted with a stalk like structure stemming from
the original caruncle [46]. Similarly, by gestational day 40
in the sheep and the goat, there is maximal juxtaposition
of endometrial and placental microvasculatures [35,47].
As pregnancy progresses and the placentome continues to
develop, the principal layers of the fetal capillary, tropho-
blast epithelium, crypt lining, and maternal capillary remain
distinctive [47]. The general morphological characteristics
of the placentomes are maintained as pregnancy progresses
with the degree of interdigitation of the tissues becoming
greater.
A great deal of research has been conducted in the

ewe with respect to the interaction with nutrition and
placental development and morphology. Recognizing
that placental development is a major indicator of birth
weight, researchers have found an ever occurring com-
monality among studies: the morphology of the placenta
is altered under nutrient scarce conditions, with the
most notable change being increased development of the
fetal cotyledon. This change is thought to reflect an
adaptive compensatory response to maximize transpla-
cental exchange and thus fetal growth [48-50]. In ovine
models of nutritionally induced fetal growth restriction
there is an inverse relationship between nutritional plane
and fetal vascular development [3,51,52]. These morpho-
logical changes are expected to diminish fetal development
through altered availability of hematotrophic support.

Placental blood flow
During pregnancy, transport of nutrients from the
mother to the fetus is predominantly dependent on uter-
ine blood flow. Indeed, fetal and placental weights and
uterine blood flow are highly correlative. In addition,
factors that alter fetal weight such as genotype, maternal
nutrient intake, environmental heat stress, high altitude,
and fecundity, result in parallel alterations in placental
weight and uterine blood flow [53]. In the sheep, uterine
and placental blood flows progress in a non-linear pat-
tern with an early rise in blood flow between days 40–70
as the placental cotyledon develops and a second in-
crease in flow between days 120–140 [54]. This early rise
in blood flow is likely critical in the development of a
HNOLOGIES ________________________
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functional, efficient placenta. Importantly, 85% of blood
flow to the gravid uterus is directed to the placentome
[55]. A critical regulator for vascular permeability, blood
flow, and capillary growth is the angiogenic factor, vas-
cular endothelial growth factor (VEGF). In the develop-
ing bovine placentome, VEGF and its receptors FLT1
and KDR are abundantly expressed [56]. Specifically
VEGF is present in the trophoblast giant cells, fetal
endothelia and maternal endothelia, which also ex-
presses high amounts of FLT and KDR antigen. The
sheep exhibits a similar pattern of expression with pla-
cental VEGF mRNA present in both the fetal and mater-
nal endothelia as well as the chorionic epithelium [57].
Placental expression of VEGF and the receptors in a
model of placental insufficiency-intrauterine growth re-
tardation (PI-IUGR) indicates that placental growth, as
indicated by weight, ceases at day 90 of pregnancy in the
sheep and declines to term [58]. However, placental
transport capacity continues to increase to meet the re-
quirements of the exponentially growing fetus as evi-
denced by the late rise in uterine blood flow during the
latter stages of gestation [59]. Importantly, the ability to
respond to the increased demand for nutrients during
late gestation can be undermined by poor placental de-
velopment earlier in gestation. In the sheep, maternal
undernutrition results in a 14% decrease in caruncular
capillary area density in late pregnancy [53]. Mid-
gestational nutrient restriction in the sheep results
in a decreased abundance of mRNA encoding VEGF
in placentomes [60]. These morphological and vascular
changes reduce hematotrophic support and diminish fetal
development. Changes in microvascular density and vessel
diameter are also commonly found in compromised preg-
nancy [51,61,62].

Placental fluids
The ruminant placenta is comprised of two distinct
fluid-filled membranes: the amnion and allantois, which
act as reservoirs for nutrients that are essential for fetal
growth and development [63-65]. Maternal nutrient re-
striction during mid pregnancy in sheep results in de-
creased allantoic and amniotic fluid volume [60]. In
sheep, fetal growth retardation, induced by maternal nu-
trient restriction is associated with decreased quantities
of serine, α-amino acids, arginine family amino acids,
and branched chain amino acids in both amniotic and
allantoic fluid [1,2]. Arginine and its precursor, citrulline,
are abundant in ovine uterine fluids [66]. Swallowing of
amniotic fluid provides a rich source of nutrients for
utilization by the fetal intestine and other tissues [67].
Prevention of amniotic fluid entry into the small intes-
tine by esophageal ligation results in fetal IUGR in sheep
[63]. Allantoic fluid is primarily derived from placental
transport mechanisms [68] and in sheep, the volume
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increases in early gestation (days 25–40) before decreas-
ing briefly (days 40–70) prior to increasing steadily until
near term (day 140) [32]. It is now clear that allantoic
fluid nutrients may be absorbed by the allantoic epithe-
lium into the fetal-placental circulation and utilized by
fetal-placental tissues [68]. The allantoic fluid during
early to mid-gestation in the sheep is an abundant
source of arginine and polyamines [69]. Allantoic fluid is
also a reservoir for both glucose and fructose in the
sheep, and both concentrations and total levels of fruc-
tose are much greater than that of glucose and change
significantly with day of gestation [32].

Placental nutrient transport
Placental nutrient transport is required for fetal growth
[70,71]. Realizing that most fetal growth occurs during
the final third of pregnancy, the development of the pla-
cental networks regulating transfer must precede that
time point [40]. Although placental blood flow is im-
perative for optimal nutrient delivery, expression and/or
activity of specific transporters is the rate limiting step
for delivery of many nutrients, including glucose and
amino acids [72]. Numerous environmental factors, such
as, under- and over- nutrition, hypoxia, heat stress, and
hormone exposure may regulate activity of both glucose
and amino acid transporters in the placenta [73-79]. In
other species, compromised pregnancies are associated
with specific alterations in transporter availability and
function [77,80]. In rats maternal dietary protein depri-
vation results in down regulation of placental amino acid
transport systems prior to the emergence of fetal growth
restriction [81]. In sheep, maternal infusion of mixed
amino acids results in variable changes in umbilical uptake
depending on the amino acid [71] highlighting a complex
system of amino acid transport likely involving transporter
availability, capacity, promiscuity, affinity, and compe-
tition. Sheep models of placental insufficiency induced by
heat stress, indicate that umbilical uptake of essential
amino acids is reduced, however fetal amino acid concen-
trations are unaltered compared to controls [82]. To date,
the literature regarding the effect of maternal nutrient re-
striction on placental transporter availability and function
is limited.

Select nutrients and fetal growth
Fetal growth and metabolism is dependent upon glucose
as it is the primary energy substrate for the placenta and
fetus and supplied by the maternal bloodstream [83]. As
the fetus grows, so does its rate of absolute glucose
utilization and thereby the placental rate of glucose
transfer must increase accordingly. Changes in maternal
glucose levels and/or rate of placental transfer require
the fetus to adapt metabolically to maintain consistent
levels for its trajectory of development [83]. Fructose,
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while not as intensely investigated in the ruminant pla-
centa, also appears to play a role in pregnancy in the
sheep, perhaps as a mediator of the mammalian target of
rapamycin (MTOR) cell signaling pathway [32,84,85].
It is established that amino acids play a vital role in de-

velopment of the conceptus (embryo/fetus and associ-
ated placental membranes). In addition to serving as
building blocks for tissue protein synthesis, amino acids
function as antioxidants, regulators of hormone secre-
tion, major fuels for fetal growth, and cell signaling mol-
ecules [86,87]. Amino acids are also essential precursors
for the synthesis of non-protein substances with bio-
logical importance, including nitric oxide, polyamines,
neurotransmitters, amino sugars, purine and pyrimidine
nucleotides, creatine, carnitine, porphyrins, melatonin,
melanin, and sphingolipids [88,89]. Nitric oxide (NO), a
product of arginine catabolism, plays a crucial role in
regulating placental angiogenesis and fetal-placental blood
flow during gestation [90-92]. Polyamines (polycationic
molecules synthesized from ornithine) regulate gene ex-
pression, signal transduction, ion channel function, and
DNA and protein synthesis, as well as cell proliferation,
differentiation, and function [87]. It should be noted
that a comprehensive series of studies investigating the
role of select nutrients and their transporters in the
developing ruminant conceptus during the early peri-
implantation period have been published [66,93-98],
however discussion of these studies is beyond the scope
of this review.
Studies from our laboratories have previously shown

that maternal nutrient restriction results in the reduction
of amino acids and polyamines in fetal umbilical venous
plasma as well as amniotic and allantoic fluid [1,2]. Inter-
estingly, inhibition of ornithine decarboxylase (ODC),
which converts ornithine to putrescine (a polyamine), dur-
ing mid-pregnancy in mice results in embryonic growth
arrest and impaired development of the yolk sac and pla-
centae [99], while gene ablation results in embryonic le-
thality prior to gastrulation [100]. In rats, inhibition of
ODC activity results in fetal IUGR as well as a reduction
in placental weight and placental DNA content [101].
Interestingly, despite a wealth of information highlighting
the importance of polyamines in physiology the transport
mechanisms of these molecules have not been elucidated
in mammals. As a first step in ameliorating IUGR using
intervention strategies we administrated sildenafil citrate
(Viagra) to pregnant sheep, which resulted in increased
fetal growth in both nutrient-restricted and well fed con-
trols [2]. This increase in fetal growth was coordinate with
increased concentrations of amino acids and polyamines
in the amniotic and allantoic fluids as well as the fetal cir-
culation [2]. As sildenafil citrate is not a viable strategy for
production agriculture we performed subsequent studies
with nutritional intervention. Intravenous administration
__________________________ WORLD TEC
of arginine similarly prevented IUGR in underfed ewes
and increased percentage of lambs born alive in ewes
carrying multiple fetuses [102-104]. These data indicate
that amino acids and polyamines are essential for en-
hanced fetal growth during maternal undernutrition. It
is hypothesized that arginine could be increasing both
NO for vasodilation as well as providing a substrate for
polyamine production. Further it may play an essential
role in activation of the MTOR cell signaling pathways,
stimulation of placental growth and mediation of pla-
cental blood flow [105].
Localization of glucose transporters within the
placentome
A multitude of membrane transporters, primarily those
belonging to the solute carrier (SLC) superfamily, may
be found on the placenta to facilitate nutrient transport
to the fetus. Classification of these transporters is based
on their structure and substrate preference [97,106,107].
Transporter localization at both the maternal and fetal
surfaces for transport across plasma membranes is es-
sential in the delivery of glucose, amino acids, poly-
amines, and other nutrients from maternal circulation to
umbilical circulation [108]. Work in various species,
such as sheep, humans, and rodents, has illustrated the
necessity for placental nutrient transporters throughout
gestation [66,71,77,81,95-97,106,108,109].
A comprehensive microscopy study of ruminant placen-

tomes (including: sheep, goats, cattle and deer) revealed the
specific localization of two primary glucose transporter iso-
forms, SLC2A1 and SLC2A3 [110]. SLC2A1 is expressed
on the inner and outermost membranes of the placenta be-
tween the fetal and maternal endothelia while SLC2A3 is
expressed only by trophoblast microvilli, suggesting that in
order for successful glucose transport between the mother
and the fetus both SLC2A1 and SLC2A3 must be utilized
sequentially [110]. While localization remains consistent,
there is a temporal shift in the abundance of expression of
SLC2A1 and SLC2A3 in the sheep placenta, with SLC2A3
levels increasing late in gestation [111]. The change in rela-
tive levels of glucose transporter expression suggests that
SLC2A3 may play a critical role in mediation of glucose
transport late in ruminant gestation. Interestingly mid-
gestational maternal nutrient restriction does not influence
relative abundance of SLC2A1 nor SLC2A3 mRNA in the
sheep placenta [60]. Lactation also places a strain on the
maternal metabolic system. In the case of lactating dairy
cows, blood glucose levels are lower in comparison to their
non-lactating contemporaries [112]. Regardless of lacta-
tional status, expression of SLC2A1 and SLC2A3 was most
abundant in the placenta as opposed to liver or endometrial
tissues in early gestation, with relative levels of SLC2A3 in
the placenta progressing with pregnancy [112].
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Expression of amino acid transporters within the
placentome
Although placental blood flow is imperative for optimal
nutrient delivery, expression and/or activity of specific
transporters is the rate limiting step for delivery of many
nutrients, including glucose and amino acids [70,72]. In
both humans and rats, compromised pregnancies are as-
sociated with specific alterations in transporter availabil-
ity and function [77,80]. In rats, maternal dietary protein
deprivation results in down regulation of placental
amino acid transport systems prior to the emergence of
fetal growth restriction [77,81]. The sheep has been a
well-utilized model for investigation of amino acid trans-
porter profile in early gestation [66,95,96] as well as manip-
ulated models of pregnancy [113,114]. The observations in
the literature support results from our laboratory investigat-
ing changes in placentome amino acid transporter expres-
sion over the duration of pregnancy as well as in response
to maternal nutrient restriction. Using an experimental
model developed in our laboratory [102] and methods for
quantification of steady-state mRNA levels previously pub-
lished [102] we investigated expression of the amino acid
transporters shown in Table 1. Our results show that stage
of pregnancy impacts relative expression of multiple amino
acid transporters. Specifically, steady-state mRNA levels of
the large neutral amino acid transporter, SLC7A5, (Figure 1)
demonstrate that expression is impacted by day of preg-
nancy rather than maternal nutrient status. Levels of
SLC7A5 are higher (P < 0.05) at day 50 than at days 100
Table 1 Primers utilized for quantitative real-time PCR analys

Target1 Forward/revers primers, (5’→3’)2

SLC7A1 CCTAGCGCTCCTGGTCATCA

GGGCGTCCTTGCCAAGTA

SLC7A2 GCAGAGCAGCGCTGTCTTT

ACTGTCCAGAGTGACGATTTTCC

SLC7A5 GGTGAACCCTGGTACGAATTTAGT

TCCACGCTCGAGAGGTATCTG

SLC7A6 CATTTGTGAACTGCGCCTATGT

CCAGGACCTTGGCATAAGTGA

SLC7A7 TCAGGCTTGCCCTTCTACTTCT

GGAGCCAAAGAGGTCGTTTG

SLC7A8 GGCCATGATCCACGTGAAG

GGGTGGAGATGCATGTGAAGA

SLC38A2 CAGCTATAGTTCCAACAGCGACTTC

CATCGGCATAATGGCTTTTCA

SLC38A4 TGCTTCATGCTTACAGCAAAGTG

CAGCCAGGCGTACCATGAG
1The amplification target.
2The forward and reverse DNA oligos used in the amplification of the target. Forwa
of transcription.
3The accession number to the ovine or bovine sequence that was used during prim
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and 125, with the most abundant level in the nutrient re-
stricted ewes occurring at day 75. Steady-state mRNA levels
of cationic amino acid transporters are shown in Figure 2.
SLC7A2 mRNA levels increased (P < 0.05) in placentomes
from days 50 to 100 and were not impacted by maternal
nutrient restriction. SLC7A6 mRNA levels were higher
(P < 0.05) in placentomes from days 75 and 100 of preg-
nancy as compared to days 50 and 125 (Figure 2).
SLC7A7, SLC7A8, and SLC7A1 mRNA levels in placen-
tomes did not differ (P > 0.10) over the course of gesta-
tion or in response to maternal nutrient restriction.
Unlike the previously described amino acid transporters
a sodium coupled neutral amino acid transporter
(SNAT) SLC38A2 exhibited a day by diet interaction
(Figure 3). Specifically, SLC38A2 mRNA levels in pla-
centomes of well- fed ewes increased from days 50 to
75, decreased to day 100 and then increased again to
day 100 (P < 0.05). In nutrient restricted ewes there was
no difference thoughout the course of gestation. In con-
trast, SLC38A4 mRNA levels in placentomes were not
different (P > 0.10) between groups.
These data suggest that while there is a marked tem-

poral change in expression the impact of maternal nutri-
tion on transporter expression is more subtle. We have
observed in previous studies that the existence of a sub-
population of animals that support normal rates of fetal
growth despite maternal nutrient restriction. This would
suggest the ability of the placenta to adapt, in certain
cases, to maternal nutrient restriction. Specifically that
is

Length of amplicon, bp GenBank accession No3

56 AF212146

62 XM_002698665

64 NM_174613

72 NM_001075937

64 NM_001075151

65 NM_001192889

77 NM_001082424

63 NM_001205943

rd and reverse primers do not necessarily indicate the in vivo direction

er design.
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Figure 1 Steady-state mRNA levels of the large neutral amino acid
transporter SLC7A5. Results indicate that mRNA expression of SLC7A
is higher (P < 0.05) in placentomes from ewes on day 50 of
pregnancy as compared to day 100 and 125 and that levels are
similarly greater on day 75 than 125. Columns lacking a similar letter
differ statistically (P < 0.05).

Figure 2 Steady-state mRNA levels of the cationic amino acid
transporters (A) SLC7A2 and (B) SLC7A6 are presented. Results indicate
that mRNA expression of SLC7A2 and SLC7A6 are higher (P < 0.05) in
placentomes from day 100 than day 50. Results also indicate that
SLC7A6 mRNA levels are lower in placentomes from day 125 than 75.
Columns lacking a similar letter differ statistically (P < 0.05).

Figure 3 Steady-state mRNA levels of the sodium coupled neutral
amino acid transporter (SNATs) SL38A2 is presented. Results indicate
that mRNA expression of SLC38A2 is not different from days 50 to
125 in nutrient restricted ewes (P > 0.1), however in placentomes of
well-fed ewes SLC38A2 increases from days 50 to 75, decreases to
day 100 and then increases to day 125 (P < 0.05).
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there is a sub-population of animals that even in cases
of maternal undernutrition undergoes an adaptive pla-
cental response that supports development of fetal
weight at a level similar to well fed controls. Indeed,
based on prior observations, our laboratory conducted a
series of studies to identify a population of IUGR and
non-IUGR offspring from a similar cohort of nutrient-
restricted ewes as a first step to assess adaptive mecha-
nisms of placental nutrient transport. Briefly, we have
observed that the range of fetal weights is greater from
ewes receiving only 50% of their NRC requirements than
for ewes fed to meet 100% of their nutrient require-
ments, when confounding variables such as maternal
size, genotype, and fecundity are controlled (Satterfield
and Dunlap, unpublished results). Suggesting that there
is a mechanism by which the placenta adapts to mater-
nal nutrient restriction to support normal versus re-
stricted fetal growth in an outbred population as
opposed to laboratory animals with less heterogeneity.
These results are similar to those observed in beef cattle
whereby maternal nutrient restriction from early to mid
gestation resulted in two distinct groups of IUGR and
non-IUGR fetuses at mid gestation [115]. Those IUGR
pregnancies were also characterized by smaller cotyle-
donary weights and reduced placentomal surface area
[115] which is similar to results of our studies, and fur-
ther supporting a large body of literature indicating that
placental weight is positively correlated with fetal weight.
Further supporting the impact of population variation in
maternal response to undernutrition are studies con-
ducted using the heterogenous population of Western
white-faced ewes adapted to harsh climates. In these
ewes fetal growth to day 78 was not affected by maternal
nutrient restriction [49]. Amino acid and polyamine
concentrations in the fetal circulation of these sheep are
maintained despite maternal nutrient restriction [116].
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Assessment of amino acid transporter expression com-
paring the IUGR to non-IUGR pregnancies identified a
number of amino acid transporters that were differen-
tially expressed between the two groups, including
SLC7A6, SLC7A7, SLC7A8, SLC38A2. Expression of
those transporters were greater in IUGR than non-IUGR
pregnancies (Satterfield and Dunlap, unpublished obser-
vations). These data indicate that while amino acids and
polyamines are necessary for fetal growth the mecha-
nisms regulating their transport and utilization may vary
greatly amongst populations.

Conclusions
Optimal fetal growth requires the efficient delivery of
nutrients to the fetus and corresponding removal of
waste products associated with fetal metabolism and
growth. The mechanisms by which fetal nutrient delivery
is achieved are well accepted and include hematotrophic
nutrition, histotrophic nutrition (secretions emanating
from the uterine glands), placental metabolism of sub-
strates for use by the fetus, and the activity of nutrient
transport systems within the placenta. These mecha-
nisms work in concert to provide sufficient quantities of
nutrients to the fetus for growth. Perturbations in any of
these mechanisms have significant impacts on the
growth and well-being of the fetus. Collectively, results
of the presented studies coupled with data from the
existing literature suggests that the placenta is a dynamic
organ, whose form and function can be regulated by a
myriad of factors. Further, results support previous find-
ings from our laboratory and others, and highlight roles
for amino acids and their metabolites in supporting nor-
mal fetal growth and development, as well as the critical
role for amino acid transporters in nutrient delivery to
the fetus. Further research is needed to address a series
of mechanistic questions in order to increase under-
standing of appropriate nutrient delivery to the fetus. In
the case of the adaptive ruminant placenta, is the differ-
ence in fetal growth a response of increased uterine
blood flow, an alteration in early placental development,
an adaptive recruitment of additional nutrient trans-
porters or an increase in their activity, or some combin-
ation of these factors? It is important to utilize such
models for future investigation of placental adaptation
employed in an effort to increase nutrient delivery to the
fetus despite limited maternal nutritional intake.
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Cytokines from the pig conceptus: roles in
conceptus development in pigs
Rodney D Geisert1*, Matthew C Lucy1, Jeffrey J Whyte1, Jason W Ross2 and Daniel J Mathew1
Abstract

Establishment of pregnancy in pigs involves maintaining progesterone secretion from the corpora lutea in addition
to regulating a sensitive interplay between the maternal immune system and attachment of the rapidly expanding
trophoblast for nutrient absorption. The peri-implantation period of rapid trophoblastic elongation followed by
attachment to the maternal uterine endometrium is critical for establishing a sufficient placental-uterine interface
for subsequent nutrient transport for fetal survival to term, but is also marked by the required conceptus release of
factors involved with stimulating uterine secretion of histotroph and modulation of the maternal immune system.
Many endometrial genes activated by the conceptus secretory factors stimulate a tightly controlled proinflammatory
response within the uterus. A number of the cytokines released by the elongating conceptuses stimulate inducible
transcription factors such as nuclear factor kappa B (NFKB) potentially regulating the maternal uterine proinflammatory
and immune response. This review will establish the current knowledge for the role of conceptus cytokine production
and release in early development and establishment of pregnancy in the pig.

Keywords: Cytokines, Embryo development, Porcine conceptus, Pregnancy, Prostaglandins uterus
Introduction
Establishment of pregnancy by the pre-implantation
porcine conceptuses (embryo and extraembryonic mem-
branes) requires extending the lifespan and progesterone
secretion from the corpora lutea (CL) and appropriately
contributing to the intricate interplay between the mater-
nal immune system and attachment of the rapidly expand-
ing trophoblast. Rapid (less than 1 h) elongation of the pig
conceptuses across the uterine epithelial surface provides
the physiological mechanism for the release of conceptus
estrogens (maternal recognition of pregnancy signal) to
rapidly redirect endometrial release of luteolytic prosta-
glandin F2α away from endocrine movement (towards the
uterine vasculature) to an exocrine secretion (into the
uterine lumen) to enable CL maintenance. Porcine concep-
tuses are proteolytic and highly invasive outside the luminal
environment of the uterus [1] but in utero the conceptuses
are non-invasive (invasiveness controlled by the release of
numerous endometrial protease inhibitors) resulting in
the superficial epitheliolchorial type of placentation. The
* Correspondence: geisertr@missouri.edu
1Animal Sciences Research Center, University of Missouri, 920 East Campus
Drive, Columbia, MO 65211, USA
Full list of author information is available at the end of the article
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peri-implantation period of rapid trophoblastic elongation
(Days 11 to 12) and attachment to the maternal uterine
surface (Day 13 to 18) is essential for establishing sufficient
placental uterine area for subsequent nutrient transport
for piglet survival to term. Additionally, conceptus release
of factors during this critical phase of pregnancy establish-
ment also involves the stimulation of uterine secretion of
histotroph and modulation of the maternal immune sys-
tem. The semiallogeneic conceptuses ability to modify the
maternal uterine environment into an environment favor-
able for growth and survival occurs through the activation
of inducible transcription factors within the conceptus and
uterine endometrium. Many genes activated by the con-
ceptuses stimulate a tightly controlled proinflammatory re-
sponse within the uterus [2-4]. A number of the cytokines
released by the elongating conceptuses stimulate inducible
transcription factors, such as nuclear factor kappa B
(NFKB), which are thought to contribute to the maternal
uterine proinflammatory and immune response [5]. Acti-
vation of NFKB is not limited to the immune system but
can regulate cell differentiation, proliferation and survival.
A number of recent reviews have described the complex
nature for the role of growth factors and cytokines during
implantation [5-9]. The following review will establish our
HNOLOGIES ________________________
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current knowledge of the role of conceptus cytokine pro-
duction and release in early development and establish-
ment of pregnancy in the pig.

Window of implantation
To fully appreciate the intricate interplay between the con-
ceptus and uterus during the peri-implantation period re-
quires a thorough understanding of the cellular localization
and shifts in endometrial steroid receptors regulating the
release of growth factors involved with conceptus develop-
ment [4,8]. Opening of the “window of receptivity” for
trophoblastic elongation and attachment to the uterine lu-
minal epithelium is regulated through ovarian estrogen
and progesterone release and cell specific expression of
steroid receptors within the uterine luminal (LE) and glan-
dular (GE) epithelia and stroma. Although ovarian estrogen
from the developing ovulatory follicles during proestrous
and estrus is critical for priming the endometrium, proges-
terone and localization of its receptor play an essential role
with cellular communication between the uterine epithe-
lium and stroma in establishing a proper uterine environ-
ment for conceptus attachment and early development
[10-12]. Progesterone’s role in opening the window for
implantation during early pregnancy is associated with
cell-specific changes in expression of endometrial proges-
terone receptor (PGR). Epithelial PGR (specifically PGRA)
has been demonstrated to be a key regulator of uterine
epithelial-stromal crosstalk essential for uterine deve-
lopment and function [13]. While uterine stromal and
myometrial cells express PGR throughout pregnancy, a
clear spatiotemporal association exists between the down-
regulation of PGR in the endometrial LE and GE, and
receptivity for conceptus implantation [11-16]. Down-
regulation of PGR in endometrial epithelia is a conserved
event among most mammals [14-20] and is associated with
the down-regulation of high molecular weight mucin
O-linked glycoproteins such as mucin 1 which serve as
steric transmembrane inhibitors of trophoblast attach-
ment [21-24]. A uterine environment permissive for peri-
implantation conceptus development and activation of
implantation is established through the loss of PGR from
LE and GE cells. Maintenance of PGR in the stromal cell
layer stimulates expression and secretion of progesta-
medins such as fibroblast growth factor 7 (FGF7) and
hepatocyte growth factor [4,10,25] which in turn activate
multiple uterine genes involved with growth, morpho-
genesis, synthesis of enzymes and enzyme inhibitors,
extracellular matrix and cell adhesion prior to trophoblast
attachment to the uterine surface [8,12,26,27]. With cell
specific loss of PGR from the LE and GE, estrogen receptor
(specifically ESR1) is up-regulated in the uterine epithelium
[28-30]. Establishment of a receptive endometrium for
conceptus attachment is thus regulated through proges-
terone induction of epithelial PGR loss allowing finely
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synchronized alterations in the LE extracellular matrix ex-
posing attachment factors such as transmembrane integrin
heterodimer receptors and release of the matricellular
protein, secreted phosphoprotein 1 (SPP1; also referred to
as osteopontin) [3,31] and balanced secretion of numerous
growth factors, cytokines, prostaglandins, enzymes and
their inhibitors which are enhanced by conceptus estrogen
synthesis and release during the peri-implantation period
[11,27,32]. Conceptus attachment and secretions also in-
crease endometrial folding and LE proliferation (Figure 1)
during early implantation in the pig [33]. The increase in
endometrial folding and immune cell trafficking to the
uterine surface may be induced by conceptus secretion of
cytokines like interleukin 1β, interferons, estrogens or a
combination of the conceptus release factors.

Conceptus development
Opening the window of receptivity for conceptus attach-
ment to the uterine endometrium (Day 10 to 14) follow-
ing down-regulation of the uterine epithelial PGR marks
a period of conceptus growth, development and change
in morphology stimulated by the release of multiple
uterine growth factors and cytokines [2-4]. During the
early peri-implantation period, the endometrium in-
creases the release of epidermal growth factor (EGF)
[34-37], insulin-like growth factor-1 (IGF-1) [38-42],
FGF7 [43,44], vascular endothelial growth factor (VEGF)
[45-47], interleukin 6 (IL6) [48-50], transforming growth
factor beta (TGFB) [51-53], and leukemia inhibitory fac-
tor (LIF) [48-50] for which the developing conceptus
trophectoderm expresses EGF-receptor (EGFR) [36],
IGF1R [54], FGFR2 [55], VEGFR1 and 2 [45,47], IL6R
[50], TGFBR1 and 2 [52], and LIFR [50]. The increased
endometrial release of EGF, FGF7, LIF, and IGF-1 are
enhanced in the epithelium during the period of concep-
tus elongation and estrogen release [42,44,50,51,55]. Re-
ceptor activation by many of the uterine secreted factors
has been shown to occur through multiple signaling
pathways such as phosphatidylinositol 3-kinase (P13K)/
AKT1 and mitogen-activated protein kinase ERK1/
2MAPK [36,47,54] which are cell signaling pathways
linked to stimulating trophectoderm proliferation, mi-
gration and survival. In addition to stimulating prolifera-
tion of trophoblast cells, TGFB, LIF and IL6 increase cell
viability and attachment in vitro [50-52].
Growth of the early developing porcine conceptuses

stimulated through the release of uterine growth factors
is essential for achieving a critical developmental thresh-
old that triggers rapid trophoblast expansion within the
uterine lumen. Timing for the increased release of
growth factors is dependent upon the length of proges-
terone stimulation which facilitates down-regulation of
epithelial PGR in the endometrium [2,3]. Several studies
have elegantly demonstrated the impact of the duration
HNOLOGIES ________________________



Figure 1 Endometrial folding during pig conceptus attachment. Following rapid trophoblast elongation on Day 12 of pregnancy, conceptus
attachment to the endometrial surface epithelium induces a localized increase in endometrial surface folding on Day 14 of pregnancy (A). Local
conceptus release of IL1BE, IFN, estrogens or combination of the factors released by the conceptus to alter the uterine surface architecture
(attachment and folding) to increase the surface area needed to support the epithiochorial type of placentation in the pig and alter immune cell
trafficking to the uterine surface (B). (Tr = trophectoderm, LE = luminal epithelium, arrows = lymphocytes in the underlying stratum compactum).
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of progesterone priming in that exogenous progesterone
immediately following ovulation accelerates early con-
ceptus growth in both sheep [56,57] and cattle [58-60].
Administration of progesterone shortly after ovulation
advances down-regulation of epithelial PGR by two days
during the normal estrous cycle and pregnancy [56-60].
The advancement of epithelial PGR down regulation ac-
celerates the release of uterine growth factors for the de-
veloping sheep conceptus [61].
Release of the uterine growth factors is clearly involved

with growth and differentiation of the porcine conceptuses
following hatching from the zona pellucida on Days 6–7
of gestation. Following hatching, peri-implantation devel-
opment in the pig is unique in that conceptuses develop
from a 1–2 mm sphere to a 9–10 mm long ovoid shape
between Days 10 to 12 of pregnancy and then rapidly tran-
sition to tubular and filamentous forms by elongating at
30–40 mm/h to >100 mm in length (Figure 2) in 1 to 2 h
[12,33,62]. Rapid conceptus elongation provides the mech-
anism for delivery of estrogen across the uterine surface to
maintain CL function, stimulate secretions from the uter-
ine LE and GE which are closely linked to initiation of
trophoblast attachment to the uterine LE and establish in-
dividual placental surface area for nutrient absorption
from the underlying endometrium for individual concep-
tuses [3,23,63].
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The specific factor(s) involved with triggering the
rapid morphological transformation of the ovoid con-
ceptus to its filamentous shape is currently unknown.
Although endometrial release of growth factors is in-
volved with conceptus growth and development, vari-
ation in stages of development prior to and during the
time of trophoblast elongation (spherical, ovoid, tubular
and filamentous conceptuses present within the same
litter) indicate that elongation is not necessarily triggered
by a uterine-stimulated event but rather a specific stage of
conceptus differentiation and development [33,62,64-68].
Rapid conceptus elongation does not occur through cellu-
lar hyperplasia but rather cellular remodeling [62]. The
morphological alteration in shape of the trophectoderm
and transformation of the underlying endoderm forming
filapodia provides a mechanism to physically move cells
into the elongation zone [62]. The focal point for the cel-
lular restructuring occurs from the ends of the epiblast
forming an extended band of cells (elongation zone) to the
elongating tips of the conceptus trophectoderm [3,62].
The force necessary for the cellular restructuring of the
trophoblast during elongation occurs through modifi-
cations in microfilaments and junctional complexes
[3,62,69,70]. Elongation of the conceptuses may involve
interaction of integrins on the endometrial LE apical
surface [71].
HNOLOGIES ________________________
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Figure 2 Morphological stages of early conceptus development between Days 10 to 12 of pregnancy. Upon reaching a spherical
diameter of appropriately 10 mm, conceptuses rapidly transition to ovoid, tubular and filamentous morphologies within 2 to 3 h.
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As previously stated, timing of rapid conceptus elong-
ation is established by the conceptus achieving a specific
stage of development which is temporally associated
with gastrulation and formation of the extraembryonic
mesoderm [65,72-74]. Yelich et al. [72] first indicated
that 6 mm spherical conceptuses expressed gene tran-
scripts for brachyury (marker for mesoderm formation)
which precedes the initial detection of mesodermal out-
growth in 10 mm ovoid conceptuses. The increase in
brachyury expression is associated with an alteration in
steroidogenesis in the developing conceptuses [75]. Valdez
Magana et al. [68] recently reported that epiblast develop-
ment and differentiation provides the paracrine signaling
between the epiblast and trophectoderm for trophoblast
proliferation and mesoderm differentiation. Transcripts
for FGF4 are highly detectable in the porcine epiblast but
absent/low in the trophectoderm [68,76]. However in
ovoid conceptuses, FGFR2 is expressed in trophectoderm
cells where there is abundance of FGF4 ligand which
activates MAPK phosphorylation [68]. In addition, bone
morphogenetic protein 4 (BMP4) expression in the devel-
oping extraembryonic mesoderm outgrowth from the epi-
blast that occurs between trophectoderm and endoderm
__________________________ WORLD TEC
stimulates BMPR2 in trophectoderm (absent in epiblast
and hypoblast). Valdez Magaña et al. [68] suggested that
increased epiblast production of FGF4 and expression of
FGFR2 in the adjacent trophectoderm cells trigger the
signaling cascade for trophoblast elongation. The novel
suggestion that FGF4 is involved in the initial response of
the conceptus is supported by information which indicates
that FGF4 is not normally released into the extracellular
fluid but moves in a gradient only over a short distance of
a few cells [77,78]. Induction of FGF4 in the epiblast
stimulating MAPK in the trophectoderm through FGFR2
could coordinate with the extraembryonic mesoderm pro-
duction of BMP4 to initiate the cascade of events involved
with modifying microfilaments and junctional complexes
necessary for the elongation process.
Although formation of the extraembryonic mesoderm

in the conceptus is clearly a marker for the time of rapid
trophoblast elongation and the cellular alternations in-
volved, the conceptus factor triggering elongation of the
porcine conceptus is unknown. Although conceptus
elongation has not been achieved in vitro, it is clear that
the conceptus activates elongation at a specific stage of
development. Presence of spherical with filamentous
HNOLOGIES ________________________
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conceptuses within the same litter [12] and the failure to
advance elongation in vivo through estrogen administra-
tion prior to a stage of development for elongation
[62,67] demonstrate that initiation of trophoblast elong-
ation is regulated by conceptus development. However,
alterations in uterine secretion do have a direct impact
on the rate of conceptus development to reach the stage
for elongation.
A number of studies have evaluated the transcrip-

tome of developing spherical, ovoid, tubular and filament-
ous pig conceptuses prior to and during elongation
[64-66,72,79,80]. These studies described a multitude of
transcripts involved with steroidogenesis, lipid metabolism,
cell morphogenesis, calcium binding, protein binding and
nucleotide binding. Specific transcripts involved in ste-
roidogenesis, such as steroidogeneic acute regulatory
protein, cytochrome P450 side chain cleavage protein, 17α-
hydrolase and aromatase all increase in abundance as the
pig conceptuses approach and initiate the elongation
process [64,65,72]. However, although administration of es-
trogen can advance uterine gene expression and secretions
associated with the increase in conceptus estrogen produc-
tion at elongation; it does not induce premature elongation
of the conceptuses [81]. A number of transcripts involved
with embryonic development, attachment and immune cell
regulation such as s-adenosylhomocysteine hydrolase [79],
retinoic acid receptors and retinol binding protein [72],
TGFB [64,72], LIFR [72], interferon-γ (IFNγ), B-cell linker,
and chemokine ligand 14 [66] are altered during early con-
ceptus development. The most striking change in the con-
ceptus transcriptome during the transition from ovoid to
filamentous morphology is the increase in expression of
interleukin 1β (IL1B) [79,80]. The increase in IL1B during
transition to the filamentous form of porcine conceptus de-
velopment was first described by Tuo et al. [82]. Interleukin
1β is a proinflammatory cytokine which is dependent on
the expression of members of the IL-1 system belonging to
the IL1B/Toll-like receptor (TLR) superfamily. The IL-1
system consists of two agonists (IL1A and IL1B), two re-
ceptors (IL1R1 (functional) and IL1R2 (pseudo-receptor)),
converting enzymes, a receptor accessory protein (IL1RAP),
and multiple isoforms of receptor antagonists (IL1Rant)
[5,83] which are all present in the porcine endometrium
and conceptuses [79,84,85].
Conceptus IL-1β
Conceptus IL1B2 mRNA abundance rapidly increases
during trophoblast elongation, but decreases over 2000-
fold immediately following completion of the elongation
process [86]. Based on the timing and pattern of concep-
tus IL1B release and the presence of the IL-1 system in
the conceptuses and endometrium, Ross et al. [86] pro-
posed that conceptus IL1B secretion was the signal to
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initiate the cascade of events involved with the rapid
elongation process.
Recently, analyses of pig genome sequences and ex-

pressed sequence tags (EST) indicate that gene duplication
resulted in two IL1B genes on Sus scrofa chromosome 3.
The classical IL1B1 is expressed in macrophages and
endometrial tissue while the embryonic form (IL1B2) is
only detected in the early porcine conceptus prior to at-
tachment to the uterine LE [2,87]. IL1B2 is considered
novel because the sequence is not expressed in other
mammals [88]. The two predicted protein sequences are
85% identical and are least homologous near the N-
terminus as caspase-1 cleaves this portion of the peptide
resulting in a functional protein (D.J. Mathew, M.C. Lucy
and R.D. Geisert unpublished results). Interestingly, in the
embryonic form there is a proline inserted 2 amino acids
from the predicted caspase-1 cleavage site. While the two
genes are very similar from exon 2 to exon 7, exon 1 and
the active promoter regions are different between the two
genes. The promoter differences may partially explain
variation in mRNA expression between the two forms.
Activity and cell specificity of the two forms may also
differ as recombinant IL1B2 can activate NFKB in alveolar
macrophages and uterine surface epithelium but has
reduced activity compared to recombinant IL1B1 (D.J.
Mathew, R.D. Geisert and M.C. Lucy unpublished results).
Porcine IL1B2 is secreted only within a brief window as-

sociated with the morphological and functional changes
that take place in conceptus development and elongation
on Days 10 to 12 of pregnancy [86]. It has been postulated
that one function of IL1B2 is to act as an inflammatory
mediator in the endometrium [89]. Following synthesis
and secretion by the conceptus, IL1B2 may trigger a cas-
cade of signaling events that activate the transcription fac-
tor, NFKB in the LE of the endometrium. NFKB activation
is an important component in opening the implantation
window in pigs and other mammals [90]. Genes transcrip-
tionally regulated by NFKB are involved in inflammation,
immune function, cell adhesion, and release of cytokines,
growth factors, anti-apoptotic factors and immunorecep-
tors [91]. The activation of inflammatory pathways in the
endometrium likely enhances progesterone-induced uter-
ine receptivity for conceptus implantation. It is important,
however, that the inflammation cascade triggered by
IL1B2 be tightly regulated in order to prevent rejection of
the semi-allogeneic conceptus [9]. Conceptus estrogen
release during elongation may play a key role in counter-
balancing the increased inflammatory response by acti-
vating estrogen receptor (ESR1) which can affect the
transcriptional activity of NFKB [90]. Thus, conceptus ex-
pression of IL1B2 would be consistent with the continued
activation of NFKB, whereas the synchronous estrogen
secretion by pig conceptuses may pose a suppressive
effect to prevent an inflammatory reaction that would be
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detrimental to conceptus survival [2]. Interleukin-1β in-
creases aromatase expression within human cytotropho-
blast [92] and the increased synthesis of IL1B2 by pig
conceptuses is temporally associated with elevated concep-
tus aromatase expression and the acute release of estrogen
into the uterine lumen [72,86]. Thus the increase in ex-
pression of both IL1B2 and estrogen by individual concep-
tuses that are expanding through the uterine lumen would
counter-balance stimulation of the pro-inflammatory and
immune response within the uterus.
IL1B2 may have other roles in rapid conceptus elong-

ation and the regulation of maternal recognition. IL1B is
an inducer of phospholipase A2 [93] and thus up-
regulates cell membrane arachidonic acid release, thereby
increasing membrane fluidity that is necessary for remod-
eling of the trophectoderm during elongation [2,94]. The
arachidonic acid could also be converted to prostaglandins
which are needed for placental attachment during the es-
tablishment of pregnancy. Recent results from studies with
ewes suggest that IL1B could play a role in regulating
prostaglandin-endoperoxide synthase 2 (PTGS2) and the
subsequent synthesis of prostaglandins that control con-
ceptus elongation [95]. Pig conceptus IL1B2 secretion,
therefore, may be of pivotal importance in the rapid mor-
phological transformation of the pig conceptuses on Day
12 of pregnancy.
IL1B2 activation of NFKB stimulates prostaglandin

synthesis through induction of PTGS2. IL1B1 increases
endometrial IL1R1 and in conjunction with estrogen,
IL1RAP, suggesting that IL1B2 and estrogen regulate
endometrial transcriptional activity of NFKB during elong-
ation [85,86,96]. IL1B has a stimulatory effect on endo-
metrial prostaglandin E2 (PGE2) secretion and PTGS1 and
PTGS2 mRNA expression from Days 10 to 13 of preg-
nancy [85,97-99]. The presence of PGE2 receptors in the
CL and endometrium [98] suggests that conceptus PGE2
secretion could also affect maintenance of the CL and dir-
ectly stimulate adhesion and attachment of the tropho-
blast to the uterine epithelium [100]. Conceptus secretion
of IL1B2 into the uterine lumen may also enhance endo-
metrial expression of LIF and IL6 [50] possibly through
activation of NFKB within the uterine LE and GE. IL1B1
induces human endometrial expression of LIF [101-103]
and IL6 in placental villous core mesenchymal cells
in vitro [104]. Suppression of NFKB activity in the endo-
metrium alters the timing of implantation in the mouse
which can be partially rescued by LIF supplementation
[105]. LIF and IL1B stimulate expression of fucosyltrans-
ferase enzymes which are involved with embryo attach-
ment to the uterine surface epithelium in the mouse [106].
During and following rapid conceptus elongation in the
pig, there is increased endometrial secretion of LIF and
IL6 [48-50]. Both LIFR and IL6R mRNA are detected in
porcine conceptus [49,50] suggesting that endometrial
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secretion of LIF and IL6 may play an important role in
conceptus development and attachment to the uterine
surface. Blitek et al. [50] indicated that LIF and IL6 stimu-
lated proliferation and attachment of porcine trophoblast
cells in vitro. Conceptus estrogen and IL1B2 secretion
serve as major components in the embryo-uterine cross-
talk to stimulate endometrial LIF and IL6 to contribute to
the pathway for conceptus attachment to the uterine lu-
minal surface.
Several papers have investigated endometrial differential

gene expression between cyclic and pregnant pigs which
provide numerous endometrial genes and pathways that
the conceptus stimulates during the period of conceptus
elongation and attachment [107-110] which will not be
covered in this review. One interesting gene differentially
expressed during pregnancy is IL11RA [110]. IL11 and its
receptor (IL11RA) is proposed to prevent the invasion of
trophoblast cells in the mouse [111] and human [112]. Al-
though gene expression IL-11RA is lower in endometria
of pregnant pigs, there was a pregnancy-specific increase
in IL11RA on the surface epithelium [110]. As previous
indicated porcine conceptuses are proteolytic and highly
invasive outside the luminal environment of the uterus
[1]. Therefore in addition to endometrial release of prote-
ase inhibitors during trophoblast attachment, porcine
endometrial expression of IL11RA may serve to help in-
hibit the proteolytic trophoblast invasion through the sur-
face epithelium during attachment [110].

Switch to endometrial IL-18
Porcine conceptus IL1B2 gene expression and secretion is
clearly temporally associated with the rapid conceptus
elongation as a dramatic reduction in mRNA abundance
is soon followed by a depletion of IL1B2 protein in the
uterine lumen following conceptus elongation on Day 12
[86]. The loss of conceptus IL1B2 secretion following
elongation suggests that another closely related cytokine
may function at the conceptus-uterine interface to con-
tinue regulation of the immunological interactions neces-
sary for establishment of pregnancy in the pig. Interleukin
18 (IL18), also referred to as interferon-γ inducing factor
[113], is a member of the IL-1 family of pro-inflammatory
cytokines believed to play a significant role in implant-
ation. Following the loss of conceptus IL1B2 stimulation,
there is a switch to endometrial IL18 production and re-
lease during placental attachment in the pig [114]. Porcine
endometrial IL18 mRNA expression increases from Days
10 to 15 of the estrous cycle with mRNA expression in-
creasing 10-fold on Day 18 of pregnancy. However, there
is a pregnancy-specific increase in uterine luminal content
of IL18 between Days 15 and 18 due to an increase in
caspase-1 expression induced by the developing concep-
tuses [114]. Caspase-1 cleaves and activates the proforms
of both IL1B and IL18 [115]. Pro-IL18, which has
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structural similarities to pro-IL1B, is involved with mo-
dulation of the immune system through induction of
interferon-γ [116]. Conceptus secretion of IFNG increases
immediately following trophoblast elongation in the pig
[117], suggesting that the conceptuses may induce endo-
metrial IL18 release to assist in development and placental
attachment during early pregnancy. Interestingly, unlike
IL1B which is stimulated by inflammatory responses in
cells, IL18 is stored in healthy cells and its biological activ-
ity is dependent upon its release through caspase-1 pro-
cessing [118]. Although similar to IL1B, IL18 binds to a
unique IL18 receptor which consists of two receptor
chains, ligand-binding chain IL18RA and a co-receptor
IL18RB chain (similar to IL1B accessory protein), which
are required for cellular signaling [119]. The conceptus
factor that stimulates the increase in caspase-1 in the uter-
ine epithelium is unknown, although IL1B2 could stimu-
late release IL18 from the uterine epithelial cells through
increasing caspase-1 activity [120]. Biological activity of
IL18 is regulated through release of an IL18 binding
protein (IL18BP) which functions as a negative feedback
loop to suppress IFNG production and limit Th1 cell
responses.
The increased endometrial expression of caspase-1, and

release of IL18 into the uterine lumen may stimulate ex-
pression and secretion of IFNG by conceptuses [117] to
modulate the maternal immune system through signal
transducer and activator of transcription 1 (STAT1) at the
interface between trophectoderm and uterine LE [121].
The loss of conceptus IL1B2 stimulation and switch to
endometrial IL18 production during placental attachment
in the pig would decrease the potential pro-inflammatory
stimulation of the conceptuses following trophoblast elong-
ation which maybe important to control cytokine and im-
mune functions following implantation [122]. Increased
secretion of IL18 at the uterine/trophoblast interface is
associated with increased pregnancy rates in one line of
abortion-prone mice [123].

Conceptus interferons (IFN)
During the peri-implantation period of conceptus at-
tachment to the uterine LE following trophoblastic
elongation, pig conceptuses secrete of IFNG (Type II IFN)
and IFND (Type I IFN) between Days 12 to 20 of gesta-
tion [117,121,124]. Trophoblastic production and secre-
tion of two IFNs, of which IFNG is the predominate form
[125,126], is unique compared with other mammalian spe-
cies. Trophoblast secretion of IFNG and IFND would en-
able activation of a distinct gene set through two different
receptors that may provide a uniquely regulated stimu-
lation within the endometrium [127]. With the abrupt
decline in conceptus expression of IL1B2 following rapid
elongation, there is a tremendous increase in the filament-
ous conceptus trophoblastic expression of specifically
__________________________ WORLD TEC
IFNG during initiation of attachment to the uterine LE on
Day 13 [66,117,121]. Unlike IFNT produced by the con-
ceptus of ruminant species, pig trophoblastic IFNs do not
directly function as a maternal recognition signal for CL
maintenance [3]. However, pig IFNG and IFND can in-
crease endometrial PGE2 secretion [128] and induce cell-
specific endometrial IFN-stimulated genes [127,129].
Joyce et al. [121] suggested that conceptus estrogens and

IFNs regulate endometrial IFN-stimulated genes through a
cell-type-specific manner. Conceptus secretion of estrogen
increases STAT1 in LE to initiate the signal for pregnancy
recognition and CL maintenance as well as inducing
changes to the apical surface glycocalyx of LE to allow con-
ceptus attachment. Conceptus IFNG and IFND induced
increases of STAT1 are limited to the underlying endomet-
rial stromal cells that express interferon regulatory factor
1, IFNG/STAT1-responsive gene, that is absent in the LE
[121]. Pig conceptuses secrete estrogen during the peri-
implantation period of pregnancy which increases uterine
LE expression of interferon regulatory factor 2 (IRF2), a
transcriptional repressor of classical IFN-stimulated genes,
which would also restrict IFNG and IFND stimulation to
the underlying stroma. Thus expression of classical IFN re-
sponsive genes such as MX1, interferon stimulated gene
15 (ISG15), IRF1, STAT1 and STAT2 are localized in the
stroma and GE in pigs [121]. The cell specific activation by
the pig trophoblastic IFNs may play an essential role in
regulating the immunological barrier for attachment of the
semi-allogeneic conceptuses [3,130]. MHC class I mole-
cules such as SLA and β2-microgobulin which are involved
with recognition of foreign cells and pathogens are not
expressed on the trophoblast and are absent in early preg-
nancy of the pig [127]. The increase in uterine angiogenesis
which occurs during the peri-implantation period between
Days 13 to18 of pregnancy [131] could also be stimulated
through the trophoblast secretion of IFNs in addition to
other conceptus and uterine angiogenic factors such as
VEGF.

Conclusion
Proper timing for conceptus growth and development is
proposed to be regulated through the initial down-
regulation of PR in the uterine LE which stimulates growth
factors to promote mesodermal differentiation and expres-
sion of FGF4 and BMP4 that initiate conceptus IL1B2 ex-
pression and release to stimulate rapid elongation of the
conceptuses throughout the uterine lumen (Figure 3). Ex-
pansion of the conceptuses throughout the uterine horns
provides the mechanism for estrogen to cover the uterine
surface for maternal recognition of pregnancy, initiate
trophoblast attachment to the LE and regulate the mater-
nal lymphocyte response to conceptus IFNs which stimu-
late vascular changes and increases angiogenesis for the
proper microenvironment for placentation.
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Figure 3 Summary of conceptus/uterine interactions from Day 12 to 18 of pregnancy. Exposure of the endometrium to progesterone
secretion induces down-regulation of progesterone receptor (PGR) in the endometrial surface (LE) and glandular epithelium (GE). Progesterone
modulation of uterine function is maintained by the presence of PR in stromal cells. Down-regulation of PGR in LE opens the window of receptivity of
conceptus attachment to the endometrial surface. Progesterone stimulation increases PTGS2 within the LE increasing release of PGF2α into the uterine
vasculature inducing CL regression during the estrous cycle. On Day 11 to 12 of pregnancy, conceptus epiblast expression of FGF4 stimulates production
of BMP4 by the trophectoderm (Tr) to trigger differentiation of the mesoderm (meso) which may lead to induction of pathways to trigger conceptus
trophoblast elongation. Embryonic IL1B2 initiates cellular remodeling during elongation and activates NFKB in the LE through binding to a functional IL1
receptor (IL1RI) and its receptor accessory protein (IL1RAcP). Activation of NFKB induces endometrial genes involved with inducing a pro-inflammatory
response. IL1B2 activity in the conceptus and uterus is regulated through the level of receptor antagonist (IL1Rant) expression. Conceptus aromatase
expression enhances estrogen secretion, which binds to ESR in the LE and GE increasing endometrial PGE production and altering the movement of
PGs into the uterine lumen, thereby preventing luteolysis and maintaining pregnancy. Estrogen induction of STAT2 stimulates endometrial changes
needed for placental attachment and may also play a role in modulating NFKB pro-inflammatory responses. Following conceptus elongation, IL1B2
expression ceases but is immediately replaced by expression of IFNγ and IFNδ and increased release of IL-18 into the uterine lumen. The activity of
IL-18 is regulated through the concentration of its binding protein (IL-18BP). Activation of IFN-induced genes and conceptus PGE production may help
regulate the pro-inflammatory response and regulate lymphocyte differentiation and activation within the uterine stroma and epithelium.
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The role of IL18 and IFNG in regulating Th1 lympho-
cytes and natural killer (NK) cell responses in tissues
suggests that pig conceptus secretion of estrogens,
IL1B2, prostaglandins, IFNs and endometrial release of
IL18 serve to not only induce cell surface adhesion fac-
tors for trophoblast attachment, but also play a critical
role in balancing the immune cell migration and recog-
nition of receptors to support or reject the developing
embryos and their extraembryonic membranes. The IL-1
family of cytokines plays a critical role in the regulation
of immune cell differentiation and activity during preg-
nancy as well as many inflammatory diseases [132]. Dur-
ing pregnancy in the pig, the conceptus recruits uterine
natural killer lymphocytes, dendritic cells and other
__________________________ WORLD TEC
immune cells at the sites of trophoblast attachment
which induce major changes in the endometrial vascula-
ture and angiogenesis to support the developing concep-
tus [133,134]. Although not demonstrated in the uterus
of the pig, the increase in PGE2 from the conceptuses
and endometrium may play a role in minimizing pro-
inflammatory tissue damage through switching from leu-
kotriene B2 synthesis to lipoxin A4 and release of the
anti-inflammatory resolvins and protectins [135]. Clearly
pig conceptuses release a number of paracrine factors at
the maternal/placental interface to regulate the vascular,
angiogenic and immune changes needed to establish
pregnancy (Figure 3). The conceptus IL-1 family of cyto-
kines is but one component of a larger group of signaling
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pathways involved with successful survival of developing
embryos. However, pregnancy is not only dependent upon
the presence of the various cytokines during implantation
but also in the appropriate timing of their release.
It is well established that exposure of pregnant gilts to

exogenous estrogen 48 h prior to normal conceptus re-
lease at elongation on Day 12 results in fragmentation of
the conceptus between Days 15 to 18 of pregnancy
[136,137]. Premature exposure of the endometrium to es-
trogen advances expression of multiple genes during the
period of trophoblast elongation and attachment [138].
Most of the aberrantly expressed endometrial genes are
those involved with immune cell regulation and cell adhe-
sion. Early estrogen exposure (Days 9 and 10) of pregnant
gilts does not affect endometrial IL18 mRNA expression
but disrupts the normal LE release of IL18 into the uterine
lumen [114]. Although caspase-1 increases between Days
12 to 18 in estrogen-treated gilts, there is no increase in
the luminal content of IL18 as occurs in untreated preg-
nant gilts. Lack of IL18 release from the LE may directly
affect conceptus expression of IFNG. Although STAT1 ex-
pression is present in the LE, stromal expression of STAT1
is absent in estrogen-treated gilts [121]. These data indi-
cate a temporally regulated presence of intricate inter-
actions between conceptus estrogen, IL1B2, IFNG and
uterine IL18 release in programing downstream transcrip-
tion factors needed to establish pregnancy in the pig.
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Effects of magnesium on the performance of
sows and their piglets
Jianjun Zang1†, Jingshu Chen1†, Ji Tian1, Aina Wang2, Hong Liu1, Shengdi Hu1, Xiangrong Che3, Yongxi Ma1,
Junjun Wang1, Chunlin Wang1, Guanghua Du3 and Xi Ma1*
Abstract

The objective of this study was to evaluate the effects of supplemental magnesium (Mg) on the performance of
gilts and parity 3 sows and their piglets. Fifty-six gilts (Trial 1) and 56 sows (Trial 2) were assigned to one of 4
treatments according to their mating weight, respectively. The treatments comprised corn-soybean meal based
gestation and lactation diets (0.21% magnesium) supplemented with 0, 0.015, 0.03, or 0.045% Mg from mating until
weaning. The results showed that magnesium supplementation significantly (P < 0.05) reduced the weaning to
estrus interval in both gilts and sows. There were significant effects (P < 0.05) of supplemental magnesium on the
total number of piglets born, born alive and weaned in sows. In late gestation and lactation, the digestibility of
crude fiber (quadratic effects, P < 0.05), and crude protein (P < 0.05), were significantly influenced by magnesium in
gilts and sows, respectively. There were differences among the 4 groups in terms of the apparent digestibility of
dry matter and crude fiber in sows (P < 0.05) during both early and late gestation. The apparent digestibility of
gross energy was increased for sows in late gestation (P < 0.05), and lactation (quadratic effects, P < 0.05). At
farrowing and weaning, serum prolactin levels and alkaline phosphate activities linearly increased in sows as the Mg
supplementation increased (P < 0.05). Serum Mg of sows at farrowing and serum urea nitrogen of sows at weaning
was significantly influenced by Mg supplementation (P < 0.05). The Mg concentration in sow colostrum and the
serum of their piglets were increased by supplemental magnesium (P < 0.05). In addition, growth hormone levels
were linearly elevated (P < 0.05) in the serum of piglets suckling sows. Our data demonstrated that supplemental
magnesium has the potential to improve the reproduction performance of sows, and the suitable supplemental
dose ranged from 0.015% to 0.03%.

Keywords: Gilts, Magnesium, Piglets, Reproduction, Sows
Background
The reproductive performance of high producing sows
has increased dramatically over the past decades [1] which
may contribute to the changes in nutritional requirement
of high producing sows [2]. In addition, confinement feed-
ing of swine has resulted in the removal of nutrients and
minerals from the soil to animals [3].
It is an important cofactor of several enzymes involved

in protein and energy metabolism which also is a constitu-
ent of bone (NRC, 1998) [4]. It is considered one of the es-
sential macro-minerals for swine [5]. However, researchers
* Correspondence: maxi@cau.edu.cn
†Equal contributors
1State Key Laboratory of Animal Nutrition, Ministry of Agriculture Feed
Industry Centre, China Agricultural University, Beijing 100193, China
Full list of author information is available at the end of the article
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generally thought that it was unnecessary to supplement
magnesium in diets of sows [6], since common corn-
soybean meal diets can supply magnesium at levels 0.14
to 0.18% [7], which at least are 3 times more than the
NRC (1998) recommendation of magnesium for sows
(0.04%) [4].
The precise determination of Mg requirements of farm

animals is necessary, depending on the stage of growth,
performance and reproduction of the animals [8]. Mag-
nesium supplementation improved the conception rate
of sows by 11-15% and reduced the wean to service inter-
val by 9 days. The improved conception rate may also
have been influenced by Mg supplementation of boars
used to service the sows [9]. However, studies on the rela-
tionship between magnesium and sows performance are
scarce. The accurate effects of supplemental magnesium
HNOLOGIES ________________________
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Table 1 Ingredient composition and chemical analysis of
the gestation and lactation diets fed to gilts and sows
(as-fed basis)

Item Gestation Lactation

Ingredients, %

Corn 62.94 60.38

Soybean meal 16.78 20.10

Extruded soybean - 14.00

Glucose - 1.50

Wheat bran 16.27 -

Dicalcium phosphate 2.05 1.96

Limestone 1.24 1.21

Sodium chloride 0.32 0.45

Vitamin mix1 0.04 0.04

Mineral mix2 0.20 0.20

Choline chloride (50%) 0.16 0.16

Analyzed nutrient levels, %

Dry matter 88.00 88.00

Crude protein 16.60 17.10

Crude fiber 4.90 5.39

Calcium 1.14 1.23

Total phosphorus 0.59 0.60

Magnesium 0.21 0.21

Calculated nutrient levels

Metabolizable energy, kcal/kg 3,263 3,270

Lysine, % 0.56 0.98

Methionine + cystine, % 0.37 0.45

Threonine, % 0.46 0.60

Tryptophan, % 0.11 0.18
1Supplied per kilogram of complete diet: vitamin A, 4,000 IU; vitamin
D3,1,000 IU; vitamin E, 75 IU; vitamin K3, 0.86 mg; riboflavin, 6.0 mg;
pantothenic acid, 15.0 mg; niacin, 30 mg; cobalamin, 0.025 mg; biotin, 0.2 mg;
folic acid, 0.6 mg; thiamine, 5.0 mg; pyridoxine, 6 mg.
2Supplied per kilogram of complete diet: iron, 45.0 mg; zinc, 35.0 mg;
manganese, 10.0 mg; iodine, 0.2 mg; copper, 6.0 mg; selenium, 0.17 mg.
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in sow diets on the performance are still unknown, espe-
cially the dose-effect relationship. Thus, this study was
conducted to reveal the effects of magnesium supplemen-
tation in gestation and lactation diets on the performance
of sows and gilts as well as their piglets.

Materials and methods
Ethics statement
The experimental protocol was approved by the Animal
Care and Use Ethics Committee of China Agricultural
University (Beijing, China).

Experimental design and animals
Fifty-six gilts (Trial 1) and 56 sows (Trial 2) were either
assigned into one of 4 treatments according to mating
weight. The treatments contained corn-soybean meal
based gestation and lactation diets (0.21% magnesium).
The basal diets were supplemented with 0, 0.015%,
0.03%, or 0.045% magnesium from mating until weaning.
Magnesium, in the form of MgSO4•7H2O (17.4% Mg) was
added at the expense of corn (Table 1). Fourteen gilts
(mean BW= 141 ± 5.7 kg) or sows (mean BW= 237 ±
8.8 kg) were fed each diet. All diets were fortified to meet
or exceed the nutrient requirements recommended by the
NRC (1998) [4]. The guidelines of the China Agricultural
University Animal Care and Use Ethics Committee is re-
ferred to the Regulations of Laboratory Animal of China
published in 1988 [10].

Experimental procedures
Sows were individually housed in 2.20 m × 0.65 m gesta-
tion crates during the first 107 ± 1 d of gestation and
were then moved to farrowing crates (2.2 m × 1.8 m) 7 d
prior to farrowing. Gilts were offered 1.8 kg of gestation
feed in 2 feedings per day from mating to d 84 of gesta-
tion and 2.5 kg of gestation feed in 2 feedings per day
from d 85 of gestation until movement into lactation,
while sows were offered 2 kg in 2 feedings per day from
mating to d 84 of gestation and 3 kg feed per day in 2
feedings from d 85 of gestation to movement into lacta-
tion. After farrowing, gilts and sows were fed the lactation
diets 3 times per day ad libitum and litters were standard-
ized to 11 piglets by cross fostering within treatments dur-
ing the first 48 h postpartum. Piglets were weaned at 28 d
of age and had no access to creep feed. Sows and piglets
were given free access to water throughout the experi-
mental period. Ambient temperature in the gestation and
farrowing rooms was maintained between 18–22°C.
The numbers and weights of individual pigs were re-

corded at birth and weaning. Only those pigs alive at first
weighing were regarded as born alive. Defacation was
observed to find out if magnesium had any effect on low-
ering the incidence of constipation. Blood samples were
collected from ear vein of 7 gilts or 7 sows per treatment
__________________________ WORLD TEC
and from precaval vein of their piglets (4 males and 4 fe-
males per litter) 12 h after farrowing, also at 28-d weaning
gilts and sows without fasting, and therefore the values re-
flect the dietary supply of nitrogen and amino acids, or
the dietary imbalance of nitrogen and amino acids. Then
the blood was put into heparinized tubes. Samples were
centrifuged at 3,000 × g for 15 min at 4°C, and serum was
stored at −20°C for assays of biochemical parameters.
Gilts and sows serum urea nitrogen, reproductive hor-
mone activities, as well as gilts, sows, and their piglets’
serum calcium, magnesium concentrations and growth
hormone activities were determined. Analysis of gilts and
sows serum urea nitrogen concentration and hormone ac-
tivities in the collected materials was performed using
enzyme-linked immunosorbent assay (ELISA) according
HNOLOGIES ________________________
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to the instructions of the kits (R & D Systems Company,
Minneapolis, MN).
Colostrum or milk samples were taken manually from

the same mammary glands (first, third and fifth teat on
both sides) of 7 examined sows in each group within or
after 6 h postpartum, respectively, in order to analyze the
level of calcium and magnesium. Calcium was determined
following the methods of AOAC (2005) [11] while magne-
sium levels were tested using the method suggested by
Miller et al. [12].
Chromic oxide (0.20%) was supplemented to each of

diets as an inert marker for a period of 7 d before fecal
collection to determine apparent nutrient digestibility.
Fresh feces samples were collected by rectal massage on
d 45 to 48 and d 95 to 98 of gestation as well as d 18–22
of lactation. Feces were immediately stored at −20°C until
analysis. Samples were thawed, dried and mixed uniformly
within each sow and sub-samples were finely ground
through a 1 mm sieve for chemical analysis. Apparent
total tract digestibility (ATTD) was calculated and the in-
digestible marker method using the following formula:

ATTD% ¼ 1− NF=NDð Þ � CrD=CrFð Þ½ � � 100

Where NF and ND represent the nutrient concentra-
tion (%) in feces and diet dry matter respectively, and
CrD and CrF represent the chromium concentrations (%)
in diet and fecal dry matter respectively.
Samples of diets and feces were analyzed for gross en-

ergy using bomb calorimetry (Parr Instruments, Moline,
IL; AOAC, 2005) [11]. All feces and experimental diets
were analyzed for dry matter (AOAC method 930.15,
2000) [13], crude protein (AOAC method 990.03, 2000)
[13], ether extract (Thiex et al., 2003) [14], crude fiber
(AOAC method 978.10, 2000) [13], ash (AOAC method
942.05, 2000) [13], calcium (AOAC method 927.02,
2000) [13] and total phosphorous (AOAC method
965.17, 2000) [13].
Table 2 Effects of supplemental magnesium on performance

Item Supplementa

0 0.015

Number born per litter2 11.2 11.7

Number of pigs born alive per litter 10.3 10.8

Average pig weight at birth, kg 1.40 1.42

Pigs weaned per litter 9.4 9.6

Average pig weight at weaning, kg 7.02 6.91

Wean to estrus interval, d 7.4 6.6

Constipation rate3, % 57.1 50.0

Average daily lactation feed intake of gilts, kg 4.82 4.86
1SEM = Standard error of mean.
2Number of litters represented per dietary treatment.
3Constipation rate (%) was defined as numbers of pigs on a treatment with constip
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Statistical analysis
All experimental data (n = 16) were statistically evaluated
by one-way ANOVA using the GLM procedure of SAS
(SAS 8.01 Institute, Cary, NC). In addition, polynomial
contrasts were made to determine the linear and quad-
ratic effects of magnesium supplementation on the vari-
ous parameters measured. P < 0.05 was considered as
significantly.

Results
Performance
As shown in Table 2, magnesium supplementation sig-
nificantly reduced the weaning to estrus interval in gilts
(linear and quadratic effect P < 0.05). However, the total
number of piglets born and born alive, the number of
piglets weaned, birth weight, and weaning weight were
unaffected by magnesium supplementation for gilts (P >
0.05). These results agreed with a previous report which
revealed that supplemental magnesium did not influ-
ence the number or weight of pigs at birth or weaning
in gilts [6].
In contrast, there were significant differences among

the treatments in terms of sow performance (Table 3).
Supplemental magnesium significantly increased the total
number of piglets born, born alive, and weaned (P < 0.05).
The increase was particularly evident for sows fed 0.015
and 0.03% magnesium (quadratic effect, P < 0.05). In
addition, the weaning to estrus interval was shortened
(quadratic effect, P < 0.05) for these treatments. Katalin
et al. also indicated that magnesium supplementation
improved reproduction performance (conception rate
and litter size) and shortened the weaning to service
interval of sows fed magnesium supplemented diets from
farrowing to subsequent mating [15].

Apparent total tract digestibility
The effects of magnesium on the apparent total tract di-
gestibility (ATTD) of various chemical constituents in
of gilts and their progeny (Exp. 1)

l magnesium, % SEM1 P value

0.03 0.045 Linear Quadratic

12.0 11.6 0.48 0.46 0.51

10.9 10.4 0.38 0.76 0.44

1.43 1.32 0.06 0.42 0.36

9.7 9.3 0.26 0.88 0.44

7.01 6.89 0.34 0.24 0.96

6.9 6.3 0.25 0.01 0.04

32.1 21.4 0.36 0.03 0.35

4.81 4.79 0.70 0.72 0.51

ation/(total number of pigs × 28d) × 100%.
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Table 3 Effects of magnesium on performance in parity 3 sows and their piglets (Exp. 2)

Item Supplemental magnesium, % SEM1 P value

0 0.015 0.03 0.045 Linear Quadratic

Number born per litter2 12.1 13.7 12.8 12.4 0.37 0.93 0.04

Number of pigs born alive per litter 10.4 12.5 11.4 10.8 0.35 0.91 0.01

Average pig weight at birth, kg 1.27 1.30 1.46 1.42 0.06 0.04 0.09

Pigs weaned per litter 9.21 10.64 10.0 9.43 0.21 1.00 0.01

Average pig weight at weaning, kg 7.1 7.7 7.3 6.9 0.18 0.46 0.03

Wean to estrus interval, d 7.1 6.3 6.1 6.8 0.19 0.30 0.01

Constipation rate3, % 64.2 42.8 35.7 21.4 0.06 0.02 0.36

Average daily lactation feed intake of sows, kg 5.12 5.13 5.17 5.10 0.62 0.56 0.82
1SEM = Standard error of mean.
2Number of litters represented per dietary treatment.
3Constipation rate (%) was defined as numbers of pigs on a treatment with constipation/(total number of pigs × 28d) × 100%.
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gilts and sows were shown in Tables 4 and 5. For gilts,
the ATTD of crude protein and crude fiber were qua-
dratically (P < 0.05) affected by magnesium level in late
gestation, and meanwhile the ATTD of crude fiber was
quadratically (P < 0.05) affected by magnesium level in
lactation (Table 4). In each case, the ATTD of gilts fed
with 0.015 or 0.03% magnesium were higher than those
for gilts fed with 0.0 and 0.045% magnesium. The ATTD
of gross energy was linearly (P < 0.05) increased by sup-
plemental magnesium in late gestation. There was no
Table 4 Apparent nutrient digestibility (%)2 of gestation or la
magnesium (Exp. 1)

Item Supplemental magnesium, %

0 0.015 0.03

Early gestation (d 45–48)

Dry matter 85.5 86.6 86.5

Gross energy 83.1 82.6 81.8

Crude protein 86.4 86.8 88.3

Ether extract 86.3 80.1 87.7

Crude fiber 57.3 58.8 58.2

Late gestation (d 95–98)

Dry matter 79.3 82.9 81.2

Gross energy 76.8 77.4 83.4

Crude protein 77.7 84.5 80.5

Ether extract 82.9 84.7 82.6

Crude fiber 48.9 58.3 56.4

Lactation (d 18–21)

Dry matter 85.3 84.3 84.7

Gross energy 82.2 84.3 83.2

Crude protein 84.0 84.5 85.5

Ether extract 85.9 85.7 86.1

Crude fiber 48.2 53.6 58.7
1SEM = Standard error of mean.
2Digestibility was determined using chromium oxide as marker.
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effect of magnesium level on the ATTD of any nutrient
during early gestation (P < 0.05)
For sows during early gestation, the ATTD of dry matter

and crude fiber, was linearly and quadratically affected
(P < 0.05) by magnesium supplementation (Table 5). The
ATTD of sows fed the 0.015, 0.03, and 0.045% magnesium
treatments were higher than those for sows fed the 0.0
magnesium treatments.
In late gestation, the ATTD of dry matter, gross en-

ergy, crude protein, and crude fiber were linearly and
ctation diets for gilts containing various dietary levels of

SEM1 P value

0.045 Linear Quadratic

86.2 0.23 0.49 0.67

81.4 0.20 0.70 0.75

84.9 0.14 0.12 0.54

85.0 0.21 0.81 0.77

55.5 0.13 0.41 0.47

78.3 1.49 0.49 0.08

81.5 1.67 0.03 0.07

79.3 1.47 0.90 0.04

82.5 1.35 0.57 0.68

52.0 1.08 0.44 0.01

84.2 0.88 0.44 0.71

83.7 1.03 0.48 0.56

82.9 0.85 0.59 0.21

86.1 1.16 0.86 0.97

50.7 0.92 0.18 0.01
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Table 5 Apparent nutrient digestibility (%)2 of gestation or lactation diets for parity 3 sows containing various dietary
levels of magnesium (Exp. 2)

Item Supplemental magnesium, % SEM1 P value

0 0.015 0.03 0.045 Linear Quadratic

Early gestation (d 45–48)

Dry matter 80.0 86.9 85.7 85.6 0.99 0.02 0.02

Gross energy 83.5 86.3 86.2 89.4 1.53 0.83 0.08

Crude protein 83.6 86.6 87.1 86.6 1.06 0.81 0.61

Ether extract 86.4 86.5 85.8 86.0 1.20 0.71 0.31

Crude fiber 51.7 58.6 57.4 60.1 0.98 0.01 <0.01

Late gestation (d 95–98)

Dry matter 78.1 83.8 83.5 83.9 1.05 0.01 0.01

Gross energy 81.5 84.1 84.0 81.1 1.24 0.01 0.04

Crude protein 83.8 84.0 85.3 83.7 0.88 0.05 0.04

Ether extract 85.9 89.1 86.2 86.4 0.92 0.71 0.93

Crude fiber 50.3 59.9 61.9 58.5 0.81 0.01 0.03

Lactation (d 18–21)

Dry matter 84.6 86.1 88.2 85.2 0.60 0.41 0.08

Gross energy 77.8 82.1 82.2 75.9 0.72 0.45 0.01

Crude protein 80.9 84.9 84.8 85.5 1.03 0.02 0.03

Ether extract 74.58 79.47 84.14 82.36 0.56 0.14 0.11

Crude fiber 78.9 79.6 84.2 78.6 1.64 0.69 0.34
1SEM = Standard error of mean.
2Digestibility was determined using chromium oxide as marker.

Table 6 Effects of magnesium on serum urea nitrogen, calcium, and magnesium concentrations as well as reproductive
hormone activities in gilts (Exp. 1)

Item Supplemental magnesium, % SEM1 P value

0 0.015 0.03 0.045 Linear Quadratic

Farrowing

Urea nitrogen, pmol/L 8,693.8 8,257.9 8,001.4 8,087.1 255.7 0.07 0.12

Estrogen, pmol/L 68.3 69.0 70.0 73.9 2.94 0.18 0.35

Progesterone, pmol/L 4,598.4 4,340.6 4,566.0 4,273.9 140.6 0.24 0.50

Prolactin, ng/L 133.8 161.4 149.9 138.7 8.82 0.94 0.10

Alkaline phosphate, U/L 8.72 9.97 9.36 9.45 0.37 0.11 0.29

Magnesium, mg/100 mL 1.83 2.00 1.85 1.89 0.05 0.89 0.10

Calcium, mg/100 mL 8.22 8.78 8.61 8.59 0.21 0.33 0.25

Weaning (d 28)

Urea nitrogen, pmol/L 8,728.6 8,524.1 8,308.1 8,591.6 214.6 0.79 0.84

Estrogen, pmol/L 12.94 13.72 13.13 13.99 0.75 0.44 0.74

Progesterone, pmol/L 243.1 221.4 239.1 255.1 4.14 0.34 0.31

Prolactin, ng/L 122.9 135.5 130.3 127.8 7.64 0.78 0.59

Alkaline phosphate, U/L 13.62 13.80 14.26 14.79 0.63 0.16 0.36

Magnesium, mg/100 mL 1.36 1.44 1.34 1.42 0.09 0.94 0.99

Calcium, mg/100 mL 5.66 5.00 5.15 5.71 0.28 0.82 0.11
1SEM = Standard error of means.
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quadratically affected (P < 0.05) by magnesium supple-
mentation. The ATTD of crude protein (linear and quad-
ratic effects, P < 0.05), and gross energy (quadratic effects,
P < 0.05) were also affected by supplemental magnesium
in lactation. However, there was no significant (P > 0.05)
difference in terms of crude fiber in lactation. Further re-
search is needed to clarify the role of magnesium in influ-
encing digestibility in gilts and sows.
Serum parameters
Magnesium level had no effect on the serum levels of mag-
nesium in gilts at either farrowing or weaning (Tables 6).
However, the serum levels of magnesium in farrowing
sows, was significantly affected (P < 0.05) by magnesium
supplementation (Tables 7). Magnesium level had no effect
on the serum levels of calcium in gilts or sows at farrowing
or weaning (Tables 6 and 7). Serum prolactin concentra-
tions and alkaline phosphate activities were linearly in-
creased (P < 0.05) by increasing the dietary magnesium
level in sows but not gilts at both farrowing and wean-
ing (Table 7).
Calcium, magnesium, and growth hormone levels in
colostrums, milk and piglet serum
Levels of calcium, magnesium, and growth hormone in
gilt and sow milk and piglet serum were presented in
Tables 8 and 9, respectively. Magnesium supplementa-
tion had no significant effect on magnesium and calcium
Table 7 Effects of magnesium on serum urea nitrogen, calciu
hormone activities in sows (Exp. 2)

Item Supplemental magnesium

0 0.015 0.03

Farrowing

Urea nitrogen, pmol/L 8,970.2 8,695.2 8,001.

Estrogen, pmol/L 83.4 90.5 85.5

Progesterone, pmol/L 9,235.8 8,000.2 8,247.

Prolactin, ng/L 138.5 152.5 185.5

Alkaline phosphate, U/L 8.69 9.06 8.92

Magnesium, mg/100 mL 1.76 1.93 1.99

Calcium, mg/100 mL 8.63 9.07 9.99

Weaning (d 28)

Urea nitrogen, pmol/L 9,423.0 8,834.4 7,557.

Estrogen, pmol/L 27.2 26.3 27.3

Progesterone, pmol/L 206.3 227.2 199.9

Prolactin, ng/L 139.3 141.2 184.6

Alkaline phosphate, U/L 10.7 14.2 14.8

Magnesium, mg/100 mL 1.73 1.94 1.97

Calcium, mg/100 mL 8.48 8.62 7.51
1SEM = Standard error of mean.
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concentration in colostrum and milk in gilt and progeny
serum. Growth hormone was unaffected as well.
With increasing magnesium levels in sow lactation di-

ets, the concentration of magnesium in colostrum was
increased (linear and quadratic effect, P < 0.05). Serum
magnesium concentration in the serum of piglets suck-
ling sows were also increased by increased levels of diet-
ary magnesium (linear and quadratic effect, P < 0.05). In
addition, growth hormone levels were linearly increased
in nursing progeny from sows or gilts supplemented
with Mg.

Discussion
The reproductive performance of high producing sows
has increased dramatically in the past decade [1] and it
is possible that the nutritional requirement of high pro-
ducing sows has been altered [2]. Our results indicated
that the sows appeared to respond to supplemental mag-
nesium. It is well known that body stores of minerals be-
come increasingly depleted in high producing sows with
advancing parity [16]. Therefore, it is possible that magne-
sium body storage declines as the sow ages, which may in-
crease the sow’s reliance on magnesium provided in diets.
Another possible explanation for the improved reproduct-
ive performance of sows supplemented with magnesium
may be related to a reduced incidence of constipation.
Treatments of magnesium had lower incidence of consti-
pation than the control group. Constipation has been
shown to negatively affect the reproductive performance
m and magnesium concentrations as well as reproductive

, % SEM1 P value

0.045 Linear Quadratic

4 7,890.1 102.2 0.91 0.43

78.8 5.42 0.44 0.33

7 8,365.6 107.5 0.17 0.08

195.7 7.54 <0.01 <0.01

10.58 0.44 0.01 0.01

1.95 0.06 0.02 0.02

9.02 0.38 0.52 0.70

9 8,227.9 38.4 0.01 0.01

25.2 1.38 0.39 0.63

228.0 14.4 0.56 0.82

196.8 6.1 <0.01 <0.01

14.9 0.65 <0.01 <0.01

1.86 0.09 0.27 0.10

8.58 0.42 0.67 0.52
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Table 8 The effects of magnesium on calcium, magnesium and growth hormone levels in colostrum and milk of gilts
and piglet serum (Exp. 1)

Item Supplemental magnesium, % SEM1 P value

0 0.015 0.03 0.045 Linear Quadratic

Colostrum

Magnesium, mg/100 mL 9.47 8.43 7.56 7.73 0.68 0.31 0.54

Calcium, mg/100 mL 85.67 82.12 69.16 83.23 8.11 0.72 0.76

Milk

Magnesium, mg/100 mL 11.20 12.61 11.90 11.47 0.27 0.83 0.29

Calcium, mg/100 mL 368.50 383.69 359.10 406.37 23.56 0.65 0.41

Piglet serum

Magnesium, mg/100 mL 2.23 2.37 2.22 2.68 0.29 0.91 0.76

Calcium, mg/100 mL 8.37 9.53 9.87 11.85 3.38 0.78 0.87

Growth hormone, μg/L 6.81 14.47 9.71 12.71 1.28 0.53 0.33
1SEM = Standard error of mean.
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of sows [17] and magnesium sulfate has been successfully
used as a laxative to prevent constipation in gestating and
lactating sows [18]. Although it is well known that the
lowest dietary level of Mg was 3.5 fold higher than NRC
(2012) and 5 fold higher than NRC (1998), our data
demonstrated that supplemental magnesium has the
potential to improve the reproduction performance of
sows, and the suitable supplemental dose ranged from
0.015% to 0.03%. Further researches will reveal the ac-
tual requirements.
Magnesium was an important cofactor of several en-

zymes involved in protein and energy metabolism and
was involved in many biochemical processes including
activation of phosphates and participation in carbohy-
drate metabolism [15]. Where positive effects of magne-
sium supplementation on ATTD were observed, it is
likely that the improvements were mediated by some
effect of magnesium on the activity of some of these
Table 9 The effect of magnesium on calcium, magnesium and
and piglet serum (Exp. 2)

Item Supplemental magnesium

0 0.015 0.03

Colostrum

Magnesium, mg/100 mL 7.45 7.93 8.24

Calcium, mg/100 mL 81.73 91.58 77.57

Milk

Magnesium, mg/100 mL 12.61 11.07 10.32

Calcium, mg/100 mL 271.27 274.43 230.46

Piglet serum

Magnesium, mg/100 mL 1.82 2.90 2.95

Calcium, mg/100 mL 8.63 8.53 8.30

Growth hormone, μg/L 9.55 10.68 8.95
1SEM = Standard error of mean.
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enzymes. Further investigation will be conducted to
analyze what kinds of enzymes are mediated by adding
magnesium. Apart from this, effect of Mg supplementa-
tion on rate of passage and water/electrolyte balance
should also be considered in the following research.
Previous reports on the effects of dietary magnesium

levels on serum magnesium levels in swine are inconsist-
ent. Harmon et al. [6] reported that an increase in diet-
ary magnesium increased serum magnesium levels in
weaned pigs [6]. However, Svajgr et al. reported that
supplemental magnesium had a negative influence on
serum magnesium levels in growing and finishing pigs
[7]. Nuoranne et al. concluded that serum magnesium is
not a reliable index of body magnesium status [19]. Ex-
cess magnesium antagonizes calcium leading to a greater
excretion and lower absorption of calcium [20]. There-
fore, it was expected that serum calcium levels would be
reduced by magnesium supplementation. However, in
growth hormone levels in colostrum and milk of sows

, % SEM1 P value

0.045 Linear Quadratic

9.68 0.25 0.01 0.03

101.73 7.89 0.17 0.39

12.13 0.51 0.60 0.21

384.53 39.41 0.50 0.46

2.90 0.18 0.02 0.04

10.53 0.41 0.32 0.39

10.29 1.69 0.04 0.11
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agreement with the results of the current study, Harmon
et al. reported that serum calcium levels were not influ-
enced by dietary magnesium level [6]. It is well known
that the main function of prolactin is to induce the mam-
mary gland to produce milk [21]. The more milk, the fas-
ter the growth of piglets [22], which might be the reason
that litter weight gain was increased by magnesium sup-
plementation in diets fed to sows. Additionally, with in-
creasing magnesium levels in sow lactation diets, the
concentration of magnesium in colostrum was increased,
as well as serum magnesium concentration in the serum
of piglets suckling sows. Growth hormone levels were
linearly increased in nursing progeny from sows or gilts
supplemented with Mg. On the other hand, our data indi-
cated that 0.015% Mg supplementation had a higher litter
gain than the control and the other treatments (0.03 or
0.045%), although there was a statistical increase in mean
piglet weight at birth between treatments (0.03 or 0.045%)
and the control. Therefore, this increase in serum growth
hormone levels may only partially explain the increase in
litter weight gain for piglets suckling sows fed supplemen-
tal magnesium, and the dose-effect relationship between
the Mg supplementation and litter gain were not linear.
Further researches are needed to perform to reveal the po-
tential mechanism.
Conclusion
In conclusion, our data indicated that increased oral ad-
ministration with magnesium could reduce the weaning
to estrus interval in both gilts and sows. In addition, mag-
nesium supplementation improved other reproductive pa-
rameters of sows, but not gilts. Supplemental Mg ranging
from 0.015% to 0.03% was suitable for high producing
sows. The effect appeared to be age related which may be
due to depleted body stores of minerals in high producing
sows as they age [16]. Therefore, it is possible that as the
sow ages, magnesium stores in the body decline, increas-
ing the sow’s reliance on the diet to provide magnesium.
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Effects of different dietary energy and protein
levels and sex on growth performance, carcass
characteristics and meat quality of F1 Angus ×
Chinese Xiangxi yellow cattle
Lingyan Li1, Yuankui Zhu2, Xianyou Wang1, Yang He1 and Binghai Cao1*
Abstract

Background: The experiment evaluated the effect of nutrition levels and sex on the growth performance, carcass
characteristics and meat quality of F1 Angus × Chinese Xiangxi yellow cattle.

Methods: During the background period of 184 d,23 steers and 24 heifers were fed the same ration,then put into a
2 × 2 × 2 factorial arrangement under two levels of - dietary energy (TDN: 70/80% DM), protein (CP: 11.9/14.3% DM)
and sex (S: male/female) during the finishing phase of 146 d. The treatments were - (1) high energy/low protein
(HELP), (2) high energy/high protein (HEHP), (3) low energy/low protein (LELP) and (4) low energy/high protein
(LEHP). Each treatment used 6 steers and 6 heifers, except for HELP- 5 steers and 6 heifers.

Results: Growth rate and final carcass weight were unaffected by dietary energy and protein levels or by sex.
Compared with the LE diet group, the HE group had significantly lower dry matter intake (DMI, 6.76 vs. 7.48 kg
DM/d), greater chest girth increments (46.1 vs. 36.8 cm), higher carcass fat (19.9 vs.16.3%) and intramuscular fat
content (29.9 vs. 22.8% DM). The HE group also had improved yields of top and medium top grade commercial
meat cuts (39.9 vs.36.5%). The dressing percentage was higher for the HP group than the LP group (53.4 vs. 54.9%).
Steers had a greater length increment (9.0 vs. 8.3 cm), but lower carcass fat content (16.8 vs. 19.4%) than heifers.
The meat quality traits (shear force value, drip loss, cooking loss and water holding capacity) were not affected by
treatments or sex, averaging 3.14 kg, 2.5, 31.5 and 52.9%, respectively. The nutritive profiles (both fatty and amino
acid composition) were not influenced by the energy or protein levels or by sex.

Conclusions: The dietary energy and protein levels and sex significantly influenced the carcass characteristics and
chemical composition of meat but not thegrowth performance, meat quality traits and nutritive profiles.

Keywords: Carcass characteristics, Energy, F1 Angus × Chinese Xiangxi yellow cattle, Growth performance,
Meat quality, Protein, Sex
Background
Angus is one of the most popular breeds of cattle used
in beef production because it has a considerable growth
rate, high carcass yield and well-marbled meat. Xiangxi
yellow cattle area breed of Chinese indigenous yellow
cattle that is bred in the northwest of Hunan Province. It
was included in the National Protection List of Livestock
* Correspondence: caobhchina@163.com
1National Beef Cattle Industry and Technology System, College of Animal
Science and Technology, China Agricultural University, Beijing 100193, China
Full list of author information is available at the end of the article
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and Poultry Genetic Resources of China in 2006 [1]. The
breed is well-adapted to low-quality roughage and high
temperature environments, its mature weight does not
exceed 400 kg, its growth rate is under 0.5 kg/d and the
dressing percentage and longissimus muscle (LM) area are
49.48% and 46.75 cm2, respectively [2]. In the past, the
low level of agricultural mechanization has meant that the
yellow cattle in China were only used as draft animals.
However as a result of rapid economic development, the
standard of living in many communities has increased,
which has produced a higher demand for beef in terms of
HNOLOGIES ________________________
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Table 1 Feed ingredients and nutrition levels for
background period and different treatment groups
during finishing

Item Background Finishing

HE LE

LP HP LP HP

Ingredient, % DM

Hybrid penisetum 20.00 — — — —

Rice straw 20.00 20.00 20.00 30.00 30.00

Ground corn 29.90 66.54 61.03 41.23 36.83

Soybean meal 19.18 10.46 15.97 3.70 7.86

Cottonseed meal 7.45 — — 4.32 7.56

Wheat bran — — — 18.00 15.00

Limestone 0.67 1.00 1.00 1.00 1.00

Sodium bicarbonate 1.00 — — — —

Salt 1.20 1.20 1.20 1.05 1.05

Premix1 0.60 0.80 0.80 0.70 0.70

Nutrient level, % DM

DM 74.19 86.31 86.45 86.69 86.85

CP 16.52 11.96 14.34 11.90 14.30

TDN 68.22 79.78 79.87 69.95 70.03

NDF 34.27 21.60 21.81 33.09 33.24

ADF 20.53 11.27 11.59 17.75 18.40

Ca 0.42 0.39 0.40 0.41 0.42

P 0.31 0.23 0.24 0.35 0.38
1Vitamin and mineral premix contained per kilogram DM: Vitamin A,
154,000 IU; Vitamin D, 38,500 IU; Vitamin E, 3,500 IU; Fe, 9.0 g; Zn, 7.0 g; Mn,
14.0 g; Cu, 1.0 g; I, 138.0 mg; Se 30.0 mg; Co, 60 mg; Monensin, 30 g/1,000 kg.
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both quantity and quality. Therefore, to meet the current
market demands, methods to increase beef quality and
quantity have been introduced, such as crossing superior
foreign breeds with native breeds and manipulating nutri-
tion. Dietary nutrition has important roles in growth per-
formance, carcass quality and meat quality traits [3-5].
Previous studies have assessed the effect of nutrition on the
growth performance, carcass characteristics and meat qual-
ity of Angus [6] or Angus crossbred cattle, such as Angus ×
Holstein–Friesian, Angus ×Gelbvieh and Angus × Limousin
cattle [7-9]. However, little research has been performed on
the crossbred progeny of Angus and Chinese yellow cattle.
Therefore, the aim of this study was to assess the effects
of different dietary energy and protein levels and sex on
the growth performance, carcass characteristics and meat
quality of F1 Angus × Chinese Xiangxi yellow cattle.

Materials and methods
Animals and management
Animal care and procedures were approved and con-
ducted under established standards of the College of Ani-
mal Science & Technology, China Agricultural University.
Twenty-three (23) male and twenty-four (24) female

weaning calves of F1 Angus × Chinese Xiangxi yellow cattle
were selected and transferred from the breeding centre to
the fattening farm of Hunan Tin Wah Industrial Co., Ltd.
The calves were the F1 progeny of purebred Angus bulls
bred to dams of purebred Chinese Xiangxi yellow cows.
After arriving at the fattening farm, all male calves were
castrated and dewormed. The cattle at an average age of 6.5
mon were weighed and fed the same ration as during the
background period (184 d). The animals were then placed
in a 2 × 2 × 2 factorial arrangement to study the effects of
two levels of dietary energy (TDN (Total Digestible Nutri-
ents): 70%, 80% DM (Dry Matter)) and protein (CP (Crude
Protein): 11.9%, 14.3% DM) and sex (S: male, female) on
the growth performance, carcass characteristics and
meat quality during the finishing phase. The cattle
were divided into four treatment groups based on age,
body weight (BW) and growth rate during the background
period and body size. The treatment groups were:

(1) high energy and low protein(HELP; TDN: 80% DM,
CP: 11.9% DM),

(2) high energy and high protein(HEHP; TDN: 80% DM,
CP: 14.3% DM),

(3) low energy and low protein(LELP; TDN: 70% DM,
CP: 11.9% DM),

(4) low energy and high protein(LEHP; TDN: 70% DM,
CP: 14.3% DM).

Six steers and 6 heifers were placed in each treatment
group, except for the HELP group, which contained 5 steers
and 6 heifers. At the start of the finishing phase, a 14-day
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adaptation period was used for transition between rations
which consisted of mixing 1/3 of the finishing ration with
the previous ration for 7 d, then adding 2/3 of the finishing
ration for the following 7 d and finally switching to the en-
tirely new ration. The cattle were not implanted with any
steroid hormones and were fed for 146 d until slaughter.
All of the cattle were held in eight sheltered pens at a stock-
ing density of 5 m2 per animal during the background
period and were tied up to feed during the finishing period.
The animals were fed twice a day at 0700 h and 1700 h and
allowed to drink water freely. The nutrition levels of diffe-
rent phases and treatment groups are shown in Table 1.

Growth performance
The cattle were weighed at the beginning and end of the
background and finishing phases. The dry matter intake
was recorded every 2 wk to calculate the average DMI du-
ring the background and finishing phases. Samples of the
diet and refusals (uneaten feed) were collected every month
for analysis using the standard methods of AOAC(2000) for
DM, CP, Ca and P [10]. NDF (Neutral Detergent Fiber) and
ADF (Acid Detergent Fiber) were determined following a
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modification of the procedure of Van Soest et al. [11]. Body
measurements, including withers height, body length, chest
girth and shin circumference were taken at the beginning
and end of the finishing phase. The first two measurements
were recorded using calipers and the latter two were
recorded using a metal measuring tape.

Carcass characteristics
At the end of the trial, all of the cattle were slaughtered.
The hot carcass weight (HCW) and cold carcass weight
(CCW, hot carcass × 0.98) were recorded to calculate the
dressing percentage and the carcass composition. At the
same time, a sample meat cut(2 cm × 5 cm × 3 cm), free
of external fat and connective tissue, was also taken be-
tween the 6th and 7th ribs of the LM (Longissimus dorsi
muscle) from the left side of each carcass. The sample
was weighed, hung by a nylon cordin a plastic bag at 4°C
for 48 h, then dried on absorbent paper before reweighing
to ascertain the drip loss percentage, which was calculated
by (initial weight-final weight)/initial weight. The carcasses
were then put into a chiller at 0–4°C and aged for 7 d.
The ultimate pH of the LM (12–13th rib) was measured
on the left body side at 48 h post-mortem using a pH elec-
trode probe (Testo 205, Testo AG, Lenzkirch, Germany),
and the following carcass linear measurements were re-
corded: length of carcass, depth of chest, length of leg
[12], maximum girth of leg, lean thickness (muscle and
subcutaneous fat) of leg, rib (between the 5th and 6th rib)
and loin (between the 3rd and 4th lumbar vertebrae). The
carcass composition (bone, fat and meat) was assessed by
dissection of the 8th rib, cut on the 8th day post-mortem
[13]. The LM area and fat thickness were measured be-
tween the 12th and 13th ribs of the LM using a plastic grid
and Vernier caliper. Commercial meat cuts were dissected
and named following the standard method by Chen [14]
and were weighed after trimming. Based on the most
popular and economic meat cuts in Chinese markets, the
highrib, ribeye, striploin and tenderloin were considered
as the top grade cuts, and the chunk tender, topside,
outside flat, eye round, rump and knuckle were considered
as the medium top grade cuts. The top and medium top
grade cut yields were then calculated.

Meat quality
The meat quality was determined from the sample (6.0 cm
thick) removed from the longissimus muscle between the
12th and 13th ribs on the left sideof the body after carcass
dissection, with no external fat or connective tissue. The
meat samples were then frozen (−24°C) and transported to
the China Agriculture University until analysis could be
conducted. The meat samples were cut into three steaks
using a saw before thawing. The first sample (2.54 cm
thick) was used for calculating cooking loss by measuring
the difference in weight before and after a period of heating
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to an internal sample temperature of 70°C in a 75°C water
bath six 1.27-cm cores parallel to the muscle fiber orienta-
tion were then removed from the cooked sample for the
instrumental measurement of tenderness by a texture
analyzer (TA.XT plus, SMS, Godalming, Surrey, UK). The
second sample (1.5 g) was allowed to thaw for 12 h at
1–2°C and then its water holding capacity (WHC) was
measured by holding the sample under pressure (35 kg)
for 5 min by a texture analyzer (TA.XT plus) fitted with
a compression platen (diameter 7.5 cm) and reweighing.
The following equation was used to calculate WHC.

X ¼ M1A‐ M1‐M2ð Þ
M1A

Where X =% WHC, M1 = weight of sample before com-
pression (g), M2 = weight of sample after compression (g)
and A = total water content in the sample (%). The third
sample was freeze-dried and then DM, crude protein,
intramuscular fat, fatty acids (FA) and amino acids (AA)
were measured.
The one-step extractive methylation procedure for fatty

acids gain [15] was performed in a gas chromatograph
(GC-2014, Shimadzu, Kyoto, Japan) with a capillary col-
umn (HP-88 100 m long, 0.25 mm diameter, 0.20 μm film.
Agilent Santa Clara, California, America) using margaric
acid (C17:0) as an internal standard. The oven temperature
was programmed to provide three consecutive ramps, the
first had an initial temperature of 120°C maintained for
1 min then increasedby 10°C/min until it reached 175°C,
where it was maintained for 10 min; the second increased
by 5°C/min until it reached 210°C, where it was maintained
for 5 min and the third ramp increased by 5°C/min to
230°C, where it was maintained for 5 min. The carrier gas
was helium at a flow rate of 2 mL/min. An automatic
split/splitless injector with a 1/50 split and a temperature
of 250°C was used. The injection volume was 1 μL. A
flame ionization detector (FID) was used with an air flow
of 450 mL/min, hydrogen flow of 40 mL/min and a de-
tector temperature of 280°C. Fatty acids were expressed in
gravimetric concentrations (mg/g of freeze dried sample).
Amino acids were determined in the dried, fat-free

meat samples using a Shimadzu (10A VP DAD) high-
performance liquid chromatograph (HPLC) following
the procedure described by Wu [16].

Statistical analysis
There were three major factors in the experimental de-
sign: dietary energy, protein and sex with each factor
having two levels: energy (TDN: 70%, 80% DM), pro-
tein (CP: 11.9%, 14.3% DM) and sex (S: male, female).
Therefore the effects of dietary energy, protein and sex
and their interactions with growth performance, carcass
characteristics and meat quality traits were analyzed using
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Table 3 Effects of dietary treatments and sex on finishing
growth performance of cattle

Item HE LE SEM E P S

LP HP LP HP

Initial BW, kg M 319.75 286.50 299.60 294.00 16.86 ns ns ns

F 293.50 283.66 295.20 282.83

Final BW, kg M 435.00 391.50 391.80 391.20 23.86 ns ns ns

F 396.75 418.50 412.00 401.66

DMI, kg/d M 6.73a 6.74a 7.46b 7.47b 0.020 ** ns ns

F 6.74a 6.77a 7.50b 7.45b

ADG, kg M 0.77 0.70 0.62 0.65 0.079 ns ns ns

F 0.69 0.90 0.78 0.79

FCR M 8.79 10.34 12.72 11.91 1.23 ** ns ns

F 10.13 8.23 9.72 10.15

Significance: **(P < 0.01), ns not significant (P > 0.05).
M =male, steer, F = female, heifer, E = energy, P = protein, S = sex.
Interactions between energy, protein levels and sex were not significant so
not shown in the table.
abMeans within the same row with the same superscript letter are not
significantly different (P > 0.05).
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a 2 × 2 × 2 factorial arrangement (energy × protein × sex)
using the GLM procedure of SAS (version 9.0, SAS Inst.
Inc., Cary, NC, USA). When a significant effect of treat-
ment was detected (P < 0.05), differences between the
means were tested using Tukey’s multiple comparison
test.

Results
Background performance
The growth performance results from the cattle during
the background phase are shown in Table 2. The animals
were fed the same rations during the background phase;
the initial weight was no different between the steers
and heifers but the ADG and final BW for the steers was
higher than those for the heifers, but not significantly so
(P > 0.05).

Finishing performance
The growth performance results from the cattle during
the finishing phase are shown in Table 3. The initial BW
values did not differ according to treatments or sex. The
ADG and final BW were not affected by the energy or
protein levels or by sex. The cattle fed an HE diet had
a significantly lower dry matter intake (6.76 vs. 7.48
kgDM/d, P < 0.01) and FCR (Feed conversion ratio)
(9.38 vs. 11.13, P < 0.01) than those fed an LE diet.
The body measurements were not significantly different

between treatments or sex at the start of the finishing
phase (Table 4). Compared with cattle fed an LE diet, a
greater chest girth increment (46.1 vs. 36.8 cm, P < 0.01)
and larger chest girth (190.2 vs. 182.6 cm, P < 0.05) were
found in cattle fed an HE diet with steers having a
greater body length increment than heifers (9.0 vs.
8.3 cm, P < 0.01).

Carcass characteristics
Thecarcass quality traits are shown in Table 5. The hot
carcass weights were not affected by the energy or pro-
tein levels or by sex. The dressing percentage was higher
with higher protein levels (P < 0.05) and the cattle in the
LE treatment contained 3.4% units more lean meat and
3.6% units less fat than HE treatment (P < 0.05), which
indicated that the meat:fat ratio was 23.6% higher. There
Table 2 Effects of sex on backgroundgrowth performance
of cattle

Item Steer Heifer SEM P

Initial BW, kg 149.19 149.10 5.24 ns

Final BW, kg 299.61 288.05 7.99 ns

DMI, kg/d 5.04 5.10 0.02 ns

ADG, kg 0.82 0.74 0.03 ns

FCR 6.33 7.39 0.49 ns

Significance: ns not significant (P > 0.05).
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was an energy × sex interaction for the 12th rib fat thickness
(P < 0.05). The bone content, meat:bone ratio and LM area
were not affected by any of the factors. No differences were
observed for the weight of most of the top and medium top
grade cuts except for the highrib, striploin and chunk ten-
der cuts which were affected by the energy or energy ×
protein interaction (Table 6). The yields of the top and
medium top grade cuts were higher in the HE than LE
treatments (P < 0.05).
The carcass measurements are shown in Table 7. The

steers had a greater chest depth and maximum leg girth
(P < 0.05) and a thinner rib lean thickness (P < 0.01) than
the heifers. The cattle fed an HE diet had a greater leg and
rib lean thickness than those fed an LE diet (P < 0.01).

Meat quality
The LM chemical composition and quality traits are
shown in Tables 8 and 9. The dry matter was higher for
heifers than for steers (29.2 vs. 27.6%, P < 0.05). The ul-
timate pH, protein and intramuscular fat content were
significantly affected by the energy level, with a lower
ultimate pH (5.71 vs. 5.79, P < 0.01), protein content
(68.6 vs. 74.9% DM, P < 0.05) and higher intramuscular
fat content (29.9 vs. 22.8% DM, P < 0.01) detected in
the HE treatment compared with the LE treatment.
The shear force value, drip loss, cooking loss and water
holding capacity were not affected by the energy or
protein levels or by sex and averaged 3.14 kg, 2.5, 31.5
and 52.9%, respectively. The fatty acid composition
(Table 10) and amino acid composition (Tables 11 and 12)
were not influenced by the energy or protein levels or
by sex. (P > 0.05), but the ratio of unsaturated fatty
acids to saturated fatty acids was higher in the HE
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Table 4 Effects of dietary treatments and sex on body measurementsof cattle

Item HE LE SEM E P S

LP HP LE HP

Start of finishing

Chest girth, cm M 144.9 145.7 147.1 147.0 2.00 ns ns ns

F 142.3 143.4 146.5 142.8

Withers height, cm M 106,2 108.7 108.6 112.6 2.65 ns ns ns

F 106.0 109.8 111.9 109.8

Shin circumference, cm M 18.4 16.6 17.8 16.1 0.88 ns ns ns

F 15.3 17.8 16.3 15.4

Body length, cm M 123.9 116.3 122.1 122.2 3.81 ns ns ns

F 119.3 121.1 122.5 118.5

End of finishing

Chest girth, cm M 197.4 187.1 182.8 180.0 4.27 * ns ns

F 184.0 192.2 183.7 183.9

Withers height, cm M 116.4 119.2 118.3 123.3 3.03 ns ns ns

F 118.5 120.8 120.4 119.3

Shin circumference, cm M 19.9 18.5 19.7 18.2 0.92 ns ns ns

F 17.2 19.3 17.8 17.1

Body length, cm M 132.8 125.0 130.8 131.6 3.71 ns ns ns

F 127.2 129.5 130.7 127.0

Increment

Chest girth, cm M 52.5 41.4 35.8 33.0 4.56 ** ns ns

F 41.7 48.7 37.2 41.1

Withers height, cm M 10.2 10.4 9.7 10.7 1.48 ns ns ns

F 12.5 11.0 8.5 9.4

Shin circumference, cm M 1.5 1.9 1.9 2.1 0.21 ns ns ns

F 1.8 1.6 1.6 1.8

Body length, cm M 8.9 8.7 8.8 9.4 0.34 ns ns **

F 7.9 8.4 8.2 8.5

Significance: *(P < 0.05), **(P < 0.01), ns not significant (P > 0.05).
M =male, steer, F = female, heifer, E = energy, P = protein, S = sex.
Effects of interactions between energy,protein levels and sexwere not significant (P > 0.05).
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treatment compared with the LE treatment (P < 0.05).
The percentage of amino acids producing an umami,
sour or sweet taste was more than 60% with the percent-
age producing a bitter taste at about 29%. The essential
and non-essential amino acids were approximately 28.4
and 71.7%, respectively.

Discussion
Growth performance
The initial BW (293.4 kg) did not differ between treat-
ments or sex at the beginning of the finishing phase, and
the ADG was not affected by the energy or protein levels
or sex averaging 0.74 kg/d. The cattle fed an HE diet
had a lower dry matter intake (6.76 vs. 7.48 kgDM/d,
P < 0.01) and FCR (9.38 vs. 11.13, P < 0.01) compared with
those fed an LE diet. The DMI was lower in the HE
__________________________ WORLD TEC
treatment group, which can be explained by the theory
of satiety limit intake where in the metabolic needs are
completely met [17]. Compared with the current study,
Angus crossbred cattle such as Angus × Gelbvieh gained
1.76 kg/d and their FCR was 5.36 when they were fed for
180 d with a similar dietary nutrition level at nearly the
same initial BW of approximately 293.6 kg [8]. The con-
trast could be considered the result of the genetic
influence of the Xiangxi yellow cattle because the rate of
gain is usually positively related to the mature size [18].
The mature weight and withers height of the Xiangxi yel-
low bulls were 334.3 kg and 117.1 cm, respectively, and
for cows were 240.2 kg and 106.1 cm, respectively [2].
However, the mature weight and withers height of the
Gelbvieh bulls were 1,100–1,300 kg and 148–156 cm,
respectively, and of the cows, 650–850 kg and 140 cm,
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Table 5 Effects of dietary treatments and sex oncarcass quality traits of cattle

Item HE LE SEM E P S E × P E × S

LP HP LP HP

HCW, kg M 235.50 214.75 205.00 210.00 12.284 ns ns ns ns ns

F 207.25 233.75 223.60 220.83

Dressing percentage, % M 54.00 54.75 52.00 53.80 0.009 ns * ns ns ns

F 52.75 55.83 54.60 55.00

CCW, kg M 231.00 210.50 201.00 205.80 11.80 ns ns ns ns ns

F 203.00 229.16 219.20 216.33

Carcass composition, %

Meat M 64.29 67.65 71.08 70.47 0.018 * ns ns ns ns

F 62.78 67.21 69.05 67.48

Fat M 19.51 19.56 14.05 13.99 0.017 * ns * ns ns

F 22.23 18.11 17.34 19.84

Bone M 15.29 11.89 14.15 14.68 0.143 ns ns ns ns ns

F 13.53 14.38 12.73 12.22

Meat:fat ratio M 3.30 3.45 5.04 5.04 0.466 * ns * ns *

F 2.83 3.71 3.99 3.41

Meat:bone ratio M 4.20 5.69 5.01 4.80 0.421 ns ns ns ns ns

F 4.65 4.67 5.44 5.53

Fat thickness, cm M 1.10 0.98 0.72 0.71 0.118 ns ns ns ns *

F 0.76 1.04 1.01 0.86

LM area, cm2 M 65.71 66.59 54.24 60.47 3.660 ns ns ns ns ns

F 59.63 59.04 59.59 58.31

Significance: *(P < 0.05), ns not significant (P > 0.05).
M = male, steer, F = female, heifer, E = energy, P = protein, S = sex.
Effects of P × S and E × P × Sinteractions were not significant (P > 0.05).
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respectively [19]. Therefore, the extremely large dif-
ference between the mature size ofthe Xiangxi yellow
cattle and Gelbvieh cattle resulted in a lower ADG for
the Angus × Chinese Xiangxi yellow cattle compared
with the Angus ×Gelbvieh. However, growth stimulants
were not used for the cattle in the present study, whereas
Synovex-S was implanted in the Angus × Gelbvieh cross,
which might have improved the ADG in the research of
Ludden et al. [8].
The average withers height at 12 and 18mon for the

cattle in the present study was 109.2 and 119.5 cm, re-
spectively, which was shorter than the Angus × Hereford
steers that had a yearling height of 112.0 and 122.4 cm
at the age of 16 mon [20]. Angus bulls can reach a
height of 120.2 cm at 12 mon [21]. Withers height, shin
circumference and body length are mainly determined
by the composition of the bones, which are an early
maturing part of the body; however the chest girth is a
relatively late maturing part of the body and is mainly
determined by meat and fat. Therefore the chest incre-
ment revealed that the higher energy in the diet may
have resulted in additional protein deposition and fat
cover.
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Carcass characteristics
Carcass quality traits are shown in Table 5. The hot
carcass weights were not affected byenergy or protein
levels or by sex and had a mean value of 219.0 kg. This
result cannot be compared with data obtained from
Angus or other Angus crossbred cattle, because they
have a greater growth rate resulting in a heavier slaugh-
ter and carcass weight at the age of 17–19 mon [6,21] or
even at 14 mon [22]. The authors reported carcass
weights of 292.3 and 335.7 kg for the Angus bulls and
293.8 kg for 19 various Angus crossbred steers. The
dressing percentage was higher with increasing protein
levels (53.4 vs. 54.9%, P < 0.05), which might have been
caused by theincreased water concentrations in tissues
as a result of the hydrophilic characteristics of systemic
ammonium ions leading to higher dressing percentage
[23]. The mean dressing percentage for all of the cattle
was 54.2%, which was lower than the values of 55.0, 56.2
and 58.2% found by Cuvelier et al. [6], Albertí et al. [21]
and Laborde et al. [22], respectively. In China, a dress-
ing percentage of 52% is set at a threshold value for the
gain or loss of 0.3 Yuan RMB per kg for one percent
higher or lower [24].
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Table 6 Effects of diets and sex on yield of Top and Medium top grade commercial cuts

Item HE LE SEM E P E × P

LP HP LP HP

Total meat, kg 138.3 148.9 146.9 145.6 11.6 ns ns ns

Top grade cuts

Highrib, kg 8.1 8.3 6.9 7.2 0.38 * ns ns

Ribeye, kg 8.3 8.3 7.8 7.5 0.50 ns ns ns

Striploin, kg 5.4 6.4 6.2 5.7 0.30 ns ns *

Tenderloin, kg 2.7 2.4 2.4 2.3 0.14 ns ns ns

Medium top grade cuts

Chunk tender, kg 2.1 1.8 1.7 2.0 0.10 ns ns *

Topside, kg 9.6 9.3 8.2 8.4 0.59 ns ns ns

Outside flat, kg 5.0 4.8 4.6 4.7 0.28 ns ns ns

Eye round, kg 3.0 2.9 2.8 2.8 0.18 ns ns ns

Rump, kg 5.5 6.1 5.4 4.7 0.36 ns ns ns

Knuckle, kg 6.9 6.3 6.9 7.0 0.37 ns ns ns

Top grade cuts yield, % 18.0 17.3 15.9 15.6 0.006 * ns ns

Medium top grade cuts yield, % 23.5 21.0 20.1 20.3 0.009 * ns ns

Total, % 41.4 38.3 36.3 36.7 0.01 * ns ns

Significance: *(P < 0.05), ns not significant (P > 0.05).
M = male, steer, F = female, heifer, E = energy, P = protein.
Sex had no effect on yield of Top and Medium top grade commercial (P > 0.05).
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Regarding the carcass composition, the cattle in the
LE diet treatment contained more lean meat (69.6 vs.
65.5%, P < 0.05) and a lower fat content (16.3 vs. 19.9%,
P < 0.05) than in the HE treatment, which might have re-
sulted from the higher glucose content in the HE diet
Table 7 Effects of dietary treatments and sex on carcass mea

Item HE

LP HP

Carcass length, cm M 137.0 127.5

F 128.0 136.3

Chest depth, cm M 70.3 67.9

F 64.2 68.0

Maximum leg, cm M 73.4 72.2

F 66.8 71.0

Leg length, cm M 62.9 62.8

F 61.8 63.3

Leg lean thickness, cm M 10.2 11.2

F 10.4 10.9

Loin lean thickness, cm M 6.0 6.1

F 6.0 7.0

Rib lean thickness, cm M 4.4ab 5.0ab

F 5.0ab 5.8a

Significance: *(P < 0.05), **(P < 0.01), ns not significant (P > 0.05).
M =male, steer, F = female, heifer, E = energy, P = protein, S = sex.
Effects of interactions between energy, protein level and sex were not significant (P
abMeans within same row with the same superscript letter are not significantly diffe
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which increased the fat deposition. In the present study,
a higher meat content (67.6 vs. 62.2%, 61.6%) and lower
fat content (18.1 vs. 23.6%, 21.7%) was observed com-
pared with that found by Cuvelier et al. [6] and Albertí
et al. [21] at a slaughter age of 17-19 mon because the
surements of cattle

LE SEM E P S

LP HP

131.8 135.0 3.18 ns ns ns

133.7 132.5

66.9 68.0 1.31 ns ns *

64.9 66.8

73.0 73.6 1.64 ns ns *

71.6 70.9

63.9 64.3 1.57 ns ns ns

63.6 62.5

10.4 9.7 0.40 ** ns ns

9.3 9.4

6.8 6.0 0.34 ns ns ns

5.9 6.4

4.1b 4.0ab 0.29 ** ns **

5.0ab 4.8b

> 0.05).
rent (P > 0.05).
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Table 10 Effects of dietary treatments and sex onfatty
acid composition of LM (mg/g DM)

Item HE LE SEM E P E × P

LP HP LP HP

C14:0 6.70 5.45 4.56 5.88 1.31 ns ns ns

C14:1 1.97 2.12 1.71 2.26 0.36 ns ns ns

C16:0 61.68 51.55 47.46 55.03 9.28 ns ns ns

C16:1 13.86 10.40 9.18 10.72 1.96 ns ns ns

C18:0 22.92 19.72 17.06 21.42 3.66 ns ns ns

C18:1trans-9 2.14 1.26 1.35 1.24 0.37 ns ns ns

C18:1 cis-9 91.91 75.95 63.24 76.70 13.79 ns ns ns

C18:2 cis-9,12 4.27 4.61 3.32 3.22 0.80 ns ns ns

C18:3n-3 0.30 0.53 0.23 0.46 0.14 ns ns ns

C20:3n-6 2.75 2.22 2.00 2.95 0.24 ns ns **

SFA 91.30 76.72 69.08 82.33 14.11 ns ns ns

MUFA 109.9 89.72 75.48 90.93 16.19 ns ns ns

PUFA 7.16 7.08 5.39 6.38 0.85 ns ns ns

n-6:n-3 25.94 19.74 14.95 17.36 7.99 ns ns ns

P:S 0.11 0.14 0.09 0.11 0.03 ns ns ns

UFA:SFA 1.31 1.27 1.17 1.20 0.05 * ns ns

Significance: *(P < 0.05), **(P < 0.01), ns not significant (P > 0.05).
M =male, steer, F = female, heifer, E = energy, P = protein, S = sex.
Sex had no effect on fatty acid composition of LM (P > 0.05).

Table 8 Effects of dietary treatments and sex onchemical
composition of LM

Item HE LE SEM E P S

LP HP LP HP

Dry matter, % M 28.6 28.0 27.7 26.2 0.010 ns ns *

F 30.2 29.3 29.0 28.3

Crude protein, % DM M 70.2 70.8 76.8 75.8 0.035 * ns ns

F 65.2 68.0 72.7 74.4

Intramuscular fat, % DM M 28.4 27.7 18.5 22.4 0.038 ** ns ns

F 32.3 31.2 25.7 24.6

Significance: *(P < 0.05), **(P < 0.01), ns not significant (P > 0.05).
M =male, steer, F = female, heifer, E = energy, P = protein, S = sex.
Effects of interactions between energy, protein level and sex were not
significant (P > 0.05).
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age of puberty for Angus cattle is 295 d [25], which is
less than that of Chinese Xiangxi yellow cattle at 497 d
[2]. Therefore, pure Angus cattle deposit fat at a younger
age and the high growth rates of 1.66 kg/d and 1.9 kg/d,
reported by Cuvelier et al. [6] and Albertí et al. [21],
accelerates fat deposition. Thus, the fat contents in
these previous experiments were higher than that of the
Angus × Chinese Xiangxi yellow cattle in the present
study.
Heifers had a higher fat content than steers (16.8 vs.

19.4%, respectively) and under the conditions of an LE
diet, heifers had a greater 12th rib fat thickness than
steers. This suggests that heifers deposit fat more easily,
which is possibly related to hormonal effects [26]. The
LM area was not different between treatments or sex
and averaged 60.4 cm2 which was within the range of
Table 9 Effects of dietary treatments and sex onquality
traits of LM

Item HE LE SEM E P S

LP HP LP HP

pH M 5.67b 5.77ab 5.74ab 5.80ab 0.042 ** ns ns

F 5.75ab 5.65b 5.76ab 5.86a

Shear force, kg M 3.38 3.31 2.81 3.11 0.370 ns ns ns

F 3.34 2.98 3.40 2.82

Cooking loss, % M 30.40 31.33 32.50 33.20 0.016 ns ns ns

F 30.33 32.50 30.33 31.14

Drip loss, % M 2.60 2.00 2.50 2.13 0.013 ns ns ns

F 2.00 2.66 2.66 3.24

WHC, % M 53.00 51.16 54.00 53.80 0.019 ns ns ns

F 50.66 52.50 53.83 54.43

Significance: **(P < 0.01), ns not significant (P > 0.05).
M = male, steer, F = female, heifer, E = energy, P = protein, S = sex.
Effects of interactions between energy, protein level and sex were not
significant (P > 0.05).
abMeans within same row with the same superscript letter are not significantly
different (P > 0.05).
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58.7–70.3 cm2 for pure Angus or Angus crossbred cattle
with a slaughter weight of approximately 400 kg [27-29].
The yields of top and medium top grade cuts were

higher in the HE treatment than in the LE treatment,
which suggests that the high plane of nutrition, especially
for the dietary energy level, contributed to the higher
yields of the top and medium top grade cuts.
Steers had a greater chest depth and maximum leg

girth, but thinner rib lean thickness (P < 0.01) than heifers.
Although the male cattle had been castrated before the
experiment, they still had more development in the fore
body and legs than the heifers. The increasing energy level
contributed to a greater leg and rib lean thickness.

Meat quality
The DM of the LM was higher for heifers than steers,
which can be explained by the heifers having a greater
intramuscular fat content, because fat tissues contain little
water, so the DM of the LM was higher [30]. A higher
intramuscular fat content (29.9 vs. 22.8%, P < 0.01) and
lower protein content (68.6 vs. 74.9%, P < 0.05) were ob-
served in the HE treatment compared with the LE diet
treatment, this could have resulted from the intramuscular
fat being derived from a glucose substrate that is absorbed
in the small intestine and stimulates a greater activity of
ATP citrate lyase, which synthesizes fat from glucose [31].
A maize-based diet could enhance the glucose absorbed
in the small intestine. In the present study, a greater
HNOLOGIES ________________________



Table 12 Effects of dietary treatments and sex onflavor
amino acid composition of LM (mg/100 mg DM basis)

Item HE LE SEM E P E × P

LP HP LP HP

Lysine 4.61 3.72 4.06 4.25 0.46 ns ns ns

Cysteine 4.79 4.59 4.50 4.45 0.33 ns ns ns

Umami taste

Aspartic acid 13.86 13.76 13.35 12.15 1.44 ns ns ns

Glutamic acid 21.93 19.54 18.67 20.41 1.19 ns ns *

Total AA(U) 35.79 33.30 32.02 32.56 1.71 ns ns ns

Sweet taste

Threonine 4.52 4.09 4.16 4.18 0.27 ns ns ns

Alanine 5.99 5.53 5.36 5.70 0.32 ns ns ns

Glycine 4.92 4.32 4.29 4.38 0.32 ns ns ns

Serine 9.21 6.23 5.86 5.76 1.37 ns ns ns

Proline 2.14 2.13 2.02 2.08 0.21 ns ns ns

Total AA(S) 26.79 22.30 21.69 22.10 1.41 ns ns ns

Bitter taste

Arginine 6.26 5.20 5.23 5.28 0.48 ns ns ns

Histidine 1.26 0.64 0.74 0.64 0.27 ns ns ns

Leucine 4.82 4.65 4.61 4.76 0.19 ns ns ns

Isoleucine 3.19 3.37 3.05 3.14 0.18 ns ns ns

Methionine 4.28 4.11 3.90 4.03 0.17 ns ns ns

Phenylalanine 1.59 1.58 1.61 1.56 0.12 ns ns ns

Tyrosine 3.82 2.94 3.41 3.54 0.42 ns ns ns

Valine 3.53 3.05 2.94 2.94 0.35 ns ns ns

Total AA(B) 28.74 25.54 25.52 25.89 1.21 ns ns ns

Total AA 100.73 89.46 87.79 89.25 3.51 ns ns ns

AA(U)/TAA, % 36.33 36.82 36.48 36.14 0.01 ns ns ns

AA(S) /TAA, % 26.09 25.12 24.71 24.86 0.007 ns ns ns

AA(B) /TAA, % 28.33 28.79 29.06 29.30 0.009 ns ns ns

Significance: *(P < 0.05), ns not significant (P > 0.05).
M = male, steer, F = female, heifer, E = energy, P = protein.
Sex had no effect on amino acid composition of LM (P > 0.05).

Table 11 Effects of dietary treatments and sex onamino
acid composition of LM (mg/100 mg DM basis)

Item HE LE SEM E P E × P

LP HP LP HP

Essential

Lysine 4.61 3.72 4.06 4.25 0.46 ns ns ns

Valine 3.53 3.05 2.94 2.94 0.35 ns ns ns

Histidine 1.26 0.64 0.74 0.64 0.27 ns ns ns

Leucine 4.82 4.65 4.61 4.76 0.19 ns ns ns

Isoleucine 3.19 3.37 3.05 3.14 0.18 ns ns ns

Methionine 4.28 4.11 3.90 4.03 0.17 ns ns ns

Phenylalanine 1.59 1.58 1.61 1.56 0.12 ns ns ns

Threonine 4.52 4.09 4.16 4.18 0.27 ns ns ns

Total E 27.80 25.21 25.09 25.50 0.97 ns ns ns

Non essential

Aspartic acid 13.86 13.76 13.35 12.15 1.44 ns ns ns

Glutamic acid 21.93 19.54 18.67 20.41 1.19 ns ns *

Cysteine 4.79 4.59 4.50 4.45 0.33 ns ns ns

Alanine 5.99 5.53 5.36 5.70 0.32 ns ns ns

Glycine 4.92 4.32 4.29 4.38 0.32 ns ns ns

Serine 9.21 6.23 5.86 5.76 1.37 ns ns ns

Proline 2.14 2.13 2.02 2.08 0.21 ns ns ns

Arginine 6.26 5.20 5.23 5.28 0.48 ns ns ns

Tyrosine 3.82 2.94 3.41 3.54 0.42 ns ns ns

Total NE 72.93 64.25 62.69 63.75 2.76 ns ns ns

Total AA 100.73 89.46 87.79 89.25 3.51 ns ns ns

E/NE, % 38.12 40.00 40.02 40.58 0.015 ns ns ns

E/TAA, % 27.59 28.38 28.57 28.77 0.007 ns ns ns

Significance: *(P < 0.05), ns not significant (P > 0.05).
M = male, steer, F = female, heifer, E = energy, P = protein.
Sex had no effect on amino acid composition of LM (P > 0.05).

97Effects of different dietary energy and protein levels and sex on growth performance, carcass...
amount of ground corn was included in the ration in the
HE compared with the LE treatment (63.8 vs.39.0%), which
resulted ina higher intramuscular fat content from the HE
diet treatment. The intramuscular fat content was 26.4%
in the present study, which was higher than the value of
21% for Angus steers [32] and 9.3% for Angus × Limousin
steers found in previous studies [7]. However, the fat
thickness was less than that found for Angus and Angus ×
Limousin (0.90 vs. 1.15 cm, 0.98 cm). This result suggests
that F1 Angus × Chinese Xiangxi yellow cattle develop
intramuscular fat more strongly at lower levels of subcuta-
neous fat.
Post-slaughter, glycogen is converted to lactic acid and

there is an associated reduction in muscle pH from the
neutral value of 7.2 [33]. The ultimate pH in this experi-
ment was lower (5.71 vs. 5.79, P < 0.01) for the cattle fed
an HE diet compared with an LE diet, because there is
an increasing effect of energy level with increased
__________________________ WORLD TEC
glycogen availability. The ultimate pH can also affect
meat tenderness, with a pH of 5.4–5.8 found in normal,
tender meat, a pH value of 5.8–6.2 in inconsistently tender
meat (moderate DFD) and pH > 6.2 found intender meat
with microbial spoilage (DFD meat) [34]. Therefore, the
meat observed in the present study can be considered as
normal, tender meat with values of meat pH values
similar to those reported by Cuvelier et al. [6] and
Faucitano et al. [7].
Meat tenderness is the most important quality trait for

the consumer and consumers prefer and will pay more
for tender beef meat [35]. A threshold shear force of
4.6 kg has been used to distinguish tough and tender
steaks [36]. A shear force value from 2.27 to 3.58 kg
is considered tender; 4.08–5.40 kg intermediate; and
HNOLOGIES ________________________
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5.90–7.21 kg tough [37]. The shear force value was
not affected by the energy or protein levels or sex with a
mean value of 3.14 kg, so can be classified as “very tender”
meat. One study has found that the shear force value of
meat was 3.62 kg when Angus steers were slaughtered at a
younger age of 14 mon with a 14 d post-mortem [38], this
value was higher than that found in the present study. A
younger slaughter age and longer post-mortem ageing
time could produce more tender meat [39,40]. Therefore,
if F1 Angus × Chinese Xiangxi yellow cattle were slaugh-
tered at the age of 14 mon with 14 d post-mortem ageing,
the meat would be more tender.
Drip loss can be categorized as follows: low drip

loss ≤2.60%, medium drip loss: 2.60–4.00%, and high
drip loss ≥4.00% [41]. The average drip loss in the
present study was 2.5%, which is thus classified as low.
The cooking loss was 31.5%, a value similar to 33.8% for
Angus bulls [6] and 29.5% for Angus × Limousin cattle [7].
The WHC increased slightly in the LE diet treatment,
which could be related to the “sponge effect” hypothesis,
in which the higher ultimate pH of the LE treatment
accelerates the breakdown of meat structure and results in
a reduction of water loss from the channels [42].

Nutritive profile (intramuscular fatty acid and amino
acid composition)
The intramuscular fatty acid content (FA) was not sig-
nificantly different between treatments or sex and was
dominated by MUFA at 51.4%, followed by SFA at ap-
proximately 44.9% and PUFA at approximately 3.7%.
The mean value of the n-6:n-3 ratio was 19.5 which
was much higher than the <4.0 value from nutritional
advice [43]. When the cattle were grain-fed, the con-
centrate diet could have improved the proportion of
PUFA, which was dominated by n-6, especially C18:2n-
6. Forages such as fresh grass or grass silage are rich in
C18:3n-3 [44]. Therefore, grass-fed cattle have a higher
amount of C18:3n-3 and a lower amount of C18:2n-6
in their muscles compared with concentrate-fed cattle
[45]. The cattle in the present study were fed a high
concentrate diet and the roughage was yellow rice straw
instead of fresh grass or silage, thus a higher ratio of n-6:
n-3 was observed. The mean value of the P:S ratio was
0.11, which is normal for beef [46]. These results were
consistent with the results of Warren et al. [9] and Ludden
et al. [8]. The UFA/SFA ratio was significantly higher in
the HE treatment, which was verified in this study and is
related to a loss of efficiency of rumen biohydrogenation
because less fibrous diets pass through the rumen at a
faster rate. From the perspective of meat flavor, ‘sweet’,
‘oily’, ‘chemical-like’ and ‘perfume-like’ are induced by a
high C18:2n-6 content in the meat [47] and ‘fishy’ and
‘grassy’ flavors by higher n-3 content [48]. Therefore, the
meat in the present study would taste ‘sweet’, ‘oily’,
__________________________ WORLD TEC
‘chemical-like’ and ‘perfume-like’ and not include ‘fishy’
and ‘grassy’ flavors.
The amino acid composition in this study was not

affected by the energy or protein levels or by sex. The
percentage of amino acids producing the tastes of umami,
sour and sweet was more than 60% with the percentage
producing a bitter taste at approximately 29%. The essen-
tial and non-essential amino acid requirements of an adult
man are 0.18 g/kg per day (EAA) and 0.48 g/kg per day
(NEAA), respectively, which equals EAA/NEAA= 37.5%
and EAA/TAA = 27.3% [49]. In the present study, the
mean ratios of EAA/NEAA and EAA/TAA of the meat
samples were 39.7 and 28.4%, which were a little higher
than those recommended by FAO/WHO/UNU [48] but
can meet an adult man’s needs appropriately, therefore
the meat appears to be an excellent source of high bio-
logical value protein.

Conclusions
The cattle carcass characteristics and chemical composition
of the meat were significantly influenced by dietary energy
and protein levels and by sex. The growth performance,
meat quality traits and nutritive profiles were not affected
by energy or protein levels or by sex.
The meat quality of the F1 Angus × Chinese Xiangxi

yellow cattle was high based on its tenderness, flavor and
nutritional value. However, there is considerable potential
to obtain higher daily gains and meat production for this
kind of crossbred cattle. However, feeding and breeding
techniques must be developed to determine the best
methods for improving beef products in both quantitative
and qualitative terms.
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Determination of reference intervals for metabolic
profile of Hanwoo cows at early, middle and late
gestation periods
Da Chuan Piao1, Tao Wang2,3, Jae Sung Lee4, Renato SA Vega5, Sang Ki Kang1, Yun Jaie Choi1*

and Hong Gu Lee4*
Abstract

Background: Metabolic profile was initially designed as a presymptomatic diagnostic aid based on statistical
analyses of blood metabolites to provide an early warning of certain types of metabolic disorder. However, there is
little metabolic profile data available about Korean Hanwoo cows. Therefore, this study aimed to determine the
reference intervals of metabolic profile for Korean Hanwoo cows.

Methods: Healthy animals (2,205) were selected and divided into early (day 1 to 95), middle (day 96 to 190) and
late (day 191 to 285) period according to their gestating period. Metabolic profile including total protein (TP), albumin
(Alb), urea (UREA), glucose (Glu), total cholesterol (T-Cho), long-chain fatty acid (LCFA), aspartate aminotransferase (AST),
gamma-glutamyl transpeptidase (GGT), creatinine (Crea), calcium (Ca), inorganic phosphorous (iP) and magnesium (Mg)
were analyzed using a TBA-40FR automatic biochemical analyzer. The data of Korean Hanwoo cows were then
compared to those of the Japanese Wagyu cows.

Results: Most of the data of the Korean Hanwoo cows were relatively higher than those of Japanese Wagyu
cows, with the exception of Glu and GGT. This may indicate that the nutritional level of feed for the Korean
Hanwoo cows was higher than that of the Japanese Wagyu cows because of the different feeding system. In
particular, relatively higher levels of UREA and LCFA were observed in the Korean Hanwoo cows, and this may
also contribute to the low reproduction efficiency.

Conclusions: These findings may provide some theoretical basis for understanding the reproductive and
feeding situation of Korean Hanwoo cows.

Keywords: Hanwoo cows, Metabolic profile, Reference intervals, Wagyu cows
Introduction
Blood metabolites reflect the nutritional status as well as
the physiological condition of an animal. The physiology
of a cow changes in the peripartum period, and it is im-
portant to monitor nutritional and physiological status
rapidly and precisely, because these cows are prone to
peripartum metabolic disorders and reproductive diseases.
* Correspondence: cyjcow@snu.ac.kr; hglee66@konkuk.ac.kr
1Laboratory of Animal Cell Biotechnology, Department of Agricultural
Biotechnology, Seoul National University, Shinlim-dong, Kwanak-gu, Seoul
151-742, South Korea
4Department of Animal Science and Technology, College of Animal Bioscience
& Technology, Konkuk University, 120 Neungdong-ro, Gwangjin-gu, Seoul
143-701, South Korea
Full list of author information is available at the end of the article
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The metabolic profile was initially designed as a presymp-
tomatic diagnostic aid based on statistical analyses of
blood metabolites to provide an early warning for certain
types of metabolic disorders [1]. Subsequently, metabolic
profile has been applied to assess nutritional status [2,3],
improve feeding management and diagnose metabolic dis-
orders in dairy herds [4,5]. Reference intervals are useful
when interpreting a set of metabolic profile results. Payne
et al. [6] estimated normal intervals (95% confident inter-
val) using 2,400 blood samples from 13 dairy herds. Kida
[4] established a 10-day criteria for metabolic profile by
using data from 29,043 cows in 1,130 commercial dairy
herds covering dry and lactation periods [5]. The prac-
ticability of the criteria was evaluated in herds with
HNOLOGIES ________________________
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Table 2 Analytical method used for metabolic profile

Components Method of analysis

Protein metabolism

Total protein (TP) Biuret Test

Albumin (Alb) Bromcresol green (BCG) Method

Urea (UREA) Urease-Glutamate dehydrogenase
(GLDH) Method

Energy metabolism

Glucose (Glu) Hexokinase (HK)-

Glucose-6-phosphate
dehydrogenase (G6PD)
Method

Total cholesterol (T-Cho) Cholesterol oxidase

Long-chain fatty acid (LCFA) Enzymatic colorimetric

Liver function

Aspartate aminotransferase (AST) Malate dehydrogenase (MDH) UV
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peripartum diseases, and the metabolic abnormalities
were successfully detected not only in the herd but
also in individual cows. However, little metabolic pro-
file data has been found about Korean Hanwoo cows.
Therefore, in the current study, twelve blood metabo-
lites were analyzed in order to determine reference in-
tervals of metabolic profile at the early, middle and
late reproduction period in Korean Hanwoo cows.
Moreover, the data of Korean Hanwoo cows were also
compared to those of Japanese Wagyu cows obtained
from NOSAI [7].

Materials and methods
Experiment design, animals and sampling
A total of 2,205 healthy Korean Hanwoo cows were se-
lected from various farms in Jangsu-gun Jeollabuk-do,
South Korea from 2006 to 2011. All experimental proce-
dures were in accordance with the “Guidelines for the
Care and Use of Experimental Animals of Seoul National
University”. No abnormalities in these animals were ob-
served or monitored. Generally, all cows were housed in-
doors and some were on pasture in summer. Feeding
systems included continuous feeding of a total mixed ra-
tion or separate feeding of forage and concentrates. The
metabolic profile was conducted through four seasons.
The animals were sorted into four groups according to
the plasma pregnancy-associated glycoproteins (PAGs)
(Table 1). Blood samples were taken via the external
jugular vein after the morning meal. Serum was recov-
ered from the blood samples through centrifugation at
3,500 rpm at 4°C for 15 min, and stored at −80°C until
required. All samples were analyzed within one week of
being collected.

Analysis of metabolic profile
The metabolic profile was performed with a Toshiba
Accute Biochemical Analyzer-TBA- 40FR (Toshiba Medical
Instruments, Otawara-shi, Tochigi-ken, Japan) according to
a previously described method [5]. Indicators for protein
metabolism consist of total protein (TP), albumin (Alb)
and urea (UREA); for energy metabolism, glucose (Glu),
total cholesterol (T-Cho) and long-chain fatty acids (LCFA);
for liver and kidney function, aspartate aminotransfer-
ase (AST) and γ-glutamyl transpeptidase (GGT) and
Table 1 Classification of cows into four stages according
to pregnant status

Reproduction period Duration

Non-pregnant After calving or before pregnancy

Early-pregnant1 Day 1 to 95

Middle-pregnant Day 96 to 190

Late-pregnant Day 191 to 285
1The pregnancy tests were defined based to the plasma pregnancy-associated
glycoproteins (PAGs) levels.
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Creatinine (Crea); for mineral metabolism, calcium
(Ca), inorganic phosphorus (iP) and magnesium (Mg)
(Table 2). All the reagents required for this procedure
were purchased from Wako Pure Chemical Industries,
Ltd. (Chuo-ku, Osaka, Japan). The reference intervals
were determined by following the recommendations of
the Clinical and Laboratory Standards Institute (CLSI).

Statistical analysis
The metabolic profile data were presented as Mean ± SD
and analyzed using a one-way analysis of variance (one-way
ANOVA) (SPSS Inc., Chicago, IL, USA). In all cases, differ-
ences were considered significant if P < 0.05.

Results and discussion
The metabolic profile of Korean Hanwoo cows in differ-
ent physiological stages were determined according to
data collected from 2,205 animals (Table 3). Protein me-
tabolism: It has been well known that TP, Alb and UREA
levels are indicators of sufficient protein intake from di-
ets. Alb is not a long-term indicator of protein intake
because of its relatively short half-life in the blood. On
the other hand, UREA level is a good indicator of long-
term intake of dietary protein [8]. TP, Alb and UREA
were significantly (P < 0.05) increased from the EP to LP
periods, suggesting that there was an increased intake of
Gamma glutamyl transpeptidase
(GGT)

Glu-3-CA-4-NA substrate

Kidney function

Creatinine (Crea) Jaffe’ Method

Mineral metabolism

Calcium (Ca) O-Cresolphthalein Complexone
(OCPC) Method

Inorganic phosphorous (iP) Enzymatic UV

Magnesium (Mg) Enzymatic UV
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Table 3 Serum metabolic profile of Korean Hanwoo cows at different stages of pregnancy

Indicator NP1 EP1 MP1 LP1

Mean SD Mean SD Mean SD Mean SD

TP, g/dL 7.56a 0.82 7.61ab 0.83 7.73c 0.92 7.69b 0.79

Alb, g/dL 3.60a 0.31 3.62ab 0.29 3.65b 0.31 3.71c 0.30

UREA, mg/dL 10.40a 3.50 11.10b 3.50 11.40b 3.20 11.50b 4.10

Glu, mg/dL 39.00a 19.00 39.00a 18.00 41.00a 18.00 45.00b 18.00

T-Cho, mg/dL 128.00 36.00 130.00 35.00 126.00 33.00 131.00 36.00

LCFA, μEq/L 175.00b 145.00 137.00a 106.00 163.00b 108.00 225.00b 193.00

AST, IU/L 75.00b 16.00 74.00ab 17.00 72.00a 19.00 74.00ab 18.00

GGT, IU/L 17.00a 6.00 18.00b 7.00 17.00a 6.00 17.00a 6.00

Crea, mg/dL 1.43a 0.37 1.46a 0.36 1.55b 0.35 1.56c 0.44

Ca, mg/dL 10.24bc 0.87 10.14b 0.87 10.14a 1.09 10.30c 1.14

IP, mg/dL 6.75 1.88 6.57 2.15 6.79 1.63 6.68 2.96

Mg, mg/dL 2.57a 0.35 2.60a 0.37 2.59a 0.38 2.67b 0.45
1NP: non-pregnant, n = 592; EP: early pregnant, n = 686; MP: middle pregnant, n = 517; LP: late pregnant, n = 410.
a-cValues followed by different letters within each component are significantly different (P < 0.05).
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diet. The mean level of TP was slightly higher than in
previous reported studies [9]. Energy metabolism: In the
past three decades, the question of whether Glu can be
used as indicator for energy metabolism has been dis-
cussed [8]. Blood Glu has a moderate diagnostic value in
the assessment of nutritional status of cattle, as it varies
moderately in blood [10]. It has also been reported that
glucose can be used in combination with other indica-
tors to assess energy metabolism [9]. The serum Glu
concentration detected in this study was similar with
one previously reported [9], but lower than some other
reported studies in other species [11,12]. These differ-
ences may be attributed to the species differences or the
feeding system. Significantly higher levels of LCFA were
Table 4 Reference intervals of serum components of Korean H

Indicator NP1 EP1

D2 Intervals D Inter

TP, g/dL G2 5.9 ~ 9.2 N 6.4 ~

Alb, g/dL G 2.97 ~ 4.22 G 3.04

UREA, mg/dL G 3.4 ~ 17.4 G 4.0 ~

Glu, mg/dL N2 9 ~ 57 N 7 ~ 5

T-Cho, mg/dL G 56 ~ 200 G 60 ~

LCFA, μEq/L N 37 ~ 525 N 30 ~

AST, IU/L G 43 ~ 107 N 46 ~

GGT, IU/L N 7 ~ 32 N 6 ~ 3

Crea, mg/dL G 0.69 ~ 2.17 N 0.74

Ca, mg/dL G 8.5 ~ 11.9 N 8.5 ~

IP, mg/dL G 3.1 ~ 10.5 N 3.2 ~

Mg, mg/dL G 1.87 ~ 3.27 G 2.23
1NP: non-pregnancy, n = 592; EP: early pregnancy, n = 686; MP: middle pregnancy, n
2D: Distribution of data; G: Gaussian distribution; N: Non-Gaussian distribution.

__________________________ WORLD TEC
observed at the EP and LP stage (P < 0.05). Liver func-
tion and kidney function: AST and GGT are enzymes
that indicate liver cell damage and biliary obstruction,
respectively. In this study, the mean level of AST was
higher than in previously reported studies [9]. Therefore,
it seemed that the high level of AST reveals early signs
of liver cell damage in Korean Hanwoo cows. Mineral
metabolism: Serum concentrations of Ca and IP reflect
dietary calcium and phosphate intake [8], and it is well
known that serum Ca is under homeostatic control of
the endocrine system. Ca, IP and Mg have a high diag-
nostic value in determining the nutritional status of ani-
mals due to their low variability in blood [10]. In this
study, low variability of the three indicators was also
anwoo cows at different stages of pregnancy

MP1 LP1

vals D Intervals D Intervals

9.6 N 6.5 ~ 10.4 N 6.4 ~ 9.8

~ 4.20 G 3.03 ~ 4.27 G 3.11 ~ 4.31

18.1 G 4.9 ~ 17.8 N 4.7 ~ 17.9

7 N 7 ~ 57 N 4 ~ 69

200 G 60 ~ 192 G 59 ~ 203

430 N 35 ~ 417 N 45 ~ 699

113 N 49 ~ 116 N 48 ~ 126

8 G 5 ~ 29 N 4 ~ 31

~ 2.18 G 0.85 ~ 2.25 G 0.68 ~ 2.0

11.5 N 9.0 ~ 11.8 G 8.9 ~ 12.5

10.8 G 3.5 ~ 10.5 N 3.6 ~ 10.2

~ 3.34 G 1.80 ~ 3.35 N 2.04 ~ 3.27

= 517; LP: late pregnancy, n = 410.
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observed, but the mean values of these three indicators
were higher than in previously reported studies. This
may be due to the high level of mineral supplementation
in the diet of Korean Hanwoo cows.
When interpreting laboratory data for metabolic pro-

file from a herd or individual animal, reference inter-
vals need to be determined for clinical application. In
this experiment, we also determined reference intervals
for serum components at 4 physiological stages in
Korean Hanwoo cows, as are shown in Table 4. It was
found that reference intervals were changed according
to physiological status. These reference intervals may
provide a basis for interpreting data analysis and meta-
bolic disorder. A comparison between Korean Hanwoo
and Japanese Wagyu cows was performed. The amounts
of serum components are affected by several factors
including nutrition, physiological status, breed, season
and age.
Figure 1 Comparison of mean serum components between Korean
NP: non-pregnancy, EP: early pregnancy, MP: middle pregnancy, LP: late

__________________________ WORLD TEC
The mean values of serum components in Korean
Hanwoo and Japanese Wagyu cows were compared dur-
ing four physiological stages (non-pregnant, early preg-
nancy, middle pregnancy and late pregnancy), because
the physiology of these two breeds was known to be very
similar. The results of this comparison, which are shown
in Figure 1, revealed that the patterns of serum compo-
nents were very similar in the two breeds. All the serum
components were higher in Korean Hanwoo than in
Japanese Wagyu cows during all test periods, with the
exception of Glu and GGT. TP, Alb and UREA indicate
the protein intake of an animal from diet [4]. In this
experiment, mean values of these three indicators were
higher in Korean Hanwoo than in Japanese Wagyu
cows, in all physiological stages. This may indicate that
the protein level in the diets of Korean Hanwoo cows
was higher than in the diets of Japanese Wagyu cows.
Blood Glu, T-cho and LCFA are the most commonly
Hanwoo cows ( ) and Japanese Wagyu cows ( ).
pregnancy.
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used blood metabolites to assess the energy metabol-
ism. The physiological status of an animal affects the
serum concentration of these related metabolites in
energy metabolism. The elevated level of LCFA at MP
and LP periods may indicate that there was a negative
energy balance during pregnancy periods in Korean
Hanwoo cows. On the other hand, the mean value of
serum Glu was lower in Korean Hanwoo than in Japa-
nese Wagyu cows. For this reason, we suggest that the
elevated level of LCFA and the lowered level of Glu
may be caused by an insufficient energy intake. Serum
activity of AST and GGT indicate liver function, and
Crea indicates kidney function. AST is an enzyme that
expresses in many tissues, particularly in liver and car-
diac muscle [13]. In this study, AST and Crea were
higher in Korean Hanwoo than in Japanese Wagyu
cows; however, GGT was lower in Korean Hanwoo
than in Japanese Wagyu cows. Serum Ca, Mg and IP were
higher in the Korean Hanwoo than in the Japanese Wagyu
cows, indicating that the mineral level was higher in
Korean Hanwoo cows’ diets than in Japanese Wagyu
cows. In this study, the patterns of serum components
were highly similar in the two breeds.

Conclusions
In this study, the metabolic profile of the Korean Hanwoo
cows was determined. The differences in the metabolic
profile between Korean Hanwoo cows and Japanese
Wagyu cows were also verified. Our findings may pro-
vide some basis for understanding the reproductive
and feeding situations of Korean Hanwoo cows.
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Current strategies for reproductive management
of gilts and sows in North America
Robert R Kraeling1* and Stephen K Webel2
Abstract

Many advances in genetic selection, nutrition, housing and disease control have been incorporated into modern
pork production since the 1950s resulting in highly prolific females and practices and technologies, which
significantly increased efficiency of reproduction in the breeding herd. The objective of this manuscript is to review
the literature and current industry practices employed for reproductive management. In particular the authors focus
on assisted reproduction technologies and their application for enhanced productivity. Modern maternal line
genotypes have lower appetites and exceptional lean growth potential compared to females of 20 yr ago. Thus,
nutrient requirements and management techniques and technologies, which affect gilt development and sow
longevity, require continuous updating. Failure to detect estrus accurately has the greatest impact on farrowing rate
and litter size. Yet, even accurate estrus detection will not compensate for the variability in the interval between
onset of estrus and actual time of ovulation. However, administration of GnRH analogs in weaned sows and in gilts
after withdrawal of altrenogest do overcome this variability and thereby synchronize ovulation, which makes fixed-time
AI practical. Seasonal infertility, mediated by temperature and photoperiod, is a persistent problem. Training workers in
the art of stockmanship is of increasing importance as consumers become more interested in humane animal care.
Altrenogest, is used to synchronize the estrous cycle of gilts, to prolong gestation for 2–3 d to synchronize farrowing
and to postpone post-weaning estrus. P.G. 600® is used for induction of estrus in pre-pubertal gilts and as a treatment
to overcome seasonal anestrous. Sperm cell numbers/dose of semen is significantly less for post cervical AI
than for cervical AI. Real-time ultrasonography is used to determine pregnancy during wk 3–5. PGF2α effectively
induces farrowing when administered within two d of normal gestation length. Ovulation synchronization, single
fixed-time AI and induced parturition may lead to farrowing synchronization, which facilitates supervision and reduces
stillbirths and piglet mortality. Attendance and assistance at farrowing is important especially to ensure adequate
colostrum consumption by piglets immediately after birth. New performance terminologies are presented.

Keywords: Gilts, Management, Nutrition, Reproductive technology, Sows
Introduction
Basic and applied research in physiology, nutrition, gen-
etics, animal behavior, environment and housing over
the last 40 yr provided the foundation for development
of highly prolific females and various management prac-
tices and technologies, which have significantly increased
efficiency of reproduction in the breeding herd. An
ovulation rate of 20 is not uncommon in contempor-
ary highly prolific females [1]. Therefore, if one as-
sumes a gestation length of 115 d, a lactation length of
21 d, a weaning-to-estrus interval (WEI) of 5 d, 100%
conception rate and zero embryonic and preweaning
* Correspondence: rrkraeling@bellsouth.net
1L&R Research Associates, Watkinsville, GA, USA
Full list of author information is available at the end of the article

__________________________ WORLD TEC
mortality, sows have the potential to farrow 2.6 times/yr
and to produce 52 pigs weaned/mated sow/yr. However,
due to numerous factors, such as season, nutrition, dis-
ease, embryo mortality before d 30 of pregnancy and piglet
preweaning mortality, the potential of 52 weaned
pigs/mated sow/yr has not been reached. In 2012, the
number of liveborn pigs/litter was 11.8–12.3, pigs
weaned/mated sow was 10.3–10.5 and the average
number of litters/mated female/yr was 2.3 [2,3].
Thus, the average number of pigs/mated female/yr
was approximately 24 in 2012. In 2012, according to
PigChamp [2], the average Canadian farrowing rate
and total born were 86.6% and 14.0, respectively, and
in the U.S.A. they were 83.6% and 13.4, respectively.
Comparable data from 2001 for Canada were 74.9%
HNOLOGIES ________________________

mailto:rrkraeling@bellsouth.net
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/publicdomain/zero/1.0/


107Current strategies for reproductive management of gilts and sows in North America
and 11.5 and for the U.S.A. were 69.0% and 11.3. In 2014,
Ketchem and Rix [4] reported the following data for the
highest 10%, the average and the lowest 30% of producers,
respectively: 30.1; 25.3; 21.9 weaned pigs/mated female/yr
and 36.3; 32.7; 29.6 total pigs born per litter/mated female/yr.
Figure 1 presents the authors’ vision for incorporating

the discussed technologies into future pig production.
The orally active progestin, altrenogest, is used to
synchronize the estrous cycle of gilts. GnRH analogs
synchronize ovulation thereby making fixed-time AI
practical. A single fixed-time AI of every female in a
group on one d enables producers to reduce the cost of
semen, eliminate weekend inseminations and focus re-
sources on other tasks on the remaining d of the week.
Benefits of induced farrowing with PGF2α are: 1) a high
proportion of farrowings occur during normal working
h, 2) no farrowing on weekends, 3) reduced age and
weight range within batches of growing pigs and 4) efficient
use of facilities and batching of routine tasks. Ovulation
synchronization, single fixed-time AI and induced partur-
ition with PGF2α leads to farrowing synchronization, which
facilitates supervision of sows and piglets. Attendance and
assistance at farrowing is especially important to ensure ad-
equate colostrum consumption by piglets immediately after
birth. These technologies save a significant amount of time,
which allows redistribution of labor (i.e. focusing more on
facility maintenance, gilt development, evaluating sows’
body condition, adjusting gestation feeders, assisting in far-
rowing and training workers in the art of stockmanship). In
addition, they maximize the leverage of high index boars,
which will improve overall pork production efficiency.
The purpose of this paper is to summarize results

from basic and applied research that may be applied to
Figure 1 Model for Synchronizing Breeding and Farrowing in Sows an

__________________________ WORLD TEC
management of gilts and sows in the breeding herd and
to present the authors’ perspectives on the current strat-
egies actually used by pork producers. Knox and co-
workers [5] recently published an analysis of survey
data, which documented current reproductive manage-
ment practices of North American swine farms.
Gilt development and management
The average sow replacement rate was 45% in 2012 [2].
This high rate is due to failure of postpartum sows to re-
turn to estrus and conceive, poor reproductive perform-
ance, poor feet and leg soundness, and introduction of
new genetic lines [6-9]. Excellent reviews of the literature
regarding gilt management were published by Foxcroft
[10,11], Gill [7], Williams et al. [12], Bortolozzo et al. [13],
Wiedmann [14] and Whitney and Masker [15]. The
authors suggest referring to one or more of these ex-
cellent manuscripts for a comprehensive review and
discussion on gilt management, development and nu-
trition since these topics are not discussed in detail in
this manuscript.
Breeding and selection of maternal line gilts is gener-

ally conducted by breeding stock suppliers based on
growth rate, body composition, disease status, sexual de-
velopment and dam’s reproductive history. The ability to
express estrus and continue to cycle should be the key
reproductive trait for selection of replacement gilts.
Sterning et al. [16] reported that heritability of the ability
to display estrus at puberty and ovulate within 10 d after
weaning a litter is 0.31. Gilts not displaying estrus at pu-
berty also had a higher incidence of ovulation without
estrus within 10 d after weaning their first litter.
d Gilts.
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Because of the large number of piglets per litter
farrowed by modern females, often there are not enough
functional nipples for all the piglets. Therefore, the num-
ber and functionality of the mammary glands and teats
are critical for survival of piglets. Feet and legs are im-
portant because sows are expected to farrow more than
2 litters per yr, nurse a large litter for approximately
3 weeks, breed back in 5–7 d after weaning and live on
solid concrete or slatted floors [17]. Lameness due to in-
correct structure of feet and legs hinder sows from get-
ting up and down in the farrowing crate, which results
in reduced feed intake [17,18].
In general, selected gilts are moved from a growing

and finishing facility to a development facility at 150–180
d of age when daily boar exposure begins. Generally age at
puberty is positively associated with age at onset of boar
exposure [19]. Exposure of peripubertal gilts to boars for
20 min/d stimulates expression of estrus. Boars must be
mature (>10 mo of age) and express the full complement
of male mating characteristics. For best results, gilts are
brought to boars where initially, gilts experience the sight,
sound and odor of the boar with fence line contact. Direct
physical contact is best. However, constant exposure to
boar sounds and scent causes habituation which hinders
heat detection, but not necessarily onset of sexual
maturity. Gilts expressing estrus are then removed
and the boar is allowed full access to all non-cyclic
gilts for 10–15 min per d. Moving, mixing, transport
and boar exposure typically induce first estrus in a
high percentage of gilts within 10–20 d. Gilts that re-
spond to boar exposure at an early age tend to re-
main in production longer than gilts that respond at
a later age [11,20,21]. Stimulating gilts to cycle and
breed on the second or third estrus is a well-
established practice. The terminology, HNS (Heat-No-
Serve), is frequently used to describe this important
management practice for introducing gilts into the
breeding herd.
Cyclic gilts are then moved into the breeding barn

for acclimation to facilities and management routines
before breeding. Since estrous cycles are known, gilts
may be staged into the breeding area to fit into groups
of weaned sows. After the first estrus has been re-
corded, gilts should be acclimated to stalls or breeding
and gestation housing at least 16 d prior to breeding.
Most producers breed gilts on the second estrus if

they have cycled before 200 d of age, whereas those
which express estrus for the first time after 200 d of
age are often bred at the first estrus. It is important at
first mating that adequate fat stores are available for
good lactation and a short WEI represented by a back
fat measurement of 12–18 mm. They should be main-
tained in small groups of approximately 10 with a
minimum of 1.4 square meters per gilt [14,22].
__________________________ WORLD TEC
Gilt nutrition
Modern maternal line genotypes are more sensitive to
nutritional management because their appetite is lower
and they have exceptional lean growth potential com-
pared to females of 20 yr ago [10,23,13]. Replacement
gilts are typically fed ad lib a diet lower in energy than
diets fed to slaughter pigs in order to avoid excessive
body fat [15]. This also allows for slightly slower growth,
which limits mature body size, thereby preventing feet
and leg problems and excessive fat gain. An estimate of
their genetic potential for growth can be made at this
time. Subsequently, diets for replacement gilts should
contain higher concentrations of vitamin A and E, cal-
cium, phosphorus, selenium, chromium and zinc than
the typical finishing diet because highly prolific gilts
reach puberty with limited reserves of protein and body
fat and they continue to grow during their first gestation.
Concentrations of Ca and P must be high enough for
maximum bone mineralization, which is mobilized for
fetal growth and lactation [15,23]. Also, protein and
amino acid deficiencies lead to delayed puberty. Older
literature indicates that selected replacement gilts should
be limit fed energy from 100 to 104 kg BW or until
2 weeks prior to mating so they will not become too fat.
However, Foxcroft and coworkers [10], Williams et al.
[12] and Gill [7] presented evidence that fatness is not
an issue with modern lean maternal line genotype fe-
males, which deposit and mobilize lean tissue with little
impact on fat tissue depots [10]. Therefore, lean tissue
mass is a key consideration for correct management of
the gilt [10]. Gill [7] proposed that a nutrition program
should result in a body condition score of 3 at first
service.
Sow management
Sow longevity is important because litter size and piglet
weights increase until the fourth or fifth parities, and the
number of pigs weaned per sow per yr increases until
the sixth and seventh parities. Mature, structurally
sound replacement gilts will most likely reach their
fourth parity, at which time they are most productive for
the swine operation [6,7,24,25]. Sow longevity is the
number of d from first farrowing to removal from the
herd or total number of pigs produced in the lifetime of
the sow [21]. Numerous observational studies demon-
strated that multiple factors impact sow longevity, such
as genetics, nutrition, housing, disease, lameness, age at
first mating, assistance at farrowing, length of lactation
and growth rate, body condition and performance of
parity one sows [20,21,26-28]. Specific cultural environ-
ments and consumer attitudes in the U.S.A. and Europe
influence breeding herd management [14,29]. Some
examples are use of prostaglandin F2α for inducing
HNOLOGIES ________________________



109Current strategies for reproductive management of gilts and sows in North America
farrowing, limiting the use of antibiotics and moving
away from individual gestation stalls.

Sow nutrition
Modern highly prolific females have more defined nutrient
requirements than females 20 yr ago [30], thus continuous
updating of nutrient requirements and management tech-
niques and technologies are required [10,23,30-36]. The
effect of environmental factors, such as temperature, hu-
midity and building design on feed intake during lactation
should be considered.
Gestation: It is well documented that “flushing” by in-

creasing feed by 50–100% or feeding sources of high en-
ergy, such as dextrose for 10–14 d before first service,
increases ovulation rate and litter size. However, there
are conflicting reports in the literature regarding feeding
programs during the remainder of gestation [37]. Vignola
[38] reviewed research indicating that feed intake should
then be decreased after mating to an appropriate gestation
diet because sows that are overfed throughout gestation,
especially during the first two weeks after breeding, fre-
quently have high embryonic mortality and produce small
litters. Sows, which are “too fat”, have farrowing problems,
crush piglets, eat poorly during subsequent lactation and
are less prolific at the next parity [38]. Sows with back fat
depths of 23 mm or more at farrowing have depressed ap-
petite during lactation [38]. Peltoniemi et al. [35] reviewed
research indicating that feed restriction after mating may
only apply to the first 4 d in gilts and not at all for sows.
Love and coworkers [39] and Virolainen and coworkers
[40] reported that abundant feeding during early preg-
nancy increased embryo survival and failed to influence
maintenance of pregnancy. Martineau and Badouard [29]
proposed that two major characteristics of the hyperproli-
fic sow are lack of early embryonic death with overfeeding
after ovulation and a positive influence of overfeeding dur-
ing the last weeks of pregnancy on piglet birth weights.
As indicated from the above discussion, nutrient needs

of sows change significantly as pregnancy progresses. A
phase feeding program is used by many producers to ac-
commodate these changes [31,41-43]. Three stages (i.e.
phases of gestation) which justify different feeding strat-
egies are: 1) early gestation (d 0–30), in which embryo
survival and implantation are impacted, 2) mid-gestation
(d 30–75), in which body growth in young sows and re-
covery of body reserves lost during lactation in older
sows are impacted and 3) late gestation (approximately
the last 45 d), in which fetal and mammary growth are
impacted. Conceptus protein content and weight gain
increases rapidly after d 68 of gestation and has greater
priority for nutrient supply than maternal weight gain.
Fetal weight, fetal protein content and mammary protein
content increase 5, 18, and 27 times, respectively, in the
last 45 d of gestation. Therefore, amino acid and energy
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requirements are greater in late gestation than in early
gestation. Amino acid requirements increase to a higher
degree than energy requirements in late gestation. If
consumption of the same diet increases to meet amino
acid requirements, the sows will consume excessive en-
ergy, which result in sows being too fat at farrowing.
Moehn and Ball [34] recommended a strategy of formu-
lating just two diets; one to meet the highest and the
other to meet the lowest amino acid requirements. The
two diets would be mixed in appropriate ratios to meet
the entire range of amino acid requirements from late
gestating gilts to early gestating sows. In practice, feed
intake of pregnant sows is actually restricted to control
body weight and prevent excess weight gain. Therefore,
energy is the limiting factor for gestating sows, and thus,
the feed allowance necessary to provide energy require-
ments must be considered first when formulating a sow
feeding regimen. Segregated phase feeding should be
considered because maternal growth rate decreases with
age so that mature sows have lower nutrient requirements
than gilts and young sows, which are still growing.
To regulate feed intake, sows should be fed based on

an objective measure of individual body weight, body
condition and, ideally, measurement of back fat depth
[44]. Feed intake during the last 2 to 3 weeks should be
adjusted to at least avoid a negative energy balance prior
to farrowing and to promote higher feed intake in early
lactation, easier farrowing and adequate birth weights of
newborn pigs [38]. However, restriction of feeding prior
to parturition significantly reduces the risk of postpartum
dysgalactia syndrome (PDS). Peltoniemi and coworkers
[35] reported that not only feed restriction before term,
but also keeping the feed low in energy and high in fiber
through parturition and into the first few d of lactation ap-
pears to improve intestinal function and initiation of
lactation.
Lactation: Highly prolific sows of today produce large

litters of lean and fast growing pigs [33,45]. Litter size
increased by three pigs over approximately the last 40 yr
[46]. Because appetite is often deficient after farrowing,
increased nutrients needed for milk production generally
come from mobilization of body reserves [38]. Thus, lac-
tation puts a great nutritional demand on sows. Using
body reserves could lead to excessive weight loss, which
then results in reduced litter weight gain due to lowered
milk production and subsequent reproduction problems
for sows. Adequate feed intake, especially during the first
7 to 10 d of lactation is important to replenish body re-
serves, and re-establish secretion of hormones which
control subsequent reproductive performance [47-51]. In
addition, numerous studies demonstrated that high
ambient temperatures experienced in summer are det-
rimental to feed intake and milk production [52-57].
Feed restriction at any time results in prolonged weaning
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WEI and reduced pregnancy rates and litter size. Proper
feeder design is critical and has received much attention
in recent yr. Most lactation feeders today include a res-
ervoir that will hold a minimum of 9 kg of feed. Ensur-
ing sows have access to full feed 24 h/d results in
optimum return to estrus and piglet weight at weaning.
Getting sows up 2–3 times per d stimulates sows to
urinate and defecate, resulting in drinking and eating,
thus optimizing feed intake, lactation performance and
return to estrus.
The practice of feeding fat is controversial. This add-

itional source of energy is used principally by the mam-
mary gland to produce very rich milk and it will not be
an efficient source of energy for sows [58]. High fat
addition could improve piglet weaning weight, but could
also impair subsequent reproductive performance by re-
ducing LH secretion in early lactation [51]. Fat as a high
density energy source is often incorporated into lactation
diets to compensate for depressed appetite during heat
stress.
It is essential to have good quality water [59,60]. Water

quality should be checked annually. Lack of water limits
milk production. Water available at time of feeding is
important with a flow rate of 1.0 liter/minute. High per-
forming sows have a water intake of up to 40 liters/d
when milk production is at its highest three weeks after
farrowing.
Post-weaning: It is well documented that WEI is in-

versely related to lactation length [61,62]. Edgerton [61]
reviewed research results, which showed that the mini-
mum WEI of 4 d is reached at approximately 3 weeks of
lactation. Therefore, each additional d of lactation be-
yond 3 weeks adds a non-productive d (NPD), resulting
in decreased pigs/sow/yr. Mabry and coworkers [63] an-
alyzed records from 178,519 litters in 13 commercial
herds around the U.S.A. from 1985–1995. The WEI was
minimized at a lactation length of 22–27 d; WEI in-
creased significantly at a lactation length of either less
than 22 d or greater than 27 d. Knox et al. [5] reported
that, in North America, the most frequently reported
average WEI is 5 d and that 88% of farms surveyed indi-
cated that greater than 80% of weaned sows were mated
within 7 d. Soede et al. [62] concluded from reviewing
the literature that lactation length of less than 3 weeks
leads to suboptimal reproductive performance. Cur-
rently, sows are weaned at approximately 20.5 to 21 d in
the U.S.A. and approximately 22 d in Canada, which is
at the height of milk production [3,64].
Sows experience the stress of piglet removal and

change of location, as well as the transition of the mam-
mary tissue into the dry period and follicular develop-
ment and subsequent ovulation all within 4–5 d. These
events require a high level of energy and nutrients.
Maintaining ad lib feed and water consumption optimizes
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these events as measured by subsequent fertility. Boar ex-
posure of sows should start the d of weaning by allowing a
boar in front of sows for at least 10 min/d. Weaned sows
are typically exposed to boars within 2 d; most commonly
once per d [5].
Housing and environment
Research on housing and environment was summarized
by Einarsson and coworkers [65], Flowers [27], Jansen
[66], Kim et al. [33], Rhodes [67], McGlone [68-72], Vignola
[38] and Weidmann [14]. Purchased gilts should be quaran-
tined for at least 4 weeks, during which time they should be
observed for and serologically tested for infectious diseases.
Introduction of young cull sows, market hogs and manure
exchange during the latter part of isolation acclimate re-
placement gilts to the herd’s resident pathogens. Both pur-
chased gilts following quarantine and internally selected
gilts should be acclimated in small groups in the breeding
barn to allow them to build immunity to organisms present
in the breeding herd. Gilts should be vaccinated for dis-
eases, such as E. coli, erysipelas, leptospirosis, mycoplasma
and parvovirus, before breeding.
There are conflicting reports in the literature regard-

ing the effects of individual pens versus group housing
for gilts and sows. Despite this, consumer attitudes in
North America and Europe are persuading regulators to
move producers toward group housing of pregnant sows
[67,70-73]. Gilts reared in individual pens or groups of 3
reach puberty significantly later than those reared in
groups of 10 or more. In addition, gilts reared in individ-
ual pens have more silent heats and irregular estrous cy-
cles than gilts reared in group pens. However, gilts
reared in groups of 50 or more also had a lower con-
ception rate than those in smaller groups. In North
America, 90% of farms house breeding and gestation
sows in standard gestation stalls [5]. In Europe, sows
are kept in groups from week 4 of gestation until one
week before farrowing [65,74]. A primary disadvantage
of group housing for gestating sows is the inability to
uniformly control sow body condition and sow weight
gain because dominant sows consume more than timid
ones. In addition, aggression of dominant sows causes
physical damage to themselves and others. However,
feeding stalls with self-locking or manual-locking doors
or electronic sow feeders enable sows to have contact
with other sows, but have privacy when eating. A stable
social hierarchy and well-designed farrowing crates,
floors and ergonomic feeders and water nipples, gut fill
and lying comfort are important for sow health, per-
formance and longevity. Any stress in the first three
weeks of gestation may result in loss of pregnancy or
reduced litter size. Moving sows early in gestation
should be done gently in small groups.
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Estrus detection and breeding management
Estrus normally lasts 24 to 48 h in gilts and up to 72 h
in sows. Approximately 90% of sows express estrus 3–6
d after weaning [11,75] and sows which are mated at es-
trus 4–6 d after weaning have greater farrowing rates
and litter sizes than sows mated later than 6 d after
weaning [75]. Ovulation occurs approximately 38–48 h
after onset of estrus and females ovulate 2/3 of the way
through estrus [76-78]. Obviously, because of the vari-
ation in time of ovulation relative to onset of and dur-
ation of estrus [76,78-80], the more frequently estrus is
checked, the more accurately the time of ovulation can
be predicted. Farrowing rates and litter sizes will be
lower if insemination occurs more than 24 h before
ovulation because sperm live approximately 24 h after
insemination and eggs can be fertilized for only 12 h
after ovulation [77,78]. Therefore, the best way to pre-
dict ovulation is to detect estrus frequently. Conception
rates [78] and litter size [81] are unsatisfactory if mat-
ing occurs early or late relative to ovulation. The gen-
eral practice in the U.S.A. is to inseminate on the d of
detected estrus and the morning of the following d.
Failure to detect estrus accurately has the greatest im-

pact on farrowing rate and litter size. Efficiency of estrus
detection is significantly lower when gilts are in stalls, or
the boar is moved to gilt pens for estrus detection than
when gilts are moved to boar pens. Less time is required
to elicit standing response and a greater percentage of
females are detected when gilts are moved to the boar
area than with other methods. Boars must be sexually
mature (at least 10 mo of age) and emit odor and sound.
Some general recommendations are: check estrus after
feeding, remove all distractions from the area, detect estrus
in the same place and same way each time, keep animals
calm, allow sufficient time for interaction and do not inter-
fere with female and boar interaction.

Farrowing management, supervision and induction
Hyperprolific maternal line females of today commonly
have 14–16 piglets born alive and piglet pre-weaning
mortality ranges from 11 to 24% predominantly in the
first five d of age, therefore, there is renewed interest in
attendance and assistance at farrowing [45,82]. More-
over, stillbirth rates increase as litter size increases. In
addition, a larger litter generally means smaller and
weaker pigs [83,84]. The rate of stillborn piglets in-
creases as duration of farrowing and interval between
births increase. Baxter and Edwards [82] and Vanderhaeghe
et al. [85] reviewed literature demonstrating that stillborn
pigs are a multifactorial problem, which includes litter size,
parity, sow body condition, and farrowing supervision/birth
assistance.
Generally, farrowing supervision/birth assistance in-

cludes the following practices: 1) preventing savaging of
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piglets by the sow, 2) manually delivering piglets when
the birth interval becomes longer than 30 min, 3) re-
moving placental envelopes around piglets and clearing
airways of piglets to prevent suffocation and crushing of
piglets, 4) ligating the umbilical cord, 5) towel drying
and positioning piglets under a heat lamp immediately
after birth to prevent chilling, 6) placing low weight,
low-viability piglets in a heated crib or box away from
the sow, 7) feeding low-viability pigs colostrum or milk
replacer orally if necessary, 8) “split suckling” or cross-
fostering litters to ensure piglets from large litters con-
sume adequate colostrum, 9) administering fluids to
dehydrated piglets, either orally or subcutaneously, and
10) taping legs of splay-legged piglets together. Many
producers practice the McREBEL™ management pro-
gram, which minimizes cross-fostering and maximizes
supportive care [86-88]. The most important factor for
ensuring piglet survival is to ensure adequate colostrum
consumption immediately after birth, particularly since
colostrum production by the sow occurs for only 24 h
after farrowing [89].
Several controlled studies have investigated the bene-

fits of farrowing supervision/birth assistance. Holyoake
et al. [90] assigned sows and gilts to 4 treatments in a
2 × 2 factorial arrangement: 1) induced/supervised, 2)
non-induced/supervised, 3) induced/unsupervised and
4) non-induced/unsupervised. Farrowing was induced
with 250 μg of PGF2α. Each supervised group was super-
vised from 3 h before the first expected farrowing time
until the youngest litter of pigs in the group was 3 d old.
Therefore, litters born first within a group were super-
vised for longer than 3 d. Number of stillbirths/litter and
number of pre-weaning deaths/litter were significantly
greater (P < 0.05) for unsupervised sows (0.68 ± 0.08 and
1.29 ± 0.13, respectively) than for supervised sows
(0.26 ± 0.08 and 0.86 ± 0.13, respectively), whereas
total weaned/litter was less (P < 0.05) for unsupervised
sows (9.44 ± 0.19) than for supervised sows (10.17 ±
0.2). Of the 274 piglets which died in the pre-weaning
period, 47% died during the first 3 d after birth and
62% died during the first 4 d after birth. White et al.
treated 30 sows each as follows: Group 1 (Control)–
farrowings were not attended and Group 2–farrowings
were attended and piglets assisted on the d of and the
d after farrowing. The percentage of stillborn piglets
was 6.8 for Control sows and 1.6 for Group 2 sows
(P < 0.05). Overall, preweaning mortality was 18.2 for
Control sows and 10.1 for Group 2 sows (P < 0.05).
Nguyen et al. [91] assigned multiparous sows to 2
treatments: Group 1 - farrowing was induced with
PGF2α and farrowing was supervised and piglets were
assisted as needed on the d of farrowing only and
Group 2 - farrowing was not induced and not supervised.
The percentage of stillbirths was lower (P < 0.001) for
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Group 1 (0.4 ± 0.09/litter) than for Group 2 (1.0 ± 0.17/lit-
ter). Twenty-seven percent of Group 1 sows had at least
one stillborn piglet whereas 49% of Group 2 sows had at
least one stillborn piglet. However, there was no effect of
treatment on overall pre-weaning mortality. Nguyen and
coworkers [91] concluded that sows and piglets require
more than one d of supervision to reduce overall pre-
weaning mortality.

Seasonal infertility
The effect of season on fertility is mediated by temperature
and photoperiod [92-97]. Puberty is delayed in summer mo
and the WEI and duration of estrus are longer and
ovulation rate, conception rate and litter size are lower
in summer than in late autumn and winter. Parity one
sows are more susceptible to reduced reproductive per-
formance than older sows.
As noted by Claus and Weiler [93], photoperiod is the

only environmental factor which is highly repeatable
from yr to yr. Artificially altering photoperiod failed to
influence WEI, conception rate, farrowing rate or litter
size when light/dark ratios were abruptly changed and
held constant [97,98]. Kraeling and coworkers [99] re-
ported that exposure of lactating sows and ovariectomized
gilts to 8 h light/16 h dark or 16 h light/8 h dark failed to
affect prolactin, growth hormone or luteinizing hormone
secretion. Nevertheless, when photoperiod was extended
to 16 h light/8 h dark, milk yield increased by 20–24%,
thus piglet survival rate and body weight improved, which
was explained by differences in suckling frequency of the
piglets [100]. Pigs may not be able to respond to sudden
changes in photoperiod. However, Auvigne and coworkers
[101] analyzed ultrasound diagnosis results from farms lo-
cated in four regions of France for 5 yr (2003–2007). Sea-
sonal infertility was significantly higher during 2003 than
in the other four yr, which did not differ among each
other. In all regions, the highest number of hot d was in
2003 with the least number of hot d in 2007. They con-
cluded that photoperiod has a prominent role in seasonal
infertility with an additional influence of heat stress during
the hottest yr.
High environmental temperature decreases lactation

feed intake, delays puberty, disrupts behavioral estrus,
lowers ovulation rate, increases embryonic mortality, de-
creases milk production and prolongs the WEI in sows.
Heat stress is most detrimental to reproductive perform-
ance during the first 30 d due to increased embryonic
death and last 30 d of gestation due to increased still-
born piglets. Management and nutrition determine the
degree of impact of season on reproduction. Strategies
to reduce heat stress are: 1) feed high energy diets with
lower fiber and crude protein content, 2) feed at night,
3) feed multiple times per d, 4) use air cooling or water
dripping equipment, and 5) decrease group size to 15 or
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fewer in gestation and use individual gestation stalls to
reduce social stress. Most farms in North America ex-
perience seasonal infertility caused by estrus failure in
gilts and weaned sows and pregnancy failure [5].
Photoperiod may modulate the impact of other man-

agement factors unless it is extremely skewed to either
all light or all dark, but by itself photoperiod likely has a
minimal impact and is not a major factor in seasonal in-
fertility. Decreasing photoperiod and high temperatures
generally occur at the same seasonal time frame. The
wild boar is not selected for continued reproduction, yet
remains a seasonal breeder [93,96]. To optimize sow
production producers should manage sow herds to
minimize heat stress and adapt light and dark cycles to
avoid either excessive light or dark periods.

Stockmanship
Hemsworth and coworkers [102,103] reported that pigs,
which displayed a high level of fear of humans, had sus-
tained elevation in plasma concentrations of corticoste-
roids associated with poor conception rate and litter
size. In a study of 19 commercial farms in Australia,
there were highly significant negative correlations be-
tween sows’ level of fear of humans and reproductive
performance of the farm, and the stockperson’s behavior
was significantly correlated with both the sows’ level of
fear of humans and productivity of the farm. Kirkden
and coworkers [104] examined the effect of the stock-
person’s skill and attitude on reproductive performance.
As expected, most studies showed that positively han-
dled pigs are less fearful of humans than pigs exposed to
electrical prod and that occasional negative experiences
have a significant impact on the way pigs perceive the
stockperson. Sows which are fearful of humans during
gestation are more likely to savage their piglets and re-
peated aversive handling of sows during late gestation
results in increased piglet morbidity. Training farm
workers in the art of stockmanship continues to be a
challenge for swine farm managers and is of increasing
importance as consumers become more interested in
humane farm animal care.

Strategies for use of new and current management
technologies
Knox [75] and Estill [105] reviewed the impact of repro-
ductive technologies on pig production. These technolo-
gies dramatically changed the way pigs are raised and
made the pig the most efficient livestock species for food
production in the world. Many of the technologies devel-
oped during the past 2–4 decades have been incorporated
into modern pork production systems. In many cases, pro-
ducers have adapted and are utilizing the technologies for
applications or objectives that differ from the original or
approved use or claim. The authors’ intent is to describe
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and discuss how the technologies are actually being ap-
plied and not to endorse or advocate product use that may
differ from the regulatory approval in various countries.

Altrenogest
Gilts: The search for an effective and acceptable method
to synchronize estrus and ovulation in post-pubertal gilts
began over 50 yr ago [106]. The corpus luteum (CL) of
the pig has an inherent life span of 14–16 d [107,108]
and is resistant to the luteolytic action of uterine PGF2α
secretion before d 12 of the estrous cycle [109,110], thereby
making PGF2α ineffective for estrous synchronization. There-
fore, the predominant approach to estrous synchronization
in the gilt was to administer a treatment, which suppresses
pituitary gonadotropin secretion for 14 to 20 d to allow
time for the CL to regress, and at the same time, prohibit
growth of new follicles and ovulation. Upon withdrawal of
such a treatment, it was expected that gonadotropin secre-
tion would resume synchronously among the treated ani-
mals. Orally active, synthetic progesterone-like compounds
were the most commonly investigated [111]. Unfortunately,
the post-treatment estrus was often accompanied by devel-
opment of ovarian cysts, decreased fertility and/or poor
synchronization of estrus and ovulation. However, based on
exhaustive studies of the progestin, altrenogest (17α-allyl-
estratiene-4-9-11,17-β-ol-3-one), in the 1970s and 1980s, as
reviewed by Webel and Day [111,112] and Estill [105], the
Food and Drug Administration approved its use for estrous
synchronization in sexually mature gilts in 2003 (Federal
Register, October 31, 2003). Altrenogest is marketed by
Merck Animal Health under the trade name, MATRIX® in
the U.S.A. and by several other companies under other
trade names outside of the U.S.A. In controlled studies
[111,113-115], and in applied studies at large commercial
farms in the U.S.A. [116,117], approximately 85% of gilts
fed 15 mg of altrenogest/gilt/d for 14 d displayed estrus
within 4 to 9 d after withdrawal of altrenogest. For max-
imum effectiveness, post-pubertal gilts must have displayed
at least one estrus before feeding altrenogest.
Sows: Because farrowing time within a group of sows

is spread over as much as a 10 d period, “batch farrow-
ing” and “all-in-all-out” production practices are facili-
tated by delaying parturition in the sows which were
mated earliest in the group and inducing farrowing in
those mated later in the group. Allowing pigs to stay in
utero an extra 2–3 d improves birth weight and colos-
trum antibodies increase in the sow as gestation length
increases. Farrowing on weekends is avoided when par-
turition is precisely controlled. Guthrie [118] noted that
the effectiveness of an orally active progestogen to delay
parturition in the sow was reported over 50 yr ago. Numer-
ous researchers demonstrated that intramuscular injections
of progesterone or feeding altrenogest for 2–3 d, starting
several d before the time of normal parturition, prolongs
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gestation without affecting the incidence of stillbirths, piglet
mortality or dystocia in the sow [118-122]. However, to pre-
vent increased stillbirth rates, the length of gestation should
not be prolonged by more than two d beyond the normal
herd average. Guthrie et al. [121] demonstrated that farrow-
ing is even more precisely synchronized after administra-
tion of PGF2α the d after the last progestogen treatment.
Numerous studies demonstrated that postponing post-

weaning estrus by administering altrenogest improves
reproductive performance [73,123-125]. Although not
approved for this use in the U.S.A., feeding altrenogest
for 5–7 d delays onset of postpartum estrus, which gives
extra time for sows to recover body condition lost dur-
ing lactation, to establish batch farrowing groups and to
establish sow groups following piglet death from diseases
such as porcine epidemic diarrhea virus (PEDV). In
addition, subsequent conception rate and litter size in-
crease. The most prevalent use of altrenogest in com-
mercial herds is for delaying early farrowing before d
115 of gestation and for the transition from continuous
to batch farrowing. Typically, producers employ altreno-
gest for delaying estrus in weaned sows for one to two
weeks to assemble groups or batches of sows.
Gonadotropins
Prepubertal and peripubertal gilts: The only commer-
cially available hormone preparation for inducing estrus
and ovulation in prepubertal gilts and postpartum sows
in the U.S.A. is P.G. 600®, each dose of which contains
400 IU of pregnant mare’s serum gonadotropin (eCG)
and 200 IU of human chorionic gonadotropin (hCG).
Numerous studies demonstrated that i.m. injection of P.G.
600® in prepubertal and peripubertal gilts induces estrus in
50–90% within 5 d [73,77,126-130]. Up to 30% of those
exhibiting estrus have an irregular return to a subsequent
estrus.
Postpartum sows: Many studies demonstrated that i.m.

injection of PMSG or P.G. 600® in sows at weaning in-
duces estrus in sows within 5 d [73,77,126,128,130-132].
Weaning to estrus interval is shorter, but the estrus
synchronization rate, subsequent farrowing rate and litter
size are similar compared to untreated sows. Gonadotro-
pins are often misused on production farms by attempting
to induce estrus in sows or gilts in the presence of CL or
perhaps cystic follicles. For example, treating sows that have
not expressed estrus by 10–12 d following weaning is a
common practice, but is often ineffective because many
sows experienced a silent estrus and the gonadotropin
treatment is ineffective. The most common and effective
use of gonadotropin treatment is for parity one sows and
during seasonal anestrous. For inducing estrus, P.G. 600® is
typically given on the d of weaning to induce a more syn-
chronous return to post-weaning estrus.
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Fixed-time artificial insemination (AI)
As noted above, feeding 15 mg of altrenogest/gilt/d for
14 d results in approximately 85% of the gilts displaying
estrus within 4–9 d after withdrawal of altrenogest.
Weaning a group of sows, when all have reached three
weeks or greater of lactation, results in a high percentage
of these sows being bred within a 3 d period beginning
about 4 d after weaning. Therefore, a treatment, which
more precisely synchronizes ovulation, is needed to
facilitate a single fixed-time AI of all gilts and sows in a
group on the same d without regard to onset of estrus,
thereby eliminating the need for estrus detection.
Brüssow et al. [128] and Driancourt [133] summarized

literature which demonstrated the effectiveness of hCG,
LH and GnRH analogs to synchronize ovulation in
weaned sows and in gilts after withdrawal of altrenogest.
Zak et al [134,135] reported that i.m. administration of
5 mg of pLH to weaned sows at onset of behavioral estrus
followed by a double fixed-time AI resulted in a farrowing
rate comparable to controls inseminated multiple times
while in estrus. JBS United Animal Health launched
OvuGel®, a FDA licensed proprietary gel formulation
containing a GnRH-analogue in 2013. OvuGel® is the
first product approved for synchronizing ovulation
followed by a single fixed-time AI in weaned sows.
OvuGel® is administered intravaginally to sows 96 h
after weaning. Because ovulation starts in some sows
32–36 h after OvuGel® administration and a high per-
centage of sows complete ovulation 40–48 h after
OvuGel® administration, all sows are inseminated with a
single dose of semen without regard to estrus 22–24 h
after OvuGel® administration to optimize fertility [136].
Thus, there is no need for heat detection, which effect-
ively decreases labor costs and increases throughput
and utilization of inventory. Fertility after OvuGel®
treatment followed by a single fixed-time AI are equiva-
lent to those of untreated sows inseminated on each d
in standing estrus [137].
Driancourt and coworkers [133,138] administered

buserelin acetate 115–120 h after last feeding of altreno-
gest in gilts and 83–89 h after weaning in sows via intra-
muscular or subcutaneous injection. A single AI was
performed 30–33 h after buserelin treatment in only fe-
males which had displayed estrus. Fertility was equiva-
lent to those of untreated animals.
Time of farrowing among a group of sows, all of which

receive a single fixed-time AI on the same d is less vari-
able than those receiving a AI on each d they are in es-
trus. This breeding precision facilitates a synchronized
farrowing for the majority of a breeding group, which
provides an opportunity for careful attention to d one
pig care and reduction in stillborn rates. An even more
precise synchronized farrowing is achieved by induction
of parturition with prostaglandin F2α.
__________________________ WORLD TEC
Cervical artificial insemination (CAI) and post-cervical artificial
insemination (PCAI)
Cervical artificial insemination (CAI) is the predominant
breeding method on farms of all sizes [5]. Benefits of
CAI and PCAI are introduction of improved genetics,
reduced risk of disease transmission and improved per-
formance of reproductive tasks, which improves time
management compared to natural service [139]. CAI
technician fatigue should be avoided. Farrowing rates de-
crease from 85 to 78% when technicians perform more
than 10 CAIs before taking a break. Farrowing rate de-
creases to 71% when more than 15 CAIs are performed
without a break.
Recent interest in PCAI is primarily because sperm

cell numbers/dose of semen is significantly less than that
of CAI [140-142]. Therefore, more sows are inseminated
with superior genetics and fewer sires are required to
produce such semen. PCAI bypasses the cervix and de-
posits the majority of semen directly into the uterine
body. PCAI, also known as intrauterine AI and trans-
cervical AI, is not new [143-145]. Some reported disad-
vantages of PCAI are that it is not easily applied to gilts,
the catheter is expensive and it could be harmful to the
female, if not performed correctly. The benefits are re-
duced labor, decreased time performing AI, more sows
bred with semen from superior sires and fewer sires
needed to produce that semen [140-142]. Additional
time and labor are saved because no boar should be
present during PCAI. Traditional CAI takes 7–10 min,
whereas PCAI takes one to two min. With PCAI, 1–2 ×
109 sperm cells/dose [140,142] or even 0.5 × 109 sperm
cells/dose [146] are used compared with 3 × 109 sperm
cells/dose used for CAI.
Several workers reported that reproductive perform-

ance was compromised after PCAI in primaparous sows
[147]. However, Sbardella and coworkers [148] com-
pared the reproductive performance of primaparous
sows, which were mated by PCAI with 1.5 × 109 sperm
cells in 45 mL, and those which were mated by cervical
AI with 3 × 109 sperm cells in 90 mL. There was no dif-
ference between treatments in farrowing rate and litter
size. Passage of the intrauterine catheter was possible in
86.8% of the PCAI sows. PCAI is particularly beneficial
when using frozen-thawed semen and sex sorted sperm,
which reduce the number of sperm cells available and/or
the lifespan of sperm cells.
Knox et al. [5] documented the following practices for

farms in North America. Fifty-five percent of farms used
the interval from weaning to estrus to time the first AI,
after detection of estrus, 62% of farms timed the first AI
to occur within min or a few h of estrus, whereas 30%
delayed AI until the next AM or PM period. Seventy-six
percent of farms planned for two doses of semen for
each sow, whereas only 14% planned for three doses of
HNOLOGIES ________________________
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semen per sow. Prominent procedures during AI were
back pressure (93%), boar exposure (89%), flank rubbing
(80%) and gravity semen flow (81%). PCAI is practiced
on only 6% of farms; 61% having no experience with
PCAI and 25% having tried it, but not used it since.
However, during the past two yr, interest in and imple-
mentation of PCAI has experienced a dramatic increase
with a high success rate and may soon become the most
prevalent AI technique.
Ultrasound for pregnancy detection
According to Flowers and coworkers [149] and Knox
and coworkers [73], the most common strategy for iden-
tifying non-pregnant females is detection of estrus by
daily boar exposure from 17 to 23 d after breeding
followed by examination by either amplitude-depth
(A-mode) or Doppler ultrasonography between d 28
and 45 of gestation. In addition, Flowers and co-
workers presented data demonstrating that real-time
(B-mode) ultrasonography is accurate when used after
the first 3 weeks of gestation. In North America, most
medium and large farms use real-time ultrasonography to
determine pregnancy during week 3 to 5 [5].
Induced farrowing
Guthrie [118], Kirkden and coworkers [104,150], Kirkwood
[129] and Nguyen et al. [91] published literature reviews on
the impact of induction of synchronized farrowing on piglet
mortality. Farrowing is usually induced by administration of
PGF2α or a PGF2α analog. Numerous studies indicate ap-
proximately 92% of sows farrow within the working d fol-
lowing PGF2α injection compared to 38% for untreated
controls. Induction of farrowing substantially decreases
piglet mortality because 1) a high proportion of farrowings
occur during normal working h, 2) farrowing can be
closely supervised, which provides opportunity to save and
cross-foster piglets, 3) farrowing is avoided on weekends,
4) batch farrowing reduces variation in piglet age at wean-
ing, and 5) batching of routine tasks result in efficient use
of facilities. Weaning a group of piglets at a more narrow
age range, results in less variation in subsequent market
weights. The negative experiences some producers have
had with induction of farrowing were most likely due to
incorrect use of PGF products. PGF2α must be adminis-
tered no earlier than 2 d before expected farrowing based
on the average expected farrowing date of the herd, since
mean gestation length between herds varies from 113 to
117 d. Induction too early will result in low piglet birth
weight, increased duration of farrowing and increased still-
born and live born mortality rates. Induction of farrowing
has not been widely practiced in the USA, except for
inducing sows with the longest gestation to ensure they
farrow with a particular group.
__________________________ WORLD TEC
Generally, natural farrowing time within a group of
sows is spread over approximately a 10 d period due to
variation between sows in weaning to estrus interval and
length of gestation. However, due to increased interest
in biosecurity and piglet health issues, U.S.A. producers
have expressed renewed interest in “batch farrowing”
and “all-in-all-out” production practices. The introduc-
tion of ovulation synchronization and single fixed-time
AI inspired a vision for closer farrowing synchronization
to facilitate supervision and reduce stillbirths. If a
“batch” or group of sows are induced to ovulate and in-
seminated once at the same h on the same d, then far-
rowing induction with reduced time and labor required
for providing supervision for the batch becomes prac-
tical. Recent trials support this theory in that the time
and variability of farrowing was reduced for sows insem-
inated following treatment with OvuGel® and a single
fixed-time AI compared to contemporary control sows
inseminated without ovulation synchronization [149].
Furthermore, addition of PGF2α to induce farrowing on
d 113 of gestation resulted in highly synchronized far-
rowing, reduced variation in and increased age of piglets
at weaning. Greater than 80% of the sows inseminated
with a single fixed-time AI, then treated with PGF2α on
the same d (113 of gestation), farrowed on the same d.
Ninety percent of the piglets were the same d of age at
weaning and were 1.3 d older than those from non-
induced sows. In these studies, 92% of treated sows
farrowed within 2 d compared to 38% for controls
[151,152]. The precision observed following single fixed-
time AI and treatment for induction of farrowing on the
same d now permits farrowing managers to attend far-
rowing and provide intensive piglet care. As the practice
of batch farrowing, fixed-time AI and intensive birthing
care become more prevalent, the pre-weaning survival of
piglets is expected to increase. Figure 1 schematically de-
picts the authors’ vision for utilization of currently avail-
able technologies. These combined technologies will result
in production benefits discussed above.

New performance terminology
Figure 1 schematically depicts the authors’ vision for
utilization of currently available technologies. These
combined technologies will result in production benefits
discussed above. Because all weaned sows are insemi-
nated once (Figure 1) without regard to estrus in a
fixed-timed AI program, the conventional farrowing rate
terminology of number farrowed ÷ number bred is not
appropriate. Webel and coworkers [151] suggested that
weaned sow farrowing rate (number farrowed ÷ number
weaned) is a more appropriate measure of sow utilization
when comparing farrowing performance. Also, the com-
monly used metric of pigs per mated female may be a mis-
leading indicator of sow farm productivity because it does
HNOLOGIES ________________________
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not account for sows that do not return to estrus and are
not mated promptly following weaning. For a group of
weaned sows, total live pigs produced per 100 weaned
sows (piglet index) provides a more valuable economic
measure of sow farm efficiency [151,152].

Conclusion
Many advances in genetic selection, nutrition, housing
and disease control since the 1950s have been incorpo-
rated into modern pork production. Genetics, nutrition,
housing, disease, lameness, age at first mating, assistance
at farrowing, length of lactation and growth rate, body
condition and performance of parity one impact sow
longevity. Seasonal infertility, mediated by temperature
and photoperiod, is a persistent problem. The following
technologies have been adopted by many swine pro-
ducers over the past 2–4 decades. The orally active pro-
gestin, altrenogest is used to: 1) synchronize the estrous
cycle of gilts, 2) prolong gestation to synchronize far-
rowing and 3) postpone post-weaning estrus to give
extra time for sows to recover body condition lost dur-
ing lactation. The only commercially available prepar-
ation for inducing estrus and ovulation in the U.S.A. is
P.G. 600®. GnRH analogs synchronize ovulation thereby
making fixed-time AI practical. A single fixed-time AI of
every female in a group on one d enables producers to
plan precisely how much semen to have available on a
particular d and to focus resources on other tasks the
other 6 d of the week. It is also possible to eliminate
weekend inseminations, and if breeding is performed on
a weekend, the AI technician knows exactly what needs
to be done, thereby reducing errors. Therefore, less
semen is wasted and less old semen is used from previ-
ous orders. Post-cervical AI uses significantly fewer
sperm cells/dose of semen than cervical AI. Real-time
ultrasonography is used to determine pregnancy during
weeks 3–5. Benefits of induced farrowing with PGF2α
are: 1) a high proportion of farrowing occur during nor-
mal working h, 2) close supervision at farrowing, 3) no
farrowing on weekends, 4) reduce age range within
batches of growing pigs and 5) efficient use of facilities
and batching of routine tasks. Ovulation synchronization,
single fixed-time AI and induced parturition with PGF2α
leads to farrowing synchronization, which facilitates super-
vision of sows and piglets. Attendance and assistance at
farrowing is especially important to ensure adequate
colostrum consumption by piglets immediately after
birth. These technologies save a significant amount of
time, which allows redistribution of labor (i.e. focusing
more on facility maintenance, gilt development, evaluating
sows’ body condition, adjusting gestation feeders, assisting
in farrowing and training workers in the art of stockman-
ship, which is important for humane farm animal care). In
addition, they maximize the leverage of high index boars,
__________________________ WORLD TEC
which will improve overall pork production efficiency.
New performance terminologies were proposed. Because
all weaned sows are inseminated once without regard to
estrus in a fixed-timed AI program, the conventional far-
rowing rate terminology (number farrowed ÷ number
bred) is inappropriate. Weaned sow farrowing rate (num-
ber farrowed ÷ number weaned) is a more appropriate
measure of sow utilization when comparing farrowing per-
formance. Also, the commonly used metric of pigs per
mated female is a misleading indicator of sow farm prod-
uctivity because it does not account for sows that do not
return to estrus and are not mated promptly following
weaning. Therefore, total live pigs produced per 100
weaned sows (piglet index) provides a more valuable eco-
nomic measure of sow farm efficiency.
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Osteopontin: a leading candidate adhesion
molecule for implantation in pigs and sheep
Greg A Johnson1*, Robert C Burghardt1 and Fuller W Bazer2
Abstract

Osteopontin (OPN; also known as Secreted Phosphoprotein 1, SPP1) is a secreted extra-cellular matrix (ECM) protein
that binds to a variety of cell surface integrins to stimulate cell-cell and cell-ECM adhesion and communication. It is
generally accepted that OPN interacts with apically expressed integrin receptors on the uterine luminal epithelium (LE)
and conceptus trophectoderm to attach the conceptus to the uterus for implantation. Research conducted with pigs
and sheep has significantly advanced understanding of the role(s) of OPN during implantation through exploitation of
the prolonged peri-implantation period of pregnancy when elongating conceptuses are free within the uterine lumen
requiring extensive paracrine signaling between conceptus and endometrium. This is followed by a protracted and
incremental attachment cascade of trophectoderm to uterine LE during implantation, and development of a true
epitheliochorial or synepitheliochorial placenta exhibited by pigs and sheep, respectively. In pigs, implanting
conceptuses secrete estrogens which induce the synthesis and secretion of OPN in adjacent uterine LE. OPN then binds
to αvβ6 integrin receptors on trophectoderm, and the αvβ3 integrin receptors on uterine LE to bridge conceptus
attachment to uterine LE for implantation. In sheep, implanting conceptuses secrete interferon tau that prolongs the
lifespan of CL. Progesterone released by CL then induces OPN synthesis and secretion from the endometrial GE into
the uterine lumen where OPN binds integrins expressed on trophectoderm (αvβ3) and uterine LE (identity of specific
integrins unknown) to adhere the conceptus to the uterus for implantation. OPN binding to the αvβ3 integrin receptor
on ovine trophectoderm cells induces in vitro focal adhesion assembly, a prerequisite for adhesion and migration of
trophectoderm, through activation of: 1) P70S6K via crosstalk between FRAP1/MTOR and MAPK pathways; 2) MTOR,
PI3K, MAPK3/MAPK1 (Erk1/2) and MAPK14 (p38) signaling to stimulate trohectoderm cell migration; and 3) focal
adhesion assembly and myosin II motor activity to induce migration of trophectoderm cells. Further large in vivo focal
adhesions assemble at the uterine-placental interface of both pigs and sheep and identify the involvement of sizable
mechanical forces at this interface during discrete periods of trophoblast migration, attachment and placentation in
both species.

Keywords: Implantation, Integrins, Psteoponti, Pigs, Sheep
Introduction
Domestic animal models for research are generally under-
appreciated [1]; however, pigs and sheep offer unique char-
acteristics of pregnancy, as compared to rodent or primate
models, and studies of pigs and sheep have provided sig-
nificant insights into the physiology of implantation in-
cluding: 1) elongation of the blastocyst into a filamentous
conceptus; 2) the protracted peri-implantation period of
pregnancy when the conceptus is free within the uterine
* Correspondence: gjohnson@cvm.tamu.edu
1Department of Veterinary Integrative Biosciences, Texas A&M University,
College Station, TX 77843-4458, USA
Full list of author information is available at the end of the article
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lumen requiring extensive paracrine signaling between
conceptus and endometrium, as well as nutritional support
provided by uterine secretions; 3) a protracted and incre-
mental attachment cascade of trophectoderm to endomet-
rial epithelium during implantation; and (4) development
of a true epitheliochorial or synepitheliochorial placenta,
respectively, that utilizes extensive uterine and placental
vasculatures for hematotrophic nutrition, and placental
areolae for histotrophic support of the developing fetuses.
Our understanding of the complex mechanistic events that
underlie successful implantation and placentation across
species has been and will likely continue to be advanced
by studies of pigs and sheep as biomedical research models
HNOLOGIES ________________________
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and to increase reproductive success in animal agriculture
enterprises providing high quality protein for humans.

Overview of the biology of osteopontin (OPN)
OPN is a secreted extracellular matrix (ECM) protein that
binds to a variety of cell surface integrins and several
CD44 variants [2-6]. Integrins are transmembrane glyco-
protein receptors composed of non-covalently bound α
and β subunits that promote cell-cell and cell-ECM
adhesion, cause cytoskeletal reorganization to stabilize ad-
hesion, and transduce signals through numerous signaling
intermediates [7,8]. Integrin-mediated adhesion is focused
within a primary mechanotransduction unit of dynamic
structure and composition known as a focal adhesion
whose size, composition, cell signaling activity and adhe-
sion strength are force-dependent [2,9]. The intrinsic prop-
erties of the ECM in different niches and tissue-level
compartments affect the composition and size of focal
adhesions that, in turn, modulate cell behavior including
gene expression, protein synthesis, secretion, adhesion,
migration, proliferation, viability and/or apoptosis [10].
Integrins are dominant glycoproteins in many cell adhe-
sion cascades, including well defined roles in leukocyte ad-
hesion to the apical surface of polarized endothelium for
extravasation of leukocytes from the vasculature into tis-
sues [11]. A similar adhesion cascade involving interactions
between the ECM and apically expressed integrin receptors
on the uterine luminal epithelium (LE) and conceptus
(embryo and placental membranes) trophectoderm is pro-
posed as a mechanism for attachment of the conceptus to
the uterus for implantation; the initial step for the exten-
sive tissue remodeling that occurs during placentation
[12]. OPN is a leading candidate adhesion molecule for
implantation in pigs and sheep [13].
OPN is an acidic member of the small integrin-binding

ligand N-linked glycoprotein (SIBLING) family of proteins
[9]. The breadth of literature pertaining to the diverse
functions of OPN is extensive, and OPN has been inde-
pendently identified as a protein associated with metastatic
cancers (2ar), as an ECM protein of bones and teeth
(OPN, BSP1, BNSP,SPP1), as a cytokine produced by acti-
vated lymphocytes and macrophages (early T-cell activa-
tion factor 1, Eta-1), and as a major constituent of the
uterus and placenta during pregnancy [13-17]. In general,
OPN is a monomer ranging in length from 264 to 301
amino acids. OPN contains a hydrophobic leader sequence
characteristic of a secreted protein, a calcium phosphate
apatite binding region of consecutive asparagine resi-
dues, a GRGDS sequence that interacts with integrins, a
thrombin cleavage site, and two glutamine residues that
are recognized substrates for transglutaminase-supported
multimer formation [3,5,6]. Genes encoding OPN from
different species present only moderate sequence conser-
vation, except in the NH2-terminal region, around the
__________________________ WORLD TEC
Arg-Gly-Asp (RGD) integrin-binding sequence, and in
the COOH-terminus [3,5,6,18]. OPN undergoes extensive
posttranslational modifications that can alter its function
in different physiological microenvironments. These mod-
ifications include proteolytic cleavage, phosphorylation,
glycosylation, sulfation and cross-linking with self and
other macromolecules [19-23]. OPN is present on epithe-
lial cells and in secretions of the gastrointestinal tract (in-
cluding the liver), respiratory tract, kidneys, thyroid,
breast, testes, uterus and placenta [24-32]. Other cell types
that express OPN include leukocytes, smooth muscle cells,
and highly metastatic cancer cells [33-35]. OPN is a multi-
functional ECM protein reported to 1) stimulate cell-cell
adhesion, 2) increase cell-ECM communication, 3) pro-
mote cell migration, 4) decrease cell death, 5) stimulate
immunoglobulin production, 6) induce changes in phos-
phorylation of focal adhesion kinase and paxillin, 7)
stimulate phosphotidylinositol 3′-kinase activity, 8) alter
intracellular calcium levels, and 9) promote calcium phos-
phate deposition [36-42].

Timeline of key advancements in understanding the role
of OPN as an attachment factor for implantation
OPN was first observed in endometrial tissue when, in
1988, Nomura et al., [43] performed in situ hybridization
to localize OPN in mouse embryos, the endometrium
from the gravid and non-gravid uterine horns of pregnant
mice, and the endometrium from mice exposed to intra-
uterine injection of oil to induce a deciduoma. High levels
of OPN mRNA were detected in the LE, but not GE, of
the gravid uterine horns. Interestingly, epithelial expres-
sion of OPN appeared to be specific to pregnancy because
little to no OPN mRNA was observed in the uterine LE of
non-gravid or pseudopregnant mice [43]. In addition to
the LE, high levels of OPN mRNA were localized to the
granulated metrial gland (GMC) cells of decidual and
deciduoma tissues, with lower numbers of OPN positive
cells in the deciduoma of uteri [43]. It is noteworthy that
these investigators were the first to argue that OPN plays
a wider role than had previously been assumed, and that
its functions are not confined to bone development. The
decidual cells that express OPN have since been con-
firmed to be uterine natural killer (uNK) cells [44,45].
Similar to expression in mice, immunocytochemical stud-
ies performed by Young and colleagues in 1990 [25] local-
ized OPN protein to the decidua of women; however, in
contrast to mice, OPN was also expressed by the secretory
phase endometrial GE. It was suggested that the absence
of OPN in GE during the proliferative phase of the men-
strual cycle indicated that changes in expression in GE of
normal cycling endometrium were the result of hormonal
regulation and that the function(s) of OPN in the endo-
metrium might be associated with its ability to enhance
cell attachment [25].
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A significant conceptual advance regarding the function
(s) of epithelia-derived OPN was made by Brown and co-
workers [26] in 1992, when OPN mRNA and protein were
localized to epithelial cells of a variety of organs, including
the hypersecretory endometrial GE associated with preg-
nancy in women. In the secretory epithelia of all organs
examined, OPN protein was associated with the apical do-
main of the cells, and when the luminal contents were
preserved in tissue sections, proteins secreted into the
lumen were positive for OPN staining. It was hypothesized
that OPN secreted by epithelia, including uterine epithelia,
binds integrins on luminal surfaces to effect communi-
cation between the surface epithelium and the external
environment [26]. Between 1992 and 1996, Lessey and co-
workers established that transient uterine expression of
αvβ3 and α4β1 integrins defines the window of implant-
ation in women [46-48] and that altered expression of
these integrins correlates with human infertility [49,50].
Noting that the αvβ3 and α4β1 integrin heterodimers
present during the implantation window bind OPN, these
investigators suggested involvement of OPN and integrins
in trophoblast-endometrial interactions during the initial
attachment phase of implantation [46].
Comprehensive examination of the temporal and spatial

expression and hormonal regulation of uterine OPN
mRNA and protein and integrin subunit proteins in the
uteri and placentae of sheep (discussed in detail later in this
review), performed from 1999 through 2002, provided the
first strong evidence that OPN is a progesterone-induced
secretory product of endometrial glands (histotroph) that
binds integrins on apical surfaces of endometrial LE and
conceptus trophectoderm to mediate attachment of uterus
to trophectoderm for implantation [18,29,51,52]. Indeed,
pregnant Day 14 ewes, which lack uterine glands (uterine
gland knockout, UGKO phenotype), exhibit an absence of
OPN in uterine flushings compared with normal ewes, and
do not maintain pregnancy through the peri-implantation
period [53]. Similarly, functional intrauterine blockade of
αv and β3 integrin subunits, that combine to form a major
receptor for OPN, reduces the number of implantation
sites in mice and rabbits [54,55]. Further evidence for regu-
lation of uterine OPN by sex steroids was provided by re-
sults from studies using human and rabbit models.
Progesterone treatment increased OPN expression by hu-
man endometrial adenocarcinoma Ishakawa cells (in vitro
findings, 2001) as well as endometrium of rabbits (in vivo
findings, 2003) [56,57]. In contrast, i.m. injection of estro-
gen induced expression of OPN in the uterine LE of cyclic
pigs (in vivo, 2005) [58]. Results from pigs were the first to
suggest that conceptuses can directly regulate the regional
expression of OPN in the endometrium at specific sites of
implantation through secretion of estrogens [58,59]. Mi-
croarray studies from 2002 and 2005 strongly support a
role for OPN during implantation [60-62]. Two reports
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confirmed that OPN is the most highly up-regulated
ECM-adhesion molecule in the human uterus as it be-
comes receptive to implantation [60-62].
Research regarding OPN has begun to focus on its inter-

actions with integrin receptors in the female reproductive
tract. In 2009, Burghardt and colleagues [63] reported the
in vivo assembly of large focal adhesions containing aggre-
gates of αv, α4, α5, β1, β5, alpha actinin, and focal adhe-
sion kinase (FAK) at the uterine-placental interface of
sheep, that expand as pregnancy progresses. It is note-
worthy that OPN was present along the surfaces of both
uterine LE and trophectoderm, although it was not deter-
mined whether it co-localized to the focal adhesions [63].
Similar focal adhesions form during implantation in pigs
[64,65]. Affinity chromatography and immunoprecipita-
tion experiments revealed direct in vitro binding of por-
cine trophectoderm αvβ6 and uterine epithelial cell αvβ3,
and ovine trophectoderm αvβ6 integrins to OPN [64,66].
These were the first functional demonstrations that OPN
directly binds specific integrins to promote trophectoderm
cell migration and attachment to uterine LE that may be
critical to conceptus elongation and implantation. Re-
cently (2014), Aplin and co-workers [67] employed three
in vitro models of early implantation with Ishakawa cells
to demonstrate that OPN potentially interacts with the
αvβ3 integrin receptor during implantation in humans.

Key events during the peri-implantation period of pigs
and sheep
Communication and reciprocal responses between the
conceptus and uterus are essential for conceptus survival
during the peri-implantation period of pregnancy. These
interactions also lay the critical physiological and anatom-
ical groundwork for subsequent development of functional
uterine LE, GE, stroma and placentae required to maintain
growth and development of the conceptus throughout
pregnancy. In a progesterone dominated uterine environ-
ment, establishment and maintenance of pregnancy in pigs
and sheep requires; (i) secretion of estrogens or interferon
tau, respectively, from the conceptus to signal pregnancy
recognition [68-71], (ii) secretions from uterine LE and
GE, i.e., histotroph, to support attachment, development
and growth of the conceptus [72-74], and (iii) cellular
remodeling at the uterine LE-conceptus trophectoderm
interface to allow for attachment during implantation
[8,75,76]. These events are orchestrated through endo-
crine, paracrine, autocrine and juxtracrine communication
between the conceptus and uterus, and the complexity of
these events likely underlies the high rates of conceptus
mortality during the peri-implantation period of preg-
nancy [77,78].
Implantation and placentation are critical events in

pregnancy. Implantation failure during the first three
weeks of pregnancy is a major cause of infertility in all
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mammals [77-80]. The process of implantation is highly
synchronized, requiring reciprocal secretory and physical
interactions between a developmentally competent con-
ceptus and the uterine endometrium during a restricted
period of the uterine cycle termed the “window of recep-
tivity”. These initial interactions between apical surfaces
of uterine LE and conceptus trophectoderm begin with
sequential phases i.e., non-adhesive or pre-contact, ap-
position, and adhesion, and conclude with formation of
a placenta that supports fetal-placental development
throughout pregnancy [81-83]. Conceptus attachment
first requires loss of anti-adhesive molecules in the gly-
cocalyx of uterine LE, comprised largely of mucins that
sterically inhibit attachment [52,84,85]. This results in
“unmasking” of molecules, including selectins and galec-
tins, which contribute to initial attachment of conceptus
trophectoderm to uterine LE [86-88]. These low affinity
contacts are then replaced by a repertoire of adhesive in-
teractions between integrins and maternal ECM which ap-
pear to be the dominant contributors to stable adhesion at
implantation [1,8,52,89-91]. OPN is expressed abundantly
within the conceptus-maternal environment in numerous
species, including pigs and sheep [17,29,57,59,62,92,93].

Osteopontin is structurally and functionally suited to
support implantation of pig and sheep conceptuses
Depending on cell context and species, OPN expression
can be regulated by multiple hormones and cytokines,
including the sex steroids progesterone and estrogen
[28,51,56-58,94-98]. OPN mediates multiple cellular pro-
cesses, such as cell-mediated immune responses, inflam-
mation, angiogenesis, cell survival, and tumor metastasis
primarily through integrin signaling [3,5,17,99,100]. Integ-
rins are transmembrane glycoprotein receptors composed
of non-covalently bound α and β subunits that participate
in cell-cell and cell-ECM adhesion, cause cytoskeletal
reorganization to stabilize adhesion, and transduce signals
through numerous signaling intermediates [7,8]. OPN has
an expansive integrin receptor repertoire that includes
RGD-mediated binding to αvβ3 [101,102], αvβ1 [103],
αvβ5 [103], and α8β1 [104], as well as alternative binding
sequence-mediated interactions with α4β1 [105], and α9β1
[106]. OPN binding to these various receptors results in
diverse effects including: (1) leukocyte, smooth muscle cell
and endothelial cell chemotaxis; (2) endothelial and epithe-
lial cell survival; and (3) fibroblast, macrophage and tumor
cell migration [64,66,103,104,107]. Clearly, the ability to
bind multiple integrin receptors to produce different cellu-
lar outcomes greatly increases OPN’s potential role(s) dur-
ing conceptus development and implantation. Importantly,
OPN contains a serine protease cleavage site that when ac-
tivated generates bioactive OPN fragments [23,108], and
two glutamines that support multimerization of the pro-
tein [22]. It is notable that OPN is flexible in solution,
__________________________ WORLD TEC
allowing for simultaneous binding to more than one in-
tegrin receptor [16,109]. Further, OPN can also exist in a
polymerized form cross-linked by transglutaminase. Ho-
motypic OPN bonds have high tensile strength, suggesting
that self-assembly is involved in cell-cell and cell-matrix
interactions [22]. These multimeric complexes may pre-
sent multiple RGD sequences for simultaneous binding to
integrins on multiple surfaces [22,110]. Therefore, OPN
has the potential to bind multiple proteins and to partici-
pate in assembly of multi-protein complexes that bridge
and form the interface between conceptus to uterus during
implantation.

OPN expression, regulation and function in the uterus
and placenta of gilts
A hallmark of pregnancy in pigs is the protracted peri-
implantation period of pregnancy when conceptuses are
free within the uterine lumen to elongate from spherical
blastocysts to conceptuses with a filamentous morph-
ology (Reviewed in [111]). Pig embryos move from the
oviduct into the uterus about 60 to 72 h after onset of
estrus, reach the blastocyst stage by Day 5, then shed
the zona pellucida and expand to 2–6 mm in diameter
by Day 10. At this stage, development of pig embryos di-
verges from that of rodents or primates. Within a few
hours the presumptive placental membranes (trophecto-
derm and extra-embryonic endoderm) elongate at a rate
of 30–45 mm/h from a 10 mm blastocyst to a 150–
200 mm long filamentous form, after which further
elongation occurs until conceptuses are 800–1,000 mm
in length by Day 16 of pregnancy [111]. During this
period of rapid elongation, porcine conceptuses secrete
estrogen beginning on Days 11 and 12 to signal initi-
ation of pregnancy to the uterus, and by Day 13 begin
an extended period of incremental attachment to the
uterine LE [17,69]. The attached trophectoderm/chorion-
endometrial epithelial bilayer develops microscopic folds,
beginning about Day 35 of gestation, and these folds in-
crease the surface area of contact between maternal and
fetal capillaries to maximize maternal-to-fetal exchange of
nutrients and gases [112].
In pigs, OPN is an excellent candidate for influencing

this complex environment of pregnancy, because the
OPN gene is located on chromosome 8 under a quanti-
tative trait loci (QTL) peak for prenatal survival and lit-
ter size, [113]. The temporal and spatial expression of
OPN in the porcine uterus and placenta is complex, with
independent and overlapping expression by multiple cell
types. Between Days 5 and 9 of the estrous cycle and
pregnancy, OPN transcripts are detectable in a small
percentage of cells in the sub-epithelial stratum compac-
tum of the endometrial stroma [59]. The morphology
and distribution of OPN mRNA- and protein-positive
cells in the stratum compactum of the stroma on Day 9
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of the estrous cycle and pregnancy suggest that these are
immune cells. Certainly Eta-1/OPN, is an established
component of the immune system that is secreted by ac-
tivated T lymphocytes [15]. It is reasonable to speculate
that because insemination in pigs is intrauterine, OPN
expressing immune cells may protect against pathogens
introduced during mating. A similar pattern of distribu-
tion of OPN-producing cells is also evident in the allan-
tois of the placenta beginning between Days 20 and 25
of pregnancy, and the number of these cells increases as
gestation progresses [58]. The identity of these cells re-
mains to be determined.
OPN expression in uterine LE increases markedly dur-

ing the peri-implantation period of pigs, but is never ob-
served in uterine LE during the estrous cycle [59]. OPN
mRNA is initially induced by conceptus estrogens in
discrete regions of the LE juxtaposed to the conceptus just
prior to implantation on Day 13, then expands to the en-
tire LE by Day 20 when firm adhesion of conceptus
Figure 1 OPN is synthesized and secreted from the luminal epithelium
A) H&E stained paraffin embedded thin section of the uterine/placental int
histotroph (note the intense red eosin protein staining) secreted by the gla
(bottom panels) is expressed in the uterus of a Day 80 pregnant gilt (expre
and then in both cell types to term). Note that OPN is not detectable in ut
of uterine LE to placental trophectoderm/chorion). This precise spatial distr
attaching uterus to placenta during epitheliochorial placentation.
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trophectoderm to uterine LE occurs [58]. However, OPN
mRNA is not present in pig conceptuses [58,59]. In con-
trast to mRNA, OPN protein is abundant along the apical
surfaces of LE and trophectoderm/chorion, but only in
areas of direct contact between the uterus and conceptus
[58,59]. Remarkably, OPN mRNA and protein are not
present in uterine LE and chorion of areolae where the
chorion does not attach to LE, but rather forms a “pocket”
of columnar epithelial cells that take up and transport se-
cretions of uterine GE into the placental vasculature by
fluid phase pinocytosis [114] (Figure 1). OPN levels re-
main high at this interface throughout pregnancy [59], as
do multiple integrin subunits that potentially form hetero-
dimeric receptors that bind OPN [8,84,90].
All experimental and surgical procedures were in com-

pliance with the Guide for Care and Use of Agricultural
Animals in Teaching and Research and approved by the
Institutional Animal Care and Use Committee of Texas
A&M University.
(LE) only at sites of direct attachment of uterus to placenta.
erface of a Day 80 pregnant gilt illustrating an areola containing
ndular epithelium (GE). B) OPN mRNA (top panels) and protein
ssion begins in luminal epithelium (LE) on Day 13, in GE by Day 35,
erine LE associated with areolae where there is no direct attachment
ibution for OPN expression strongly suggests that it plays a role for
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Affinity chromatography and immunoprecipitation ex-
periments were performed to test whether the integrin
subunits αv, α4, α5, β1, β3, β5, and β6, expressed by por-
cine trophectoderm cells (pTr2) and porcine uterine epi-
thelial (pUE) cells, directly bind OPN. Detergent extracts
of surface-biotinylated pig trophectoderm (pTr2) and
uterine epithelial (pUE) cells were incubated with OPN-
Sepharose and the proteins that bound to OPN were
eluted with EDTA to chelate cations and release bound
integrins. To identify these integrins, immunoprecipita-
tion assays were performed using antibodies that suc-
cessfully immunoprecipitated integrin subunits from
pTr2 or pUE cell lysates. OPN directly bound the αvβ6
integrin heterodimer on pTr2 cells and αvβ3 on ULE
cells [64]. OPN binding promoted dose- and integrin-
dependent attachment of pTr2 and pUE cells, and stim-
ulated haptotactic pTr2 cell migration, meaning that
cells migrated directionally along a physical gradient of
nonsoluble OPN [64]. Further, immunofluorescence
staining revealed that both OPN and αv integrin subunit
localized to the apical surface of cells at the interface be-
tween uterine LE and conceptus trophectoderm at Day
20 of pregnancy. The αv integrin subunit staining
Figure 2 Expression, regulation and proposed function of OPN produ
(Trophoblast) elongate they secrete estrogens for pregnancy recognition. T
(osteopontin) from the uterine LE (luminal epithelium) directly adjacent to
is initiated when progesterone from CL down-regulates Muc 1 on the surfa
surfaces [84] for interaction with OPN, and likely other ECM proteins, to me
B) In vitro experiments have identified the αvβ6 integrin receptor on troph
OPN [64]. OPN may bind individually to these receptors to act as a bridgin
bridging ligand between one of these receptors and an as yet unidentified
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pattern revealed large aggregates at the junction between
trophectoderm and uterine LE, suggesting the formation
of OPN-induced in vivo focal adhesions at the apical
surfaces of both conceptus trophectoderm and uterine
LE that facilitate conceptus attachment to the uterus for
implantation. The β3 subunit appeared in aggregates on
the apical surface of LE cells, but not trophectoderm
cells, fitting with affinity chromatography data indicating
direct binding of αvβ3 on pUE cells to OPN [64]. Finally,
OPN-coated microspheres revealed co-localization of
the αv integrin subunit and talin to focal adhesions at
the apical domain of pTr2 cells in vitro [64]. Collectively,
results support that OPN binds integrins to stimulate
integrin-mediated focal adhesion assembly, attachment,
and cytoskeletal force-driven migration of pTr2 cells to
promote conceptus implantation in pigs (Figure 2).
In addition to expression in LE during the peri-

implantation period, total uterine OPN mRNA increases
20-fold between Days 25 and 85 of gestation due to in-
duction of OPN expression in uterine GE [59]. The ini-
tial significant increase in GE is delayed until between
Days 30 and 35 when placental growth and placentation
are key events in pregnancy in pigs [5]. OPN expression
ced by the uterine LE of pregnant pigs. A) As porcine conceptuses
hese estrogens also induce the synthesis and secretion of OPN
the conceptus undergoing implantation [58]. The implantation cascade
ce of uterine LE [84]. This exposes integrins on the LE and trophoblast
diate adhesion of trophoblast to LE for implantation [58,59,64].
oblast, and the αvβ3 integrin receptor on LE as binding partners for
g ligand between these receptors. Alternatively, OPN may serve as a
integrin receptor expressed on the opposing tissue.
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in GE during later stages of pregnancy is also observed
sheep [115], and a microarray study in rats showed that
OPN expression increased 60-fold between Day 0 of the
estrous cycle and Day 20 of pregnancy, likely within the
decidua [116]. Indeed, OPN is expressed by uterine nat-
ural killer (uNK) cells of the mouse decidua [44,45]. Se-
cretions of GE in livestock, and the secretions of decidua
in rodents and primates, are critical to support implant-
ation, placentation, and fetal growth and development
[117,118]. OPN is also expressed in uterine GE of Day
90 of pseudopregnant pigs, suggesting that maintenance
of secretion of progesterone by CL is responsible for ex-
pression of OPN in GE [58]. Progesterone also regulates
OPN expression in the GE of sheep and rabbits [51,54],
as well as OPN synthesis by human Ishikawa cells [56].
However, the involvement of progesterone in the regu-

lation of OPN in uterine GE is complex as indicated by
recent analysis of long-term progesterone treatment on
the expression of OPN in pigs in the absence of ovarian
or conceptus factors. In addition to OPN expression,
other established progesterone targets including pro-
gesterone receptor (PGR) as an index of progesterone’s
ability to negatively regulate GE gene expression [119],
acid phosphate 5, tartrate resistant (ACP5, commonly
referred to as uteroferrin) as an index of progesterone’s
ability to positively regulate early pregnancy GE gene
expression [120], and fibroblast growth factor 7 (FGF7,
commonly referred to as keratinocyte growth factor)
provide an index of progesterone’s ability to positively
regulate gene expression in uterine GE beyond the peri-
implantation period [121]. Pigs were ovariectomized on
Day 12 of the estrous cycle when progesterone secretion
from CL is high and treated daily with intramuscular in-
jections of progesterone or vehicle for 28 days [122,123].
As anticipated, PGR mRNA decreased, uteroferrin
mRNA increased, and FGF7 mRNA increased in uterine
GE of pigs injected with progesterone [123]. Surpris-
ingly, long-term progesterone, in the absence of ovarian
and/or conceptus factors, did not induce OPN expres-
sion in uterine GE [123]. It is currently hypothesized
that the hormonal milieu necessary for the production
of individual components of histotroph varies, and may
require specific servomechanisms, similar to those for
sheep and rabbits, which involve sequential exposure of
the pregnant uterus to ovarian, conceptus, and/or uter-
ine factors that include progesterone, estrogens and IFNs
[124-126]. Recently OPN expression was compared in
placental and uterine tissues supplying a normally sized
and the smallest fetus carried by hyperprolific Large
White and Meishan gilts. Not only were levels of OPN
strikingly different between the two breeds of pigs, but
OPN was higher in the LE and GE of uteri surrounding
smaller sized fetuses, suggesting OPN may be associated
with placental efficiency [127].
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OPN expression, regulation and function in the uterus
and placenta of ewes
Similar to pigs, the conceptuses of sheep remain free-
floating within the uterine lumen as they elongate from
spherical blastocysts to conceptuses with a filamentous
morphology (Reviewed in [88]). Sheep embryos enter the
uterus on Day 3, develop to spherical blastocysts and then,
after hatching from the zona pellucida, transform from
spherical to tubular and filamentous conceptuses between
Days 12 and 15 of pregnancy, with extra-embryonic mem-
branes extending into the contralateral uterine horn be-
tween Days 16 and 20. During this period of rapid
elongation, the mononuclear trophoblast cells of ovine
conceptuses secrete interferon tau between Days 10 and
21 of pregnancy, and implantation begins on Day 16 as
trophectoderm attaches to the uterine LE [70,88]. The
ovine placenta eventually organizes into discrete regions
called placentomes that are composed of highly branched
placental chorioallantoic villi termed cotyledons which
grow rapidly and interdigitate with maternal aglandular
endometrial crypts termed caruncles. Approximately 90%
of the blood from the uterine artery flows into the placen-
tomes for nutrient transfer from the maternal uterine cir-
culation to the fetus and exchange of gasses between these
tissue compartments [128].
The temporal and spatial expression of OPN in the uteri

and placentae of sheep is similar to that previously de-
scribed for the pig, except: 1) unlike in the pig, OPN is not
expressed by uterine LE; 2) induction of OPN in uterine
GE occurs earlier than in the pig during the peri-
implantation period, and expression in the GE is regulated
by progesterone; 3) OPN is a prominent component of
the stratum compactum stroma; and 4) although large
focal adhesions assemble during the peri-implantation
period of pigs, they are not observed at the uterine-
placental interface until later stages of pregnancy in sheep.
OPN mRNA and protein are present in a small popula-

tion of cells scattered within the stratum compactum
stroma immediately beneath the endometrial LE during
the early stages of the estrous cycle and pregnancy in sheep
[18]. OPN-producing cells are also present in the allantois
of the ovine placenta beginning between Days 20 and 25 of
pregnancy and increase in number as gestation progresses
[17]. As hypothesized for pigs, these are presumed to be
immune cells because Eta-1/OPN is a prominent player in
the immune system [15]. In contrast to pigs, in which the
OPN-expressing endometrial cells are readily evident in
the stratum compactum stroma throughout pregnancy,
these cells are difficult to discern in the sheep due to an
increase in expression of OPN by stromal cells between
Days 20 and 25 gestation [129]. In pregnant mice and pri-
mates, OPN in decidualized stroma is considered to be a
gene marker for decidualization [130,131]. Decidualization
involves transformation of spindle-like fibroblasts into
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polygonal epithelial-like cells that are hypothesized to limit
conceptus trophoblast invasion through the uterine wall
during invasive implantation [118]. Although Mossman
[132] and Kellas [133] described decidual cell characteris-
tics in the placentomal crypts of sheep and antelope, their
reports were largely ignored, and decidualization was not
thought to occur in species with central and noninvasive
implantation characteristic of domestic animals. However,
endometrial stromal cells do increase in size and become
polyhedral in shape in pregnant ewes following conceptus
attachment, and the classical decidualization markers des-
min and α-smooth muscle actin are expressed in these
cells, suggesting that OPN expression in this stromal com-
partment is part of a uterine decidualization-like response
to the conceptus during ovine pregnancy [129]. In con-
trast, no morphological changes in uterine stroma, nor in-
duction of OPN mRNA and protein, or desmin protein,
were detected during porcine pregnancy [129]. One of the
primary roles of decidua in invasive implanting species is
to restrain conceptus trophoblast invasion to a circum-
scribed region of the endometrium. Both pigs and sheep
have noninvasive implantation, but the extent of concep-
tus invasion into the endometrium differs between these
two species. Pig conceptuses undergo true epitheliochorial
placentation in which uterine LE remains morphologically
intact throughout pregnancy and the conceptus troph-
ectoderm simply attaches to the apical surface of uterine
LE surface without contacting uterine stromal cells [134].
Synepitheliochorial placentation in sheep involves ex-
tensive erosion of the LE due to formation of syncytia with
binucleate cells of the trophectoderm. After Day 19 of
pregnancy, conceptus tissue is opposed to, but does not
penetrate ovine uterine stroma [135]. Although specula-
tive, differences in stromal expression of OPN between
these species suggest that the extent of decidualization is
correlated positively with degree of conceptus invasiveness.
In contrast to pigs, OPN is not synthesized by sheep

uterine LE, but is nonetheless a component of histotroph
secreted from the endometrial GE into the uterine lumen
of pregnant ewes as early as Day13. It is not secreted by
uterine GE of cyclic ewes [18,29]. OPN mRNA is detected
in some uterine glands by Day 13, and is present in all
glands by Day 19 of gestation [18]. Progesterone induces
expression of OPN in the endometrial GE, and induction
is associated with a loss of PGR in uterine GE. Analysis of
uterine flushings from pregnant ewes has identified a
45 kDa fragment of OPN with greater binding affinity for
αvβ3 integrin receptor than native 70 kDa [29,51,52,108].
Comparison of the spatial distribution of OPN mRNA and
protein by in situ hybridization and immunofluorescence
analyses of cyclic and pregnant ovine uterine sections has
provided significant insight into the physiology of uterine
OPN during pregnancy. OPN mRNA increases in the
endometrial GE during the peri-implantation period;
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however, it is not present in LE or conceptus trophecto-
derm [18]. In contrast, immunoreactive OPN protein is
present at the apical surfaces of endometrial LE and GE,
and on trophectoderm where the integrin subunits αv, α4,
α5, β1, β3, and β5 are expressed constitutively on the ap-
ical surfaces of trophectoderm and endometrial LE and
could potentially assemble into several heterodimers that
could serve as receptors for OPN including αvβ3, αvβ1,
αvβ5, α4β1, and α5β1 heterodimers which [29,52]. These
results strongly suggest that OPN is a component of histo-
troph secreted from GE into the uterine lumen of preg-
nant ewes in response to progesterone, and that OPN
binds integrin receptors expressed on endometrial LE and
conceptus trophectoderm.
Affinity chromatography and immunoprecipitation ex-

periments, similar to those described previously for pigs,
determined whether αv, α4, α5, β1, β3, β5, and β6 in-
tegrins expressed by ovine trophectoderm cells (oTr1)
directly bind OPN. Successful immunoprecipitation of la-
beled oTr1 integrins occurred with antibodies to αv and
β3 integrin subunits, as well as an antibody to the integrin
αvβ3 heterodimer. Antibody to the αv integrin subunit
also precipitated a β chain, presumed to be the β3 integrin
subunit, as an antibody to the β3 integrin subunit precipi-
tated an α chain at the same relative size as the bands pre-
cipitated by an antibody to the αvβ3 heterodimer. Thus,
the αvβ3 integrin on oTr1 cells binds OPN [66]. OPN
binding to the αvβ3 integrin receptor induced in vitro
focal adhesion assembly (see Figure 3), a prerequisite for
adhesion and migration of trophectoderm, through activa-
tion of: 1) P70S6K via crosstalk between FRAP1/MTOR
and MAPK pathways; 2) MTOR, PI3K, MAPK3/MAPK1
(Erk1/2) and MAPK14 (p38) signaling to stimulate troph-
ectoderm cell migration; and 3) focal adhesion assembly
and myosin II motor activity to induce migration of troph-
ectoderm cells [66]. Collectively, results indicate that OPN
binds αvβ3 integrin receptor to activate cell signaling
pathways that act in concert to mediate adhesion, migra-
tion and cytoskeletal remodeling of trophectoderm cells
essential for expansion and elongation of conceptuses and
their attachment to uterine LE for implantation (Figure 4).
Focal adhesions, the hallmark of activated integrins,

are prominent structures of cells grown in culture; how-
ever, they are rarely observed in vivo. It is noteworthy
that large aggregations of focal adhesion-associated pro-
teins that have been interpreted to be three dimensional
focal adhesions are present at the uterine-placental inter-
face of sheep [63]. By day 40 of pregnancy in sheep, the
punctate apical surface staining of integrin receptor sub-
units identified in peri-implantation uterine LE and con-
ceptus trophectoderm [52] is replaced by scattered large
aggregates of αv, α4, β1, and β5 subunits in interplacen-
tomal LE and trophectoderm/chorion cells. Integrin ag-
gregates are observed only in gravid uterine horns of
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Figure 3 OPN stimulates in vitro activation of integrin receptors to form focal adhesions at the apical surface of oTr1 cells. A) Cartoon
illustrating a polystyrene bead coated with recombinant rat OPN containing an intact RGD integrin binding sequence, and allowed to settle onto
a cultured oTr1 cell. Note the illustrated representation of aggregated integrins, indicative of focal adhesion assembly, at the interface between
the surface of the bead and the apical membrane of the cell [52,64,66]. B) Immunofluorescence co-localization (left panels) to detect the aggregation
of αv integrin subunit (right panels) and talin middle panels), an intracellular component of focal adhesions, around beads coated with recombinant rat
OPN containing an intact RGD integrin binding sequence (RGD) or coated with recombinant OPN containing a mutated RAD sequence that does not
bind integrins [66]. Optical slice images from the apical plasma membrane of oTr1 cells are shown. Note the apical focal adhesions represented by
immunofluo rescence co-localization (yellow color) of the integrin αv subunit with talin that results from integrin activation in response to binding of
intact OPN on the surface of the bead. No apical focal adhesions were induced by beads coated with mutated OPN as evidenced by lack of integrin
αv and talin aggregation around the bead.
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unilaterally pregnant sheep, demonstrating a requirement
for trophectoderm attachment to LE, and aggregates in-
crease in number and size through Day 120 of pregnancy
[63]. Interestingly, no accumulation of β3 was observed
even though ITGB3 is a prominent component of the
uterine-placental interface during the peri-implantation
period in sheep [52]. In some regions of the interplacento-
mal interface, greater subunit aggregation was seen on the
uterine side, in other regions it was predominant on the
placental side; whereas in some others, both uterine and
placental epithelia exhibited prominent focal adhesions.
However, by Day 120 of pregnancy, extensive focal adhe-
sions were seen along most of the uterine-placental inter-
face [63]. The placentomes, which provide hematotrophic
support to the fetus and placenta, exhibited diffuse immu-
noreactivity for these integrins compared with interplacen-
tomal regions perhaps due to extensive folding at this
interplacentomal interface [63]. These results suggest that
focal adhesion assembly at the uterine-placental interface
reflects dynamic adaptation to increasing forces caused by
the growing conceptus. Cooperative binding of multiple
__________________________ WORLD TEC
integrins to OPN deposited at the uterine-placental inter-
face may form an adhesive mosaic to maintain a tight
connection and increased tensile strength and signaling
activity between uterine and placental surfaces along re-
gions of epitheliochorial placentation in sheep.
Steady-state levels of OPN mRNA in total ovine endo-

metrium remain constant between Days 20 and 40, in-
crease 40-fold between Days 40 and 100, and remain
maximal thereafter [18]. The major source of this OPN is
uterine GE which undergoe hyperplasia through Day 50
followed by hypertrophy and maximal production of his-
totroph after Day 60 [115]. Additionally, immunofluores-
cence microscopy demonstrated that the secreted 45-kDa
OPN cleavage fragment is exclusively, continuously, and
abundantly present along the apical surface of uterine LE,
on trophectoderm, and along the entire uterine-placental
interface of both interplacentomal and placentomal re-
gions through Day 120 of the 147 day ovine pregnancy
[115]. These findings definitively localize OPN as a se-
cretory product of the GE to regions of intimate contact
between conceptus and uterus, where OPN may influence
HNOLOGIES ________________________



Figure 4 Expression, regulation and proposed function of OPN produced by the uterine GE of pregnant sheep. A) As the lifespan of the
CL is extended as the result of the actions of interferon tau secretion from elongating ovine conceptuses (Trophoblast) they secrete
progesterone. Progesterone then induces the synthesis and secretion of OPN (Osteopontin) from the uterine GE (Glandular Epithelium) [51]. The
implantation cascade is initiated with down-regulation Muc 1 (the regulatory mechanism remains to be identified) on the LE surface to expose
integrins on the LE and trophoblast surfaces for interaction with OPN to mediate adhesion of trophoblast to LE for implantation [29,51,52,66].
B) In vitro experiments have identified the αvβ3 integrin receptor on trophoblast as a binding partner for OPN [66]. OPN then likely acts as a
bridging ligand between αvβ3 on trophoblast and as yet unidentified integrin receptor(s) expressed on the opposing uterine LE. Note that the
α5 integrin subunit was immunoprecipitated from membrane extracts of biotinylated oTr1 cells that were eluted from an OPN-Sepharose column,
but the β1 integrin subunit, the only known binding partner for α5, could not be immunoprecipitated. Therefore, while we cannot definitively
state that OPN binds α5β1 integrin on oTr1, we are reticent to exclude this possibility.
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fetal/placental development and growth, and mediate
communication between placental and uterine tissues to
support pregnancy to term.
Increases in OPN from GE are likely influenced by

uterine exposure to progesterone, interferon-tau, and
placental lactogen which constitute a “servomechanism”
that activates and maintains endometrial remodeling,
secretory function and uterine growth during gestation.
Sequential treatment of ovariectomized ewes with pro-
gesterone, interferon tau, placental lactogen, and growth
hormone results in GE development similar to that ob-
served during normal pregnancy [126]. Administration
of progesterone alone in these experiments induced ex-
pression of OPN in GE, and intrauterine infusion of
interferon tau and placental lactogen to progesterone-
treated ovariectomized ewes increased OPN mRNA
levels above those for ewes treated with progesterone
alone [126]. An attractive hypothesis for OPN expression
in GE is that progesterone interacts with its receptor in
GE to down-regulate the progesterone receptor. This
removes a progesterone “block” to OPN synthesis, and
subsequent increases of OPN expression by GE are
augmented by stimulatory effects of placental lactogen.
Current studies focus on defining the role(s) of OPN
secreted from the uterine GE during later stages of
pregnancy.
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Conclusions
Research conducted with pigs and sheep has significantly
advanced understanding of the role(s) of OPN during
implantation through exploitation of 1) the prolonged
peri-implantation period of pregnancy when elongating
conceptuses are free within the uterine lumen requiring
extensive paracrine signaling between conceptus and endo-
metrium, and 2) the protracted and incremental attach-
ment cascade of trophectoderm to uterine LE during
implantation. Although OPN is synthesized in different cell
types (LE in pigs, GE in sheep) and is regulated by different
hormones (conceptus estrogens in pigs, progesterone in
sheep), nonetheless OPN protein localizes to the interface
between the uterus and trophectoderm where it is well
placed to serve as a bifunctional bridging ligand between
integrins, expressed by uterine LE and conceptus troph-
ectoderm, to mediate attachment for implantation. It is
noteworthy that OPN has been reported to be a prominent
component of the uterine-placental environment of other
species including primates and rodents, and therefore
knowledge gained about the physiology of OPN in sheep
and pigs may have significant relevance to human preg-
nancy. Our understanding of events that underlie success-
ful implantation and placentation across species has been
and will likely continue to be advanced by studies of pigs
and sheep as biomedical research models.
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Transplacental induction of fatty acid oxidation
in term fetal pigs by the peroxisome
proliferator-activated receptor alpha agonist
clofibrate
Xi Lin*, Sheila Jacobi and Jack Odle
Abstract

Background: To induce peroxisomal proliferator-activated receptor α (PPARα) expression and increase milk fat utilization
in pigs at birth, the effect of maternal feeding of the PPARα agonist, clofibrate (2-(4-chlorophenoxy)-2-methyl-propanoic
acid, ethyl ester), on fatty acid oxidation was examined at full-term delivery (0 h) and 24 h after delivery in this study.
Each group of pigs (n = 10) was delivered from pregnant sows fed a commercial diet with or without 0.8% clofibrate for
the last 7 d of gestation. Blood samples were collected from the utero-ovarian artery of the sows and the umbilical cords
of the pigs as they were removed from the sows by C-section on day 113 of gestation.

Results: HPLC analysis identified that clofibric acid was present in the plasma of the clofibrate-fed sow (~4.2 μg/mL)
and its offspring (~1.5 μg/mL). Furthermore, the maternal-fed clofibrate had no impact on the liver weight of
the pigs at 0 h and 24 h, but hepatic fatty acid oxidation examined in fresh homogenates showed that clofibrate
increased (P < 0.01) 14C-accumulation in CO2 and acid soluble products 2.9-fold from [1-14C]-oleic acid and 1.6-fold from
[1-14C]-lignoceric acid respectively. Correspondingly, clofibrate increased fetal hepatic carnitine palmitoyltransferase (CPT)
and acyl-CoA oxidase (ACO) activities by 36% and 42% over controls (P < 0.036). The mRNA abundance of CPT I
was 20-fold higher in pigs exposed to clofibrate (P < 0.0001) but no differences were detected for ACO and
PPARα mRNA between the two groups.

Conclusion: These data demonstrate that dietary clofibrate is absorbed by the sow, crosses the placental
membrane, and enters fetal circulation to induce hepatic fatty acid oxidation by increasing the CPT and ACO
activities of the newborn.

Keywords: Clofibrate, Fatty acid oxidation, Pigs, Placenta transfer
Background
High postnatal mortality has been recognized as a crit-
ical problem by the modern swine industry since the
1990’s. Although genetic improvement has increased the
number of pigs born alive per litter, the death rate of
newborn pigs during the postnatal period has increased
slightly in recent years, from 13.2% in 2006 [1] to 14.8%
in 2010 [2]. The epidemiology of postnatal mortality is
complex, but data clearly show that inadequate energy
(starvation) ranks among the leading causes, especially
* Correspondence: lin_xi@ncsu.edu
Laboratory of Developmental Nutrition, Department of Animal Sciences,
North Carolina State University, Box 7621, Raleigh, NC 27695, USA
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in the first three days after birth. The immediate postnatal
period poses the greatest challenge to the energy balance
of neonates, which must rapidly switch from carbohy-
drates supplied by the mother in utero [3] to predomin-
antly lipids supplied via milk. Sow milk fat concentration
is about 6% at birth and increases to 10% within 24 h. This
is 67–70% higher than human colostrum (3.5–6%) and
constitutes up to 60% of the energy in the milk, indicating
that the milk fat is the primary energy source for newborn
pigs after birth. Thus, it is critical for newborn pigs to use
milk fat efficiently at birth to survive. However, results
from previous studies show that over 85% of the fatty
acids taken up by newborn pig hepatocytes are re-esterified
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but not oxidized [4]. In addition, 80% of the acetyl-CoA
produced from fatty acid β-oxidation in mitochondria
and/or peroxisomes is converted to acetate rather than
ketone bodies [5]. These results indicate that newborn
pigs have a limited capacity to oxidize milk fat for en-
ergy production at birth.
Hepatic fatty acid β-oxidation pathways are controlled

mainly by the key enzymes carnitine palmitoyltransferase
I (CPT I) in mitochondria and acyl-CoA oxidase (ACO)
in peroxisomes. The activities of these key enzymes are
transcriptionally regulated by the peroxisomal proliferator-
activated receptor α (PPARα; [6]). This central transcrip-
tion factor, PPARα, can be activated by its natural ligands
such as eicosanoids and long-chain fatty acids or a
host of pharmaceutical agonists including fibrates, a
class of amphipathic carboxylic acids. Clofibrate, a potent
pharmaceutical PPARα agonist of the fibrate class, stim-
ulates hepatic mitochondrial and peroxisomal fatty acid
β-oxidation by inducing PPARα target genes such as CPT
I and ACO mRNA expressions and protein activities. The
induction of CPT I and ACO by clofibrate via activation
of PPARα has been documented in rodent species [7],
laying hens [8], dairy cows [9] and pigs [10,11]. Data
from our previous studies showed that the total CPT
and ACO activity increase 2- and 3-fold respectively in
the livers of pigs fed clofibrate for 2 weeks. Feeding
clofibrate also increases hepatic peroxisomal and mito-
chondrial β-oxidation of [1-14C]-palmitate by 60% and
186%, respectively, in addition to the increased CPT I
and ACO specific activities [10]. Moreover, the increase in
hepatic fatty acid oxidation is not accompanied by a sig-
nificant hyperplasia or hepatomegaly [12] as observed in
rodent species. These results indicate that the fatty acid
oxidative capacity of pigs could be promoted via induction
of PPARα without substantial peroxisome proliferation.
Recently we have demonstrated that supplementation

of clofibrate could improve in vivo fatty acid oxidation
in neonatal pigs [13]. However, increasing the fatty acid
oxidative capacity of pigs at birth appears to be the key
to improving energy utilization and increasing surviv-
ability. The question is whether the activities of CPT I
and ACO can be increased by activation of PPARα pre-
natally. Whether PPARα agonist can be delivered to the
newborn pigs via maternal diet is not known. Research
concerning the impact of maternal feeding of clofibrate
during pregnancy on fetal fatty acid oxidative capacity at
birth or/and development after birth is very limited.
Maternal dietary clofibrate induced peroxisomal prolif-
eration in the liver and intestine tissues, and induced
enterocyte peroxisomal catalase and peroxisomal bifunc-
tional enzyme activities of fetuses in rats [14]. Maternal
clofibrate also amplified fetal liver endoplasmic reticulum
and peroxisomes, and increased the concentrations of per-
oxisomal membrane protein 70, the specific activity of
__________________________ WORLD TEC
dihydroxyacetone phosphate acyltransferase and catalase
in the livers of fetal mice [15]. The relative expression of
cytochrome P4504A mRNA was increased in the maternal
liver and fetal rat tissues [16]. Furthermore, the increase in
relative mRNA of ACO, CPT I, medium- and long-chain
acyl-CoA dehydrogenases in the liver were also observed
in fetal rats from the clofibrate-treated maternal rats [17].
These findings demonstrate that clofibrate is capable of
crossing the placenta and increasing peroxisome prolifera-
tion and modulating specific gene expression. Therefore,
we hypothesize that similar placenta transfer may occur in
pigs, although the physiology of extra embryonic mem-
brane attachment in swine are different from rodents and
other species. The placental transfer of clofibrate has not
been studied directly by measuring clofibrate in the circu-
lation system of the pregnant animals and their fetuses,
and the effect of the induction in enzyme activities and
mRNA expression on fatty acid oxidative capacity is not
known.
To test our hypothesis, we investigated the effect of

maternal supplementation of PPARα agonist clofibrate
on the development of oxidative capacity of newborn
pigs at birth and 24 h after birth. We confirmed that
PPARα agonist clofibrate transfers across porcine pla-
cental tissues by measuring maternal and fetal plasma
clofibrate concentrations and increases hepatic oxidative
capacity by measuring hepatic fatty acid oxidation in the
newborns using [1-14C]-fatty acid substrates.

Methods
Animals, treatments and sampling
All procedures were approved by the Institutional Animal
Care and Use Committee of North Carolina State Univer-
sity (IACUC number: 07-001-A). Twenty newborn pigs
from either control (n = 10, body weight = 1.37 ± 0.047 kg)
or clofibrate fed (n = 10, body weight = 1.20 ± 0.024 kg)
sows were used in this study. Pregnant multiparous cross-
bred sows were housed at the North Carolina State
University Swine Education Unit and were fed a standard
gestation diet (3,265 Kcal ME/kg) with or without supple-
mentation of 0.8% colfibrate (w/w) from day 105 of gesta-
tion until day 113. The clofibrate was diluted into 10 mL
of ethanol and pre-mixed with ~50 g of feed each day.
Sows were fed the premixes (clofibrate or vehicle) together
with ~1/3 of their daily feed allotment first, to ensure
complete consumption, and then the remaining 2/3
allotment was provided. The sows were given 1.75 kg
diets per day in total and water was supplied ad libi-
tum. Term fetuses were delivered by caesarian section
on d 113 of gestation and plasma was collected simul-
taneously from the utero-ovarian artery of swine and
from the umbilical vein of each fetal pig.
All newborn pigs were weighed and euthanized by

AVMA-approved electrocution at time 0 (term fetus,
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n = 6) or 24 h (n = 4) after delivery. The pigs sampled
at 24 h were housed at 35°C in a specialized nursery
facility [18] and remained un-fed. Liver samples were
immediately homogenized in a buffer (220 mmol/L
mannitol, 70 mmol/L sucrose, 2 mmol/L HEPES, and
0.1 mmol/L EDTA; pH 7.2 at 0°C) using a 7 mL glass
Pyrex hand homogenizer with 3 complete top to bottom
strokes. Fatty acid oxidation in the fresh homogenate
was measured immediately using [1-14C]-fatty acids.
Homogenate protein was determined using the biuret
method [19]. Samples were also immediately frozen in
liquid nitrogen and stored at −80°C for enzyme and
mRNA assays.

Plasma assay
Clofibrate (2-(4-Chlorophenoxy)-2-methylpropionic acid
ethyl ester), clofibric acid (2-(4-chlorophenoxy)-2-
methylpropionic acid), 4-chlorophenylacetic acid and
its metabolites in the plasma from the sows and term
fetuses were extracted using solid-phase extraction
(SPE) procedures as described by Du et al. [20]. The
extraction was conducted using SPEC.C18 extraction
cartridges (Ansys Technologies, CA, and USA). The
clofibrate, clofibric acid, and other lipophilic compo-
nents were eluted with a solvent mixture of aceto-
nitrile : water : formic acid (79% : 20% : 1%, v/v/v)
and were analyzed using a Waters HPLC Empower system
(Milford, MA. USA). The separation of clofibrate, clofibric
acid, and their metabolites was performed on a BDS
Hypersil C18 (5 μm, 150 mm × 46 mm) analytical column
with BDS C18 (5 μm, 4 mm × 3.0 mm) guard column
from Phenomenex (Torrance, CA. USA). The isocratic
HPLC system was used and the pump flow rate was set at
1 mL/min. The sample injection volume was 20 μL and
the compounds were detected at 230 nm using a photo-
diode array detector (Waters 996).

Fatty acid oxidation
Hepatic fatty acid oxidations were measured in fresh liver
homogenates from the pigs at 0 or 24 h without suckling
after delivery using [1-14C]-oleic acid (C18:1, the most
enriched fatty acid in pig milk) and [1-14C]-lignoceric acid
(C24:0, primary oxidized in peroxisomes) as substrates.
The measurements followed the same procedure as de-
scribed previously by Lin et al. [5]. Specifically, liver
homogenates (~40 mg) were incubated in 25 mL Erlen-
meyer flasks with a final of volume of 2 mL of the reac-
tion medium with or without addition of antimycin A
(50 μmol/L) and rotenone (10 μmol/L) described as
previously [13] for determining peroxisomal β-oxidation
by inhibition of the electron transport chain of oxidative
phosphorylation. The reaction was initiated by adding
2 μmol of either [1-14C]-C18:1 (4.2 MBq/mmol) or [1-14C]-
C24:0 (1 MBq/mmol) and terminated by adding 0.5 mL
__________________________ WORLD TEC
HCLO4. The 14CO2 collected in ethanolamine and
the 14C-acid soluble products (ASP) processed from
the acid-killed medium were quantified using liquid
scintillation counter (Beckman LS 6000IC. Fullerton,
CA. USA). The rate of total β-oxidation and the rate
of peroxisomal and mitochondrial β-oxidation were
calculated as described by Yu et al. [11].

Enzyme and mRNA analysis
Hepatic ACO activity was determined in liver homoge-
nates using a spectrophotofluorometric assay as described
by Walusimbi-kisitu and Harrison [21] with slight modifi-
cations. The homogenates were prepared in an ice cold
buffer containing 250 mmol/L sucrose, 1 mmol/L EDTA
and 1% ethanol. After preparation, the homogenate (0.6 ±
0.035 mg protein) was incubated in a dark room at 37°C
in 0.5 mL (final vol.) of a medium with or without
35 μmol/L palmitoyl-CoA for 20 min. The incubations
were stopped by adding 2 mL of borate buffer (0.1 mol/L,
pH 10). The medium contained 60 mmol/L Tris–HCl,
50 μmol/L FAD, 170 μmol/L CoA, 1 μmol/L scopoletin
and 6% of BSA. 200 μL of the incubated medium was
transferred into a 96 well plate and measured in a BioTek
reader (Synergy HT) with emission at 460 and excitation
at 360 nm (BioTek Instruments, Inc., Winooski, VT). The
standard curve was generated using H2O2 (30%, w/w) and
150 IU peroxidase under the same incubation conditions
and measurements.
CPT activity was measured in liver homogenates using

a radio-enzymatic method as described previously by
Bremer et al. [22]. The homogenate (65 ± 3.8 mg protein)
was pre-incubated with 80 μmol/L palmitoyl-CoA in a
medium containing 75 mmol/L KCl, 50 mmol/L HEPES,
0.2 mmol/L EGTA, and 1% of fatty-acid-free BSA in the
presence or absence of 2.5 μmol/L malonyl-CoA, and the
incubation was conducted at 30°C in a final volume of
1 mL for 3 min [5]. The measurement of the enzyme
activity was initiated with 1 μmol of (l-methyl-3H)-carnitine
(54 KBq/μmol) and terminated after 6 min by the addition
of 2 mL of 6% of HClO4 (vol/vol). The radioactivity in
palmitoyl-carnitine, generated during the incubation was
extracted with water-saturated butanol and quantified using
liquid scintillation spectrometry (Beckman LS 6000IC,
Fullerton, CA. USA).
Assay of mRNA was conducted using the methods

described by Lin et al. [5]. Total RNA was extracted
from the liver samples using guanidine isothiocynate
and phenol (TRIzol Reagent, Sigma Chemical, St. Louis,
MO. USA). The extracted RNA was quantified using a
NanoDrop spectrophotometer (NanoDrop Technologies,
Wilmington, DE. USA), and the integrity of the RNA was
confirmed using gel electrophoresis with SYBR Safe
TM DNA gel stain from Invitrogen Life Technologies
(Carlsbad, CA. USA). The RNA (10 μg/50 μL) then
HNOLOGIES ________________________
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was treated with TuboDNase (Ambion, Austin, TX) ac-
cording to the manufacturer’s instructions for removal
of genomic DNA and transcribed using the iScriptTM
Select cDNA Synthesis Kit provided with oligo (dT)
primer mix. (Bio-Rad Laboratories, Hercules, CA). The
mRNA abundance of PPARα, CPT I (L isoform) and
ACO were determined using the MyiQ Single Color
Real-Time PCR Detection System (Bio-Rad Laboratories,
CA. USA). The determination was performed in triplicate
with primers designed from pig-specific sequences
available via GenBank and ordered from Sigma Genosys
(St Louis, MO, USA). Amplification efficiencies were
verified to be similar for the endogenous control GAPDH
and the measured genes. Reactions contained cDNA with
0.4 μmol/L each of reverse and forward primers. The
assay conditions and data calculations were the same
as described previously [5].
Chemicals
Clofibrate was purchased from Cayman Chemical Company
(Ann Arbor, MI. USA). [1-14C]-oleic acid (C18:1) and
[1-14C]-lignoceric acid (C24:0) were purchased from
American Radiolabeled Chemicals, Inc. (St. Louis,
MO. USA). 2-(4-Chlorophenoxy)-2-methylpropionic
acid ethyl ester, 2-(4-chlorophenoxy)-2-methylpropionic
acid, 4-chlorophenylacetic acid, peroxidase and all other
chemicals were obtained from Sigma-Aldrich (St. Louis,
MO. USA).
A. Control sow

C. Treated sow

Figure 1 Chromatogram of plasma samples from HPLC analysis. A. co
and D. term pigs from clofibrate-treated sow. See Methods for HPLC cond
injection of available standards purchased from Sigma-Aldrich (St. Louis,

__________________________ WORLD TEC
Statistics
Data from fatty acid oxidation measurements were ana-
lyzed according to a split-plot design with the main plots
in a completely randomized design using the SAS
GLM procedure. The clofibrate effect was assigned to
the main plot and pig postnatal age and fatty acid
chain length effects were treated as the subplots.
Least squares means ± SEM for variables are pre-
sented in tables and figures. Data from enzyme activ-
ity and mRNA enrichment assays were analyzed as a
2 × 2 factorial design using the GLM procedure. Least
square means for treatment (clofibrate vs. control)
and the postnatal age (0 vs. 24 h) effects were calcu-
lated. Differences between least squares means were
determined using a Tukey test and considered signifi-
cant when P ≤ 0.05.
Results
Plasma assay
Chromatograms from HPLC analysis confirmed that clo-
fibric acid was present in the plasma of both the
clofibrate-fed sow and their newborn pigs (Figure 1).
In addition to clofibric acid, a clofibrate conjugate metab-
olite was detected in the plasma of the clofibrate-fed sow
but not in the plasma of newborn pigs. An unidentified
peak after the reagent peak was observed also in the chro-
matogram from the plasma analysis of the clofibrate-fed
sow and the peak was tiny in the plasma of newborn pigs
B. Term fetus from
control sow

D. Term fetus from
treated sow

ntrol sow, B. newborn pigs from control sow, C. clofibrate-treated sow
itions and sample injection volumes. Compounds were identified by
MO) under the same HPLC conditions. *Unidentified peak.
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from the clofibrate-fed sow. No peaks of clofibric acid or
its metabolites were detected in the plasma of control
sows or their offspring.

Fatty acid oxidation
Results from total fatty acid oxidation in vitro (Figure 2)
showed that clofibrate and postnatal age significantly
stimulated hepatic β-oxidation of fatty acids (P < 0.0001),
but the stimulatory effects of clofibrate and postnatal
age for C18:1 oxidation were different from C24:0 oxidation.
The 14C accumulations for C18:1 on average in CO2, ASP
and CO2 +ASP (μmol/h/g protein) measured at 0 h and
24 h were 1.9, 2.2, and 2.1 fold higher, respectively,
from clofibrate exposed pigs (2.32, 13.36 and 15.69) than
control pigs (1.24, 6.17 and 7.41). Similarly, the 14C accu-
mulations in CO2, ASP and CO2 +ASP (μmol/h/g protein)
Figure 2 The effect of maternal clofibrate on total (mitochondrial and
24 h after delivery by C-section. Total 14C labeled carbon accumulated in
least square means ± SEM (n = 6 for newborn pigs at 0 h and n = 4 for pigs
differ (P < 0.05).

__________________________ WORLD TEC
for C18:1 from both clofibrate treatment and control were
on average 331%, 49% and 71% greater respectively in the
livers of 24 h old pigs (2.89, 11.69 and 14.58) than the pigs
at delivery (0.67, 7.83 and 8.51). In contrast with
C18:1, the 14C accumulation for C24:0 on average in
CO2 + ASP (μmol/h/g protein) measured at 0 h and
24 h was 1.8 fold higher from clofibrate exposed pigs
(3.32) than control pigs (1.81), but no differences were
detected in the 14C accumulation in CO2 and ASP
(Figure 2, A & B). In addition, the 14C accumulation in
CO2 from C24:0 was increased on average by 61% in
the livers of 24 h old fasted pigs compared to the pigs
at delivery (0.32), but there was no postnatal age effect
on the 14C accumulations in ASP and CO2 +ASP (Figure 2,
B & C). There was no interaction between clofibrate and
pig postnatal age (P > 0.05).
peroxisomal) fatty acid oxidation in newborn pigs at 0 h and
CO2 (A), acid soluble products (ASP, B) and CO2 + ASP (C). Values are
at 24 h). abcde Bars within a panel lacking a common superscript
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The mitochondrial oxidative flux of C18:1 to CO2 and
ASP (Figure 3, A & B) as well as the total (CO2 + ASP,
Figure 3, C) was affected by the treatment of clofibrate
and the postnatal age (P < 0.0001). The 14C-accumula-
tions in CO2, ASP and CO2 + ASP (μmol/h/g protein) in
the livers of the pigs from sow received clofibrate (2.3,
13.1 and 15.5 respectively) were on average 2.1-fold
higher than that from controls (1.2, 6.2 and 7.4 respect-
ively). Similarly, the 14C-accumulations in CO2, ASP and
CO2 + ASP also were increased on average by 3.1, 0.49
and 0.71 fold respectively in the pigs at 24 h after deliv-
ery (2.9, 11.7 and 14.6) as compared to the pigs at birth
(0.7, 7.8 and 8.5). However, the stimulatory effect by clo-
fibrate on the 14C-accumulations in ASP and CO2 + ASP
tended to attenuate with the increase in postnatal age.
There was no effect of age on the 14C accumulation in ASP
in the pigs exposed to clofibrate (Figure 3B; P = 0.079). In
contrast to C18:1, the mitochondrial oxidative flux of C24:0
Figure 3 The effect of maternal clofibrate on mitochondrial fatty acid ox
Total 14C labeled carbon accumulated in CO2 (A), acid soluble products (ASP, B
newborn pigs at 0 h and n = 4 for pigs at 24 h). abcd Bars within a panel lacking
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to ASP and CO2 +ASP (μmol/h/g protein) remained simi-
lar in the livers of the pigs exposed to clofibrate (0.3, 0.83)
and the controls (0.4, 0.9), although the flux to CO2 tended
to be higher in the liver from the clofibrate-exposed pigs
than control pigs. There was no significant change in
the oxidative flux of C24:0 as the postnatal age increased
(P > 0.05).
No substantial 14C-accumulation in CO2 (<0.25, μmol/h/g

protein) was detected in peroxisomes (Figure 4, A).
Clofibrate exposure and postnatal age had no impact
on the negligible peroxisomal oxidative flux to CO2

from C18:1, but significantly increased the flux to ASP
and CO2 + ASP (P < 0.0001; Figure 4, B & C). The 14C
accumulation in the ASP and CO2 + ASP (μmol/h/g
protein) from C18:1was on average 2 fold greater from
clofibrate-treated (5.4, 5.5) than control (2.7, 2.7) pigs,
and 56% higher from the 24 h-old pigs than that from
pigs at delivery (1.3, 1.7). In comparison to C18:1,
idation in newborn pigs at 0 h and 24 h after delivery by C-section.
) and CO2 + ASP (C). Values are least square means ± SEM (n = 6 for
a common superscript differ (P< 0.05).
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Figure 4 The effect of maternal clofibrate on peroxisomal fatty acid oxidation in newborn pigs at 0 h and 24 h after delivery by C-section.
Total 14C labeled carbon accumulated in CO2 (A), acid soluble products (ASP, B) and CO2 + ASP (C). Values are least square means ± SEM (n = 6
for newborn pigs at 0 h and n = 4 for pigs at 24 h). abcd Bars within a panel lacking a common superscript differ (P < 0.05).
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clofibrate increased the 14C accumulation from C24:0 per-
oxisomal oxidation in CO2 in the liver of pigs at delivery
but decreased in the liver of 24 h-old pigs. Thus there was
no significant difference (P = 0.93) in the average flux to
CO2 (μmol/h/g protein) between clofibrate-treated (0.15)
and control pigs (0.14). There were no effects of clofibrate
on the 14C accumulation in ASP and CO2 + ASP from
C24:0 in pigs at delivery, but the 14C accumulations was
84% greater from clofibrate-treated (4.0) than control in
24 h-old pigs (2.17). Postpartum age also had no influ-
ence on C24:0 oxidation in pigs at delivery (P > 0.05),
but the 14C accumulation in ASP and CO2 + ASP was
94% higher from the clofibrate-treated pigs measured
at 24 h (4.0) than at delivery (2.06).
Clofibrate and postnatal age had no effect on the distri-

bution of oxidative flux C18:1 and C24:0 between mito-
chondria and peroxisome (Figure 5, P > 0.05). However,
the peroxisomal proportion of total fatty acid oxidation
__________________________ WORLD TEC
was on average 2.3 fold higher from C24:0 (85.5) than
C18:1 (37.7%).

Enzyme activity and mRNA expression
Hepatic CPT specific activity (Figure 6A) measured with
and without malonyl-CoA was 69% and 43% higher, re-
spectively, in the clofibrate-exposed pigs (P < 0.018).
There was no change in the activities with postnatal age
(P = 0.2). The total and inhibited enzyme activity (μmol/
h/g protein) were 31.2, 52.4 on average for the pigs at
delivery and 39.3, 64 on average for the 24 h-old pigs.
Hepatic ACO activity was increased by 2.3 fold in the
clofibrate-exposed pigs (P < 0.036; Figure 6B). The en-
zyme activity also increased by 1.4 fold in 24-h-old pigs,
but the increase had no influence on the degree of clofi-
brate stimulation (P > 0.05).
The relative mRNA expression of CPT I was increased by

19-fold in liver of the clofibrate-exposed pigs (P < 0.0001),
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Figure 6 The effect of maternal clofibrate on enzyme specific activity in newborn pigs at birth and 24 h after delivery by C-section.
Hepatic activity of carnitine palmitoyltransferase (CPT, A) and acyl-CoA oxidase (ACO, B). Values are least square means ± SEM (n = 6 for pigs at
0 h and n = 4 for pigs at 24 h). *Significantly different from clofibrate and # significantly different from postnatal age (P < 0.05).

Figure 5 Percentage of peroxisomal fatty acid oxidation in total fatty acid oxidation. Values are least square means ± SEM (n = 6 for
newborn pigs at 0 h and n = 4 for pigs at 24 h). *Significantly different from fatty acid (P < 0.05).
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but no differences were detected for the relative mRNA
abundance of either ACO or PPARα (P > 0.05, Figure 7).
Discussion
Previous research in rodents has shown peroxisome pro-
liferation was observed in the liver of fetuses over 13
days and/or newborns from clofibrate treated dams
during gestation [15,23]. The peroxisomal membrane
protein 70 and the marker enzymes dihydroxyacetone
phosphate acyltransferase and catalase specific activ-
ities were significantly increased in the fetal liver of
mice at 19 d gestation [15]; indirectly suggesting that
clofibrate and/or its metabolites could cross the placenta
barrier to enter the circulation system of the fetus in ro-
dent species. However, there was no direct evidence to
demonstrate if clofibrate, clofibrate metabolites, or both
actually cross the placental barrier. Additionally, the
morphology and function of placenta vary greatly among
mammals [24]. The type of placenta in swine has been de-
scribed as a diffuse, folded, and epitheliochorial placenta
type that is different from that of rats, which has a dis-
coidal, labyrinthine, and hemotrichorial placenta type [25].
Considering the disparity between the morphology and
mechanisms for an extra embryonic membrane attach-
ment in swine, the placental transfer of clofibrate could be
different from the rodent species. The aim of this study is
to determine if clofibrate or its metabolites traverse por-
cine placental tissues to evaluate the effect of clofibrate on
lipid metabolism in the offspring of pregnant swine fed
clofibrate. Our result clearly established that clofibrate is
absorbed and hydrolyzed into clofibric acid, and the clo-
fibric acid crosses the porcine placenta with no chemical
or structural modifications. The results are also in line
with the previous observation that the biofunctional
activity of clofibrate is due to clofibric acid [26]. In
addition of the analytical results from plasma analyses,
Figure 7 The effect of maternal clofibrate on mRNA expression
in newborn pigs at 0 h. mRNA expression was performed by
qtPCR in duplicates. Values (fold of control) are least square
means ± SEM (n = 6). *Significantly different from clofibrate (P < 0.05).
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the in vitro metabolism measurements strongly sup-
port that clofibric acid delivered via the maternal diet
entered fetal circulation and induced fetal hepatic fatty
acid oxidation. Feeding clofibrate to neonatal pigs for
14 days and to young pigs for 28 days caused a mild
increase in the liver weight as a percentage of body
weight (3.3%, [11]; 3.8%, [27]). The relative weight of
the liver (g/kg body weight) measured in this study
showed no difference between the pigs from the clofi-
brate treated group (26.9 ± 0.09) and control group
(27.9 ± 0.15), suggesting that exposure to the pharma-
cological PPARα agonist clofibrate by sows for 9 days
during late pregnancy would not cause a morpho-
logical change in the liver of the offspring. Although
we did not perform a histological examination, clofi-
brate has no substantial effect on the peroxisome prolifer-
ation in this species at the ages of 7 days and 8 weeks [28].
This is similar to humans but significantly different from
the rodent species in which activation of PPARα by clofi-
brate initiates hepatocyte proliferation and induces the
well-known hepatocellular carcinoma [29,30].
Evidence from rodent species demonstrated that maternal

supplementation of clofibrate orally or by injection stimu-
lates peroxisomal proliferation, decreases oxygen uptake,
and alters lipid metabolism in the liver and intestine of
fetuses or neonates. Maternal clofibrate induces cyto-
chrome P4504A mRNA expression [16] and increases
ACO and catalase specific activities in the fetal liver
and kidneys [31]. Recently, the high relative mRNA expres-
sion of PPARα target genes ACO, CPT I, medium- and
long-chain acyl-CoA dehydrogenases were observed also
in the liver of fetuses from pregnant rats fed with clofibrate
and oxidized fat [17]. However, as PPARα is a crucial regu-
lator of lipid metabolism, the role of its activation of target
genes in fatty acid oxidative metabolism in the fetal and/or
neonatal liver from the pregnant animals receiving clofi-
brate has not been determined in previous studies. In the
current study, we examined both peroxisomal and mito-
chondrial β-oxidation using 14C-labeled long-chain fatty
acids C18:1 and C24:0. Results from this study indeed
demonstrated that maternal feeding of clofibrate increases
hepatic fatty acid oxidation in the pig’s liver at birth and
24 h after birth. The increase appears to be associated with
the enhanced CPT I and ACO specific activities in the
liver. The results achieved in the newborns exposed to
clofibrate prenatally via the maternal diet were similar
to the increase in vitro and vivo fatty acid oxidation re-
ported in neonatal pigs receiving clofibrate directly postna-
tally [10,13]. Because the increase of CPT I specific activity
was congruent with the great increase in mRNA expres-
sion, the stimulation of fatty acid oxidation in the liver, par-
ticularly in the mitochondria, resulted from the gene
expression potentially due to the activation of PPARα by
clofibrate. In contrast with CPT I, however, the expressions
HNOLOGIES ________________________
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of ACO and PPARα mRNA were not significantly induced
in clofibrate-exposed pigs. This suggests that other factors
might be involved in the upregulation of ACO specific
activity. Data from studies with rodent fetuses indi-
cated that PPARα mRNA expression is associated with
the postpartum age and hormonal and/or nutritional
status of the mother. The induction of liver PPARα
mRNA expression occurs around birth and the expres-
sion maintains an elevated level throughout the suck-
ling period [32], while the content of peroxisomes and
the activity of peroxisomal enzymes appear to occur in
late fetal development and peak dramatically at birth
[33]. These results imply that the ACO protein and
PPARα mRNA might have reached pinnacle expression
at birth. Indeed, the increase in relative PPARα mRNA
was not observed in the liver from clofibrate fed rats
in a study conducted by Ringseis et al. [34]. They sug-
gested that endogenous free fatty acids might reduce
the capability of fibrates to active PPARα, and conse-
quently its metabolic effects, because ACO is the enzyme
containing PPAR response element and responds to
changes in polyunsaturated fatty acid levels in a PPARα–
dependent manner. Furthermore, a different physiological
status, such as a fasting state, might provoke a different
PPARα response in the liver of fetuses. The induction of
peroxisomal oxidation occurs immediately postpartum, is
greater in the suckled versus fasted neonatal pigs, and is
reliant on the initiation of suckling [35]. Thus, the lower
response in mRNA expressions of ACO and PPARα might
be due to the developmental stage and the physiological
status of the fetuses because the mRNA of PPAR α was
also measured in a fasted state in this study.
The effect of the developmental ages of fetuses on oral

food intake and gastrointestinal digestion has been described
in humans and animals [36,37], but information on the en-
ergy metabolism in the fetus is very limited after delivery.
Results from earlier studies showed that hepatocytes isolated
from term guinea pigs were unable to oxidize fatty
acids, but the capability was developed in the first 12 h
after birth. The production of 14C measured in CO2

and ASP from 1-14C labeled fatty acids at 6 h was 40–50%
of the production at 24 h. At 12 h of age the rate of fatty
acid oxidation had already reached the rate at 24 h and
did not change during suckling in the first week of life.
These data show that the capacity for β-oxidation and
ketogenesis develops maximally in this species during
the first 6–12 h after birth, and appears to be partly
dependent on the development of fatty acid-activating
enzymes [38]. Similarly, a low fatty oxidation rate with
a high esterification was also observed in hepatocytes
isolated from term fetal rabbits, whatever the octano-
ate concentration in the medium [39]. Consistent with
the observations in term guinea pigs and rabbits, the
fatty acid oxidation obtained in term pigs at the time
__________________________ WORLD TEC
of delivery by C-section was also low even when com-
pared with the rate measured in newborn pigs born
naturally [5]. The low fatty acid rate was increased signifi-
cantly in the first 24 h, in which the rate was increased
2.3 fold in mitochondria and 1.9 fold in peroxisomes.
However, the increase in mitochondria apparently was
not due to an increase of the key enzyme CPT I activity.
The activity measured at 24 h was not significantly differ-
ent from the activity measured at 0 h after the delivery.
A similar phenomenon was also observed in newborn
and 24 h fasted pigs [5]. The increase might be associ-
ated with an increase in the number of mitochondria
observed in neonatal pigs during in the first 12 h [40]
and/or a decrease of sensitivity of CPT I to malonyl-CoA
inhibition observed in 24-h-old pigs [5]. In contrast with
mitochondria, the increase of fatty acid oxidation in
peroxisomes was accompanied with a 2.3 fold increase
of the ACO. Even so, it is notable that the oxidation
rate of C24:0 was not significantly promoted during
the first 24 h in peroxisomes, suggesting differences
between mitochondria and peroxisomes in the capabil-
ity of oxidizing fatty acids. Because the very long-chain
fatty acid exclusively is activated in micorosomes or/
and peroxisomes, the low fatty acid oxidation might be
associated with a low activity of very long-chain acyl-
CoA synthetase. These results imply the impact of
postpartum age on the metabolic pathway varied among
subcellular compartments.
Peroxisomal fatty acid oxidation catalyzes chain-length

shortening of monounsaturated fatty acid and saturated
very long-chain fatty acid. Evidence indicated that C24:0
could only be oxidized initially in peroxisomes after acti-
vation by the acyl-CoA sythetase enzyme in endoplasmic
reticulum and peroxisomes in brain and liver [41,42].
Peroxisomes at least have two enzyme systems for fatty
acid activation: 1 for long-chain fatty acid and 2 for
very-long-chain fatty acid [42]. Indeed, there was no
substantial 14C accumulation in either CO2 or ASP or
both of CO2 and ASP from C24:0 in mitochondria.
Neither clofibrate-exposure nor age had any influence
on the definitely negligible mitochondrial 14C accumu-
lation from C24:0 (≤1%). The percentage of C24:0 oxida-
tion in peroxisomes was more than 80% of the total
oxidation. Clofibrate had no effect on the relative oxida-
tive capacity of peroxisomes although the efficacy of
clofibrate was increased by postpartum age. This result
suggests that the very long-chain fatty acid is catabolized
exclusively in peroxisomes. In contrast with C24:0,
high14C accumulations in CO2, ASP and CO2 + ASP
from C18:1 were observed in both mitochondria and
peroxisomes, suggesting that C18:1can be oxidized
initially in both of the organelles. Similar results were
observed also using C18:1 and erucic acid as sub-
strates in our previously study [13].
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Conclusions
In conclusion, clofibrate from maternal oral feeding dur-
ing gestation is absorbed and hydrolyzed to clofibric
acid, which can cross the porcine placenta and enter the
fetal circulation system. Fetuses that were exposed to clo-
fibric acid via maternal-placental transfer had a higher
hepatic capacity to oxidize fatty acid at birth as compared
to control fetuses. The high fatty acid oxidative capacity
resulted from an increase in key enzyme activities induced
by clofibric acid via activation of PPARα and its target
genes. The promoted fatty acid oxidation by activation of
PPARα and its target genes was attenuated in fasted
newborns with postpartum age. Postpartum age also
increased fatty acid oxidation. The increase was associated
with development and was not influenced by clofibrate
supplementation. Results from this study suggest that clofi-
brate could be examined as an agent to induce precocious
development of ACO and possibly improve milk fat oxida-
tion and pig survivability.
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Comparative analysis of proteomic profiles
between endometrial caruncular and
intercaruncular areas in ewes during the
peri-implantation period
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Abstract

The endometrium of sheep consists of plenty of raised aglandular areas called caruncular (C), and intensely glandular
intercaruncular areas (IC). In order to better understand the endometrium involved mechanisms of implantation, we
used LC-MS/MS technique to profile the proteome of ovine endometrial C areas and IC areas separately during the
peri-implantation period, and then compared the proteomic profiles between these two areas. We successfully
detected 1740 and 1813 proteins in C areas and IC areas respectively. By comparing the proteome of these two areas,
we found 170 differentially expressed proteins (DEPs) (P < 0.05), functional bioinformatics analysis showed these DEPs
were mainly involved in growth and remodeling of endometrial tissue, cell adhesion and protein transport, and so on.
Our study, for the first time, provided a proteomic reference for elucidating the differences between C and IC areas, as
an integrated function unit respectively, during the peri-implantation period. The results could help us to better
understand the implantation in the ewes. In addition, we established a relatively detailed protein database of ovine
endometrium, which provide a unique reference for further studies.

Keywords: Caruncular areas, Endometrium, Ewe, Implantation, Intercaruncular areas
Background
Implantation, the sign and initial phase of pregnancy, is a
process lading to attachment of developing conceptus to
the maternal endometrium, and resulting in the establish-
ment of placental structure. During the peri-implantation
period, a synchronized and accurate crosstalk between
conceptus and maternal endometrium, which is referred as
maternal-fetal dialogue, must be established to support
pregnancy [1]. It has been demonstrated that both the de-
velopment of an embryo to the implantation-competent
stage, as well as the transformation of the uterus into a re-
ceptive stage, are required for successful implantation [2].
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Ovine has been extensively used as model to research
maternal–fetal dialogue during implantation [3]. As an
early sensor of embryos [4], endometrial functions are regu-
lated primarily by progesterone (P4) from the corpus
luteum, as well as cytokines and hormones secreted from
the trophectoderm/chorion, including interferon tau
(IFNT), to enter into a receptive status during early preg-
nancy [5]. In order to better understand the implantation
process, detailed and comprehensive profiling of endomet-
rium is necessary. However, the structure of endometrium
in ruminants differs from other mammalian species
Ovine uterine wall can be functionally divided into the
endometrium and the myometrium. The normal adult
ovine endometrium consists of LE, glandular epithelium
(GE), several types of stroma (stratum compactum and
stratum spongiosum), blood vessels and immune cells. In
sheep, the endometrium has two distinct areas –
aglandular caruncular (C) and glandular intercaruncular
(IC). The C areas have LE and compact stroma and are the
HNOLOGIES ________________________
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sites of superficial implantation and placentation [6], while
the IC area, which is suffused with glandular epithelial cells
[7,8], is mainly responsible for the synthesis and se-
cretion histotroph, including enzymes, cytokines, growth
factors, ions, hormones, glucose, transport proteins, and
adhesion molecules to support early conceptus survival,
development, implantation and placentation [2,9]. These
two areas play different roles in implantation process, and
both are essential for the establishment of pregnancy.
Considering the significant structural and functional dif-
ferences between C and IC areas, a comprehensive com-
parison between those two distinct endometrial areas
could facilitate the understanding of endometrium in-
volved implantations in ruminants.
Although implantation is of prime importance for es-

tablishment of pregnancy, the underlying mechanisms
responsible for this complex physiological process, are
still unclear. The high-throughput or ‘omic’ approaches,
including RNA sequencing, microarray and proteome,
has been applied to profile the expression patterns of
genes or proteins for the endometrium during peri-
implantation period. Walker et al. investigated the endo-
metrial receptivity and maternal immunoregulation at day
17 of pregnancy in cattle using microarray [2]. Mansouri-
Attia et al. recently profiled transcriptome of bovine endo-
metrium during the peri-implantation period, after artificial
insemination (AI) compared with the estrous cyclic endo-
metrium using microarray, and found many factors and
pathways essential to implantation in the C and IC areas
[9]. Similarly, transcriptome of endometrium during early
pregnancy have also been profiled in ewes [10], humans
[11], and mice [12]. However, so far, most of these related
studies were based on transcriptomic analysis. Compared
to transcriptomic analysis, the proteomic approach has
advantages of allowing people directly investigate func-
tional molecules. Mullen et al. used label-free liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
shotgun proteomics approach to characterize the uterine
proteome at preimplantation stage in high fertility cattle
[13]. Koch et al. first utilized LC-MS/MS proteomic tech-
nology to obtain the signature profile of proteins in the
uterine lumen of ewes during early pregnancy [14]. How-
ever, in most of those studies, C and IC areas were not ana-
lyzed separately or compared mutually.
In the present study, we used LC-MS/MS technique to

profile the proteome of endometrial C and IC areas sep-
arately at Day 17 of pregnancy, and established a relative
detailed protein database of ovine endometrium during
the time window of implantation. This database would
provide a reference for future studies on implantation.
By comparing the proteomic profiles between C areas
and IC areas, we revealed the functional differences be-
tween these two areas during the critical period, which
provided new information for studying the underlying
__________________________ WORLD TEC
molecular mechanisms responsible for structural and
functional differentiation of these two areas. Finally, to
our knowledge, this is the first report of endometrial
proteome of C and IC areas, as an integrated tissue layer
respectively, during peri-implantation in ewes.

Materials and methods
Animals and treatments
The experiments were performed were accordance with
the Guide for the Care and Use of Agricultural Animals
in Agricultural Research and Teaching, and all procedures
were approved by the Institutional Animal Care and Use
Committee at China Agricultural University (Beijing,
China). Forty-six Chinese Small Tail Han ewes with normal
estrus cycle were selected in our study. All ewes were fed
and managed under a unified and optimized condition of
environment and nutrition.
Forty-six cyclic ewes were estrus synchronized by using

progesterone-impregnated (0.3 g) vaginal implants with
controlled intra-vaginal drug release (CIDR-B™, Pfizer Ani-
mal Health, Auckland, New Zealand) for 13 d. Then each
of these 46 ewes received 15 mg of prostaglandin F2α
(Lutalyse, Pfizer, New York, NY, USA) intramuscularly 2 d
before the progesterone vaginal implant was removed.
Twenty-four h after removing the progesterone vaginal im-
plant, three artificial insemination (AI) was performed
within a 12-h interval. The day of the progesterone with-
drawal was considered as day 0.

Endometrial tissue recovery
All the ewes were slaughtered at Day 17 of pregnancy.
Their uteri were flushed with PBS and collected. Ewes
with the presence of normal elongated conceptus with a
length of 25 cm or more attached to the endometrium
were assigned pregnant and were sampled for proteomic
analysis. Samples of the endometrial C and IC areas
were taken and processed as described by Mansouri-
Attia. The ipsilateral uterine horn was longitudinally
opened by scissors. C areas were first carefully cut out
then the IC areas were collected [4,9].

Experimental design
Given the significant structural and functional differ-
ences associated with C and IC areas, these two distinct
endometrial zones need to analyze separately for a more
comprehensive understanding of implantation in sheep.
The global proteomic analysis of C and IC areas would
provide new insights into the mechanisms responsible
for implantation. Thus, endometrial C and IC areas were
sampled and analyzed separately in the present study.
For LC-MS/MS analysis, endometrial samples from ewes
were divided into three pools for biological replicates,
and each pooled sample was divided into two equal ali-
quots and processed as technical replicates (as shown in
HNOLOGIES ________________________
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Figure 1). Data for each pool were obtained by averaging
results from the two technical replicates.

Protein extraction
All samples were ground to powder in liquid nitrogen
and stored overnight at −20°C after adding a five-fold
volume of chilled acetone containing 10% trichloroacetic
acid (TCA) and 10 mmol/L dithiothreitol (DTT). Then
the samples were centrifuged at 4°C, 16,000 × g for
20 min and the supernatant was discarded. The precipi-
tates were added in 1 mL chilled acetone containing
10 mmol/L DTT before storing at −20°C for 30 min, then
centrifuged at 4°C, 20,000 × g for 30 min. Centrifugation
was repeated several times until the supernatant was col-
orless. The pellets were air-dried, then dissolved in lysis
buffer containing 1 mmol/L phenylmethanesulfonyl fluor-
ide (PMSF), 2 mmol/L ethylenediaminetetraacetic acid
(EDTA) and 10 mmol/L DTT and sonicated at 200 Watts
for 15 min before being centrifuged at 30,000 × g at room
temperature for 30 min. The final protein concentration
of supernatant was detected by using the Bradford
method.

Peptide digestion
Each sample taken 50 μg protein, then all isopycnic sam-
ples were formed by adding 8 mol/L urea solution. The
samples were incubated with 10 mmol/L DTT at 56°C
for 1 h to reduce disulfide bonds,and then added to
55 mmol/L iodoacetamide (IAM) in a dark room for
45 min to block cysteine bonding. Subsequently, each sam-
ple was diluted 8-fold with using 50 mmol/L ammonium
Figure 1 Experimental design of the study.
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bicarbonate and digested with Trypsin Gold at a protein:
trypsin ratio of 20:1 at 37°C for 16 h. Final desalting using
a Strata X C18 column (Phenomenex), the samples were
vacuum dried. Peptides generated from digestion were dir-
ectly loaded for LC-MS/MS analysis.

LC-ESI-MS/MS analysis with LTQ-orbitrap collision induced
dissociation (CID)
Each sample was resuspended in buffer A (2% aceto-
nitrile (ACN), 0.1% formic acid (FA)) and centrifuged at
20,000 × g for 10 min. The final peptide concentration
for each sample was about 0.5 μg/mL. The digested sam-
ples were fractionated using a Shimadzu LC-20 AD
nano-high performance liquid chromatography (nano-
HPLC) system. Sample loading (10 μL) was achieved
using a 2-cm C18 trapping column in line with auto-
sampler, and the peptides were eluted onto a resolving
10-cm analytical C18 column prepared in-house. The
samples were loaded at a flow rate of 15 μL/ min for
4 min, and then a 91- min gradient from 2% to 35% buf-
fer B (98% ACN, 0.1% FA) was run at a flow rate of
400 nL/ min, followed by a 5- min linear gradient to 80%
buffer B that was maintained for 8 min before finally
returning to 2% buffer B within 2 min. The peptides were
subjected to nanoelectrospray ionization and then
detected by MS/MS in an LTQ Orbitrap Velos
(Thermo Fisher Scientific, Bremen, Germany) connected
online to a HPLC system. The whole peptides were
detected in the Orbitrap analyzer at a resolution of
60,000. Peptides were selected for MS/MS using the CID
operating mode with a normalized collision energy setting
of 35%, and ion fragments were detected in the LTQ. One
MS scan followed by ten MS/MS scans was applied for the
ten most abundant precursor ions above a threshold ion
count of 5,000 in the MS survey scan. Dynamic exclusion
was applied to increase dynamic range and maximize pep-
tide identifications, and the parameters were set as follows:
repeat counts = 2; repeat duration = 30 s; and exclusion
duration = 120 s. The electrospray voltage was 1.5 kV.
Automatic gain control (AGC) was used to prevent
overfilling of the ion trap; 1 × 104 ions were accumulated
in the ion trap for generation of CID spectra. MS survey
scans from m/z 350 to 2,000 Da.

Proteomic analysis
Mass spectra were analyzed by using the MaxQuant soft-
ware (version 1.1.1.36). As the genomic data of sheep is in-
complete, we generated a reference protein database by
integrating the following databases and sequences of cow
proteins and current known sheep proteins and removed
duplicate proteins, including GenBank nr (20110403),
Uniprot cow proteins (20110503), sheep proteins [http://
www.livestockgenomics.csiro.au/sheep/] and cow proteins
[http://genomes.arc.georgetown.edu/drupal/bovine/]. The
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Figure 2 The endometrium of Chinese Small Tail Han ewes.
Black arrows pointed to C areas, white arrows pointed to IC areas.
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MS/MS data were searched against the reference protein
database using the search engine embedded in MaxQuant.
Up to two missed cleavages were allowed. The first search
was set to 20 ppm, and the MS/MS tolerance for CID was
set to 0.5 Da. To warrant the reliability and stability of our
detection platform, following criteria for inclusion/ exclu-
sion of peptides and proteins were used, as previous studies
[15,16]: The false discovery rate (FDR) was set to 0.01 for
peptide and protein identifications. Proteins were consid-
ered identified when at least two peptides were identified
and at least one of which was uniquely assignable to the
corresponding sequence. Contents of the protein table
were filtered to eliminate identifications from the reverse
database and common contaminants. In the case of identi-
fied peptides that were all shared between two proteins,
these were combined and reported as one protein group.
Contents of the protein table were filtered to eliminate
identifications from the reverse database and common
contaminants. The minimum peptide length was set to 6
amino acids. A minimum of two peptides with one being
unique was required for protein identification. To perform
label-free quantification analysis, the MaxQuant software
suite containing an algorithm based on the extracted ion
currents (XICs) of the peptides was used. Xcalibur 2.1
(Thermo Scientific) was used as quality control program to
check the quality of chromatographs.

Data analysis
In data analysis, all proteins were mapped to the
Ensembl Bos taurus gene ID. The expression quantity of
each protein normalized on the basis of the numbers of
peptides by using MaxQuant software (version 1.1.1.36).
Only peptides which is corresponding to unique proteins
could use to protein quantization in the comparison be-
tween peptides and proteins. In the comparison of prote-
omic profiles between C and IC areas, the measured
value of each biological replicate was achieved by aver-
aging every two technical replicates of a biological rep-
licate. Then the Student’s t-test was used to detect the
significance of the differentially expressed proteins (DEPs)
according to the measured value of every three bio-
logical replicates in each group, and P < 0.05 was consid-
ered significant.
We used DAVID (The Database for Annotation,

Visualization and Integrated Discovery) version 6.7
platform [http://david.abcc.ncifcrf.gov/] annotate biological
themes for DEPs between C and IC areas. This platform
often used to analyze high-throughput data [17,18].
To assess the similarities of the different replicates,

and to obtain a visual understanding of the relationship
between the different areas, hierarchical clustering was
carried out using CLUSTER 3.0 data analysis tool based
on the clusters of protein expression profile of different
technical and biological replicates.
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Results
Summary of the endometrial proteome in C and IC areas
Among 46 recipient ewes, there were 39 ewes successful
pregnant. Then we collected endometrium samples of
these pregnant ewes at Day 17 of pregnancy (Figure 2).
By LC-MS/MS proteomic analysis, we successfully detec-
ted 7459 and 7933 peptides in C areas and IC areas. After
further protein identification, we identified 1740 and 1813
proteins in C areas and IC areas, relatively. Hierarchical
clustering was performed based on the overall similarity of
protein expression patterns of different areas and repli-
cates. Results showed a striking separation of C and IC
area samples into major opposing branches, implying that
the endometrial proteomes of two areas are very distinct
from each other. In addition, technical replicates in each
pool were tightly clustered in the same branch, con-
firming the reliability of our detection system (Figure 3).
The precision of quantitation between the technical repli-
cates was evaluated by Pearson’s correlation coefficient
as previous study [15]. As shown in Additional file 1:
Table S1 and Additional file 2: Figure S1, we found an
average PCC of 0.9871 for the protein level and 0.9401
for the peptide level. According to the criteria proposed
in Waanders et al.’s study (0.87 and 0.98 for peptide
and protein respectively) [16], the correlation values be-
tween technical replicates should be satisfying.

Comparison of proteomic profile between C areas
and IC areas
By comparing proteomic profile between C areas and IC
areas, we found 170 DEPs (P < 0.05). Among these DEPs,
60 proteins were up-regulated in C areas, and 110 pro-
teins were up-regulated in IC areas. The most in-
creased protein (fold change > 5) in C areas was GLANS
(N-acetylgalactosamine-6-sulfatase precursor, 5.0-fold). In
HNOLOGIES ________________________
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Figure 3 Hierarchical cluster analysis of all the proteins
identified in different areas, biological replicates and
technical replicates.
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IC areas, the highest increased proteins (fold change >
5) in C areas included PIP4K2C (Phosphatidylinositol
5-phosphate 4-kinase type-2 gamma, 16.2-fold), PLIN4
(Uncharacterized protein, 6.6-fold), EML4 (echinoderm
microtubule-associated protein-like 4, 6.6-fold) and ITGA1
(integrin, alpha 1, 6.1-fold). In addition, we detected 3 pro-
teins specifically expressed in the C areas, and 22 proteins
specifically expressed in the IC areas (Figure 4).
To gain insight into different biological functions in-

volved in implantation associated with C and IC areas,
the 170 DEPs were analyzed using Functional Annotation
Tool of DAVID Bioinformatics Resources 6.7. Finally, we
identified 43 significant enriched Gene Ontology (GO)
categories (P < 0.01) based on the major category of “bio-
logical process”, including “primary metabolic processes”,
“cellular metabolic process”, “protein metabolic process”,
“cell adhesion” and “multicellular organismal develop-
ment” (Figure 5). The analysis also identified 9 significant
__________________________ WORLD TEC
enriched Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways (P < 0.05), including “Focal adhesion”,
“Regulation of actin cytoskeleton” and “ECM-receptor
interaction” (Table 1).
To better understand the structural and functional dif-

ferences between these two areas, we divided all the
DEPs into 2 groups: 60 DEPs that were up-regulated
in C areas and 110 DEPs that were up-regulated in
IC areas. These two groups of DEPs were then analyzed
using DAVID platform respectively. For DEPs up-regulated
in C areas, we identified 12 significant enriched GO terms
(P < 0.01), based on the major category of “biological
process”. “primary metabolic processes”, “cellular metabolic
processes”, “cellular protein metabolic process” and “prote-
olysis involved in cellular protein catabolic process” were
the most represented processes (Figure 6). KEGG pathway
analysis just identified 1 significant pathway (P < 0.05),
which is “Valine, leucine and isoleucine degradation”.
For DEPs that were up-regulated in IC areas, we found

26 significant enriched GO categories (P < 0.01) based
on the major category of “biological process”, includ-
ing “cellular process”, “cellular component organization”,
“actin cytoskeleton organization”, “multicellular organis-
mal development” and “cell adhesion” (Figure 7). Our
analysis also identified 7 significant enriched KEGG path-
ways (P < 0.05), which were major involved in cell adhe-
sion and cell migration. These pathways included “Focal
adhesion”, “ECM-receptor interaction” and “Tight junc-
tion” (Table 2).
Besides, we also used DAVID Bioinformatics Resources

6.7 to analyze the specifically expressed proteins in IC
areas. Finally, we found these proteins were significant
enriched (P < 0.01) in two GO categories, “organic acid
metabolic process” and “regulation of cell communication”.

Discussion
The endometrium of sheep consists of C and IC areas,
both of which are essential for the establishment of im-
plantation and maintenance of pregnancy. In order to
study the different contribution of C areas and IC areas
to the implantation, we used LC-MS/MS technique to
profile the proteome of these two areas separately at Day
17 of pregnancy. By comparing the proteomic profiles
between C areas and IC areas, we found many biologic-
ally meaningful DEPs. Based on these DEPs, bioinfor-
matics analysis revealed the different biological functions
between these two areas on protein level. These import-
ant functional differences were mainly associated with
growth and remodeling of endometrial tissue, cell adhe-
sion and protein transport. Our results provided data
references and materials for further studies. It should be
noted that these two regions contain varying amounts of
different cell types, including LE, GE, stroma, blood and
lymph vessels, and immune cells, and the gene or protein
HNOLOGIES ________________________



Figure 4 Distribution of differentially expressed proteins with different fold change in the comparison between C and IC areas.
“*” means these proteins specifically expressed in C or IC areas.

151Comparative analysis of proteomic profiles between endometrial caruncular and intercaruncular...
expression pattern shows temporal and spatial changes in
endometrium [19], Therefore, previous study have pro-
filed the endometrial transcriptome of individual cell
populations using laser capture microdissection [20].
However, in the most of the studies concerning the endo-
metrium during establishment of pregnancy in ruminants,
Figure 5 Function annotation clustering results with differentially exp
biological process.
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endometrium was sampled as an integrated tissue layer
for studying the endometrium involved mechanisms of
pregnancy establishment or maternal-fetal interaction
[2,4,9,21,22], In addition, due to the relative large require-
ments of sample amount for LC-MS/MS analysis, profiling
the proteome of a single cell type in endometrium is
ressed proteins between C and IC areas based on GO
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Table 1 Significantly enriched KEGG pathways for DEPs between C and IC areas

Pathway name Count Differentially expressed proteins P-value

Focal adhesion 14 ACTG1,ACTN1,COL1A2,COL6A1,COL6A2,FLNA,ITGA1,LAMA4,LAMC1,
MYLK,MYL9,COL6A3,TLN1,VCL

6.3E-6

ECM-receptor interaction 8 COL1A2,COL6A1,COL6A2,HSPG2,ITGA1,LAMA4,,LAMC1,COL6A3 2.0E-4

Pyruvate metabolism 4 ALDH7A1,DLD,LDHA,ME2 2.2E-2

Adherens junction 5 ACTG1,ACTN1,MLT4,TJP1,VCL 2.4E-2

Valine, leucine and isoleucine degradation 4 HMGCL,ACAA1,ALDH7A1,DLD 3.5E-2

Regulation of actin cytoskeleton 8 ACTG1,ACTN1,GSN,ITGA1,MYLK,MYL9,PIP4K2C,VCL 3.5E-2

Tight junction 6 ACTG1,ACTN1,MLT4,MYH11,MYL9,TJP1 4.9E-2

Proteins with higher expression level in C areas were shown in boldface; proteins with higher expression in IC areas were shown in lightface.
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impractical. Therefore, in our study, a wildly accepted
strategy was used to establish the sample pools of endo-
metrium with different cell types. The collection of tissue
samples were performed strictly according to the method
reported in the previous studies [4,9]. We did not provide
the detailed proteomic difference between the distinct cell
types in C and IC areas, however, this limitation did not
compromise the significance of our study.

Growth and remodeling of endometrial tissue
During implantation, ovine endometrium always under-
goes extensive and sufficient structural modification and
tissue growth, in order to accommodate and support
rapid conceptus development and growth [3]. The series
of biological processes were referred to as endometrial
Figure 6 Significantly enriched GO categories (P < 0.01) using differen
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remodeling. It has been demonstrated that appropriate
endometrial remodeling is essential for successful im-
plantation during early pregnancy [3]. Given structural
and functional differences between C and IC areas, they
have different ways in remodeling.
As C areas are major responsible for conceptus attach-

ment and placentation, the substantial remodeling in
these areas are crucial for successful implantation. In the
present study, GO category “proteolysis” (PSMB3, NEDD8,
UCHL3 and USP34) was significantly over-represented in
C areas. Among these proteins, PSMB3 is a member of
proteasome. The proteasome is an ATP-dependent, multi-
subunit, multi-catalytic protease complex that is involved
in recognizing and degrading ubiquitinated proteins in
most non-lysosomal pathway of protein degradation in
tially expressed proteins that were up-regulated in C areas.
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Figure 7 Significantly enriched GO categories (P < 0.01) using differentially expressed proteins that were up-regulated in IC areas.
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eukaryotic cells [23]. It has been reported that proteasome
participate in tissue remodeling of the conceptus and
endometrium during pregnancy in human and mouse [24].
Up to now, however, only few studies have reported the
specific functions of proteasome in ovine endometrium
during early pregnancy. Our results indicated that prote-
asome are likely to participate in the tissue remodeling of
endometrial C areas through degrading proteins during
implantation. NEDD8, UCHL3 and USP4 are highly asso-
ciated with ubiquitination. Many previous studies have
demonstrated that ubiquitination-related proteins are
expressed in cells of uterus in many species, and these
proteins play vital roles in endometrial remodeling and
placentation during pregnancy [25]. The up-regulation of
above mentioned proteins in C areas indicated that C
Table 2 Significantly enriched KEGG pathways (P < 0.05) using

Pathway name Count Diffe

Focal adhesion 14 ACTG
MYLK

ECM-receptor interaction 8 COL1

Regulation of actin cytoskeleton 8 ACTG

Arrhythmogenic right ventricular cardiomyopathy (ARVC) 4 ACTG

Leukocyte transendothelial migration 5 ACTG

Adherens junction 4 ACTG

Tight junction 5 ACTG
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areas undergo extensive and substantial tissue remodeling
through ubiquitin-proteasome system (UPS) based prote-
olysis during the peri-implantation period. Besides, we
found the expression of TAGLN was drastically increased
in C areas (fold-change = 2.15). TAGLN is constitutively
expressed in pregnant uterus, and previously regarded as a
biomarker for arterial vessel remodeling in uterine tissue
[14]. The up-regulation of TAGLN in C areas implied that
vascular remodeling may play crucial roles in endometrial
remodeling preparing for implantation. As C areas are key
tissues for placentation, the increased vascular remodeling
in C areas would also be essential for ensuring normal pla-
cental function.
Unlike C areas, there are many endometrial glands lo-

calized in IC areas. During the peri-implantation period,
proteins with higher expression levels in IC areas

rentially expressed proteins P-value

1,ACTN1,COL1A2,COL6A1,COL6A2,FLNA,ITGA1,LAMA4,LAMC1,
,MYL9,COL6A3,TLN1,VCL

7.1E-8

A2,COL6A1,COL6A2,HSPG2,ITGA1,LAMA4,,LAMC1,COL6A3 1.8E-5

1,ACTN1,GSN,ITGA1,MYLK,MYL9,PIP4K2C,VCL 5.2E-3

1,ACTN1,DES,ITGA1 3.7E-2

1,ACTN1,MLT4,MYL9,VCL 3.7E-2

1,ACTN1,MLT4,VCL 4.0E-2

1,ACTN1,MLT4,MYH11,MYL9 4.9E-2
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these endometrial glands of the IC areas experience sub-
stantially growth in length and width, to ensure normal
synthesis of nutrition to support the development of con-
ceptus [3]. Thus, we can conclude that IC areas also under-
went a considerable remodeling process in the form of
proliferation and morphogenesis of the intercaruncular
endometrial glands. In our study, many DEPs that were
up-regulated in the IC areas were significantly enriched in
GO categories and KEGG pathways functionally associated
with endometrial gland morphogenesis. Most of these pro-
teins, including ACTA2, ACTG1, ACTN1, MYLK and
MYL9, are the structural constituents of cytoskeleton,
which is essential for morphologic changes of tissues and
cells [26]. In these proteins, ACTA2, ACTG1 and ACTN1
belong to actin family of proteins. It has been reported that
actin plays important roles in cell motility, structure, and
integrity [27]. MYLK and MYL9 belong to myosin, which
is responsible for muscular movement. Myosin may par-
ticipate in cell motility and contraction in endometrial
glands. The up-regulation of all above proteins in IC areas
indicated that endometrial glands of IC areas undergo
extensive changes in cell morphology during the peri-
implantation period, which may prepare for increased nu-
trient production. In addition, many proteins specifically
expressed in IC areas were enriched in GO categories re-
lated to cell proliferation, including CAMK2G, CDK5,
CMPK2 and HARS. CDK5 belongs to cyclin dependent ki-
nases, which is involved in regulating cell proliferation
and differentiation, as well as apoptosis. These specifically
expressed proteins made us to speculate that IC areas
underwent an increased cell proliferation compared with C
areas during the peri-implantation period. Together our
findings in IC areas, is presumable that both cytoskeleton
remodeling and cell proliferation play crucial roles in endo-
metrial gland morphogenesis.
Based on all above results, we provided proteomics

evidence that both C areas and IC areas were charac-
terized by a considerable remodeling process, which
was a preparation for successful implantation. How-
ever, these two areas participated in endometrial remod-
eling through different patterns. The tissue remodeling
in C areas was mainly through proteasome-dependent
proteolysis and vascularization. Unlike C areas, IC areas
underwent endometrial gland morphogenesis through ac-
celerating cytoskeleton remodeling and cell proliferation.

Cell adhesion
Cell adhesion is one of the most important physiological
processes involved in implantation. Abnormal cell adhe-
sion may lead to an early pregnancy failure. In the
present study, many DEPs were functionally associated
with cell adhesion.
We found two proteins related to cell adhesion, TJP1

and POSTN, were specifically expressed in C areas. TJP1
__________________________ WORLD TEC
belongs to tight junction proteins. Tight junctions are
always located on the plasma membrane, and maintain
cell polarity, cell-cell contact, and cell adhesion [28].
POSTN, an important extracellular matrix (ECM) pro-
tein, plays an important role in facilitating cell adhe-
sion and migration. It has been reported that POSTN
may induce PI3K/AKT signaling to stimulate attach-
ment and migration of ovine trophectoderm (oTr)
cells during early pregnancy in ewes. Besides, POSTN
may influence placentation and placental functions
[27]. Therefore, our results indicated that cell adhesion,
as an very important and specialized physiological
process in the C areas during the peri-implantation
period, were ensured by specifically expression of re-
lated proteins.
We also found many DEPs up-regulated in the IC

areas were significantly enriched in GO categories and
KEGG pathways related to cell adhesion. GO category
“cell junction” (TLN1, TNS1 and VCL) was overrepre-
sented in the IC areas. These three proteins are import-
ant cytoskeleton proteins. They play crucial roles in
integrin-mediated cell adhesion, migration and prolifera-
tion by activating integrin signaling pathway [29,30]. Be-
sides, KEGG pathways “ECM-receptor interaction” and
“focal adhesion” (COL1A2, COL6A2, LAMA4, LAMC1
and ITGA1) were over-represented in IC areas. Among
these proteins, ITGA1 was dramatically increased in IC
areas (fold-change = 6.07). ITGA is one kind of integrins.
Integrins are a family of cell adhesion molecules that
have now been largely accepted as biomarkers of uterine
receptivity [31]. During implantation, integrins are respon-
sible for mediating adhesion between maternal and em-
bryonic epithelium [32,33]. COL1A2, COL6A2, LAMA4,
LAMC1 belong to ECM. ECM participates in cell adhe-
sion mainly through binding to cell adhesion molecules.
These results indicated that contrast with traditional
knowledge, IC areas may also played important roles in
cell adhesion through many biological processes and path-
ways, such as cell junction, ECM-receptor interaction and
focal adhesion.
Taken together, we found both C areas and IC areas

participate in cell adhesion during the peri-implantation
period. Considering that C areas are the major sites for
conceptus attachment, most previous studies related to
cell adhesion during implantation focused on these
areas. However, our results indicated that IC areas also
played important roles in cell adhesion. One possible
explanation was that endometrial glands of IC areas
may synthesize a lot of proteins related to cell adhe-
sion, such as cytoskeletal proteins, integrins, collagens
and laminins, and then secrete them into C areas or
uterine lumen to participate in cell adhesion. Thus, we
inferred that C areas mediate cell adhesion during im-
plantation in collaboration with IC areas.
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Protein transport
In ruminants, the growth and development of the con-
ceptus depend largely on endometrial glands in IC areas.
During early pregnancy, these glands synthesize, secrete
or transport various enzymes, growth factors, cytokines,
hormones, transport proteins and adhesion molecules,
collectively referred as histotroph. Gray et al. reported
that secretions of endometrial glands were required for
peri-implantation conceptus survival and development,
and uterine gland knockout ewes (UGKO) were unable
to support pregnancy up to Day 25 of pregnancy [34].
Besides, many studies demonstrated that some secre-
tions of endometrial glands are the primary regulators of
fetal-maternal dialogues.
In the present study, GO category “protein transport”

(HSPA8, SYPL1 and TEMD10) was significantly over-
represented in IC areas. HSPA8 functions as an ATPase
during transport of membrane proteins through the cell.
SYPL1 is associated with GLUT4-cotaining vesicles [35].
GLUT4 has been found in the human placenta, which is
mainly responsible for controlling uptake of glucose into
cells [36]. Therefore, the reduced expression of GLUT4
in endometrial cells may lead to metabolic defects, which
has adverse effect on implantation. TMED10 is type I
membrane protein, which is localized to the plasma mem-
brane and golgi cisternae and is involved in vesicular pro-
tein trafficking.
Together these results, we found protein transport is

an important physiological process associated with IC
areas. Compared to C areas, protein transport played
a more important role in IC areas. Abnormal protein
transport may have adverse effects on secretion function
of endometrial glands, leading to implantation failure.

Conclusion
We established a relatively comprehensive and de-
tailed protein database of ovine endometrium by using
LC-MS/MS technique, providing data references for
further researches. By comparing proteomic profiles
between C and IC areas, we detected 170 DEPs. Subse-
quent bioinformatics analysis indicated these DEPs
were mainly involved in a lot of important physio-
logical processes, including growth and remodeling of
endometrial tissue, cell adhesion and protein transport.
Based on these results, we provided proteomics evi-
dence that both C areas and IC areas were character-
ized by a considerable remodeling process, which was a
preparation for successful implantation. In addition, we
found that C areas could mediate cell adhesion during
implantation in collaboration with IC areas. Lastly,
results showed that protein transport was an import-
ant physiological process associated with endometrial
glands, which played a more important role in IC areas
relatively.
__________________________ WORLD TEC
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Additional file 1: Table S1. Summary of Pearson’s correlation coefficient
(R) between technical replicates in each pool of different groups.

Additional file 2: Figure S1. Pearson correlation coefficient (PCC) of
protein level between technique replicates in each pool of different
groups. The reliability of protein quantitation between the technical
replicates was evaluated by PCC.
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Emerging evidence of the physiological role of
hypoxia in mammary development and lactation
Yong Shao and Feng-Qi Zhao*
Abstract

Hypoxia is a physiological or pathological condition of a deficiency of oxygen supply in the body as a whole or
within a tissue. During hypoxia, tissues undergo a series of physiological responses to defend themselves against a
low oxygen supply, including increased angiogenesis, erythropoiesis, and glucose uptake. The effects of hypoxia are
mainly mediated by hypoxia-inducible factor 1 (HIF-1), which is a heterodimeric transcription factor consisting of α
and β subunits. HIF-1β is constantly expressed, whereas HIF-1α is degraded under normal oxygen conditions.
Hypoxia stabilizes HIF-1α and the HIF complex, and HIF then translocates into the nucleus to initiate the expression
of target genes. Hypoxia has been extensively studied for its role in promoting tumor progression, and emerging
evidence also indicates that hypoxia may play important roles in physiological processes, including mammary
development and lactation. The mammary gland exhibits an increasing metabolic rate from pregnancy to lactation
to support mammary growth, lactogenesis, and lactation. This process requires increasing amounts of oxygen
consumption and results in localized chronic hypoxia as confirmed by the binding of the hypoxia marker pimonidazole
HCl in mouse mammary gland. We hypothesized that this hypoxic condition promotes mammary development and
lactation, a hypothesis that is supported by the following several lines of evidence: i) Mice with an HIF-1α deletion
selective for the mammary gland have impaired mammary differentiation and lipid secretion, resulting in lactation
failure and striking changes in milk compositions; ii) We recently observed that hypoxia significantly induces HIF-1α-
dependent glucose uptake and GLUT1 expression in mammary epithelial cells, which may be responsible for the
dramatic increases in glucose uptake and GLUT1 expression in the mammary gland during the transition period from
late pregnancy to early lactation; and iii) Hypoxia and HIF-1α increase the phosphorylation of signal transducers and
activators of transcription 5a (STAT5a) in mammary epithelial cells, whereas STAT5 phosphorylation plays important
roles in the regulation of milk protein gene expression and mammary development. Based on these observations,
hypoxia effects emerge as a new frontier for studying the regulation of mammary development and lactation.

Keywords: Glucose transporter, Hypoxia, Hypoxia inducible factor, Lactation, Mammary development, Metabolism
Introduction
Oxygen is critical for cellular aerobic metabolism in many
higher organisms, including mammals, as it is the final
electron acceptor in the electron transport chain of oxida-
tive phosphorylation in mitochondria (Figure 1). Aerobic
metabolism is 19 times more efficient in energy produc-
tion than anaerobic metabolism: a molecule of glucose,
the major energy source in most mammalian cells, pro-
duces up to 38 molecules of ATP in aerobic metabolism
though only 2 in anaerobic metabolism [1]. In addition to
efficient energy production, aerobic metabolism produces
* Correspondence: fzhao@uvm.edu
Laboratory of Lactation and Metabolic Physiology, Department of Animal
Science, University of Vermont, Burlington, Vermont 05405, USA
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the end product H2O, whereas anaerobic metabolism
produces lactate, which is normally removed in the liver
with the requirement of oxygen in mammals. Therefore,
an oxygen supply and the maintenance of oxygen homeo-
stasis are essential in aerobic organisms.
Tissues in the body are exposed to different levels of

oxygen, which are affected by the oxygen supply and
tissue metabolic rate and range from near 159 mm Hg in
the upper airway [the O2 partial pressure in the atmos-
phere at sea level (pO2); 21% of atmospheric air] to as low
as 5 mm Hg (~1%) in the retina [2]. In most tissues, the
oxygen tension is between 10 and 45 mm Hg (3-6%) [3,4].
Hypoxia is a deficiency of oxygen supply in the entire
body (such as in high elevation exposure) or locally within
HNOLOGIES ________________________
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Figure 1 Effects of hypoxia on glucose metabolism in cells. Glucose, taken up by facilitative glucose transporter 1 (GLUT1), is first phosphorylated
to glucose-6-phosphate by hexokinase (HK) and is then converted to pyruvate by glycolytic enzymes. Lactate dehydrogenase A (LDHA) converts
pyruvate to lactate when oxygen is limited. In well-oxygenated cells, pyruvate is actively taken up by the mitochondria and converted to acetyl
coenzyme A (CoA) by pyruvate dehydrogenase complex (PDC), which can be inactivated via phosphorylation by pyruvate dehydrogenase kinase 1
(PDK1). Acetyl-CoA enters the tricarboxylic acid cycle (TCA) to produce NADH, which is used to produce ATP through the electron transport chain
(ETC) via the transfer of electrons to oxygen to form water. The major enzymes affected by hypoxia are indicated. “+” = stimulation.
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a tissue when the oxygen delivery or availability is reduced
due to different causes (such as tissue injury). The precise
hypoxic pO2 is different between organs, but a venous
pO2 of below 6% O2 can induce a hypoxic response in
most tissues, and 0.5-1% induces the maximal effects [5].
The body and its tissues have specific mechanisms to

sense oxygen levels and make the necessary adaptations
for survival under hypoxic conditions. Global oxygen is
sensed by central chemoreceptors located on ventro-
lateral surface of the medulla oblongata and peripheral
chemoreceptors in the aortic and carotid bodies [6-8].
These chemoreceptors control the respiration and heart
rates to adjust the oxygen supply in the entire body. In
localized hypoxia and chronic hypoxia, the tissues and
cells can also sense decreases in oxygen tension through
transcription factor complexes known as hypoxia-inducible
factors (HIFs) to restore homeostasis [2,9].

Cellular hypoxia signaling and HIFs
The effects of hypoxia in many tissues and cells are pri-
marily mediated by HIF-1 [10]. HIF-1 is a heterodimer
protein consisting of an HIF-1α subunit and an HIF-1β
subunit (Figure 2). Both subunits are similar in structure
and contain an N-terminal basic helix-loop-helix (bHLH)
domain, a Per-ARNT-Sim (PAS) domain, and a C-termi-
nal domain [11]. The PAS domain facilitates the heterodi-
merization of HIF-1α and HIF-1β [12], the bHLH domain
mediates the binding of HIF-1 to the consensus hypoxia
__________________________ WORLD TEC
response element (HRE) 5′-RCGTG-3′(R = A or G) in tar-
get gene promoters or enhancers [9], and the C-terminus
of the proteins contains a transactivation domain and re-
cruits transcriptional co-factors. HIF-1β is constitutively
expressed in cells, whereas HIF-1α is under tight regula-
tion by oxygen levels [13]. Under normoxic conditions,
specific proline residues of HIF-1α are hydroxylated by
prolyl hydroxylase domain proteins (PHDs) [14] (Figure 2),
and hydoxylated HIF-1α is bound by the Von Hippel-
Lindau (vHL) protein, a component of the E3 ubiquitin
ligase complex, leading to HIF-1α ubiquitination and sub-
sequent proteasomal degradation [15-17] (Figure 2). Thus,
the transcriptional activity of HIF-1 is primarily deter-
mined by the cellular level of HIF-1α protein.
In addition to HIF-1α degradation, normoxia also

regulates the transcriptional activity of HIF-1α, where a
C-terminal asparagine in the transactivation domain of
HIF-1α is hydroxylated by factor inhibiting HIF-1 (FIH).
This hydroxylation of HIF-1α blocks its interaction with
the transcriptional coactivator p300 and CREB binding
protein (CBP) [18,19], thus disrupting the proper assem-
bly if HIF-1 at the HRE.
Cells sense oxygen availability through PHDs and FIH,

both of which are 2-oxoglutarate-dependent dioxy-
genases that require oxygen as a substrate. One oxygen
atom is used to hydroxylate a proline or asparagine of
HIF-1α, and the other oxygen atom is added to the co-
substrate α-ketoglutarate, converting it to carbon dioxide
HNOLOGIES ________________________



Figure 2 The HIF-1α protein is stabilized under hypoxia and translocates to the nucleus to activate gene transcription. Two proline
residues of HIF-1α are hydroxylated by prolyl hydroxylase under normoxia. Hydroxylated HIF-1α is bound by the Von Hippel-Lindau (vHL) protein,
leading to its ubiquitination and subsequent degradation by the proteasome. In addition, a C-terminal asparagine in the transactivation domain
of HIF-1α is hydroxylated by factor inhibiting HIF-1 (FIH) under normoxia. The hydroxylation of HIF-1α blocks its interaction with the transcriptional
coactivator p300 and CREB binding protein (CBP), thereby disrupting the proper assembly of HIF-1 at the hypoxia response element (HRE) of its
target genes. Without oxygen, the proline and asparagine residues of HIF-1α cannot be hydroxylated; therefore, HIF-1α protein is stabilized,
translocates to the nucleus, forms a heterodimer with HIF-β and activates target gene transcription.

159Emerging evidence of the physiological role of hypoxia in mammary development and lactation
and succinate [17,20]. Therefore, under hypoxic condi-
tions, the activities of PHDs and FIH are repressed, and
HIF-1α is stabilized and able to translocate to the nucleus,
heterodimerize with HIF-1β, and activates target gene
transcription.
In addition to being regulated by oxygen stress, HIF-

1α has been shown to be regulated by other stimuli,
including nitric oxide, reactive oxygen species, nutrient
stress, and glycolytic intermediates (e.g., pyruvate and
lactate) [10,21-23]. Indeed, glycolytic intermediates may
act as competitors of the PHD substrate 2-oxoglutarate,
preventing PHD hydroxylation of HIF-1α.
HIF isoforms in addition to HIF-1α and HIF-1β have

been identified [2,24]. There are currently three structur-
ally related HIF-α isoforms that share a similar functional
mechanism [2]. In contrast to the ubiquitous expression
of HIF-1α, the expression of HIF-2α is commonly found
in tissues involved in oxygen delivery, such as endothelial
cells and cardiac myocytes [25]. The various isoforms may
also have selective transcriptional targets [2]. Additionally,
HIF-3α lacks the transactivation domain and thus may
play a dominant-negative role [26]. HIF-1α deletion in
mice is embryonic lethal, with cardiac and vascular defects
and decreased erythropoiesis [27-29]; in contrast, HIF-2α
deletion is either embryonic lethal, or death occurs shortly
after birth due to respiratory failure or mitochondrial
dysfunction [30].

Physiological responses of tissues to hypoxia
All nucleated cells have the ability of physiological alter-
ations to adapt to transient or chronic hypoxia. These
changes include enhancing glucose uptake, metabolic
switching from oxidative phosphorylation to anaerobic
__________________________ WORLD TEC
glycolysis to reduce oxygen consumption, and increa-
sing oxygen delivery by promoting angiogenesis and
erythropoiesis.

Glucose uptake
Glucose utilization in most mammalian cells is controlled
by its uptake. Glucose transport across the plasma mem-
brane of most mammalian cells is mediated by a family of
facilitative glucose transporters (GLUTs), which includes
14 structurally related members designated GLUT1-12,
GLUT14, and HMIT (H+/myo-inositol co-transporter)
[31]. Each transporter has a tissue-specific distribution
and distinct kinetic properties and exhibits differential
regulation by ambient glucose, oxygen levels, and hor-
mones [31]. Glucose transport is stimulated by hypoxia in
many cell types, and this response is largely mediated by
enhancing GLUT1 and GLUT3 transcription through
HIF-1α activation [32-34]. An HRE identified in an enhan-
cer region located approximately 2.7 kb upstream of the
transcription start site in mouse and rat GLUT1 genes is
reported to convey the response to hypoxia [35,36].
In addition to the direct regulation of GLUT transcrip-

tion by HIF-1α, hypoxia may also stimulate glucose uptake
by secondary mechanisms, such as by inhibiting oxidative
phosphorylation in mitochondria. The exposure to hyp-
oxia results in the inhibition of oxidative phosphorylation,
which, without the reduction of oxygen tension, in turn
stabilizes GLUT1 mRNA and up-regulates GLUT1 ex-
pression through enhancer elements that are independent
of HIF binding [35,36]. A serum-responsive element (SRE)
located approximately 100 nucleotides upstream of an
HRE in the mouse GLUT1 gene conveys the responses to
mitochondrial inhibitors [36]. In the rat GLUT1 gene, a
HNOLOGIES ________________________
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666-bp sequence at 6 kb upstream of the transcription
start site responds to the inhibition of oxidative phos-
phorylation [35]. Furthermore, the induction of GLUT1
expression by low oxygen availability is rapid, whereas the
half-life of GLUT1 mRNA is not affected. In contrast, the
up-regulation of GLUT1 mRNA by the inhibition of
oxidative phosphorylation is a delayed response, and the
GLUT1 mRNA half-life increases significantly [35].

Metabolism
In aerobic metabolism, glucose is first converted to two
pyruvates through glycolysis in the cytoplasm; pyruvate
dehydrogenase complex (PDC) in the mitochondria then
catalyzes the conversion of pyruvate to acetyl-CoA, which
enters the tricarboxylic acid (TCA) cycle and produces
ATP via oxidative phosphorylation (Figure 1). However,
when the availability of O2 becomes limited, cells switch
from oxidative metabolism to anaerobic glycolysis by up-
regulating the expression of several key glycolytic genes,
including hexokinases 1 and 2 (HKs), lactate dehydro-
genase A (LDHA), and pyruvate dehydrogenase kinase 1
(PDK1) [2,4,13]. The up-regulation of glycolytic gene
expression is also mediated by HIF-1 via direct binding to
promoters or enhancers [37-40].
In addition to preventing substrates from entering oxi-

dative phosphorylation, hypoxia also regulates mitochon-
drial activity: it regulates cytochrome c oxidase (COX) by
switching isoform COX4-1 to COX4-2, which can use the
limited oxygen more efficiently [41]. Moreover, hypoxia
inhibits mitochondrial biogenesis by decreasing c-Myc
activity [42] and induces mitochondrial autophagy by up-
regulating BNIP3 [43].

Angiogenesis and erythropoiesis
Another strategy against hypoxia is to increase oxygen
delivery, which is performed in two ways. i) Hypoxia
induces angiogenesis, the growth of new blood vessels, to
deliver more oxygen and nutrients to hypoxic tissues, a
process that is primarily mediated via the up-regulation of
vascular endothelial growth factor (VEGF) expression by
HIF [44]. Hypoxia-induced angiogenesis plays important
roles in wound healing, inflammation, and pregnancy. ii)
In systemic hypoxia, genes related to red blood cell
production and oxygen transport are up-regulated [45].
Erythropoietin (EPO) was the first gene shown to be regu-
lated by hypoxia, and research on the underlying mechan-
ism led to the discovery of HIF [46,47]. HIF increases the
expression of EPO in the kidney and liver, stimulating the
production of red blood cells in the bone marrow.
Hypoxia also induces other proteins involved in iron
uptake and utilization to support the production of
hemoglobin [47].
In addition to the above changes, hypoxia can also

induce changes in gene expression to maintain a more
__________________________ WORLD TEC
alkaline intracellular pH to overcome the hostile acidic
extracellular environment resulted from lactate accumu-
lation [2].

Pathological implications of hypoxia in cancer and other
diseases
Many studies on the effects of hypoxia have been
conducted in cancer cells [48]. Indeed, hypoxia is a
characteristic feature of malignant solid cancers, such as
breast cancer. Cancer cells can grow and proliferate
without external growth signals and are insensitive to
growth suppressors and resistant to cell death [49].
Thus, highly aggressive and rapidly growing tumors are
exposed to hypoxia as a consequence of an inadequate
blood supply, which in turn plays a pivotal role in pro-
moting tumor progression and the resistance to therapy.
During tumor growth, hypoxia provides an array of
effects to favor tumor survival under the hypoxic condi-
tion. These effects include gene expression changes to
suppress apoptosis and support autophagy [50,51], geno-
type selection of cells with diminished apoptotic poten-
tial [52], increased GLUT expression and glucose uptake
[53], anabolic metabolism switching [54], and the loss of
genomic stability through the down-regulation of DNA
repair [55] and possibly increased reactive oxygen spe-
cies (ROS) production [56]. In addition, hypoxia can also
suppress immune responses [57] and enhance tumor
angiogenesis, vasculogenesis, the epithelial-mesenchymal
transition (EMT), invasiveness, and metastasis [2,58].
These effects may also play roles in the resistance to
cancer therapy [59]. Due to its multiple contributions to
tumor progression, hypoxia has been suggested to be a
negative prognostic factor for patient outcomes [60], and
many studies have shown that endogenous hypoxia
markers (e.g., HIF-1α, GLUT1, CA IX) are correlated
with poorer outcomes and more aggressive malignancies
[60,61]. Thus, it is not surprising that hypoxia has been
a high priority target for cancer therapy [59].
In addition to cancer, hypoxia is implicated in other

human diseases, such as ischemic heart disease (IHD),
stroke, kidney disease, chronic lung disease, and in-
flammatory disorders [62]. Furthermore, cellular hyp-
oxia may be a key factor in increasing glucose uptake by
adipocytes, contributing to adipose tissue dysfunction in
obesity [63,64].

Involvement of hypoxia in physiological processes
Studies have also demonstrated that HIF-1α is required
for embryonic development and the development and
growth of several murine tissues, implying a role for
hypoxia in these physiological processes. Most mam-
malian embryos develop at oxygen concentrations of
1% - 5%, thus hypoxia and HIF play important roles
in embryogenesis and placenta development by regulating
HNOLOGIES ________________________
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gene expression, cell behaviour, and cell fate [65]. HIF-1α
null mice die by embryonic day (E) 10.5 due to an
impaired circulatory system [13]. HIF-1α deletion in the
cartilaginous growth plate of developing bone leads to
death of cells in the interior of the growth plate, indicating
that hypoxia plays an important role in chondrogenesis
[66]. Hypoxia promotes angiogenesis and osteogenesis in
bone by elevating the VEGF levels induced by HIF-1α in
osteoblasts, as HIF-1α overexpression results in extremely
dense, heavily vascularized long bones and a high level of
VEGF, whereas the lack of HIF-1α in osteoblasts leads to
significantly thinner and less vascularized long bones [67].
Hypoxia inhibits adipogenesis and the conditional knock-
out of HIF-1α in mouse embryonic fibroblasts impairs the
hypoxia-mediated inhibition of adipogenesis [68]. In
HIF-1α-deficient mice, hematopoietic stem cells (HSCs)
in bone marrow lose cell cycle quiescence, and HSC
numbers decrease [69]. B lymphocyte development is
abnormal in HIF-1α-deficient chimeric mice, inducing
autoimmunity [70].
Below, we introduce the emerging evidence of the

involvement of hypoxia in mammary development and
lactation.

Mammary development and lactation
The development of the mammary gland can be divided
into three stages, embryo, puberty, and pregnancy, and
the major development occurs during postnatal stages.
In mice, two milk lines form between the fore and hind
limbs of an E 10.5 embryo, and five pairs of placodes
arise along each of the two milk lines at E 11.5. The pla-
codes then invaginate into the underlying mesenchyme
to form small bulb-shaped buds. The mammary epithe-
lial cells of the buds proliferate from E 15.5 to form
sprouts that penetrate to the underlying fat pad and
form the rudimentary ductal tree and teats [71,72].
Canonical Wnt signaling plays an important role during
embryonic mammary development: Wnt 6, Wnt 10a,
and Wnt 10b are expressed during this period, and the
inhibition of Wnt signaling results in impaired placode
formation [72,73]. From birth to puberty, the mammary
gland first undergoes isometric growth (with the same
rate as the body), followed by allometric growth (2-4X
faster than body fat deposition). Robust duct branching
then begins at the onset of puberty. Terminal end buds
(TEBs) form from the tip of the rudimentary ductal tree
of the mouse mammary gland and drive pubertal
mammary development. TEBs are highly proliferative,
penetrating further into the fat pad, and the bifurcations
of TEBs form the primary ducts. TEBs continue to
invade into the fat pad until the primary ducts reach the
border of the fat pad, and the secondary ducts then
branch laterally from the primary ducts until the fat
pad is filled with extensive ducts [74]. In ruminants,
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the terminal ductal lobular units (TDLUs) are the
characteristic structures of postpubertal mammary
development. During this stage, estrogen and growth
hormone regulate duct branching, as the knock-out of
estrogen receptor (ER) α or growth hormone receptor
was found to impair duct development during puberty
[75,76]. During the early stage of pregnancy, short
tertiary side-branches form along the ductal system devel-
oped during puberty, a process that is regulated by pro-
gesterone, progesterone receptor, and downstream Wnt 4
signaling [77,78]. The mammary epithelial cells then pro-
liferate rapidly to form a lobuloalveolar structure within
the ductal branches. Prolactin is important for alveolar
morphogenesis, as the knock-out of prolactin receptor or
STAT5a, a major prolactin downstream-signaling mol-
ecule, results in lobuloalveolar defects [79,80]. During late
pregnancy, the mammary epithelial cells differentiate, and
lactogenesis occurs under the synergistic effects of prolac-
tin, glucocorticoids, and insulin [81]. Milk protein genes
and lipogenic genes are expressed, and lipid droplets form
in the epithelial cells. At the onset of lactation, the peak
blood levels of lactogenic hormones and withdrawal of
progesterone lead to copious milk secretion [81]. Exten-
sive angiogenesis to supply nutrients is associated with all
stages of mammary development [82]; in particular,
extensive capillaries form a basket-like architecture to
surround the alveoli during lobuloalveolar develop-
ment. The vascular density doubles from day 18 of
pregnancy to day 5 of lactation in mice [83]. In consistent
with vascular development, the expression of VEGF and
VEGF receptor in the rodent mammary gland increases
dramatically during pregnancy and lactation and decreases
during involution [84].

Oxygen uptake in the mammary gland during mammary
development and lactation
The mammary gland has high metabolic rates during
development and lactation and is thus considered to be
a benign, highly regulated tumor [85]. Although exten-
sive studies have been performed in the pathology of
hypoxia in breast cancer, limited attention has been
given to oxygen utilization in normal mammary develop-
ment and lactation, and reports on mammary oxygen
uptake have been largely limited to only a few early
studies [86-88]. The average O2 uptake of a lactating
mammary gland is 0.51-0.73 μmol/min/g in goats and
2.06 in rats [86-88]. Mammary O2 uptake is steadily
increased during late pregnancy and reaches the highest
levels in early lactation [89]. The O2 uptake in lactating
goats is twice that in the preparturient goat, and there is
a correlation between mammary O2 uptake and milk
secretion [87,88]. Starvation results in the virtual cessation
of milk production, with a 75% reduction in mammary oxy-
gen uptake [86], whereas growth hormone administration
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increases mammary oxygen uptake [90]. In 10-wk virgin
mice, the pO2 level in the mammary fat pad is, on average,
13.0 mm Hg (~2%), which is considerably lower than in
muscle (29.1 mm Hg, ~4%) [91]. However, a recent study
using phosphonated trityl probes in mice reported an
average mammary gland tissue pO2 of 52 mmHg [92],
which is consistent with the pO2 value reported in normal
breast tissue [93]. Nevertheless, it is likely that the mam-
mary gland develops chronic hypoxia during the rapid
mammary development in late pregnancy and in early
lactation because the oxygen consumption increases in
these periods to meet the increased metabolic rates.
To examine possible hypoxic conditions in the mam-

mary gland during mammary development, we recently
injected the hypoxia marker pimonidazole HCl into mice
from the virgin state to the early lactation state. Pimoni-
dazole HCl is a chemical that forms adducts with thiol
groups in proteins, peptides, and amino acids in hypoxic
cells (http://www.hypoxyprobe.com/), and these pimoni-
dazole adducts can be detected with specific antibodies.
Immunohistochemical staining of the mouse mammary
glands from different stages showed a hypoxic mammary
gland in all examined stages, but the staining was stronger
during late pregnancy and early lactation (Shao and Zhao,
unpublished preliminary observations), indicating a more
hypoxic condition in these stages.

Emerging evidence of a role of hypoxia in mammary
development and lactation
Consistent with the hypoxic condition in the mammary
gland during development and lactation, there is emerging
evidence that supports possible physiological roles of hyp-
oxia in these processes.

1) Selective deletion of HIF-1α in the mouse mammary
gland results in impaired mammary development and
lactation
The most compelling evidence of hypoxia’s role in
mammary development and lactation is from a targeted
gene-knockout study by Seagroves et al. (2003) [94].
Because the whole-genome knockout of the HIF-1α gene
is embryonic lethal, Seagroves et al. specifically removed
the HIF-1α gene from the mammary epithelial cells
(MECs) using mouse mammary tumor virus (MMTV)
promoter-directed cre-lox technology. No morphological
defects were observed in the HIF-1α-/- glands until day
15 of pregnancy when the mammary gland is well into
secretory differentiation. By day 15 of pregnancy, strik-
ing histological differences became obvious between the
wild-type and HIF-1α-/- glands. In particular, the HIF-
1α-/- glands had smaller alveoli with no protein or lipid
droplets due to impaired mammary differentiation. In
addition, the expression of milk proteins β-casein and α-
lactalbumin was decreased by over 50% in these glands.
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Surprisingly, the HIF-1α-/- glands showed no abnormal-
ity in microvessel pattering and vascular density, despite
the important role of hypoxia in angiogenesis [94]. How-
ever, this observation could be explained by HIF-1α only
being deleted in MECs and not in other cell types, such
as endothelial and stroma cells, and these cells could still
respond to the hypoxia conditions and retain intact
angiogenesis.
Furthermore, consistent alveolar defects and trapped

large lipid droplets were observed in the HIF-1α-/-

glands during lactation [94]. The glands weighed ~50%
of the wild-type glands at mid-lactation; additionally, the
HIF-1α-/- animals produced less milk than the wild-type
controls, and their milk was more viscous and contained
significantly elevated fat and ion contents.
These data clearly indicate that, although the ex-

pression of HIF-1α in MECs is not required for early
mammary development (mainly ductal morphogenesis),
it is essential for mammary secretory differentiation,
milk production, and lipid secretion, implying a role for
hypoxia in these physiological processes.

2) Hypoxia increases glucose uptake and GLUT1
expression in MECs
As in all mammalian cells, glucose is an important source
of energy and NADH and also serves as a substrate for
lipid, protein, and nucleotide syntheses in MECs. Glucose
is also the major and an essential precursor of lactose syn-
thesis in the lactating MECs. Mammary glucose uptake
increases gradually from late pregnancy and peaks at early
lactation [87,89], and mammary glucose transport activity
increases approximately 40-fold from the virgin state to
mid-lactation state in mice [95]. Glucose uptake in the
mammary gland is mediated by facilitative glucose trans-
porters (GLUTs) [31,96]. Mammary cells mainly express
GLUT1, GLUT8, and GLUT 12, with GLUT1 being the
predominant isoform [97], and there is a dramatic
increase in mammary GLUT expression from late preg-
nancy to early lactation [97], concomitantly with mam-
mary glucose uptake. We originally hypothesized that the
lactogenic hormones (prolactin, glucocorticoids, insulin,
and estrogen) are responsible for stimulating GLUT ex-
pression during lactogenesis. However, our recent study
challenged this hypothesis because these hormones failed
to stimulate GLUT expression in bovine mammary ex-
plants and primary MECs, even though they were able to
dramatically stimulate the expression of milk protein and
lipogenic genes [98].
We, thus, hypothesized that the mechanism underlying

the increase in GLUT expression in MECs during the
transition period from pregnancy to lactation involves
hypoxia signaling through hypoxia inducible factor-1α
(HIF-1α). To test this hypothesis, we recently studied the
effects of hypoxia on GLUT expression in bovine MECs.
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Figure 3 Schematic diagram of proposed effects of hypoxia on
the mammary gland. Hypoxia stabilizes the hypoxia-inducible
factor-1α (HIF-1α), which stimulates: i) glucose uptake through
enhancing the expression of facilitative glucose transporter 1
(GLUT1), ii) angiogenesis through enhancing the expression of
vascular endothelial growth factor (VEGF), iii) anaerobic glycolysis
through up-regulating the expression of several key glycolytic genes,
including hexokinases 1 and 2 (HKs), lactate dehydrogenase A
(LDHA), and pyruvate dehydrogenase kinase 1 (PDK1), and iv)
mammary development, differentiation and lactation through
regulation of Notch, Wnt and STAT5 signaling pathways.
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Hypoxia (below 5% O2) significantly stimulated glucose
uptake and GLUT1 mRNA and protein expression in
bovine MECs yet decreased GLUT8 mRNA expression in
these cells (Shao and Zhao, unpublished observations). A
robust induction of HIF-1α protein was observed in the
bovine MECs, consistent with the observation in mouse
MECs [94]. Furthermore, an siRNA against HIF-1α com-
pletely abolished the up-regulation of GLUT1 by hypoxia
but had no effect on GLUT8 expression (Shao and Zhao,
unpublished observations).
Consistent with our study, the expression of GLUT1 in

mouse MECs is HIF-1α-dependent in a stage-dependent
manner in vivo. GLUT1 expression decreases by 60% in
HIF-1α-/- glands by day 16 of pregnancy, whereas no
difference was observed at mid-lactation [94]. In addition,
it has been shown that prolonged hypoxia stimulates
GLUT1 expression in bovine endothelial cells [99,100].
Taken together, the above evidence clearly show that

MECs and mammary endothelial cells are responsive to
hypoxia (as high as 5% O2) through HIF-1α.

3) Possible interactions of HIF-1α with other signaling
pathways in the mammary gland
The signal transducer and activator of transcription 5
(STAT5) is essential for mammary gland differentiation
and lactation [101,102] and is mainly activated by prolac-
tin and its receptor in the mammary gland. After binding
prolactin, the prolactin receptor phosphorylates and acti-
vates Janus kinase (JAK) 2. JAK2 then phosphorylates
STAT5, and STAT5 dimerizes and translocates to the
nucleus to stimulate target genes’ expression [103,104]. In
addition to the prolactin pathway, STAT5 can also be acti-
vated by epidermal growth factor (EGF), growth hormone,
insulin growth factor (IGF), estrogen, and progesterone
signaling pathways in the mammary gland [105]. STAT5
controls the population of luminal progenitor cells that
will differentiate to alveolar cells [106,107]. During lacto-
genesis and lactation, the prolactin-STAT5 pathway con-
trols the expression of milk protein genes and lipogenic
genes [81,108]. STAT5-null mice have impaired mammary
alveologenesis due to a reduction in the mammary lumi-
nal progenitor cell population and exhibit impaired milk
protein gene expression [109]. It has been reported that
hypoxia and HIF-1α can induce STAT5 phosphorylation
and enhance its DNA-binding activity in mammary
epithelial cells and breast cancer cells [110,111]. Thus,
hypoxia may be involved in mammary development and
lactation by regulating STAT5 activity.
Notch signaling responds to extrinsic or intrinsic devel-

opmental cues and regulates multiple cellular processes,
such as stem cell maintenance, cell fate specification, and
differentiation [112]. Upon ligand binding, the Notch pro-
tein is cleaved by presenilin/γ-secretase to release the
active intracellular domain (ICD), which translocates to
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the nucleus to regulate the transcription of target genes
[113]. In the mammary gland, Notch represses mammary
stem cells expansion in the basal cell compartment [114]
and promotes luminal cell fate specification and prevents
myoepithelial cell lineage during pregnancy [114,115].
Hypoxia prevents differentiation in various stem and pre-
cursor cells, and research has shown that HIF-1α interacts
with the Notch ICD to activate Notch target genes, inhi-
biting the differentiation of myogenic and neutral precur-
sor cells [116]. In addition, FIH negatively regulates Notch
by hydroxylating two asparagine residues of ICD [117].
Therefore, hypoxia and Notch signaling may cross-talk to
regulate cell differentiation in the mammary gland.
Wnt proteins are involved in multiple events during em-

bryogenesis and adult tissue development, with effects on
cell fate specification, differentiation, mitogenic stimula-
tion, and stem cell self-renewal [118]. The Wnt signaling
pathways include the canonical pathway involving β-ca-
tenin and noncanonical pathways; the canonical pathway
has been investigated intensively and best characterized.
Wnt proteins bind to the cell surface receptor Frizzled in
conjunction with low-density lipoprotein receptor-related
proteins (LRPs), which transduce the signal to intra-
cellular proteins, leading to the stabilization of β-catenin.
β-Catenin then translocates to the nucleus and interacts
with transcription factor lymphoid enhancer-binding
factor 1/T cell-specific transcription factor (LEF/TCF) to
affect target gene transcription [118]. Wnt signaling is
essential for mammary rudiment formation in embryos, as
the lack of TCF or the overexpression of the Wnt
inhibitor Dkk-1 impairs the formation of mammary pla-
codes [73,119,120]. Wnt signals drive ductal branching
during pubertal mammary development, because the dele-
tion of LRP reduces duct branching and the overexpres-
sion of LRP increases duct branching in the virgin mouse
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mammary gland [121-123]. Wnt-4 works as a paracrine
factor downstream of progesterone signaling during preg-
nancy to stimulate lobular alveolar development [77,124].
During mammary development, both ductal and alveolar
epithelial cells originate from mammary stem cells, and
Wnt signaling serves as a rate-limiting self-renewal signal
to maintain mammary stem cells [125]. Most stem cells
reside in hypoxic niches, and research has shown that
Wnt signaling is modulated by hypoxia in embryonic stem
cells and neural stem cells by enhancing β-catenin activa-
tion and increasing LEF/TCF proteins [126]. Such interac-
tions may also exist in the mammary gland.

Conclusion
Increased oxygen and energy requirements, nutrient
stress, extensive angiogenesis, and metabolic switching to
glycolysis [127] in the mammary gland during the transi-
tion period from pregnancy to lactation make hypoxia a
possible regulator of these processes. The possible effects
of hypoxia on the mammary gland include, but not limit
to the stimulations of: i) glucose uptake through enhan-
cing the expression of GLUT1, ii) angiogenesis through
enhancing the expression of VEGF, iii) anaerobic glycolysis
through up-regulating the expression of several key glyco-
lytic genes, including HKs, LDHA, and PDK1, and iv)
mammary development, differentiation and lactation
through regulation of Notch, Wnt and STAT5 signaling
pathways (Figure 3).
However, based on above evidence, it is important to note

that, although HIF-1α is clearly required in normal mam-
mary development and lactation, there is a possibility that
hypoxia per se may not be the major or only stimulus of
HIF-1α activity in the mammary gland. As mentioned
above, in addition to being regulated by hypoxia, HIF-1α
stability has been shown to be regulated by other stimuli,
including nitric oxide, reactive oxygen species, nutrient
stress, and glycolytic intermediates [10,21-23]. Furthermore,
several studies have shown that hypoxia causes mammary
epithelial disorganization and induces a cancer cell-like
phenotype in human MECs [128-130]. Thus, to link an ef-
fect of hypoxia to mammary development and lactation, it
is essential to quantitatively measure oxygen tension
changes in the mammary gland from pregnancy to lacta-
tion. Our hypothesis is that a small degree of the hypoxic
condition is involved in mammary development and lacta-
tion from late pregnancy to early lactation, whereas more
severe hypoxia is involved in breast cancer development.
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An efficient method for the sanitary vitrification
of bovine oocytes in straws
Yanhua Zhou1, Xiangwei Fu1, Guangbin Zhou3, Baoyu Jia1, Yi Fang1, Yunpeng Hou2 and Shien Zhu1*
Abstract

Background: At present, vitrification has been widely applied to humans, mice and farm animals. To improve the
efficiency of vitrification in straw, bovine oocytes were used to test a new two-step vitrification method in this
study.

Results: When in vitro matured oocytes were exposed to 20% ethylene glycol (EG20) for 5 min and 40% ethylene
glycol (EG40) for 30 s, followed by treatment with 30% glycerol (Gly30), Gly40 or Gly50, a volume expansion was
observed in Gly30 and Gly40 but not Gly50. This indicates that the intracellular osmotic pressure after a 30 s differs
between EG40 and ranged between Gly40 (approximately 5.6 mol/L) and Gly50 (approximately 7.0 mol/L). Since
oocytes are in EG40 just for only a short period of time (30 s) and at a lower temperature (4°C), we hypothesize
that the main function of this step in to induce dehydration. Based on these results, we omitted the EG40 step,
before oocytes were pretreated in EG20 for 5 min, exposed to pre-cooled (4°C) Gly50, for 30 s, and then dipped into
liquid nitrogen. After warming, 81.1% of the oocytes survived, and the surviving oocytes developed into cleavage
stage embryos (63.5%) or blastocysts (20.0%) after parthenogenetic activation.

Conclusions: These results demonstrate that in a two-step vitrification procedure, the permeability effect in the
second step is not necessary. It is possible that the second step is only required to provide adequate osmotic
pressure to condense the intracellular concentration of CPAs to a level required for successful vitrification.

Keywords: Bovine, Cryopreservation, Oocytes, Straw, Vitrification
Background
Vitrification is the rapid cooling of cells in liquid medium
in the absence of ice crystal formation. Vitrification can be
achieved when the intracellular concentration of cryopro-
tective agents (CPAs) is higher than 6 mol/L [1]. The bene-
fits of a two-step vitrification method are that it allows
establishment of a relatively complete equilibrium while re-
ducing exposure of the oocyte to potential toxic effects of
CPAs. Previously, oocytes or embryos were first exposed to
non-vitrifying solutions containing permeating CPAs [2,3].
Next, the oocytes were exposed for a short time (45–60 s)
to a vitrifying solution (VS) containing high concentrations
of penetrating (4.8–6.4 mol/L) and non-penetrating (0.5–
* Correspondence: zhushien@cau.edu.cn
1National Engineering Laboratory for Animal Breeding, Key Laboratory of
Animal genetics, Breeding and Reproduction, Ministry of Agriculture, College
of Animal Science and Technology, China Agricultural University, Beijing
100193, P.R. China
Full list of author information is available at the end of the article
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0.75 mol/L) CPAs before being plunged into liquid nitrogen
(LN2) [2-4].
Since the first successful vitrification of mouse em-

bryos by Rall and Fahy in 1985 [1], this method has been
used widely for oocyte and embryo cryopreservation.
Numerous research articles have focused on CPA per-
meability and the rate at which it enters cells [5,6].
Other studies have investigated incubation times in both
the pretreatment and vitrification solutions and found
that the temperature used during the handling proced-
ure is also important for successful vitrification [7-9].
The open-pulled straw (OPS) method originally described
by Vajta and colleagues, allows for faster heat transfer
between the solution and the environment, achieving
cooling/warming rates on the order of 20,000°C/min [10].
In 1999, when Le Gal and Massip compared three ap-
proaches (standard 0.25-mL straw, OPS, and Microdrop)
for cooling a vitrification solution containing bovine
oocytes, the highest cleavage rate was achieved with
the traditional straw [11]. Dinnyés and colleagues [12]
HNOLOGIES ________________________
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described the use of solid-surface vitrification (SSV). In
2004, an early report using cryotops for bovine oocyte vit-
rification was published [13]. These variations make the
vitrification method seem difficult to master which has
limited the application of this technology in the field of re-
productive biology.
Cells react to changes in extracellular osmolarity by alter-

ing their volume. Cells exposed to hypotonic or hypertonic
solutions initially react either by swelling (hypotonic solu-
tions) or shrinking (hypertonic solutions) due to water ex-
change but later recover as permeant solutes equilibrate
across the cell membrane [4,5,14,15]. Vanderzwalmen et al.
[3,4] estimated the final intracellular concentration of cryo-
protectant (ICCP) after incubation in vitrification solutions
by exposing cells to sucrose solutions with defined molar-
ities. The ICCP was calculated from the sucrose concentra-
tion that produced no change in cell volume, i.e., when
intra- and extracellular osmolarities were equivalent [4].
In 1977, Whittingham successfully cryopreserved mouse

oocytes [16]. Bovine oocytes were also vitrified and
remained viable for offspring production after in vitro
fertilization and embryo transplantation [17,18]. vitrified
buffalo oocytes with 51.1% glycerol via the straw method,
obtaining a maturation rate of 23.5% after thawing [18].
When glycerol was used with EG, which increased perme-
ability of the cell membrane during oocyte vitrification, and
maturation rates of 30 s exposure groups did not differ
from those of controls [19]. Additionally, the OPS (open
pulled straw) method results in a better survival rate during
cryopreservation than the straw method [20]. However, un-
like other methods, the straw method is safer for oocyte vit-
rification because the oocytes are free of bacterial
contamination due to a lack of direct contact with liquid
nitrogen.
In our experiments glycerol was used as an extracellu-

lar measure for ICCP. In the first part of this study, bo-
vine oocytes were used to test changes in intracellular
cryoprotectant concentration during a widely used two-
step vitrification method. Oocytes were pretreated with
20% EG (EG20) for 5 min, transferred to pre-cooled
(4°C) 40% EG (EG40) for 30 s, then treated with pre-
cooled glycerol either at 30% (Gly30), 40% (Gly40) or
50% (Gly50) concentration. The intracellular EG mola-
rity was then determined from the extracellular glycerol
molarity. In the second part of the experiment, oocytes
were pretreated with EG20 for 5 min, transferred di-
rectly to pre-cooled (4°C) 50% glycerol (Gly50) for 30 s,
and then plunged directly into liquid nitrogen for cryo-
preservation in an insemination straw. Vitrified-warmed
oocytes were parthenogenetically activated and cultured
in vitro to assess viability.
In this study, experiments were designed to improve the

efficacy of vitrification in straws. To optimize the ideal CPA
treatment for this two-step vitrification method, different
__________________________ WORLD TEC
cryoprotectants (EG and Gly) were used in each step, which
differs from methods reported previously. It has been
reported that the permeability of glycerol is relatively low
[14]. The present experiments examined whether CPA
permeability during the second step is a key factor
for vitrification. We investigated the possibility that the sec-
ond equilibration step provides a high osmotic pressure in-
crease intracellular CPA to a level required for successful
vitrification.

Methods
The Institution Animal Care and Use Committee at
China Agricultural University (Beijing, China) reviewed
and approved the protocols used in this study. All che-
micals and media were purchased from Sigma Chemical
Co. (St. Louis, MO, USA) unless otherwise indicated.

Solution preparation
Modified phosphate-buffered saline (mPBS) was pre-
pared by adding 10% (v/v) fetal bovine serum (FBS,
Gibco), 0.3% (w/v) BSA and 50 mg/mL gentamycin to
Dulbecco’s phosphate-buffered saline (DPBS, Gibco).
EG20 was prepared by adding 20% (v/v) ethylene gly-

col to mPBS;
EG40 was prepared by adding 40% (v/v) ethylene gly-

col to mPBS;
Gly30 was prepared by adding 30% (v/v) glycerol to

mPBS;
Gly40 was prepared by adding 40% (v/v) glycerol to

mPBS;
Gly50 was prepared by adding 50% (v/v) glycerol to

mPBS;
Dilution medium was 0.5 mol/L sucrose in mPBS.

Oocyte collection and in vitro maturation
Bovine (Bos taurus, 3 to 6 yr of age) ovaries were trans-
ported from the abattoir to the laboratory in a physio-
logical saline solution at 26°C to 30°C within 2 h of
slaughter. Antral follicles (2 mm to 8 mm in diameter)
were manually aspirated using an 18-gauge needle at-
tached to a 10 mL syringe. Oocytes with at least four
layers of compact cumulus cells (COCs) were selected
for in vitro maturation (IVM). Oocytes were washed
three times in HEPES-buffered TCM-199 medium and
then washed twice in NaHCO3-buffered TCM-199. Fifty
COCs were transferred to 0.75 mL maturation medium
(M199 with 10 mg/mL oFSH [Ovagen, Auckland, New
Zealand], 10 mg/mL oLH [Ovagen], 1 mg/mL estradiol
[Ovagen] and 10% fetal bovine serum [FBS; Gibco]) in
4-well plates (Nunclon). The COCs were cultured for
22 h at 38.5°C in a humidified atmosphere with 5% CO2.
Oocytes were denuded after 22 h maturation by repeated
pipetting with a 200 μL pipette for approximately 1 min
in 38°C 0.1% w/v. hyaluronidase. Cumulus-free oocytes
HNOLOGIES ________________________
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with the first polar body were selected and randomly al-
located to experimental groups.

Oocyte volume
Oocyte volumes were determined using established
methods [14] with modifications. Oocytes were fixed in
a 5 μL mPBS drop using a holding needle (outer diam-
eter 50 μm; inner diameter 30 μm) attached to an Olym-
pus inverted microscope, 200 μL of EG20 was then
flushed onto the drop. The drop of EG20 (~200 μL) was
aspirated 5 min later with a transferpettor. In the second
step, 500 μL of pre-cooled (4°C) EG40 (experiment 1-a)
or Gly50 (experiment 1-e) was flushed into the drop. For
Experiments 1-b, c and d, 200 μL pre-cooled solution
(EG40) was flushed into the drop. EG40 was aspirated
off the oocyte after 30 s, and then 500 μL of pre-cooled
(4°C) glycerol solution (either of Gly30, Gly40 or Gly50)
was flushed into the drop.
The entire procedure was video recorded using a CCD

camera on an inverted microscope. Screenshots of the
video recording were taken at the desired times. Cross-
sectional areas of the oocytes were calculated using EZ-
C1 3.00 Free Viewer software. The relative change in
volume was determined according to a previously pubu-
lished method [10]. Briefly, the oocyte area relative to
that in isotonic mPBS medium was calculated and con-
verted into a relative volume (considered as 1 V). The
volume was assumed to change proportionally, and the
equation V = S3/2 was used, where S is relative cross-
sectional area and V is the relative volume. For each
treatment, 5 oocytes were examined.

Oocyte vitrification and warming
Oocytes were vitrified by a two-step method as previ-
ously reported, with modifications [9,21,22]. Briefly, oo-
cytes were placed in EG20 for 5 min at 25°C. The
oocytes were then transferred to pre-cooled Gly50 for
30 s, pipetted into sections of an insemination straw
(250 μL, IMV, L’Aigle, France), as shown in Figure 1. and
then straws were sealed with seal powder and plunged
into liquid nitrogen. Two oocytes were loaded into each
straw.
After one week of storage in liquid nitrogen, the straws

were plunged into 25°C water for 10 s. As the crystallized
sucrose solutions in the straw melted, the straws were
Figure 1 Cubing protocol: the sucrose solution in the plug end occup
1.2 cm and a small volume of Gly50 lies to the right of the oocytes.
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removed from the water and quickly wiped dry. The straws
were then held at the sealed end and shaken three times by
hand to mix the vitrification solution and the sucrose solu-
tion. Subsequently, the seals of the straw were removed and
the oocytes were expelled from the straw into a dry culture
dish. Oocytes were put into fresh 0.5 mol/L sucrose for
5 min and then washed in two other mPBS dishes for
5 min each.
After a 30 min recovery in mPBS, the oocytes were

assessed for survival. Surviving oocytes were those with
regular, spherical shapes that were not lysed, shrunken,
swollen or blackened. The surviving oocytes were par-
thenogenetically activated and cultured in vitro.

Parthenogenetic activation
Oocytes were washed three times in HEPES-buffered
TCM-199 with 10% FBS (H199) and then activated as
follows: (1) incubation for 5 min in 7% ethanol in IVM
medium at room temperature and (2) cultured for 4 h in
2 mmol/L 6-DMAP in culture medium. Fifteen oocytes
were transferred to 60 μL Charles Rosenkran’s 1 medium
[23] with BSA (3 mg/mL, Sigma A3311) covered with
mineral oil (Sigma M8410) in a 35 mm × 35 mm Nun-
clon dish and cultured in an incubator (38.5°C with 5%
CO2 in air) for up to 48 h before determining the rates
of activation and cleavage. Cleaved embryos were cul-
tured for an additional 5 d in Charles Rosenkran’s 1
medium with 5% FBS.

Experimental design
Experiment 1. In this section oocytes were randomly al-
located to five experimental groups, and each experi-
ment was repeated five times.

(a) Oocytes were incubated in EG20 for 5 min followed by
addition of pre-cooled (4°C) EG40. Oocytes→ EG20
(25°C, 5 min)→ EG40 (4°C, 4 min).

(b) Oocytes were incubated in EG20 for 5 min, pre-cooled
(4°C) EG40 for 30 s, and then incubated in pre-cooled
(4°C) Gly30 for 3 min. Oocytes→ EG20 (25°C,
5 min)→ EG40 (4°C, 30 s)→Gly30 (4°C, 3 min).

(c) Oocytes were incubated in EG20 for 5 min, pre-cooled
(4°C) EG40 for 30 s, and then pre-cooled (4°C) Gly40
for 3 min. Oocytes→ EG20 (25°C, 5 min)→ EG40
(4°C, 30 s)→Gly40 (4°C, 3 min).
ies 5.0 cm, the section in which the oocytes are placed occupies
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(d) Oocytes were incubated in EG20 for 5 min, pre-cooled
(4°C) EG40 for 30 s, and then pre-cooled (4°C) Gly50
for 3 min. Oocytes→ EG20 (25°C, 5 min)→ EG40
(4°C, 30 s)→Gly50 (4°C, 3 min).

(e) Oocytes were incubated in EG20 for 5 min and
then pre-cooled (4°C) Gly50 for 4 min. Oocytes→
EG20 (25°C, 5 min)→Gly50 (4°C, 4 min).

The volume changes of oocytes during all of these pro-
cedures were analyzed and used to generate a curve dia-
gram over time.
Experiment 2. Development of cryopreserved oocytes

after parthenogenetic activation.
Cumulus-free oocytes with the first polar body and

normal morphology were selected and allocated ran-
domly to the following experimental groups:

(1) Control group: Oocytes without CPA treatment or
vitrification were cultured after parthenogenetic
activation.

(2) Toxicity group: Oocytes were exposed to the same
solutions as the vitrification group but were not
plunged into liquid nitrogen. These oocytes were
diluted and parthenogenetically activated according
to the procedure used for the vitrification group.

(3) Vitrification group: based on the results of
experiment 1, oocytes were pre-treated in EG20
(25°C) for 5 min and then transferred to Gly50 (4°C)
for 30 s before being plunged into liquid nitrogen.

Statistical analysis
Embryos development experiments were repeated three
times. The percentage data were subjected to arcsine
transformation before statistical analysis. The data were
analyzed by one-way ANOVA combined with the LSD
test. P <0.05 was considered statistically significant.

Results
Experiment 1.Oocytes volume changes for five different
protocols:

(a) Oocytes → EG20 (25°C, 5 min) → EG40 (4°C,
4 min). When exposed to EG20, the oocytes shrank
to 0.48 V (◇ in Figure 2a) in 20 s and then swelled
slowly to 0.80 V after 5 min of exposure. When the
oocytes were flushed with pre-cooled EG40, they
shrank to 0.52 V (△ in Figure 2) and then gradually
swelled again.

(b) Oocytes → EG20 (25°C, 5 min) → EG40
(4°C, 30 s) → Gly30 (4°C, 3 min). At the end of the
30 s exposure to EG40, the oocytes shrank to
0.59 V (◇ in Figure 2b). Subsequently, pre-cooled
Gly30 was flushed over the oocytes and an
expansion in volume to 0.65 V was observed
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(from ◇ to △, as shown in Figure 2b), indicating a
higher intracellular osmotic pressure as compared
to the extracellular pressure. After a 25-s exposure
to Gly30, the oocytes began to gradually shrink in
volume.

(c) Oocytes → EG20 (25°C, 5 min) → EG40
(4°C, 30 s) → Gly40 (4°C, 3 min). As shown in
Figure 2c (from ◇ to △), the oocytes swelled from
0.53 V to 0.59 V, indicating that the intracellular
osmotic pressure after treatment was higher than
the extracellular osmotic pressure generated by
Gly40.

(d) Oocytes → EG20 (25°C, 5 min) → EG40
(4°C, 30 s) → Gly50 (4°C, 3 min). As shown in
Figure 2d, when the oocytes were flushed with
pre-cooled Gly50 followed by a 5 min treatment
with EG20 and a 30 s treatment with EG40, no
expansion was observed. After immersion in Gly50,
the oocytes began to shrink, and within 60 s, the
oocytes gradually reached a minimum volume
(from ◇ to △ in Figure 2d). This result indicated
that the intracellular osmotic pressure was not
higher than the extracellular osmotic pressure
exerted by Gly50.

(e) Oocytes → EG20 (25°C, 5 min) → Gly50
(4°C, 4 min). In this experiment, oocytes were
pretreated with EG20 and then flushed with
pre-cooled Gly50. Volume changes are shown in
Figure 2e. The oocytes shrank quickly in Gly50
after EG20 pretreatment. The oocytes reached a
minimum volume (△ part in Figure 2e) within
approximately 100 s.

Experiment 2. Development of cryopreserved oocytes
after parthenogenetic activation
As shown in Table 1, after vitrification, warming and

parthenogenetic activation, surviving bovine oocytes de-
velop to the cleavage stage embryos and blastocysts.
After this vitrification protocol, 81.1% oocytes survived
and 63.5% of them cleaved after parthenogenetic activa-
tion. Finally, we observed a 20.0% blastocyst rate. There
was no difference in rates of blastocyst development be-
tween the control and toxicity groups (38.6% vs 36.0%,
P > 0.05). However, after oocyte vitrification, the rates of
blastocyst development decreased (P < 0.05).

Discussion
There are few reports that analyze vitrification of bovine
metaphase oocytes by the straw method. In the present
study, we achieved cleavage (63.5%) and blastocyst de-
velopment (20.0%) after parthenogenetic activation of
vitrified-warmed bovine oocytes similar to that from oo-
cytes vitrified by the open-pulled straw method (57.0%
cleavage and 23.0% blastocyst development, respectively)
HNOLOGIES ________________________



Figure 2 Volume changes within bovine MII-stage oocytes during different CPA treatments. a) oocytes pre-treated with EG20 for 5 min
and then transferred to pre-cooled EG40; b) oocytes pre-treated with EG20 for 5 min, transferred to pre-cooled (4°C) EG40 for 30 s, and then
flushed with pre-cooled (4°C) Gly30; c) oocytes pre-treated with EG20 for 5 min, transferred to pre-cooled (4°C) EG40 for 30 s, and then flushed
with pre-cooled (4°C) Gly40; d) oocytes pre-treated with EG20 for 5 min, transferred to pre-cooled (4°C) EG40 for 30 s, and then flushed with
pre-cooled (4°C) Gly50; e) oocytes after pre-treatment with EG20 for 5 min and then transfer to pre-cooled Gly50.
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[24]. However, the straw method has an advantage for
bovine oocyte vitrification, because oocytes do not dir-
ectly contact the liquid nitrogen and thus potential bac-
terial contamination is avoided.
Most two-step vitrification methods are similar, with

some differences in exposure time or CPA combination.
In fact, exposure times greatly influence the outcome of
the vitrification method [2,7-9,22]. It has been reported
__________________________ WORLD TEC
that when bovine blastocysts are exposed to EFS40 from
1 to 3 min, the survival rate drops from 77.0% to 7.0%
[8]. Campos-Chillon tested a range of pretreatment
times (from 1 to 3 min) in 3.5 mol/L ethylene glycol on
bovine morulae and found that a 1-min exposure was
ideal [7]. Fujihira found a significant relationship (P <
0.05) between the rate of development of morphologic-
ally normal oocytes after vitrification and equilibration
HNOLOGIES ________________________



Table 1 Effects of oocyte vitrification on embryo development after parthenogenetic activation

Group No. oocytes Survival rate Cleavage rate Blastocyst rate

Control 132 100% ± 0 (132/132)a 84.21% ± 2% (111/132)a 38.62% ± 0.75% (51/132)a

Toxicity 103 93.22% ± 1.56% (96/103)b 76.74% ± 2.27% (79/96)b 35.93% ± 1.47% (37/96)a

Vitrified 105 81.08% ± 2.86% (89/105)c 63.49% ± 2.1% (66/105)c 19.96% ± 1.06% (21/105)b

Different superscripts (a, b, c) in the same column represent a significant difference (P < 0.05). Percentage data are presented as mean ± SEM.
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time in pigs [25]. Others used much longer exposure
times (10-20 min) for oocytes [19] or embryos [21,26]
before vitrification. Despite these variations, the ultimate
goal of these procedures was to determine proper intra-
cellular concentrations of CPA for successful vitrification
of oocytes.
In the present study, bovine oocytes exposed to EG20 for

5 min and then transferred to EG40 shrank to 0.52 V be-
fore gradually regaining volume. Furthermore, mouse [5]
and bovine [15] oocytes exhibited ideal osmotic responses
when their volumes were analyzed using the Boyle-van’t
Hoff relationship. Here, cells stopped shrinking at 0.52 V,
which can be inferred as the state of equilibrium between
intra- and extracellular osmotic pressures resulting from
exposure to hypotonic (swelling) or hypertonic (shrinking)
solutions [4]. In subsequent experiments, oocytes were
sequentially exposed to EG20 (5 min) and EG40 (30 s)
followed by treatment either with Gly30 and Gly40 or
Gly50. Volume expansion was observed in Gly30 and
Gly40, suggesting that the intracellular osmotic pressure
was higher than that produced by Gly40. However, volume
expansion did not occur when the oocytes were flushed
with Gly50, suggesting that the extracellular osmotic pres-
sure was higher in Gly50 than the intracellular osmotic
pressure.
The permeability of CPAs is strongly decreased at low

temperatures [15,27]; therefore, during a short exposure of
oocytes (30 s) to pre-cooled (4°C) EG40 in the second equi-
librium step, the intra- and extracellular EG levels changed
minimally. As a result, we omitted the EG40 step and
modified the second equilibrium step by exposing oocytes
to EG20 for 5 min and to pre-cooled Gly50 for 30 s before
plunging into liquid nitrogen. As shown in Figure 2e, the
oocytes shrank to a minimum volume in approximately
100 s, and this shrinking would result in concentration of
intracellular EG during this period. It has been reported by
Jin [28] that vitrification solutions with higher osmotic
pressure could facilitate intracellular vitrification, yielding
better results. In Experiment 2, oocytes were vitrified after
treatment with pre-cooled (4°C) Gly50 for 30 s. After
warming, 81.1% of the oocytes survived, and the surviving
oocytes developed into cleavage stage embryos (63.5%) and
blastocysts (20.0%) after parthenogenetic activation. As long
as the CPA concentration higher than EFS30 (which corre-
sponds to PB1 medium containing 30% (v/v ethylene glycol,
21% (w/v) Ficoll 70, and 0.35 mol/L sucrose) oocytes will
__________________________ WORLD TEC
not devitrify during warming [29]. The high survival of
oocytes here which indicates that the intra- and extracel-
lular CPAs were vitrified during both the freezing and
warming procedures.
In this study, we did not compare oocyte survival and de-

velopment in the absence and presence of Gly50 (after
EG20 (5 min) > EG40 (30 s)). We believed that treatment
with Gly50 would yield better results, as it has been re-
ported that solutions containing 40% ethylene glycol re-
main transparent when plunged into liquid nitrogen but
crystallize during warming [29]. Although we can not rule
out the possibility that EG leaves the oocytes under high os-
motic pressure, the concentration of EG remaining is suffi-
cient to achieve vitrification according to our results in
Table 1.

Conclusion
Results from these experiments provide clear evidence that
during the two-step equilibrium before vitrification, if
proper pretreatment (EG20 for 5 min) was taken, the per-
meability of CPA into oocytes is unnecessary during the
second equilibration step. What is efficient is a vitrification
solution (Gly50) with high osmotic pressure only during
the second equilibrium period to concentrate the intracel-
lular CPAs adequately to facilitate intracellular vitrification.
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Gly50: 50% v/v glycerol in mPBS; EFS30: PB1 medium containing 30% v/v
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Mammary stem cells: expansion and animal
productivity
Ratan K Choudhary
Abstract

Identification and characterization of mammary stem cells and progenitor cells from dairy animals is important in
the understanding of mammogenesis, tissue turnover, lactation persistency and regenerative therapy. It has been
realized by many investigators that altered lactation, long dry periods (non-milking period between two
consecutive lactation cycles), abrupt cessation of lactation (common in water buffaloes) and disease conditions like
mastitis, greatly reduce milk yield thus render huge financial losses within the dairy sector. Cellular manipulation of
specialized cell types within the mammary gland, called mammary stem cells (MaSCs)/progenitor cells, might
provide potential solutions to these problems and may improve milk production. In addition, MaSCs/progenitor
cells could be used in regenerative therapy against tissue damage caused by mastitis. This review discusses
methods of MaSC/progenitor cell manipulation and their mechanisms in bovine and caprine animals. Author
believes that intervention of MaSCs/progenitor cells could lessen the huge financial losses to the dairy industry
globally.

Keywords: Hormones, Mammary stem cell, Manipulation, Milk production, Ruminant, Xanthosine
Introduction
The ultimate goal of mammary gland and mammary
stem cell biologists in dairy science is to enhance milk
production in lactating dairy animals. Milk production is
affected by the number of secretory cells in the mam-
mary alveolar epithelium and the secretory activity per
cell. The differentiation status of mammary epithelial
cells determines their secretory activity. Poorly differen-
tiated mammary epithelial cells are often non-secretory,
whereas intermediate and fully differentiated cells are
often secretory in nature [1,2]. Classification of these cells
into poor-, intermediate- and fully-differentiated stages,
are based on observation of cellular morphology at high
magnification for the presence of secretory vacuoles, lipid
droplets, nuclear location, cytoplasmic area and cell shape.
Although hormones, like estrogen, progesterone and pro-
lactin influence cytological differentiation of these cells
but their regeneration depends upon the activity of mam-
mary progenitor cells. Mammary progenitor cells are
trans-amplifying cells [3] and are the progeny of mam-
mary stem cells (MaSCs). Reports indicate that MaSCs are
Correspondence: vetdrrkc@gmail.com
School of Animal Biotechnology, Guru Angad Dev Veterinary and Animal
Science University, Ludhiana, Punjab 141004, India

__________________________ WORLD TEC
multipotent, giving rise to luminal and basal/myoepitheial
cell types [4,5]. However, a recent report has indicated
MaSCs as lineage-restricted unipotent stem cells in the
mouse [6]. This suggests that re-evaluation of MaSCs is
required to understand the biology of their cell regulation.
For milk-producing dairy animals, more in-depth analysis
of the characterization and regulation of MaSCs and pro-
genitor cells is needed before we can understand how to
influence cell turnover for increased milk production and
tissue homeostasis of the mammary gland. Manipulation
of mammary gland development and milk production
can be achieved using management of photoperiod, fre-
quent milking, machine milking and bovine somato-
trophic (bST) hormone [7,8]. However, manipulation of
MaSCs and progenitor cells for increasing milk produc-
tion is novel and promising, and was first hypothesized by
Capuco et al. [9,10]. This review deals with relatively re-
cent studies performed towards expansion of MaSCs for
determining the impact on milk production. Readers are
encouraged to take note of two recent comprehensive
review articles on MaSCs in animals of veterinary im-
portance, including a comparative study of post-natal
mammary gland development and mammary stem cells
in murine and bovine animals [11,12].
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Review
Mammary stem cells, their identification and
characterization
MaSCs/progenitor cells
MaSCs are multipotent adult stem cells giving rise to cells
of luminal and myoepithelial cell origins. Conventionally,
MaSCs are epithelial in origin. In addition to epithelial
cells, mammary tissue also comprises cells of mesenchymal
origin, including fad pad and connective tissues. Trans-
plantation of dispersed cells into cleared mammary fat pad
and clonal expansion of transplanted cell into functional
mammary gland, have become gold standard methods
to assess the self-renewal property of MaSCs and sup-
port the existence MaSC multipotency [13]. In addition,
researchers have reported MaSCs as bi-potent [14]
and lineage-restricted unipotent stem cells [6]. Indeed,
the precise identification and subsequent characterization
of MaSCs are conflicting [15] and need to be re-evaluated
in the context of their dynamics [16]. Identifying different
MaSC subtypes will allow precise targets to be found for
optimal manipulation of increased milk production.
One of the main roles of adult stem cells is to prolifer-

ate, ensuring organ growth and maintaining tissue homeo-
stasis of the resident organ. During proliferation, stem
cells divide symmetrically and when maintaining tissue
homeostasis, they divide asymmetrically. Symmetrical div-
ision of a stem cell involves mitotic division of the cell into
two daughter stem cells or terminally differentiated cells.
During asymmetrical division, the stem cell produces one
daughter stem cell and one differentiated cell, both cells
possessing dissimilar phenotypes. Although, adult stem
cells have an unlimited proliferation capacity but divide
infrequently in situ. Progenitor cells, the progeny of stem
cells, have a more limited proliferation capacity in com-
parison with stem cells, but divide more frequently.
Lineage restricted progenitor cells have a tremendous pro-
liferation capacity and are responsible for the generation
of differentiated cells to ensure ductal growth, alveolar de-
velopment and ultimately milk production. The regener-
ation capacity of MaSCs is evaluated in vivo using a
transplantation assay in the mammary fat pad of mice that
are devoid of mammary epithelium [17,18]. Likewise, the
regeneration capacity of progenitor cells is tested in vitro
by the colony formation assay [19-21].

Identification of MaSCs/progenitor cells
Various methods for identification of MaSCs have been
performed in different species, as reviewed recently
[22,23]. Among these various methods for enriching the
MaSC population, utilization of cell surface marker
expression is the most common. This method has
been used to successfully identify MaSCs in various
species including human [24,25], murine [18,26] and
bovine [27].
__________________________ WORLD TEC
BrdU (bromodeoxyuridine) label-retaining epithelial
cells (LRECs) are stem cells identified in various organs,
including murine and bovine mammary glands [28,29].
LRECs do not express estrogen and progesterone recep-
tors (ER− and PR− cells), similar to mammary stem cells
identified by multiparameter cell sorting in mice [30].
Detailed investigation of LRECs from heifer mammary
glands has demonstrated their transcriptome profile that
was harvested from the basal layer (hypothesized loca-
tion of MaSCs) and embedded layer of mammary epithe-
lium layers [31]. Basal layer LRECs were enriched with
stem cell transcripts, and therefore were characteristic of
stem cells. Likewise, LRECs from the embedded layer
were enriched with a few stem cell transcripts, indicative
of progenitor cell characteristics. However, this method
of MaSC and progenitor cell isolation is challenging be-
cause it pushes the limits of research to identify, isolate
and profile the gene signature of the harvested cells. Fur-
thermore, identification of BrdU-LRECs with anti-BrdU
antibody itself is challenging because anti-BrdU antibody
only binds with BrdU antigens when the DNA is single
stranded. To expose BrdU antigens in mammary cryo-
sections, antigen retrieval using harsh chemicals, like al-
kali, acids or heat, is imperative. This likely destroys the
morphology of the cells, as well as their nucleic acids and
proteins. Additionally, the heat generated using a laser
beam for microdissection will degrade RNA quality of tis-
sue sections on glass slides [32,33]. The scant amount
of nucleic acid isolated from microdissected cells was
barely sufficient to perform global gene expression ana-
lysis. A novel method that permits the identification of
BrdU-LRECs without compromising RNA quality [34] is
reported for the laser microdissection of LRECs and non-
LRECs (control cells) to enable transcriptome profiling of
bovine MaSCs and progenitor cells [31]. Unfortunately,
this method does not permit in vitro or in vivo analysis of
the microdissected cells because the cells apoptose during
harvesting. Interestingly, this method does permit study of
the stem cell niche, because the cells are harvested from
specific in situ locations.

Characterization of bovine and caprine MaSCs/progenitor
cells
Several studies have been performed to identify bovine
MaSCs and progenitor cells. Initial investigations were
based on staining and morphological characteristics,
namely the intensity of staining, size and shape of the
cell and nucleus, nucleus to cytoplasmic ratio, and pres-
ence of cell organelles. Light stained cells were suggest-
ive of MaSCs, which were pleomorphic and occurred
singularly or in pairs [35]. Paired light stained cells were
suggestive of the proliferation potential of these cells,
which was later confirmed by Ki-67 expression. In pre-
pubertal bovine mammary glands, approximately 10% of
HNOLOGIES ________________________
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the epithelial cells displayed light staining, of which 50%
were proliferating (Ki-67 positive).
Multiparameter cell sorting using a cocktail of anti-

bodies appeared to be the most common method to
identify MaSCs and progenitor cells in human, mice and
bovine tissues. Expression of cluster of differentiation
(CD) molecules, like CD24 (heat stable antigen) and
CD49f (integrin alpha 6) on Lin- sorted cells, revealed
features of bovine MaSCs (CD24med, CD49fpos), basal
bipotent progenitors (CD24neg, CD49fpos), luminal uni-
potent progenitors (CD24high, CD49fneg), and luminal
unipotent cells (CD24med, CD49fneg) [27].
Stem cell antigen 1 (Sca-1) appears to be a controversial

marker for MaSCs. Sca-1 is a glycosyl phosphatidylinositol
(GPI)-anchored cell surface protein present in the lipid
raft of the cell membrane and regulates many signaling
events [36]. For identification of putative bovine MaSCs in
one study, Sca-1 sorted cells appeared to be located in the
stroma and elicited hematopoietic transcriptomic charac-
teristics [37]. However, MaSCs are epithelial in origin and
should be localized within the epithelial compartment of
the bovine mammary gland. A combination of Sca-1
marker with a panel of existing MaSC markers should en-
able an enriched stem cell population to be distinguished
with respect to the unipotent, bipotent and truly differen-
tiated cells. A recent study of murine mammary glands in-
dicated that the differential gene expression profile of
sorted and non-sorted cells using Sca-1, CD24 and CD49f,
identified two types of luminal cells (Sca-1pos and Sca-1neg

cells, both CD24high), basal cells (Sca1neg CD24low

CD49fhigh) and myoepithelial cells (Sca1neg CD24low

CD49flow) [26]. Basal cells with high CD49f expression
were considered as putative MaSCs located in the basal
layer.
Although fluorescent activated cell sorting (FACS) can

be used to identify MaSCs and progenitor cells in vari-
ous species, it has failed to provide information about
the stem cell niche. This is because the preparation of a
single cell suspension of mammary tissue involves en-
zymatic digestion of tissues and therefore disrupts all
cellular and extracellular attachment of prospective stem
cells. An alternative approach, BrdU-label retention
method, successfully identified LRECs as enriched popu-
lation of MaSC and progenitor cells [31]. LRECs had low
expression of estrogen receptor (ESR1) and high expres-
sion of aldehyde dehydrogenase 3B1 (ALDH3B1) in the
basal LRECs. Higher expression of nuclear receptor sub-
family 5, group A, member 2 (NR5A2), a pluripotency
transcription factor [38] and little to no expression of
XIST, X-chromosome inactivation factor [39] in basal
LREC is consistent with stem cell characteristics [31]. In
the same study, embedded LRECs appeared to be more
committed progenitor cells, evidenced by down-regulation
of cell survival and proliferation factors IGF2, HSPB6,
__________________________ WORLD TEC
NR5A2, and nestin. Nestin is a mammary stem cells
marker [40].
The discovery of pluripotency factors, including OCT4,

SOX2 and NANOG, as new markers for MaSCs is novel
[41,42]. Furthermore, the presence of MaSCs in milk and
the fact that milk is a cheap and non-invasive source of
MaSCs is of considerable interest [43]. However, use of
pluripotency factors as additional markers of MaSC and
progenitor cells remains to be validated. Understanding
MaSC plasticity and the interactions between stem cells,
progenitor cells, differentiated cells and stroma, is import-
ant to comprehend their biology and regulation within
the gland. This will allow for the development of an ef-
fective strategy for improving milk production and live-
stock management.
The first demonstration of different cell types within

goat mammary tissue reported the existence of luminal
and myoepithelial cells [44], which were based on ex-
pression of cytokeratins (CK). Further, analyses sug-
gested there were certain cells that were undifferentiated
(observed by loss of CK expression) which remained in
the alveoli of the lactating goat mammary gland. These
undifferentiated cells with loss of CK, including the lu-
minal epithelial cell differentiation marker, CK18, which
indicated the presence of mammary stem or progenitor
cells in the goat mammary tissue. Convincingly, the pres-
ence of caprine MaSCs and progenitor cells was demon-
strated based upon in vivo transplantation of sorted cells
in NOD/SCID mice and in vitro by the colony formation
assay [14].

Methods of MaSCs/progenitor cell expansion
The idea of MaSC expansion to increase cell turn over,
enhance tissue regeneration and secretory activity of
mammary epithelial cells was proposed by Capuco et al.
[10,45,46]. During early postnatal life, increased activity
of MaSCs and progenitor cells is responsible for ductal
growth [46,47], which later during established lactation
declines [10,48]. Stem and progenitor cells have three
different fates; 1) they divide symmetrically and increase
their numbers, 2) they divide asymmetrically and maintain
their numbers and 3) they differentiate into terminally
differentiated cells and die via programmed cell death or
apoptosis (Figure 1). Endogenous factors, including the
estrogen, progesterone and growth hormones, as well
as exogenous compounds including bST, xanthosine and
inosine, have been shown to expand MaSC and progenitor
cell numbers and mammary epithelial cell populations
[7,9,49-53]. It appears that these factors and compounds
affect cell kinetics and enhance proliferation (Figure 2).
Another instance that influences the rate of stem and
progenitor cell activity is the dynamics of mammary gland
physiology. An increased progenitor cell population during
pregnancy indicates a role of progesterone in influencing
HNOLOGIES ________________________



Figure 1 Mammary stem cells/progenitor cells have three basic
cellular division fates depending upon the physiological stage
of the animal. 1) Expansion occurs when cells divide symmetrically
to produce two daughter stem cells of similar potency; 2) Maintenance
occurs when cells divide asymmetrically and produce one
daughter stem/progenitor cell and one differentiated cell that
may later undergo apoptosis; 3) Expansion occurs when cells divide
symmetrically, but exhaust in the case of terminal differentiation which
produces two differentiated cells, both of which may later undergo
apoptosis; 4) Cells exhaust when they undergo apoptosis.
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stem and progenitor cell activity. In mice, parity- based
(pregnancy associated) progenitor cells, also termed ‘parity
induced MaSCs (PI-MaSCs) are reported to be located in
the terminal duct of the alveolar unit, and are thought to
originate from cells that skipped apoptosis during the last
Figure 2 Increased proliferation of MaSCs can increase the progenitor ce
can ultimately lead to increased numbers of mammary epithelial cells. These ch

__________________________ WORLD TEC
pregnancy [54]. The presence of PI-MaSCs has been con-
firmed in multiparous mice (absent in nulliparous) as
multipotent stem cells by a transplantation study [55].
However, this was later refuted by generation of a mam-
mosphere from tissue explants obtained from nulliparous
mice [56]. Multiparous animals have a greater number of
PI-MaSCs in the luminal epithelium than nulliparous
mice [57], which is consistent with the previous study
[58]. This suggests that expression of novel markers of bo-
vine MaSCs and progenitor cells, including NUP153,
NR5A2 and HNF4A [31], were significantly increased in
multiparous lactating animals (peak lactation) than in
nulliparous (heifer) animals. This is consistent with the
idea that multiparous animals have greater numbers of PI-
MaSCs than nulliparous animals. However, it remains
unknown whether MaSCs and PI-MaSCs are similar or
different.Taken together, these studies indicate that the
physiology of the animals affects the number and activity
of MaSCs/progenitor cells.

Use of nucleosides xanthosine and inosine
Xanthosine and inosine are purine nucleosides that act as
precursors of de novo biosynthesis of guanine ribonucleo-
tide. Sherley and colleagues [59,60] demonstrated that p53
mediates asymmetric division of rat hepatic stem cells and
hair follicle stem cells. This action is mediated via down-
regulation of inosine-5′-monophosphate dehydrogenase
(IMPDH), the rate-limiting enzyme for guanine ribonucle-
otide synthesis. Addition of xanthosine or inosine into
the system circumvents the IMPDH-mediated step and
thus increases guanine concentration in the cell, thereby
promoting symmetric division of stem cells and their
ll population. Unlimited but high proliferation capacity of progenitor cells
anges in turn lead to increased secretion of milk and repair tissue damage.
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expansion [53]. Xanthosine has been used successfully
to increase stem cells, including LRECs, within the mam-
mary gland of heifers in vivo [9]. Capuco and colleagues
[52] further provided evidence that xanthosine increases
mammary epithelial cell proliferation and the putative
stem cell population in primary cultures of lactating bo-
vine mammary epithelial cells. Details of the transcrip-
tomic changes induced by xanthosine and the molecular
mechanisms of how xanthosine alters cell proliferation,
awaits further elucidation.

Use of growth hormone and estrogen
The scarcity of MaSCs and a universal marker to identify
their pure population has hampered their study. Investi-
gators have realized that during puberty, there is ductal
growth of the mammary tree in the presence of estrogen
and growth hormone. Therefore, estrogen and growth
hormone might be responsible for the proliferation of
MaSCs/progenitor cells present in the ducts [61]. Growth
of Sca-1pos cells in the presence of estrogen and growth
hormone resulted in a greater number of Sca-1pos cells in
culture, evidenced by growth of the mammospheres and
differentiation potential [62]. This study suggests that
MaSC and progenitor cell populations could be increased
when cells are grown in the presence of estrogen and
growth hormone.

Use of progesterone and progestin
Progesterone is a hormone, which maintains pregnancy
of the animal. One study provided the evidence of nat-
ural progesterone triggers mammary alveologenesis and
expansion of MaSCs (CD24posCD49fhigh) in mice [49],
which was consistent with the finding that progesterone
increases DNA replication and progenitor cell population
in the breast [63]. These studies indicate that progesterone
certainly has a role in the regulation of MaSCs/progenitor
cells. In the mammary system, progesterone acts on MaSCs
in a paracrine fashion [64]. Immunohistochemical analysis
of bovine mammary tissue revealed PR expression in the
nuclei of mammary epithelial cells, stromal and endothelial
cells in heifers and lactating animals [65]. Mammary epithe-
lial cells of the basal layer, the hypothesized location of
MaSCs, usually lacks PR expression [28,65]. WNT4 and
RANKL pathways mediate the mitogenic effect of proges-
terone [49,66]. Increased expression of RANKL in luminal
cells and RANK (the receptor of RANKL) in basal cells,
are the likely effectors of progesterone in basal MaSCs.
Progesterone in combination with estrogen resulted in
higher cell proliferation in the mammary gland than estro-
gen alone [67].

Xanthosine, inosine and lactation persistency
Xanthosine has been shown to increase mammary epi-
thelial cell proliferation [9,52]. Changes in mammary
__________________________ WORLD TEC
epithelial cell dynamics during lactation affects milk pro-
duction. For instance, increased secretory activity of the
epithelium is reported to be responsible for increased
milk production from early lactation to peak lactation in
cows. However a decline in milk production from peak
lactation to late lactation is due to a decline in epithelial
cell number [7]. Although secretory activity per cell did
not change significantly from peak to late lactation, the
number of secretory cells declined due to increased
apoptosis in non-pregnant cows, which was responsible
for the declining milk production. In pregnant and lac-
tating cows, the effect of declining milk production was
more pronounced owing to concomitant demands of
nutrients for pregnancy and lactation. A reduction in
milk yield was evident in continuously milked dairy cows
[68-71], unlike that of goats where continuous milking did
not adversely affect milk production [2,72]. In goats, con-
tinuously milked glands had a greater number of fully dif-
ferentiated cells (maximum secretory activity per cell) but
with fewer alveoli and thus a reduced number of mam-
mary epithelial cells [2]. The rate of proliferation and epi-
thelial cell differentiation also varies depending on the
parity of animals. Primiparous goats are more persistent
owing to higher cell proliferation and cell survival after
parturition than multiparous animals [73]. If xanthosine
increases mammary epithelial cell proliferation, than it
would diminish cell apoptosis during late lactation. A
diminished rate of cell apoptosis during late lactation
will likely lead to increased availability of secretory cells
(flatten the milking curve), thereby maintaining the
milk production for an extended period. In other words,
xanthosine treatment could be used to extend persistency
of lactation.
Inosine, a compound similar to xanthosine, has been

successfully used to increase milk production in trans-
genic goats [51]. Transgenic goats are poor milk producers
owing to accelerated cell death [74] and intramammary ad-
ministration of inosine during early lactation has been
shown to increase milk production from day one to peak
lactation period (50 days). This study was based on the ex-
periment that demonstrated xanthosine increased MaSCs
and progenitor cells in heifers [9]. This study further tested
the hypothesis that stimulating MaSCs using inosine could
induce the cascade of cell proliferation in transgenic goats
and prevent premature cessation of lactation. Clearly, the
study indicates the role of inosine in increasing MaSC
numbers in transgenic goats. It has been well- documented
that increased concentration of guanine ribonucleotides in
stem cells favor symmetric mitotic cell division [53]. An
increased number of epithelial cells, due to increased
MaSCs, could have resulted increased secretory cells. An
increased number of mammary secretory cells have pro-
duced more milk for extended time. It is imperative here
to validate this result, that inosine really, increases MaSC
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number. Additionally, dosage, frequency and time of in-
osine administration to goats and other dairy animals need
to be evaluated.

Management of the dry period to ensure more milk
production during next lactation
The non-lactating period between two consecutive lacta-
tion cycles is called the dry period. The dry period is
critical to regenerate mammary epithelial cells. It is the
time to replace the senescent cells that have lost produc-
tion ability, with new epithelial cells that can be used to
produce milk during next lactation. It can be hypothesize
that during the dry period, progenitor cell activity is high
which is responsible for increased cell turn over. Usually
animals during the dry period are pregnant and therefore
influenced by progesterone hormone, because hormone
maintains pregnancy. Progesterone harbingers the mam-
mogenic effects that are manifested by increased cell
turnover and MaSC/progenitor cell activity. Usually, the
length of the dry period in the cow is 50–60 days. A re-
duction in the non-productive dry period length is indir-
ectly associated with increased milk production due to the
reduced time of the non-productive period. At the end of
the dry period lactation starts. Lactation cycle is divided
into various stages- early, peak and late stage- depending
upon the amount of milk produced by the animals. Main-
taining the peak stage of milk production longer than
average milk production is called persistency of lactation
and such animals are called persistent. These persistent
animals are less exposed to calving-related stress and low
milk production potential during the initial lactation cycle.
Apart from this, reducing the length of the dry period
from 60 to 30 days could be another approach to increase
the efficiency of lactation. It has been shown that a short-
ened dry period (30 days) or omitted dry period in the
presence of bST hormone, did not alter milk production
of multiparous cows during the next lactation [70]. This
result was consistent with the finding that administration
of bST in lactating Holstein cow increased mammary epi-
thelial cell renewal, as evidenced by a 3-fold increase in
expression of the proliferation marker, Ki-67, in bST-
treated animal compared with control animals [7]. In
other words, a 60-day dry period could be reduced to 30-
day for regeneration of mammary epithelium without
deleterious effect on milk production in next lactation.

Conclusions and future directions
This review describes manipulation methods of MaSCs/
progenitor cells that could influence future milk produc-
tion, mainly in dairy animals. Emphasis has been given
to cows and goat mammary glands with some imperative
missing information supplemented from mice. Prolifera-
tion of both MaSCs and progenitor cells with natural
hormonal treatments like progesterone, estrogen and
__________________________ WORLD TEC
growth hormone, and by exogenous administration of
xanthosine or inosine, could potentially increase milk
production of dairy animals by increasing cell turnover
or persistency of lactation. Further investigations are es-
sential to understand the biology of MaSCs/progenitor
cells and their role in mammary gland morphogenesis,
tissue turnover and homeostasis. Recent reports of the
existence of MaSCs in breast milk and pluripotency fac-
tors as additional markers of MaSC [43], raises many
questions like whether MaSCs possess multi-lineage po-
tential. Why MaSCs are present in the milk? Does MaSCs
have any role in infants who drink mother’s milk? It would
also be useful to determine whether these pluripotency
transcription factors are involved in the self-renewal of
MaSC? Use of milk as a non-invasive source of MaSCs for
their identification and characterization is a novel and
promising.
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Practical starter pig amino acid requirements in
relation to immunity, gut health and growth
performance
Bob Goodband1*, Mike Tokach1, Steve Dritz2, Joel DeRouchey1 and Jason Woodworth1
Abstract

Immune system activation begins a host of physiological responses. Infectious agents are recognized by monocytes
and macrophages which in turn stimulate cytokine production. It is the hormone-like factors called cytokines that
orchestrate the immune response. The classic responses observed with immune system activation and cytokine
production include: anorexia, fever, lethargy, recruitment of other immune cells, and phagocytosis. While production
of immune system components is known to require some amino acids, increases in amino acid requirements are
more than offset by the associated decrease in protein accretion and increased muscle protein degradation that
also accompanies immune system activation. However, the biggest impact of cytokine production is a decrease in
feed intake. Therefore, as feed intake decreases, the energy needed to drive protein synthesis is also decreased. This
suggests that diets should still be formulated on a similar calorie:lysine ratio as those formulated for non-immune
challenged pigs. The evidence is sparse or equivocal for increasing nutrient requirements during an immune challenge.
Nutritionists and swine producers should resist the pressure to alter the diet, limit feed, or add expensive feed additives
during an immune challenge. While immune stimulation does not necessitate changes in diet formulation, when pigs
are challenged with non-pathogenic diarrhea there are potential advantages on gut health with the increased use of
crystalline amino acids rather than intact protein sources (i.e., soybean meal). This is because reducing crude protein
decreases the quantity of fermentable protein entering the large intestine, which lowers post weaning diarrhea. It also
lowers the requirement for expensive specialty protein sources or other protein sources such as soybean meal that
present immunological challenges to the gut. The objective of this review is two-fold. The first is to discuss immunity
by nutrition interactions, or lack thereof, and secondly, to review amino acid requirement estimates for nursery pigs.

Keywords: Amino acids, Immunity, Pigs, Requirements
Introduction
World-wide swine production has evolved dramatically in
the last decade. Genetic improvements have dramatically
increased reproductive traits such as litter size as well as
improve growth traits like daily gain and feed efficiency.
Multiple site production has made a large impact on herd
health and weaned pig flow management. Practical nutri-
tion programs continue evolving to keep pace with these
rapid changes and to improve profitability of pork pro-
ducers. One important concept that has risen from these
changes is the interaction of nutrition and immunity or
* Correspondence: Goodband@ksu.edu
1Department of Animal Sciences and Industry, Kansas State University,
Manhattan, KS 66506-0201, USA
Full list of author information is available at the end of the article
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herd health. Feeding pigs based on their immune status
or pathogen challenge was once a novel idea based on
feeding specifically formulated diets to meet the different
amino acid requirements of the immune system. While
studies have observed that up-regulation of the immune
system may slightly impact amino acid requirements for
leukocyte and cytokine production [1], the major driver of
a nutrition/immune response interaction resides in the
response to an immune challenge of lower feed intake
and in some cases poorer feed efficiency [2-4]. Therefore,
because of decreased energy (feed) intake, the body will
most likely not support excess amino acid supplementa-
tion for protein synthesis to combat the effects of immune
system activation [5]. In addition, from an enteric patho-
gen stress point of view, recent studies have observed that
HNOLOGIES ________________________
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practices to minimize post weaning scours, such as re-
strictive feeding of pigs at weaning or providing high-fiber
diets will contribute to the decreased growth performance
in the nursery stage [6,7]. Therefore, these data suggest
that from a practical feeding standpoint, there is no
interaction between immune challenge and diet com-
plexity on pig performance which indicates that rela-
tively high complexity diets containing specialty protein
sources are just as valuable for healthy pigs as those
faced with an immune challenge [5]. Thus, producers
should avoid reformulating diets if environmental con-
ditions are less than ideal. Ultimately, by maintaining a
relatively high amount of specialty protein sources and
utilizing the proper amino acid ratios with crystalline
amino acid supplementation, dietary crude protein can
be lowered and excellent growth performance in the
nursery can be maintained.

Nutrition by immune system activation interactions
To evaluate immune system activation by nutrition in-
teractions in pigs, Williams et al. [2,3] observed that the
efficiency of lysine utilization for protein deposition was
similar among pigs with high or low immune system
activation. Thus, differences in feed efficiency among chal-
lenge groups could be explained by shifts in ratios of lean
and fat deposition and proportion for maintenance. This
indicates that healthy pigs with relatively low immune
system activation have greater need for dietary lysine as
a consequence of greater protein deposition compared to
those pigs with high immune system activation. Increasing
pathogen load stimulated pro-inflammatory cytokine pro-
duction and endocrine shifts which not only decreased
feed intake, but increased muscle catabolism [1]. The high
immune stimulated pigs have less protein deposition,
hence less energy needed to drive body protein accretion.
Decreasing pathogen load and thus lowering immune
stimulation resulted in greater feed intake and growth
performance [2,3]. More recently, research evaluating
PCV2 vaccination under commercial conditions indicated
that vaccinated pigs had a greater need for lysine on a
grams per day basis [5]. However, in this study when
evaluated on a lysine to calorie ratio, the requirement was
not different between vaccinated and unvaccinated pigs
even though there were large differences in growth per-
formance and mortality rates. From a practical standpoint
this would support the idea that a similar calorie:lysine
ratio should be maintained regardless of immune system
activation status, or in other words diet modifications are
not warranted when the immune system is activated.
It is possible that immune system activation will affect

the utilization of some amino acids relative to lysine.
However data to support this effect is difficult to find.
Methionine is probably the most studied amino acid
other than lysine in response to an immune challenge.
__________________________ WORLD TEC
Naturally diets deficient in essential amino acids like
lysine or methionine, will not support cytokine (IL-1)
production and will further reduce growth beyond that
observed due to decreased feed intake [8]. Again, decreased
muscle protein accretion and increased degradation appear
to offset shifts in immune-related protein synthesis.
It is important to recognize that viral, bacterial, or

mixed pathogen challenges may elicit different immune
responses. However, from the chronic mixed challenge
model used by Williams et al. [1,2] to the more acute,
viral challenge of Shelton [5]; responses in protein de-
position and feed intake were similar. However more re-
search in this area is necessary to determine if other
types of immune challenge may have differing effects on
feed intake.
As it appears that there is little need to adjust diets

based on immune system activation in growing-finishing
pigs, Dritz et al. [4] evaluated the interactive effects of a
lipopolysaccharide (LPS) induced immune challenge and
diet complexity on weanling pig performance. In this
study the three comparisons consisted of control pigs
fed ad libitum, pigs challenged with LPS and fed ad libi-
tum, or non-challenged pigs pair fed to the same feed
intake level of the LPS pigs. In addition, there were 3
diet complexity regimens used: a complex diet using
high amounts of specialty protein sources (animal blood
plasma, fish meal, blood meal, and dried whey), inter-
mediate amounts of these specialty ingredients, and then
a very simple diet with minimal amounts of these ingre-
dients. The LPS challenged pigs had increased haptoglo-
bin concentrations indicating the inflammatory cytokine
production was increased in immune challenged pigs.
Control pigs had increased ADG and were heavier at the
end of the study, whereas LPS challenged pigs were the
lightest, with pair fed pigs intermediate (Figure 1). There
were no immune status × diet complexity interactions
observed suggesting that the response to immune chal-
lenge is independent from diet complexity. That is, pigs
fed the complex diet regimen had the greatest ADG
regardless of immune system activation or pair feeding.
Pigs administered LPS had poorer performance than
those that were pair fed resulting from a combination of
reduced ADFI and poor G:F. The intermediate perform-
ance of the pair-fed pigs suggests that approximately 2/3
of the reduction in growth was feed intake related, whereas
1/3 was due to poorer G:F. Ultimately this study confirms
that the diets fed to pigs in an immune challenged en-
vironment should be similar to that of pigs fed in a
clean environment.
More recently, the effects of an immune challenge as a

result of housing weanling pigs in either “clean” or “dirty”
environments has been addressed by Montagne et al. [6].
To potentially reduce the incidence of post weaning
diarrhea, one hypothesis is that feeding a diet high in
HNOLOGIES ________________________
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Figure 1 The effects of immune system activation and diet complexity on average daily gain. Dietary treatments include feeding a complex
starter diet, a medium complexity diet, and a low complexity diet. Immune activation includes control pigs fed ad libitum, LPS injected pigs fed
ad libitum, and control pigs pair-fed to that of the LPS challenged pigs. Main effects of diet complexity and immune system activation are
significant (P < 0.01). There was no immune system by diet complexity interactions (Adapted from Dritz et al., 1996 [4]).
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fermentable fiber might increase the population of benefi-
cial bacteria. This is thought to alleviate the effects of
pathogenic bacteria by competitive exclusion for binding
sites within the gut. In this study, weanling pigs were
housed in either a clean (washed and disinfected) nursery
or one that had not been cleaned after the previous group
of pigs [6]. They were either fed a control diet or high
fiber diet (d 0 to 14: 3.25 or 4.89% crude fiber and 12.1
or 16.9% total dietary fiber, respectively). There were no
environment × diet interactions, and pigs in the dirty
environment had poorer G:F than those in the clean
environment (Table 1). The addition of fiber to the diet
decreased NE intake and tended to decrease ADG and
ADFI. Pigs housed in the dirty environment and fed
the high fiber diet were 0.50 kg lighter than counterparts
fed the control diet after 1 wk. The authors confirmed
Table 1 Effects of added dietary fiber in either a clean or
dirty environment on weanling pig performance
(Montagne et al. [6])1

Items Clean Dirty

Control Fiber Control Fiber

d 0 to 14

ADG, g2 128 127 132 91

ADFI, g2 228 218 275 241

G:F3 .524 .543 .452 .424
1Pigs assigned to the good sanitary conditions were housed in cleaned and
disinfected rooms; pigs assigned to the poor sanitary conditions were housed
in rooms that were not cleaned; the Control and Fiber diets used during d 0
to 14 were 121 and 169 g/kg of total dietary fiber, respectively.
2Effect of added dietary fiber, (P < 0.10).
3Effect of sanitary condition, (P < 0.01).

__________________________ WORLD TEC
that poor sanitary conditions reduced pig growth and
increased the incidence of digestive disorders in the first
week post-weaning. Feeding a high fiber diet to pigs housed
in a dirty environment further decreased growth [6]. Rather
than being beneficial, the addition of fiber reduced per-
formance in both the clean and dirty environment.
Recently, other options to reduce the risk of post-

weaning diarrhea evaluated restricted vs.ad libitum feeding
immediately post weaning [7]. Similar to the previous
paper [6], pigs were housed in either a clean or dirty
environment but in this study they were either fed ad
libitum or a restrictive feeding regimen from day 2 to 7
after weaning. Again, no environment × feeding regimen
interactions were observed indicating that the response
to each was independent (Table 2). The authors concluded
that feed restriction immediately after weaning exacer-
bated the effects of poor sanitary conditions [7].
Results of these 4 studies indicate that when faced with

a disease challenge, weanling pigs need a high quality diet,
but not one different than what would be provided to pigs
with minimal disease challenge.
In an excellent meta-analysis covering 121 different

studies, Pastorelli et al. [9] examined the effects of an
immune system challenge on feed intake and growth
responses. They examined the performance responses to
digestive bacterial infections, sanitary housing conditions,
LPS challenge, mycotoxicoses, parasitic infections and
respiratory disease. They established the percentage change
in growth as a result of poorer G:F or reduced daily feed
intake (Figure 2). Digestive bacterial infections had the
greatest negative impact on growth responses with
HNOLOGIES ________________________



Table 2 Effects of restrictive feeding in either a clean or
dirty environment on weanling pig performance
(Pastorelli et al. [7])1

Items Clean Dirty

Ad libitum Restricted Ad libitum Restricted

d 0 to 11

ADG, g2,3 257 159 173 .95

ADFI, g3 336 219 319 225

G:F2,4 .753 .729 .537 .393

Overall (d 0 to 60)

ADG, g5 511 492 463 394

ADFI, g 875 821 826 705

G:F2 .587 .599 .562 .555
1Pigs assigned to the good sanitary conditions were housed in cleaned and
disinfected rooms and received an antibiotic supplementation; pigs assigned
to the poor sanitation conditions were housed in rooms that were not
cleaned; the ad libitum group corresponded to pigs nourished ad libitum on
overall experimental period; the restricted group corresponded to pigs that
received, from 2 to 7 d after weaning, respectively, 20, 30, 40, 60, 80, and 90%
of the amounts of feed voluntary consumed by ad libitum pigs in both
sanitary conditions at each previous day. No feed restriction × sanitary
conditions interactions, (P > 0.10).
2Effect of sanitary condition, (P < 0.01).
3Effect of feed restriction, (P < 0.01).
4Effect of feed restriction, (P < 0.07).
5Effect of sanitary condition, (P < 0.10).
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approximately 2/3 related to poorer G:F and 1/3 related
to poorer feed intake.
Like the response to digestive bacterial infection, un-

sanitary housing conditions resulted in the majority of
the decreased performance as a result of poorer G:F,
whereas LPS challenge, mycotoxicosis, and respiratory
disease were almost solely feed intake driven. Again, while
there may be transient changes in amino acid require-
ments for maintaining the immune system, decreased feed
intake and poorer G:F suggest that highly digestible diets
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Figure 2 Metabolic consequences of an activated immune system. Pa
efficiency as a result of different immune challenges (adapted from Pastore
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with ingredients that stimulate feed intake seem to be the
best course of action in getting pigs through an immune
system challenge. However, the method of supplying these
amino acids in properly formulated low-protein, amino
acid fortified diets may be one option to reduce post-
weaning diarrhea.

Minimizing nutritional challenges to the gut - low-protein,
amino acid fortified diets
One method to decrease the dietary challenge imposed
on the gastrointestinal system is to lower the dietary
crude protein level. However, it is crucial to emphasize
that although these diets are lower in crude protein
compared with traditional formulations; they still meet
amino acid requirements and support excellent pig
growth performance. Reducing the crude protein con-
tent lowers the requirement for protein ingredients, such
as soybean meal, that present immunological challenges
to the gut as well as decreases inclusion of expensive
specialty protein sources. Presenting the large intestine
with a large quantity of undigested nitrogen appears to
be a factor in post weaning diarrhea [10]. Lowering the
quantity of protein in the diet decreases the ammonia
concentration in the small intestine and urea nitrogen
and volatile fatty acids in the ileum [11]. It is thought
that the decreased nitrogen concentrations are due to
reduced protein fermentation by the bacteria [12].
In summary, these studies would suggest that major

changes in diet formulations offered to pigs during im-
mune system activation are not warranted. The only con-
siderations would be to ensure that crude protein is not
overfed by using the optimum levels of crystalline amino
acids which helps prevent large amounts of undigested
nitrogen being present in the large intestine and thus
contributing to diarrhea. Because changes to dietary amino
-25.2
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acid concentrations on a lysine to calorie ratio basis are not
needed during immune system activation, the remainder of
this review will focus on defining the amino acid levels for
weanling pig diets.

Lysine requirements for weanling pigs
Numerous trials have explored the SID lysine require-
ment of nursery pigs in recent years and requirement
estimates have been established (Table 3). The require-
ment estimate for the 5 to 10 kg pig was found to be
between 1.35 and 1.40% standardized ileal digestible
(SID) lysine (4.0 to 4.2 g/Mcal ME [13]. This require-
ment was similar to the estimate found by Dean et al.
[14] of 1.40% SID lysine or 18.9 g of SID lysine per kg of
gain for 6 to 12 kg pigs.
For 10 to 25 kg pigs, Kendall et al. [15] conducted 5

experiments with 3,628 pigs and found the SID lysine
requirement to be 1.30% SID lysine (3.80 g/Mcal ME).
This was equivalent to 19 g of SID lysine per kg of gain.
Schneider et al. [16] evaluated energy and lysine levels
Table 3 Effects of lysine level fed during each phase on nurse

Items Standardized ileal digestible lysine, %

d 0 to 7 1.35 1.35 1.35 1.35 1.55 1.55

d 7 to 21 1.15 1.15 1.35 1.35 1.15 1.15

d 21 to 35 1.05 1.25 1.05 1.25 1.05 1.25

d 0 to 7

ADG, g 161 151 152 162 155 163

ADFI, g 171 164 157 164 145 150

G:F 0.962 0.926 0.965 0.997 1.054 1.089

d 7 to 21

ADG, g 363 365 366 371 346 333

ADFI, g 541 530 512 521 508 506

G:F 0.674 0.687 0.716 0.711 0.680 0.660

d 21 to 35

ADG, g 561 616 579 614 555 573

ADFI, g 934 915 943 956 907 883

G:F 0.601 0.674 0.614 0.643 0.613 0.649

d 0 to 35

ADG, g 402 422 406 426 389 395

ADFI, g 745 726 730 747 711 701

G:F 0.645 0.692 0.666 0.683 0.658 0.676

BW, kg

d 0 5.71 5.70 5.73 5.68 5.71 5.75

d 7 6.84 6.76 6.79 6.81 6.80 6.89

d 21 11.93 11.86 11.95 12.00 11.67 11.55

d 35 19.78 20.64 20.05 20.59 19.44 19.57
aA total of 320 weanling pigs (PIC 1050 barrows, initially 5.71 ± 0.05 kg and 21 d of
were fed from d 0 to 7 (SID Lys 1.35 vs 1.55%), 7 to 21 (SID Lys 1.15 vs 1.35%), an
interactions among the different phases. Nemecheck et al. [19].

__________________________ WORLD TEC
simultaneously in two separate trials with different geno-
types. With one genotype, the optimal SID lyine:ME ratio
was 3.4 to 3.6 g/Mcal ME, while the optimal ratio was 3.9
to 4.2 g/Mcal ME for the other genotype. However, when
expressed relative to gain, the requirement was approxi-
mately 19.0 g of SID lysine/kg of gain for both genotypes.
In another large field study, Lenehan et al. [17] found the
SID lysine requirement for 10 to 20 kg pigs was 1.40%;
and when calculated on a g/kg of gain basis, the optimal
level was again 19 g of SID lysine/kg of gain.
Although lysine requirements of nursery pigs have

increased in recent years and vary with environmental
conditions and genotype, when expressed relative to growth
rate, empirical studies have consistently found the re-
quirement to be 19 g per kg of gain.
While historically diets for early weaned pigs (4.5 to

5.5 kg) have been formulated to 1.65 or 1.70% total lysine
(1.55 to 1.65% SID lysine) or greater, Nemecheck et al.
[18] observed that slightly lower dietary lysine levels can
be fed in the early nursery phases without negative impact
ry pig performancea

1.55 1.55

1.35 1.35 Probability, P <

1.05 1.25 SEM Phase 1 Phase 2 Phase 3

159 161 19.9 0.69 0.89 0.72

149 162 15.0 0.37 0.94 0.55

1.074 0.984 0.059 0.01 0.93 0.63

370 375 15.8 0.41 0.18 0.98

498 517 18.4 0.16 0.49 0.78

0.742 0.723 0.016 0.75 0.03 0.43

540 593 35.1 0.20 0.78 0.001

883 925 34.6 0.37 0.53 0.85

0.612 0.640 0.031 0.60 0.39 <.0001

395 419 11.3 0.15 0.30 0.03

696 732 20.5 0.38 0.74 0.65

0.681 0.688 0.011 0.52 0.07 0.001

5.71 5.71 0.05 0.59 0.24 0.43

6.83 6.83 0.19 0.67 0.91 0.85

12.01 12.09 0.32 0.54 0.14 0.94

19.57 20.38 0.36 0.14 0.37 0.04

age) were used in a 35-d trial with 8 pens per treatment. Phase 1, 2, and 3 diets
d 21 to 35 (SID Lys 1.45 vs 1.25%) after weaning, respectively. There were no
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Table 4 Standardized ileal digestible lysine
recommendations as influenced by weight

Barrows1 Gilts2

Pig weight, kg g/kg of gain g/Mcal ME %3 g/Mcal ME %3

5 19 4.17 1.40 4.20 1.40

10 19 3.99 1.34 4.01 1.34

15 19 3.82 1.28 3.83 1.28

20 19 3.66 1.22 3.66 1.23

30 20 3.35 1.12 3.36 1.13

40 20 3.08 1.03 3.10 1.04

50 20 2.83 0.95 2.89 0.97

60 20 2.62 0.88 2.70 0.91

70 20 2.43 0.81 2.55 0.85

80 20 2.27 0.76 2.41 0.81

90 20 2.14 0.72 2.29 0.77

100 20 2.04 0.68 2.18 0.73

110 20 1.97 0.66 2.08 0.70

120 20 1.93 0.65 1.98 0.66
1Barrow lysine concentrations based on the equation: g/SID Lys:Mcal =
0.000146 × (BW, kg)2 − 0.0377 × (BW, kg) + 4.352.
2Gilt lysine concentrations based on the equation: g/SID Lys:Mcal =
−0.00000094 × (BW, kg)3 + 0.000306 × (BW, kg)2 − 0.0435 × (BW, kg) + 4.414).
3Percentages are for diet containing 3,350 kcal ME/kg using NRC [23]
nutrient values.
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on overall ADG or BW, as long as diets during the late
nursery period are adequate in lysine (Table 3). In this
study, there were a total of 8 dietary treatments arranged
in a 2 × 2 × 2 factorial. During phase 1 (d 0 to 7), pigs were
fed diets containing either 1.35 or 1.55% SID lysine,
followed by either 1.15 or 1.35% SID lysine in phase 2 (d 7
to 21), and 1.05 or 1.25% SID lysine during phase 3 (d 21
to 35). The low dietary lysine concentrations were achieved
by reducing both crystalline lysine and a portion of the
intact protein sources from the high lysine diets. From
d 0 to 7, there were no differences in ADG or ADFI but
increasing SID lysine improved G:F. Similar to phase 1,
from d 7 to 21, there were no differences in ADG or
ADFI between pigs fed the two lysine levels, but increasing
SID lysine improved (P < 0.03) G:F. During phase 3, feed-
ing the high lysine diet increased ADG and G:F, but had
no effect on ADFI. For the overall trial (d 0 to 35), pigs fed
the high lysine during phase 3 had the greatest im-
provement in ADG and G:F. There were no interac-
tions between phases, which indicate that the response
to lysine in one phase is not influenced by the lysine
level fed in other phases. This allows for formulation
of lower lysine (and thus crude protein) diets in early
nursery phases and could result in an economical advan-
tage by reducing feed costs while maintaining optimal
growth performance.
Until recently, lowering the crude protein level in the

diet usually corresponded with reduced growth perform-
ance because the minimum requirement for the fourth,
fifth, or sixth amino acids (often tryptophan, valine, or
isoleucine) or nonessential amino acids that have a role
in gut development (arginine, glutamine, or glycine) were
not met. However, numerous recent research trials have
demonstrated that performance can be maintained when
the crude protein level in the diet is reduced by using crys-
talline amino acids to replace intact protein sources [19,20].
When lowering the crude protein level in the diet, it is

critical that we first ensure that diets are not formulated
too far below the lysine requirement (Table 4). Assuming
a protein deposition of 150 g/d from 20 to 120 kg,
adapting equations from Main et al. (2008) [21] and the
National Swine Nutrition Guide (van Heugten, 2010 [22]),
the equation: g /SID Lysine:Mcal = 0.000146 × (BW, kg)2 −
0.0377 × (BW, kg) + 4.352; describes the SID Lysine:calorie
ratio for barrows while; g/SID Lysine:Mcal = −0.00000094 ×
(BW, kg)3 + 0.000306 × (BW, kg)2 − 0.0435 × (BW, kg) +
4.414) describes the g SID Lysine:Mcal ratio for gilts
(Table 1). This model is relatively similar to the model re-
cently presented by the NRC [23] with the exception that
the proposed model above increases lysine concentrations
for late finishing pigs by about 0.05 percentage units. A
second option for estimating Lysine requirements uses g
Lysine/kg gain. A review of the literature indicates that for
nursery pigs (< 20 kg) require approximately 19 g of SID
__________________________ WORLD TEC
lysine/kg of gain, whereas finishing pigs require approxi-
mately 20 g/kg of gain. With this approach, accurate
growth and energy intake curves are required to generate
a customized Lysine:calorie ratio. As an increasing variety
of feed ingredients are used, the range of dietary energy
levels has expanded increasing the need for accurate
Lysine:calorie ratios in diet formulation. The requirements
for the other essential amino acids in relation to lysine
must also be considered to allow crude protein to be low-
ered to minimal levels (Table 5).

Threonine:lysine ratio
Deficiencies of threonine result in relatively small reduc-
tions in growth and efficiency as compared to deficiencies
of the other major amino acids. However, the large differ-
ence between apparent and standardized digestibility
values for threonine has caused some confusion when set-
ting requirements on a digestible basis. Compared with
other amino acids, threonine digestibility increases the
most when moving from an apparent to standardized
digestibility basis. Van Milgen and Le Bellego [25] con-
ducted a meta-analysis of 22 different studies and found
the optimal threonine:lysine ratio increased from 58% at
15 kg to 65% at 110 kg using a linear-plateau model. Use
of curvilinear models resulted in higher requirement esti-
mates. In two separate experiments, Lenehan et al. [26]
found an optimal threonine:lysine level of 64 to 66% for
10 to 20 kg pigs. James et al. [27] also found the optimal
HNOLOGIES ________________________



Table 5 Suggested minimum standardized ileal digestible amino acid ratios for growing swine1

Pig weight range, kg

Amino acid 4 to 25 25 to 40 40 to 60 60 to 80 80 to 100 100 to 130

Lysine 100 100 100 100 100 100

Threonine2 62 61 61 62 63 64

Methionine3 28 28 28 28 28 28

Methionine + cysteine4 58 56 56 56 57 58

Tryptophan 5 18+ 18+ 18+ 18+ 18+ 18+

Isoleucine6 52 52 52 52 52 52

Valine 65 65 65 65 65 65
1Adapted from Shannon and Allee, [24] with updates from recent research conducted by the authors and summarized in this paper. Ratios are based on NRC [23]
nutrient levels for ingredients. Nutritionists should review their ingredient nutrient values relative to NRC [23] to apply these ratios to their diets.
2Threonine:lysine = 0.0000130x2 − 0.0014229x + 0.6387290.
3Methionine:lysine = 0.0000020x2 − 0.0000808x + 0.2806061.
4Methionine & Cysteine: lysine = 0.0000113x2 − 0.0012621x + 0.5785238.
5Tryptopan:lysine ratio appears to be increased when the diet contains large excesses of large neutral amino acids (leucine, isoleucine, valine, phenylalanine, and
tyrosine). Improvements in pig growth have been observed with Trp:Lys ratios greater than 18%.
6Ratio is at least 60% when high levels of blood meal or cells are included in the diet. Ratio may be lower than 52% when blood cells are not included, but more
research is required to verify and to determine the optimal ratio of isoleucine to leucine.
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threonine:lysine ratio to be 60 to 65% for 10 to 20 kg pigs.
Although Wang et al. [28] did not report a SID threonine:
lysine ratio, the growth rate of pigs in their study can be
used to estimate the SID lysine requirement (19 g/kg of
gain) to calculate SID threonine to be at least 60% of
lysine. Based on the above findings, we believe that the
threonine requirement can be modeled as a ratio relative
to lysine in early growing pig diets (0.0000130BW2 -
0.0014229BW+ 0.6387290), and like NRC 2012 [23] esti-
mates, increases as the pig becomes heavier (Table 5).

TSAA:lysine ratio
Considerable research has been conducted in recent
years on the total sulfur amino acid requirement and
individual requirements for methionine and cysteine. It
is generally assumed that methionine must constitute at
least 50% of the TSAA ratio (NRC = 48% on weight basis);
however, recent data suggests that methionine may need
to be slightly greater (55% on weight basis; 50% on molar
basis) than cysteine in the ratio [29].
For nursery pigs, Dean et al., [14] suggested that the

requirement for total sulfur amino acids was 10.1 g/kg
gain or 54% of lysine for 6 to 12 kg pigs. Gaines et al.
[26,30] found a slightly higher ratio of 57 to 61% de-
pending on the response criteria and method of asses-
sing the breakpoint with 8 to 26 kg pigs. Yi et al. [31]
found a similar TSAA:lysine ratio of 58% for optimal
ADG of 12 to 24 kg pigs. In a series of experiments,
Schneider et al. [32] found a similar range of SID TSAA:
lysine ratios of 57 to 60% for 10 to 20 kg pigs.

Tryptophan:lysine ratio
Conclusions as to the optimal tryptophan to lysine ratio
are difficult to assess for several reasons. Because of the
relatively low inclusion rates and small differences in
__________________________ WORLD TEC
range of tryptophan levels tested (ex. 14 to 22% of
lysine), diet manufacturing can be challenging to ensure
the low volume test ingredient additions are thoroughly
mixed. Also, tryptophan is a difficult amino acid to
analyze and different analytical techniques yield different
results adding to the confusion. There is also disagree-
ment in the quantity of tryptophan present in key basal
ingredients used in many of the research trials, which
can dramatically impact the projected ratios because the
basal ingredients such as corn make up such a large pro-
portion of the tryptophan in test diets. Finally, the level
of other large neutral amino acids in the diet may influ-
ence the response to increasing tryptophan levels. The
optimal tryptophan:lysine ratio suggested by most stud-
ies ranges from 16 to 20%. Although this range is rela-
tively small, the difference can lead to large changes in
diet formulation and cost.
On the low end of the recommended range for nursery

pigs, Ma et al. [33] suggested that the SID tryptophan:
lysine requirement may be as low as 15% for 11 to
22 kg pigs; however, data from Nemechek et al. [34]
demonstrates that 15% SID tryptophan:lysine results in
lower ADFI and ADG than a ratio of 20%. Guzik et al.
[35] estimated the SID tryptophan requirement for nur-
sery pigs at 0.21, 0.20, and 0.18% of the diet for 5.2 to
7.3 kg, 7.3 to 10.2 kg, and 10.3 to 15.7 kg pigs, respect-
ively. Using the SID lysine levels suggested above, these
ratios would all be less than 16% of lysine. Jansman
et al. [36] found higher estimates for SID tryptophan
for 10 to 20 kg pigs, both as a percentage of the diet
(0.22%) and as a ratio to lysine (21.5%). In a review of
33 experiments, Susenbeth [37] summarized that the SID
tryptophan:lysine requirement is below 17.4% and likely
near 16.0%. Susenbeth also concluded that feeding at 17%
would include a safety margin to cover most of biological
HNOLOGIES ________________________
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variations and that the tryptophan:lysine ratio seemed
to be unaffected by body weight, growth rate, lysine
and protein concentration in the diet, or genetic poten-
tial of the animals.
Recently Nitikachana et al. [38,39] conducted a series

of tryptophan studies in nursery and finishing pigs de-
signed to determine the requirement relative to lysine
on an SID basis. They observed that the ideal ratio was
no less than 19 to 20% of lysine, which is much greater
than previous estimates when evaluated on an economic
basis. Furthermore, Slayer et al. [40] also observed a tryp-
tophan requirement of at least 19% of lysine in finishing
pigs fed diets containing 30% dried distillers grains with
solubles. What is interesting in the pig’s response to tryp-
tophan is that while an optimum “requirement” level can
be determined, there is usually a continued, albeit, small
improvement in growth performance when feeding levels
above the requirement. As a result, from an economic
analysis, it is by far safer and, even more economical to be
over the estimated requirement than to be below the re-
quirement estimate. This attribute is demonstrated when
looking at tryptophan:lysine ratios relative to income over
feed cost (IOFC; Figure 3). When the tryptophan:lysine
ratio drops below 16% of lysine, profitability decreases
dramatically; however, feeding higher ratios in most stud-
ies does not decrease IOFC and in some cases increases
profitability. When comparing methods to increase the
tryptophan:lysine ratio, research suggests that using either
added crystalline tryptophan or soybean meal results in
similar pig performance [39].

Valine:lysine ratio
Numerous valine trials have been published in the last
10 years. Mavromichalis et al. [43] was one of the first
publications to suggest that the valine requirement of
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Figure 3 The effects of increasing tryptophan:lysine ratio on income
with increasing standardized ileal digestible tryptophan:lysine ratio from 6

__________________________ WORLD TEC
nursery pigs was greater than the level suggested by
NRC 1998 [44]. Their data suggested that 10 to 20 kg
pigs required 12.5 g of SID valine per kg of gain. Gaines
et al. [45] found a similar requirement of 12.3 g of SID
valine/kg of gain for 13 to 32 kg pigs. Using the require-
ment of 19 g of SID lysine per kg of gain for nursery pigs
found by several researchers and discussed earlier in this
paper, a SID valine:lysine ratio of 66% can be calculated,
which is similar to the 65% reported by Gaines et al. [45]
for 13 to 32 kg pigs and 65 to 67% reported by Wiltafsky
et al. [46] for 8 to 25 kg pigs. A 65% SID valine:lysine
ratio was observed by Nemechek et al. [47] using 7 to
12 kg pigs. Nutrient profiles for different ingredients are
important when discussing amino acid ratios. For example,
a corn-soybean meal based diet formulated to a 65%
SID valine:lysine ratio using nutrient values from NRC
1998 [44] will contain 69% SID valine:lysine using values
from NRC 2012 [23]. Thus, the ratio used in diet for-
mulation needs to be increased simply due to a change
in nutrient profiles.

Isoleucine:lysine ratio
Similar to other amino acids, our understanding of the
optimal ratios of isoleucine to lysine has increased
greatly in the last 10 years. The main confusion in un-
derstanding the optimal isoleucine to lysine ratio is the
interaction between isoleucine and other branch chain
amino acids, in particular leucine. Excess leucine in the
diet increases branch chain keto acid dehydrogenase
levels which lead to catabolism of all branch chain amino
acids, further leading to increased requirement for isoleu-
cine due to the increased breakdown.
Spray dried blood cells have been used in several

isoleucine studies to create a basal diet with a low
isoleucine:lysine ratio [48-51]. The problem with this
17 18 19 20 21 22 23 24

Lysine ratio, % of lysine  

Guzik et al. (34]

Petersen et al. [65]

Jansman et al. [35]

Ma et al. [32]

Quant et al. [64]

Nitikanchana et al. [37]

over feed costs. Lines represent the change in income over feed cost
experiments [33,35,36,38,41,42].
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approach is that blood cells contain high leucine
levels, which later were determined to increase the
isoleucine:lysine recommendation. Subsequently, Fu
et al. [52,53], Dean et al. [54], and Wiltafsky et al. [55]
demonstrated that the SID isoleucine:lysine require-
ment was 60% or greater in diets containing blood
meal or blood cells and closer to 50% for diets without
high levels of blood cells. The requirement of 50% or
less for SID isoleucine:lysine when blood cells are not
included in the diet was confirmed by Barea et al. [56]
for 11 to 23 kg pigs. Lindemann et al. [57] also found
the SID isoleucine:lysine requirement to be between
48 and 52% for ADG. Norgaard and Fernandez [58] found
that increasing the isoleucine:lysine ratio from 53 to 62%
did not influence performance of 9 to 22 kg pigs. There-
fore, it appears that the SID isoleucine:lysine is less than
52% for diets that don’t contain a protein source such as
blood products that provide excess leucine in relation to
the isoleucine level.
Caution is advised with all branch chain amino acids

such as valine, isoleucine, and leucine, as feeding as little
as 5% below the minimum ratio (ex. 45 vs 50% of lysine)
will greatly reduce feed intake and daily gain. Another
concern is that with low-protein amino acid fortified
diets formulated to the 5th and 6th limiting amino acid,
leucine can become limiting or very near its requirement
estimate at 100% of SID lysine [23].

Nonessential amino acid requirement
Although the order can vary with different dietary ingre-
dient mixtures, typically the first 5 limiting amino acids
for most practical diets are lysine, threonine, methionine,
tryptophan, and valine. However, formulating diets with
high levels of crystalline amino acids to the optimal ratio
for the first 5 limiting amino acids often has resulted in
poorer performance than diets with high levels of intact
protein sources. Kendall et al. [59] found that certain
nonessential amino acids (ex. glycine) were required in
corn-soybean meal diets with high levels of crystalline
lysine and that the nitrogen could not be provided by
non-protein nitrogen. In a series of experiments, Powell
et al. [60,61] and Southern et al. [62] found that glycine
and another amino acid to provide nitrogen were required
in diets formulated to the fifth or sixth limiting amino acid
in order to maintain feed efficiency.
Another method to ensure that the diet contains

enough nonessential amino acids is to place a maximum
on the total lysine to total crude protein ratio in diet
formulation. The biological basis for a lysine:CP ratio
originates from the level of total lysine as a percentage
of crude protein in muscle, which ranges from 6.5 to
7.5%. Although an average lysine:CP ratio of 6.8% is
often cited, a higher lysine:CP ratio can be used in the
diet because the lysine released during normal muscle
__________________________ WORLD TEC
protein breakdown is conserved and recycled with greater
efficiency than other amino acids. Ratliff et al. [63] sug-
gested that the total lysine:CP ratio should not exceed
7.1%. Nemechek et al. [64] found that feed efficiency
was only poorer when the total lysine:CP ratio exceeded
7.35%. More research is clearly needed to continue to
expand our understanding of nonessential amino acid
needs of the pig.
Nonessential amino acids appear to play a particularly

important role immediately after weaning due to their
high requirement for intestinal growth. For instance,
glutamine serves as a primary fuel for the intestinal
mucosa. Glutamine and glycine stimulate polyamine
synthesis. Arginine is the precursor for polyamines and
nitric oxide which is important for regulation of intes-
tinal blood flow and migration of intestinal epithelial
cells. Numerous other roles of the nonessential amino
acids are reviewed by Wu [65].

Conclusion
The immune system elicits a variety of responses orches-
trated by cytokines. Of these responses, anorexia or re-
duced energy intake is the limiting factor for protein
synthesis. While the amino acid requirements may in-
crease with immune system activation, from a practical
standpoint, the decrease in muscle accretion will offset
most of the changes in requirements. The evidence is
sparse or equivocal for increasing nutrient requirements
during an immune challenge. However, some ingredients
and diet formulation techniques can help the pig coun-
teract some of the normal gut changes that occur at
weaning. Low-protein, amino acid fortified diets can limit
the amount of fermentable protein presented to the gut
and help reduce post-weaning diarrhea. In these cases,
proper amino acid fortification and ratios relative to lysine
are essential not to limit pig growth. The ultimate goal for
nutritionists is to help the pig transition through this
phase without incurring excessive diet cost.
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Changes in various metabolic parameters in
blood and milk during experimental Escherichia
coli mastitis for primiparous Holstein dairy cows
during early lactation
Kasey M Moyes1*, Torben Larsen2, Peter Sørensen2 and Klaus L Ingvartsen2
Abstract

Background: The objective of this study was to characterize the changes in various metabolic parameters in blood
and milk during IMI challenge with Escherichia coli (E. coli) for dairy cows during early lactation. Thirty, healthy
primiparous Holstein cows were infused (h = 0) with ~20-40 cfu of live E. coli into one front mammary quarter at ~4-6
wk in lactation. Daily feed intake and milk yield were recorded. At –12, 0, 3, 6, 12, 18, 24, 36, 48, 60, 72, 96, 108, 120, 132,
144, 156, 168, 180 and 192 h relative to challenge rectal temperatures were recorded and quarter foremilk was
collected for analysis of shedding of E. coli. Composite milk samples were collected at -180, -132, -84, -36, -12, 12, 24, 36,
48, 60, 72, 84, 96, 132 and 180 h relative to challenge (h = 0) and analyzed for lactate dehydrogenase (LDH), somatic cell
count, fat, protein, lactose, citrate, beta-hydroxybutyrate (BHBA), free glucose (fglu), and glucose-6-phosphate (G6P).
Blood was collected at -12, 0, 3, 6, 12, 18, 24, 36, 60, 72, 84, 132 and 180 h relative to challenge and analyzed for plasma
non-esterified fatty acids (NEFA), BHBA and glucose concentration. A generalized linear mixed model was used to
determine the effect of IMI challenge on metabolic responses of cows during early lactation.

Results: By 12 h, E. coli was recovered from challenged quarters and shedding continued through 72 h. Rectal
temperature peaked by 12 h post-challenge and returned to pre-challenge values by 36 h post-IMI challenge. Daily feed
intake and milk yield decreased (P <0.05) by 1 and 2 d, respectively, after mastitis challenge. Plasma BHBA decreased
(12 h; P <0.05) from 0.96 ± 1.1 at 0 h to 0.57 ± 0.64 mmol/L by 18 h whereas concentration of plasma NEFA (18 h) and
glucose (24 h) were significantly greater, 11 and 27%, respectively, after challenge. In milk, fglu, lactose, citrate, fat and
protein yield were lower whereas yield of BHBA and G6P were higher after challenge when compared to pre-challenge
values.

Conclusions: Changes in metabolites in blood and milk were most likely associated with drops in feed intake and milk
yield. However, the early rise in plasma NEFA may also signify enhanced adipose tissue lipolysis. Lower concentrations
of plasma BHBA may be attributed to an increase transfer into milk after IMI. Decreases in both milk lactose yield and %
after challenge may be partly attributed to reduced conversion of fglu to lactose. Rises in G6P yield and concentration
in milk after challenge (24 h) may signify increased conversion of fglu to G6P. Results identify changes in various
metabolic parameters in blood and milk after IMI challenge with E. coli in dairy cows that may partly explain the
partitioning of nutrients and changes in milk components after IMI for cows during early lactation.

Keywords: Cow, Early lactation, Escherichia coli, Metabolism
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Background
During early lactation (i.e. 0-8 wk in milk), the homeorhetic
mechanisms associated with hormonal changes, as well as
changes in the nervous system and immune system, shift
the partitioning of nutrients from peripheral tissues towards
the synthesis of milk. This massive re-partition has been
identified as a major contributor to the high risk of disease
at this time [1]. Mastitis, an inflammation of the mammary
gland, is the most costly of all diseases and occurs more fre-
quently after parturition [2,3]. The innate immune response
patterns to major mastitis-causing pathogens (e.g. E. coli,
Streptococcus uberis and Staphylococcus aureus) have been
well-documented [4-6] but the characterization of the
metabolic responses in dairy cows during an IMI are not
fully understood.
Most studies have focused on the effect of metabolic sta-

tus on immune response for dairy cows [1,7,8]. During
mastitis, the immunometabolic responses primarily focus
on the transcription-level responses in liver and mammary
tissue [9-11]. Previous work indicates that the ability of
the liver to metabolize fatty acids is reduced and key genes
associated with metabolic processes are down-regulated
after intramammary E. coli challenge [12] as well as after
intramammary endotoxin challenge [13]. Furthermore,
changes in circulating non-esterified fatty acids (NEFA),
beta-hydroxybutyrate (BHBA) and glucose, prior to de-
creases in feed intake and milk production, during an IMI
in dairy cows have been reported [14-16]. To our know-
ledge, changes in free glucose (fglu) and glucose-6-
phosphate (G6P) in milk during mastitis in relation to
changes in circulating metabolites and other milk compo-
nents has not been elucidated. The mammary gland pri-
marily relies on circulating glucose for the synthesis of
lactose, a disaccharide composed of the monosaccharides
D-glucose and D-galactose [17]. Other fates of glucose in
the mammary gland include the conversion to G6P for the
synthesis of galactose [18]. Characterizing the metabolic
responses of fglu and G6P in relation to other metabolic
components during inflammation may further elucidate
the partitioning of nutrients and changes in milk compos-
ition that occur during mastitis. The objective of this study
was to characterize the changes in various metabolic pa-
rameters in blood and milk during IMI with E. coli for
dairy cows during early lactation.
Methods
The experiment was carried out at the cattle research
facilities at Department of Animal Science, Aarhus Uni-
versity. Experimental procedures involving animals were
approved by the Danish Animal Experiments Inspectorate
and complied with the Danish Ministry of Justice Laws
concerning animal experimentation and care of experi-
mental animals.
__________________________ WORLD TEC
Animals, experimental design and sample collection
Thirty primiparous Holstein cows at ~4-6 wk in lactation
were used for this study. Only healthy cows not treated for
any clinical signs of disease before the study period were
included. Details on animal housing, total mixed ration
fed and refused, treatment, preparation and infusion of
E. coli and clinical examinations have been previously
described [19,20]. Briefly, eligible cows were considered
healthy and free of mastitis-causing pathogens based on
body temperature, white blood cell count, glutaraldehyde
test, California Mastitis Test (Kruuse, Marslev, Denmark)
and bacteriological examinations of aseptic quarter foremilk
samples prior to the start of the study period. Using the
portable DeLaval Cell Counter (DeLaval, Tumba, Sweden),
the front quarter with the lowest somatic cell count
(SCC; <27,000 cells/mL) was used for E. coli infusion.
Cows were housed and fed in individual straw-bedded

tie-stalls, had free access to water, and were milked twice
at 0600 and 1700 h. Cows averaged 27.5 ± 5.5 kg milk/d
at the start of the trial. Cows were fed a standard total
mixed ration for lactating cows ad libitum twice at 0800
and 1530 h. Daily feed intake and milk yield were re-
corded throughout the study period. Orts were collected
in the mornings (~0800 h). To clarify, IMI challenge oc-
curred after the afternoon milking, and therefore, d = 0
was calculated from milk yield and feed intakes from -36
to -12 h prior to IMI challenge where -12 h represents
the morning relative to challenge.
All cows were infused with ~20-40 cfu of live E. coli

(Danish field isolate k2bh2) into one front mammary quar-
ter immediately following the afternoon milking (h = 0).
The IMI challenge was imposed in the same year (i.e. 2007)
and stage of lactation but in 4 different blocks: May (n = 8),
June (n = 7), August (n = 8) and September (n = 8). Rectal
temperature was recorded at -12, 0, 3, 6, 12, 18, 24, 48, 60,
72, 84, 96, 108, 120, 132, 144, 156, 168, 180 and 192 h rela-
tive to IMI challenge. Composite milk samples were col-
lected relative to IMI challenge (h = 0) during the morning
milking period at -180, -132, -84, -36, and -12 h, at each
milking after challenge at 12, 24, 36, 48, 60, 72, 84, 96 h,
and during the morning milking period at 132 and 180 h.
Aseptic quarter foremilk samples were collected from chal-
lenged quarters at -12, 0, 3, 6, 12, 18, 24, 48, 60, 84, 96, 108,
120, 132, 144, 156, 168, 180 and 192 h relative to IMI chal-
lenge. One day prior to IMI challenge, sterile Micro-
Renathane polyvinyl catheters were inserted into the jugular
vein and flushed with a sterile 0.9% NaCl solution contain-
ing 50 IU Na-heparin (Loevens Kemiske Fabrik, Ballerup,
Denmark). Blood was collected at -12, 0, 3, 6, 12, 18, 24, 36,
60, 84, 132 and 180 h relative to IMI challenge. For a subset
of cows (n = 16), liver biopsies were collected at -144, 12,
24 and 192 h relative to IMI challenge for gene expression
profiling and results are reported elsewhere [12]; and a
mammary biopsy was collected at 24 and 192 h relative to
HNOLOGIES ________________________
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IMI challenge for gene expression analysis using a minim-
ally invasive biopsy technique [19]. After the mammary bi-
opsies had been collected (i.e. 24 and 192 h post-biopsy),
cows were administered a prophylactic antibiotic treatment
against infection with Gram-positive bacteria by intramus-
cular injection of 30 mL of Penovet® vet (300,000 IE benzyl-
penicillinprocain/ml; Boehringer Ingelheim Danmark A/S,
Copenhagen, Denmark). No other antibiotic therapy was
administered after IMI challenge for all cows, regardless of
biopsy.

Sample analysis
Composite milk samples were analyzed for fat, protein,
lactose, citrate and SCC (cells/mL) using a CombiFoss
4000 (Foss Electric A/S, Hillerød, Denmark) and BHBA,
lactate dehydrogenase (LDH), N-acetyl-β-D-glucosamini-
dase (NAGase) and alkaline phosphatase activity (ALP)
were analyzed according to methods previously described
[21-23]. Free glucose and G6P were analyzed by an
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enzymatic-fluorometric method as described by Larsen
[24]. Quarter foremilk was analyzed for SCC and quantifi-
cation of E. coli (cfu/mL) as previously described [19].
Plasma was harvested following centrifugation at 2,000 × g

for 20 min at 4°C and stored at -18°C until further analysis.
All plasma components were analyzed for NEFA, BHBA
and glucose using an autoanalyzer, ADVIA 1650® Chemistry
System (Siemens Medical Solution, Tarrytown, NY, USA)
according to methods described by Bjerre-Harpøth
et al. [21].

Statistical analysis
Plasma NEFA and BHBA were normalized by natural
log (ln) transformation and SCC and shedding of E. coli
were log10 transformed for statistical analyses. Yields for
all milk components were calculated at each milking.
Data were analyzed via a generalized linear mixed model
using the MIXED procedure of SAS, version 9.3 [25]
with the repeated measure of time (i.e. hour) relative to
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IMI challenge (h = 0). Using the MIXED procedure of
SAS, combined biopsy had no effect (P <0.05) on any of
the metabolic parameters in blood and milk for this
study and was, therefore, left out of the final model. The
random effect of cow within block was used as the error
term in the REPEATED statement with compound sym-
metry (CS) as the covariance structure. The model was
used to determine the effect of IMI challenge on metabolic
and immune responses in blood and milk for cows in early
lactation. The class variables included cow, block and time
relative to IMI challenge. Degrees of freedom were esti-
mated with the Kenward-Roger specification in the model
statements. Separation of least square means (LSM) for
significant effects was accomplished using the Tukey’s op-
tion within the MIXED procedure of SAS. Statistical dif-
ferences were declared as significant and highly significant
at P <0.05 and P <0.01, respectively. Trends towards sig-
nificance are discussed at P <0.10. Plasma NEFA and
BHBA were back-transformed for presentation in figures.

Results and discussion
Indicators of infection and immune response
The bacterial counts of E. coli (A) and rectal temperature
(B) relative to IMI challenge are shown in Figure 1. By
12 h, E. coli was recovered from challenged quarters and
shedding continued through 72 h similar to those of others
[26,27]. Rectal temperature returned to pre-challenge
values by 36 h post-IMI challenge as observed by Scaletti
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and Harmon [27]. These findings are consistent with signs
of experimental E. coli mastitis and confirmed the model
system.
Composite milk LDH (A), SCC (B), NAGase (C) and

ALP (D) concentrations were greater after IMI challenge
with E. coli (Figure 2). During an IMI challenge, a cas-
cade of changes occur including increased LDH, ALP
and NAGase activity in milk associated with infiltrating
neutrophils and resident macrophages [28,29]. These in-
digenous enzymes are accurate real-time indicators for
detecting mastitis on-farm when compared to composite
SCC or bacterial culture [28-30].

Cow-level and metabolic responses
Changes in daily feed intake (as fed; A) and milk yield
(B) relative to IMI challenge are shown in Figure 3. To
clarify, d = 0 reflects the daily feed intake and milk yield
from the 24 h period prior to IMI challenge (i.e. -36
to -12 h relative to IMI challenge). Day = 1 reflects -12 to
12 h post-IMI challenge. Daily milk yield decreased 23%
from d = 0 to d = 1 and 36% by d = 2 whereas feed intake
was not significantly reduced until 2 d post-IMI chal-
lenge from 29.7 kg at d = 0 to 21.7 kg by d = 2. Feed in-
take and milk yield returned to pre-challenge values by 3
and 4 d post-IMI challenge, respectively. As lactation
progressed, feed intake continued to increase as normally
observed during early lactation [31]. Decreases in
feed intake and milk yield have been previously shown
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for cows experimentally challenged with E. coli during
early lactation [27]. Multiple local and systemic factors,
i.e. production of cytokines and the changing hormonal
environment, contribute to reduced feed intake and milk
production observed during an IMI [32] and most likely
explain the majority of variation in blood and milk me-
tabolites for this study.
Changes in concentration of plasma NEFA (A), glu-

cose (AB) and BHBA (C) relative to IMI challenge are
shown in Figure 4. Blood samples collected prior to the
morning feeding included -12, 12, 36, 60, 84, 132 and
180 h relative to IMI challenge. Plasma NEFA increased
11% by 18 h, after the morning feeding, but no other
time points differed from pre-challenge values throughout
the study period. Although changes in plasma NEFA may
be primarily attributed to changes in feed intake, increases
in plasma NEFA may also be associated with enhanced
lipolysis in adipose tissue, regardless of changes in feed in-
take, which has been proposed to be the primary source of
__________________________ WORLD TEC
elevated NEFA in blood during inflammation [33]. Steiger
et al. [34] showed increased NEFA in blood following a pro-
longed low-dose intravenous (IV) lipopolysaccharide (LPS)
infusion in non-lactating heifers. Similar results were re-
ported after intramammary challenge with LPS for both
primiparous and multiparous cows at 7 days in milk [14]
and after IV infusion of LPS for multiparous cows in mid-
lactation [16]. These results contradict those of Waldron
et al. [15] where plasma NEFA decreased after intramam-
mary LPS infusion for multiparous cows in early lactation
as well as Moyes et al. [7] where no change in plasma
NEFA was observed after IMI challenge with Streptococcus
uberis for multiparous cows in mid-lactation. Our results,
and those of others, indicate that plasma NEFA increase,
regardless of stage of lactation or parity, in response to both
live bacteria reported here (i.e. E. coli) and LPS adminis-
tered either intramammary [16] or IV [34].
Plasma glucose was greater at 24 and 36 h when com-

pared to -12 h (Figure 4B) where plasma glucose was
HNOLOGIES ________________________
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26.6% greater at 36 when compared to -12 h relative to
IMI challenge. Increases in plasma glucose are primarily
attributed to changes in feed intake and reduced demand
__________________________ WORLD TEC
for lactose synthesis in the mammary gland in response
to IMI challenge. However, Steiger et al. [34] observed
increases in plasma glucose after IV LPS infusion in
HNOLOGIES ________________________
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(See figure on previous page.)
Figure 5 The effect of intramammary challenge with Escherichia coli (h = 0) on concentration and yield of milk glucose (A and B,
respectively), BHBA (C and D, respectively), glucose-6-phosphate (G6P; E and F, respectively), lactose (G and H, respectively), citrate
(I and J, respectively) and fat (K and L, respectively) in 30 primiparous Holstein cows during early lactation. Samples collected at -12, 12,
36, 60, 84, 132 and 180 h were collected prior to morning feeding. *Differences (P ≤0.05) when compared to h = -12.
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non-lactating heifers indicating that hyperglycemia is in-
dependent of changes in milk production.
The mechanisms regulating glucose homeostasis during

IMI are unclear and the primary theories are 1) changes in
feed intake, 2) increased circulating glucocorticoids ob-
served during infection [16,35], 3) decreased lactose syn-
thesis in the mammary gland, 4) increased hepatic lactate
recycling via the Cori cycle [16,36], 5) increased glycogenol-
ysis in peripheral tissues [34,37] and/or 6) increased hepatic
gluconeogenesis [36]. Increases in glucocorticoids observed
after infection are associated with increased adipose tissue
lipolysis, increased hepatic gluconeogenesis and inhibition
of insulin sensitivity in skeletal muscle [38]. Changes in
plasma glucocorticoid concentrations were not assessed for
this study and the contribution to changes in plasma glu-
cose are unknown. Hyperglycemia has been reported in
sheep [36] and in non-lactating dairy heifers [34] after in-
flammation and therefore decreases in milk lactose syn-
thesis may not be the only factor explaining increases in
plasma glucose at this time. Furthermore, glycogen stores
are largely depleted during early lactation [39] and in-
creased glycogenolysis unlikely explains changes in glucose
supply based on transcriptional responses in liver for this
study [12]. A down-regulation of key genes associated with
hepatic gluconeogenesis was observed in liver tissue for this
study by 24 h post-IMI challenge [12] including phos-
phoenolpyruvate carboxykinase 1 (PCK1; -8.2-fold change
versus pre-IMI challenge) and glucose-6-phosphatase
(G6PC; -1.7-fold change). However, an up-regulation of
both lactate dehydrogenase A (LDHA; 1.2-fold change)
and B (LDHB; 1.1-fold-change) were observed in liver at
24 h post-IMI challenge. Both LDHA and LDHB code for
functional LDH, the enzyme responsible for the reversible
conversion of lactate to pyruvate, and supports the theory
of a potential increase in lactate recycling via the Cori
cycle during IMI challenge [16,36].
Plasma BHBA decreased by 12 h post-IMI challenge

when compared to pre-challenge levels (Figure 4C). Other
studies have reported decreased circulating concentrations
of BHBA during an intramammary challenge with LPS for
lactating dairy cows [14,15,34]. During inflammation, de-
creases in BHBA in blood are a consequence of either 1)
increased blood glucose; 2) changes in BHBA supply via
reduced rumen motility [37,40]; 3) impairment of hepatic
ketogenesis [34,41]; or 4) a combination of the above.
Transcriptional profiling of liver tissue indicated a down-
regulation of genes associated with hepatic ketogenesis
[12] including 3-hydroxy-3-methylglutaryl-CoA synthase
__________________________ WORLD TEC
1 (HMGCS1; -2.5-fold change) and HMGCS2 (-28.0-fold
change) and may partly explain lower plasma BHBA after
IMI challenge for this study. Concentration of milk BHBA
were elevated at 12 and 36 h post-IMI challenge and
returned to pre-challenge levels by 48 h (Figure 5C). Fur-
thermore, yield of milk BHBA increased at 12 h post-IMI
challenge (Figure 5D) and indicates that the lower BHBA
observed in blood is due to an increase transfer into milk
after IMI challenge.
Changes in fglu, BHBA, G6P, lactose, citrate and fat in

milk relative to IMI challenge are shown in Figure 5. In
addition, milk protein % decreased during IMI challenge
(data not shown). Yield of fglu, lactose, fat, protein (data
not shown) and citrate were lower whereas yield of G6P
and BHBA were higher after IMI challenge. Decreases in
milk component yield are mostly explained by lower milk
yield (-36% by d = 2 post-challenge) observed when com-
pared to the pre-challenge period. Transcriptomic-level
profiling of mammary quarters at 24 h post-IMI challenge
revealed no changes in key genes associated with glucose
metabolism and utilization between challenged and un-
challenged quarters [19] and therefore cannot support
changes in major milk components discussed in this study.
Concentration of citrate was greater by 36 h post-IMI
challenge followed by a decrease in citrate to concentra-
tions below those observed at h = -12 (Figure 5I) whereas
citrate yield was lower by 24 h post-IMI challenge
(Figure 5J). Concentration of milk citrate was also shown
to decrease in LPS challenged quarters from lactating
dairy cows [42]. Milk citrate, a marker of mitochondrial
metabolism in the mammary gland [43], induces the ferric
citrate transport system and is competing with lactoferrin
for iron [42]. Lactoferrin contributes to host defense by
binding iron thereby reducing availability of iron to in-
vading bacteria [44] and lower yield of citrate may indi-
cate an increase in the iron-binding capacity of bovine
lactoferrin [45].
Concentration and yield of milk lactose decreased by

24 h after IMI challenge and returned to pre-challenge
levels by 72 h (Figures 5G and H, respectively). Lactose is
the major osmole in milk and decreases in milk yield and
the synthesis milk components, such as lactose and pro-
tein, most likely explain the majority of changes in lactose
during IMI challenge. However, lower milk lactose yield
may be attributed to lower yield of fglu (Figure 5B where
the yield of fglu (Figure 5B) was lower at 24 and 48 h
when compared to -12 h relative to IMI challenge. Both
concentration and yield of G6P (Figure 5E and F,
HNOLOGIES ________________________
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respectively) rose after IMI challenge. Elevated levels of
G6P by 24 h post-IMI challenge may signify increased
conversion of fglu from lactose synthesis and towards the
synthesis of G6P. However, this is not supported by the
transcription-level profiling in mammary tissue at 24-h
after IMI challenge [19]. Glucose-6-phosphate may
serve as a substrate for the pentose phosphate pathway
for the production of reducing equivalents used for sev-
eral anabolic processes [24].

Conclusions
Although drops in feed intake and milk yield are major
contributors to changes in the metabolic response in
blood and milk, the early rise in plasma NEFA during
IMI challenge with E. coli may be partly attributed to in-
creased adipose tissue lipolysis. Lower plasma BHBA
may be associated with increase transfer into milk. We
are the first to characterize changes in fglu and G6P in
milk during IMI challenge. Lower yield of milk lactose
may be attributed to lower yield of fglu. Higher G6P
yield after IMI challenge may signify increased conver-
sion of fglu to G6P. Results identify the metabolic re-
sponse of various parameters in blood and milk and
characterize the changes in fglu and G6P after IMI chal-
lenge with E. coli for cows in early lactation that may
partly explain the partitioning of nutrients and changes
in milk components in dairy cows with mastitis during
early lactation. Future research is needed to determine
how i.e. stage of lactation, parity, bacteria alter these
metabolic changes that may help identify risk factors for
the development, severity and duration of mastitis for
dairy cows during lactation.
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Transforming growth factor β signaling in uterine
development and function
Qinglei Li
Abstract

Transforming growth factor β (TGFβ) superfamily is evolutionarily conserved and plays fundamental roles in cell
growth and differentiation. Mounting evidence supports its important role in female reproduction and
development. TGFBs1-3 are founding members of this growth factor family, however, the in vivo function of TGFβ
signaling in the uterus remains poorly defined. By drawing on mouse and human studies as a main source, this
review focuses on the recent progress on understanding TGFβ signaling in the uterus. The review also considers
the involvement of dysregulated TGFβ signaling in pathological conditions that cause pregnancy loss and fertility
problems in women.

Keywords: Decidualization, Development, Embryonic development, Implantation, Myometrium, Pregnancy,
Transforming growth factor β, Uterus
Introduction
Transforming growth factor β (TGFβ) superfamily pro-
teins are versatile and fundamental regulators in meta-
zoans. The TGFβ signal transduction pathway has been
extensively studied. The application of mouse genetic ap-
proaches has catalyzed the identification of the roles of
core signaling components of TGFβ superfamily members
in reproductive processes. Recent studies using tissue/cell-
specific knockout approaches represent a milestone to-
wards understanding the in vivo function of TGFβ super-
family signaling in reproduction and development. These
studies have yielded new insights into this growth factor
superfamily in uterine development, function, and dis-
eases. This review will focus on TGFβ signaling in the
uterus, primarily using results from studies with mice and
humans.
TGFβ superfamily
Core components of the TGFβ signaling pathway
Core components of the TGFβ signaling pathway consist
of ligands, receptors, and SMA and MAD (mother against
decapentaplegic)-related proteins (SMAD). TGFβ ligands
Correspondence: qli@cvm.tamu.edu
Department of Veterinary Integrative Biosciences, College of Veterinary
Medicine and Biomedical Sciences, Texas A&M University, College Station, TX
77843, USA
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bind to their receptors and impinge on SMADs to activate
gene transcription. TGFβ superfamily ligands include
TGFβs, activins, inhibins, bone morphogenetic proteins
(BMPs), growth differentiation factors (GDFs), anti-
Müllerian hormone (AMH), and nodal growth differen-
tiation factor (NODAL). Seven type I (i.e., ACVRL1,
ACVR1, BMPR1A, ACVR1B, TGFBR1, BMPR1B, and
ACVR1C) and five type II receptors (i.e., TGFBR2,
ACVR2, ACVR2B, BMPR2, and AMHR2) have been
identified [1-4]. SMADs are intracellular transducers. In
mammalian species, eight SMAD proteins have been iden-
tified and are classified into receptor-regulated SMADs
(R-SMADs; SMAD1, 2, 3, 5, and 8), common SMAD (Co-
SMAD), and inhibitory SMADs (I-SMADs; SMAD6 and
SMAD7). R-SMADs are tethered by SMAD anchor for re-
ceptor activation (SARA) [5]. In general, SMAD1/5/8 me-
diate BMP signaling, whereas SMAD2/3 mediate TGFβ
and activin signaling. SMAD6 and SMAD7 can bind type
I receptors and inhibit TGFβ and/or BMP signaling [6,7].
A plethora of ligands versus a fixed number of receptors
and SMADs suggests the usage of shared receptor(s) and
SMAD cell signaling molecules in this system.
TGFβ signaling paradigm: canonical versus non-canonical
pathway
To initiate signal transduction, a ligand forms a hetero-
meric type II and type I receptor complex, where the
HNOLOGIES ________________________
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constitutively active type II receptor phosphorylates type I
receptor at the glycine and serine (GS) domain. Subse-
quent phosphorylation of R-SMADs by the type I receptor
and formation and translocation of R-SMAD-SMAD4
complex to the nucleus are critical steps for gene regula-
tion [2,8-10]. Activation of transcription is achieved by
SMAD binding to the consensus DNA binding sequence
(AGAC) termed SMAD binding element (SBE) [11,12], in
concert with co-activators and co-repressors. Of note,
SMADs can promote chromatin remodeling and histone
modification, which facilitates gene transcription by
recruiting co-regulators to the promoters of genes of pref-
erence [13].
TGFβ signals through both SMAD-dependent (i.e., ca-

nonical) and SMAD-independent (i.e., non-canonical)
pathways in a contextually dependent manner [2,8,14-16]
(Figure 1). The non-canonical pathways serve to integrate
signaling from other signaling cascades, resulting in a
quantitative output in a given context. Davis and colleagues
[17] have recently suggested the presence of microRNA
(miRNA)-mediated non-canonical pathway, where TGFβ
signaling promotes the biosynthesis of a subset of miRNAs
via interactions between R-SMADs and a consensus RNA
sequence of miRNAs within the DROSHA (drosha, ribo-
nuclease type III) complex [17-19]. Thus, this type of non-
canonical signaling requires R-SMADs but not SMAD4.
Multiple regulatory layers including ligand traps (e.g., follis-
tatin), inhibitory SMADs, and interactive pathways exist to
determine the signaling output and precisely control TGFβ
signaling activity [4,8,20-23]. For instance, the linker region
of R-SMADs is subject to the phosphorylation modifica-
tion by mitogen-activated protein kinases (MAPKs) [24].
Figure 1 Canonical and non-canonical TGFβ signaling. In the canonica
type I receptors and phosphorylate R-SMADs, which form heteromeric com
transcription. The non-canonical pathway generally refers to the SMAD-ind
Recent studies have identified an “R-SMAD-dependent but SMAD4-indepen
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Therefore, the variable responses triggered by this growth
factor superfamily and the complex signaling circuitries
within a given cell population underscore the importance
of a fine-tuned TGFβ signaling system at both the cellular
and systemic levels.

TGFβ superfamily signaling regulates female reproduction
TGFβ superfamily is evolutionarily conserved and plays
fundamental roles in cell growth and differentiation.
The signal transduction and biological functions of this
signaling pathway have been extensively investigated
[2,4,8,9,25]. TGFβ superfamily signaling is essential for
female reproduction (Figure 2), and dysregulation of
TGFβ signaling may cause catastrophic consequences,
leading to reproductive diseases and cancers [26-33].
Recent studies have uncovered the roles of key recep-

tors and intracellular SMADs of this pathway in female
reproduction. Smad1 and Smad5 null mice are embryoni-
cally lethal, but Smad8 null mice are viable and fertile
[34,35]. SMAD1/5 and ALK3/6 act as tumor suppressors
with functional redundancy in the ovary [27,29]. Smad3Δex8

mice demonstrate impaired follicular growth and atresia, al-
tered ovarian cell differentiation, and defective granulosa
cell response to follicle-stimulating hormone (FSH) [36,37].
We have shown that SMAD2 and SMAD3 are redun-
dantly required to maintain normal fertility and ovarian
function [38]. Disruption of Smad4 signaling in ovarian
granulosa cells leads to premature luteinization [39]. How-
ever, oocyte-specific knockout of Smad4 causes minimal
fertility defects in mice [40]. SMAD7 mediates TGFβ-
induced apoptosis [41] and antagonizes key TGFβ signal-
ing in ovarian granulosa cells [42], suggesting inhibitory
l pathway, TGFβ ligands bind to serine/threonine kinase type II and
plexes with SMAD4 and translocate into the nucleus to regulate gene
ependent pathway such as PI3K-AKT, ERK1/2, p38, and JNK pathways.
dent” non-canonical pathway that regulates miRNA maturation.
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Figure 2 Major functions of TGFβ superfamily signaling in the
female reproduction. TGFβ superfamily signaling regulates a
variety of reproductive processes including follicular development
(e.g., TGFβs, GDF9, BMP15, activins, and AMH), ovulation (e.g., GDF9),
oocyte competence (e.g., GDF9 and BMP15), decidualization (e.g.,
BMP2 and NODAL), implantation (e.g., ALK2-mediated signaling),
pregnancy (e.g., BMPR2-mediated signaling), embryonic development
(e.g., TGFβs, activins, follistatin, BMP2, and BMP4), and uterine
development (TGFBR1-mediated signaling).
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SMADs are potentially novel regulators of ovarian func-
tion. Recent studies show that TGFBR1 is indispensable
for female reproductive tract development [43,44], while
ALK2 and BMPR2 are required for uterine decidualization
and/or pregnancy maintenance [45,46].

TGFβ signaling in uterine development
The uterus develops from the Müllerian duct, which forms
at embryonic day E11.75 in mice [47]. Uterine mesenchy-
mal cells remain randomly oriented and undifferentiated
until after birth. Between birth and postnatal day 3, circular
and longitudinal myometrial layers are differentiated from
the mesenchyme [48]. The uterus acquires basic layers and
structures by postnatal day 15 [48,49]. Maturation of the
myometrium continues into adulthood. Mechanisms con-
trolling myometrial development are poorly defined.
Wingless-type MMTV integration site family (Wnt)7a null
females demonstrate defects in reproductive tract forma-
tion, suggesting a critical role of Wnt/β catenin signaling in
myometrial development [50-53].
Myometrial contractility is critical for successful preg-

nancy and labor. The myometrial cells transform from a
quiescent to a contractile phenotype trigged by the decline
of progesterone levels during late pregnancy. What has
long puzzled scientists is how this transformation occurs
during pregnancy, and how myometrial development and
function are coordinately regulated. Uterine contraction is
controlled by hormonal, cellular, and molecular signals
[54-65]. Recent studies have discovered that miRNAs are
key regulators of contraction-associated genes and
__________________________ WORLD TEC
suppressors including oxytocin receptor (Oxtr), cyclooxy-
genase 2 (Cox2), connexin 43 (Cx43), zinc finger E-box
binding homeobox 1 (Zeb1), and Zeb2 [65,66]. However,
signaling pathways that control the development of mor-
phologically normal and functionally competent myome-
trium are poorly understood.
TGFβ signaling plays a pleiotropic role in fundamental

cellular and developmental events [2,3,8]. Using a Tgfbr1
conditional knockout (cKO) mouse model created using
anti-Müllerian hormone receptor type 2 (Amhr2)-Cre,
we have shown that TGFβ signaling is essential for
smooth muscle development in the female reproductive
tract [43,44]. The female mice develop a striking ovi-
ductal phenotype that includes a diverticulum. The
Tgfbr1 cKO mice are infertile and embryos are unable
to be transported to the uterus due to the presence of the
physical barrier of oviductal diverticula [43]. Meanwhile,
disrupted uterine smooth muscle formation is another
prominent feature in these mice, which is associated with
a developmental failure of the myometrium during early
postnatal uterine development [44]. However, the expres-
sion of the majority of smooth muscle genes in the uterus
of the conditional knockout mice does not significantly
differ from that of controls, suggesting that the develop-
mental abnormality might not be a direct result of intrin-
sic deficiency in smooth muscle cell differentiation. Our
studies point to the contributions of reduced deposition of
extracellular matrix proteins, derailed signaling of platelet-
derived growth factors, and potentially altered migration
of uterine cells during a critical time window of develop-
ment [44]. The Tgfbr1 cKO mouse model can be further
exploited to understand the pathogenesis of myometrium-
associated diseases, such as adenomyosis that is present in
these mice [44].

TGFβ signaling and uterine function
Pre-implantation embryonic development refers to a period
from fertilization to blastocyst implantation, which requires
coordinated expression of maternal and embryonic genes.
The fertilized egg undergoes dynamic genetic programming
and divisions to reach the blastocyst stage. The pluripotent
inner cell mass of the blastocyst will develop into the em-
bryonic proper, while the trophectoderm and the primitive
endoderm form extra-embryonic tissues during devel-
opment [67]. Preimplantation embryonic development
largely depends on maternal proteins and transcripts
before zygotic genome activation (ZGA), which initiates
the expression of genes that are needed for continued
development of the embryos. ZGA occurs at the two-
cell stage in the mouse [68].
Blastocyst implantation is a complex event that is con-

trolled by both intrinsic embryonic programs and extrinsic
cues including hormonal and uterine signals. Implantation
in the mouse can be divided into three phases: apposition,
HNOLOGIES ________________________
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attachment, and penetration. Following attachment, uter-
ine stromal cells extensively proliferate and differentiate
into decidual cells (i.e., decidualization) [69]. The roles of
steroid hormones, cytokines, growth factors, integrins,
and angiogenic factors have been explored, and more re-
cently, a number of novel genes/pathways underlying im-
plantation have been identified. Several elegant reviews
are available on these topics [70-72]. The important roles
of embryonic TGFβ superfamily signaling in embryo de-
velopment have been reviewed [3]. This article will focus
on the role of maternal TGFβ signaling in implantation
and embryonic development.
TGFBs1-3 are founding members of the TGFβ super-

family. The majority of currently available studies are con-
fined to the identification of tissue/cell-specific expression
of TGFBs and in vitro analysis of the ligand function. In
the uterus, the in vivo role of TGFβ signaling remains elu-
sive, partially because of the redundancy of the ligands
[73,74] and the lack of appropriate animal models as a re-
sult of the embryonic lethality in mice lacking TGFβ li-
gands. TGFB1 is involved in preimplantation development
and yolk sac vasculogenesis/hematopoiesis [75]. To allow
the Tgfb1 null mice survive to reproductive age, they were
bred onto the severe combined immunodeficiency (SCID)
background [76]. Although the uterus of Tgfb1 mutant
mice appears to be morphologically normal [76], embryos
are arrested in the morula stage.
An in vitro model has been used to determine the ef-

fect of growth factors on preimplantation development,
and the results showed that TGFB1 or epidermal growth
factor (EGF) dramatically improves the inferior develop-
ment of singly cultured embryos between eight-cell/morula
and blastocyst stages. This study suggests that embryo and/
or reproductive tract-derived growth factors are involved
in the development of preimplantation embryos [77]. In
vitro treatment of preimplantation stage embryos with
TGFB1 increases total numbers of cells in expanded and
hatching blastocysts [78]. Furthermore, TGFB1-promoted
in vitro blastocyst outgrowth is blocked by an antibody di-
rected to parathyroid hormone-related protein [79], which
suggests the involvement of parathyroid hormone-related
protein in mediating the effect of TGFB1 on blastocyst
outgrowth. In addition, TGFB1 increases the in vitro ex-
pression of oncofetal fibronectin, an anchoring trophoblast
marker, indicating a potential role of TGFβ in trophoblast
adhesion during implantation [80]. TGFB1 also inhibits
human trophoblast cell invasion, at least partially, by
promoting the production of tissue inhibitor of metallo-
proteinases (TIMP) [81]. An elegant study showed that
maternal TGFB1 can cross the placenta and rescue the
developmental defects of Tgfb1 null embryos, leading to
perinatal survival of these mice [82]. As further evi-
dence, both maternal and fetal TGFB1 may act to main-
tain pregnancy [83].
__________________________ WORLD TEC
TGFβ signaling and uterine diseases
Uterine fibroids
Leiomyoma, generally known as uterine fibroid, is a be-
nign tumor arising from the myometrium (i.e., smooth
muscle layers). Although leiomyoma is commonly benign,
it could be the cause of fertility disorders and morbidity
and mortality in women [84].
Increasing lines of evidence point to the involvement

of TGFβ signaling in the development of leiomyoma. It
has been shown that the expression of TGFBs and re-
ceptors is elevated in leiomyomata versus unaffected
myometrium [85]. Among all the three TGFβ isoforms,
TGFB3 seems to play a major role in leiomyoma develop-
ment by promoting cell growth and fibrogenic process
[86]. Tgfb3 transcript and protein levels are elevated in hu-
man leiomyoma cells, compared with myometrial cells in
two-dimensional (2D) and 3D cultures [87-90]. In a 3D
culture system, a higher level of TGFB3 and SMAD2/3 ac-
tivation is present in the leiomyoma cells versus myome-
trial cells [87,89]. However, it does not support that
connective tissue growth factor 2 (CCN2/CTGF) is a major
mediator of TGFβ action in leiomyoma tissues [91].
Although a link between overexpression of TGFBs and

leiomyoma has been recognized, the precise mechanisms of
TGFβ signaling in leiomyoma are largely unknown. It has
been demonstrated that TGFB1-stimulated expression of
fibromodulin may contribute to the fibrotic properties of
leiomyoma [92]. Moreover, treatment of myometrial cells
with TGFB3 promotes the expression of ECM components
such as collagen 1A1 (COL1A1), fibronectin 1 (FN1), and
versican, but reduces the expression of those associated
with ECM degradation [88,93]. Thus, TGFβ signaling in-
duces molecular changes that facilitate leiomyoma forma-
tion. Consistent with the enhanced TGFβ signaling in the
etiology of leiomyoma, a number of substances or drugs,
such as genistein [94], relaxin [95], halofuginone [96],
asoprisnil [97], gonadotropin-releasing hormone-analogs
(GnRH-a), and tibolone [98] may influence leiomyoma de-
velopment via affecting TGFβ signaling. For the therapeutic
purpose, an ideal drug is one that only targets TGFβ signal-
ing in the leiomyoma cells but not normal myometrial cells.
In this vein, asoprisnil, a steroidal 11β-benzaldoxime-
substituted selective progesterone receptor modulator
(SPRM), targets TGFB3 and TGFBR2 in leiomyoma cells
but not normal myometrial cells [97], providing a poten-
tially effective treatment option for leiomyoma. The high
levels of leiomyoma-secreted TGFBs, in turn, may com-
promise uterine function of the patients. For example, by
producing excessive amount of TGFB3, leiomyoma antago-
nizes decidualization mediated by BMP2 [99].

Preeclampsia
Preeclampsia often occurs in pregnant women after the
20th week of gestation, characterized by hypertension and
HNOLOGIES ________________________



208 Animal Reproduction and Physiology
proteinuria. The causes of preeclampsia are complex and
beyond the scope of this review. It has been shown that
plasma TGFB1 [100-104] and TGFB2 [105] levels are ele-
vated in patients with preeclampsia. Experimental evidence
also suggests that failure to downregulate the expression of
TGFB3 during early gestation may cause trophoblast hypo-
invasion and preeclampsia [106]. Interestingly, the levels of
soluble endoglin, a transmembrane TGFβ co-receptor, are
elevated in sera of women with preeclampsia, which may
be associated with vascular complications and hyperten-
sion in these patients [107,108]. Based on these findings,
TGFB proteins may serve as potential biomarkers for pre-
eclampsia [105]. It is thus plausible that optimal TGFβ sig-
naling activity is required to keep preeclampsia in check by
maintaining normal trophoblast invasion during implant-
ation and placentation. However, another study showed
that TGFBs1-3 are not expressed in villous trophoblasts,
and TGFB1 and TGFB3 are not expressed in the extravil-
lous trophoblast either. The expression of TGFBs1-3 in the
placenta is not altered in patients with preeclampsia [109].
Moreover, there are also reports indicating that concen-
trations of TGFB1 in serum are indistinguishable be-
tween patients with preeclampsia and normal controls
[110-112]. In addition, the levels of activin A and in-
hibin A, but not inhibin B, are increased in patients with
preeclampsia [113-116]. Thus, the role of TGFβ signal-
ing in the pathophysiological events of preeclampsia
awaits further elucidation.

Intrauterine growth restriction
Intrauterine growth restriction (IUGR), also called fetal
growth restriction (FGR), refers to a complication of fetal
growth during pregnancy. The estimated weight of the
fetus with IUGR is often less than 90% of other fetuses at
the same stage of pregnancy [117]. Circumstantial evi-
dence indicates that TGFβ signaling is involved in the de-
velopment of IUGR. Serum levels of TGFB1 in the IUGR
fetus are lower [118]. TGFB2 is required for normal em-
bryo growth, as supported by the fact that Tgfb2 mutant
fetuses weigh less than littermate controls [119]. Soluble
endoglin levels are elevated in IUGR pregnancies [108], al-
though it is debatable [120]. It has been shown that the
higher expression of endoglin in IUGR pregnancies may
be caused by placental hypoxia involving TGFB3 [121].
Mouse models for IUGR are valuable to study the mech-
anism of this pathological condition, which may have dev-
astating effects on the pregnancy and newborns. Notably,
Nodal knockout mice show diminished decidua basalis
due to reduced proliferation and enhanced apoptosis as
well as defects in placental development, resulting in
IUGR and preterm fetal loss [122]. Conditional ablation of
Bmpr2 in the uterus causes defects in decidualization,
trophoblast invasion, and vascularization, which are causes
of IUGR in the pregnant females [46].
__________________________ WORLD TEC
Endometrial hyperplasia
Endometrial hyperplasia is a pathological condition
where endometrial cells undergo excessive proliferation
[123]. Categories of endometrial hyperplasia include simple
hyperplasia, simple atypical hyperplasia, complex hyperpla-
sia, and complex atypical hyperplasia [124]. Endometrial
hyperplasia is recognized as a premalignant lesion of endo-
metrial carcinoma [125] and a potential cause of abnormal
uterine bleeding and fertility disorders. The high preva-
lence of endometrial carcinoma is associated with atypical
hyperplasia in women [126-128]. It has been reported that
up to 29% of untreated complex atypical hyperplasia pro-
gresses to carcinoma [124]. Endometrial hyperplasia is gen-
erally caused by excessive or chronic estrogen stimulation
that is unopposed by progesterone, as in patients with
chronic anovulation and polycystic ovary syndrome. Al-
though progestin treatment is commonly effective for this
disease [129], approximately 30% of patients with complex
hyperplasia are progestin resistant [130]. Genetic alter-
ations including mutations of Pten tumor suppressor have
been shown to be associated with endometrial hyperplasia
[131,132]. Elegant work has shown that inactivation of
TGFβ signaling and loss of growth inhibition are associated
with human endometrial carcinogenesis [133,134]. The
role of TGFβ signaling in endometrial cancer has been
reviewed and will not be covered in this article [135]. Our
recent study shows that loss of TGFBR1 in the mouse
uterus using Amhr2-Cre enhances epithelial cell prolifera-
tion. The aberration culminates in endometrial hyperplasia.
Further studies have uncovered potential TGFBR1-
mediated paracrine signaling in the regulation of uterine
epithelial cell proliferation, and provided genetic evi-
dence supporting the role of uterine epithelial cell pro-
liferation in the pathogenesis of endometrial hyperplasia
[136]. Further elucidating the role and the underlying
mechanisms of TGFβ signaling in the pathogenesis of
endometrial hyperplasia and/or cancer will benefit the
design of new therapies.

Conclusions and future directions
A precisely controlled endogenous TGFβ signaling system
is of critical importance for the development and function
of female reproductive tract. Mouse genetics has proven
to be a powerful tool to address many of the fundamental
questions posed in the field of TGFβ and reproduction.
Conditional knockout approaches have been utilized over
the last two decades to decipher the reproductive function
of TGFβ superfamily in female reproduction. These stud-
ies are at an exciting stage and are advancing at a rapid
pace. The functional role of TGFβ signaling in the uterus
is beginning to be unveiled. We anticipate that the genetic
approach will continue to have large impacts and lead to
new breakthroughs in this field. However, understanding
how the hormonal, cellular, and molecular signals induce
HNOLOGIES ________________________
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a specific biological response and functional outcome in
the context of the uterine microenvironment in vivo rep-
resents a challenging task. It remains unclear how specific
or integrated signals act on the chromatin to shape the
epigenetic landscape in physiological and/or pathological
conditions of the uterus. Therefore, the interaction be-
tween TGFβ signaling and other regulatory pathways (e.g.,
small RNA pathways) and potential epigenetic mecha-
nisms underlying specific reproductive processes and/or
diseases in the uterus need to be clarified. This knowledge
will help to design new treatment options for uterine dis-
eases and fertility disorders.
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