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Preface

It is January 2017. Estimates of the rate of growth of global knowledge posit 
a doubling in less than one year, with an exponentially increasing rate. 
With such dynamic changes, approaches to the sharing of knowledge are 
being challenged. The “cloud” now provides unprecedented access and 
the internet connects us to the unimaginably immense knowledge pool. 
Knowledge about domestic animals, is a tiny drop in this pool. And yet there 
is so much knowledge out there, even the greatest minds in the field are 
daunted in finding ways to package that knowledge into useful chunks. Our 
contribution to packaging a snap-shot of knowledge of domestic animals 
has brought together a group of contributing authors from across the globe, 
and together we have focused on bringing to the readers exciting new 
discoveries and consolidation of knowledge across our collective expertise.

Knowledge from the level of population, whole animal, systems, tissues, 
organs, cells, molecules, and from many disciplines from nutrition to 
physiology to genetics, and the impact of this knowledge on human biology 
in health and disease, on animals as human companions and on animals as 
part of our food production systems has been brought together. Our intent 
has been to provide stimulating reading for anyone with an interest in 
domestic animals, for scientists, and for students. This drop of knowledge 
brings perspective and cohesion that also provides the reader and indeed 
the contributors with opportunities to join some “dots” from the collection 
and to synthesize some new knowledge and to further advance the field. 

Rodney A. Hill
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Introduction
Rodney A. Hill

Reader Guide to Scope

This book was conceived with the aim of providing a broad readership 
with information written by expert authors, with comprehensive coverage 
across the field of domestic animal biology. An important notion has been to 
provide information over reader-friendly themes, presented within sections.

The Section on domestic animals as comparative models to humans, 
provides some insights into the ways in which scientists better understand 
human health and disease through studying similar processes in animals. 
Horses have a long association with humans across most of the world, and 
have been bred as athletes, for work, as companions and in some cultures, 
for food. Ken McKeever provides great insights into a deep historically 
framed examination of what we have learned and how we have benefited 
from human association with horses.

One of the most distressing and impactful maladies, not only in affluent 
nations but also across many rapidly developing nations is obesity. The 
pig has been domesticated and has co-evolved and undergone intensive 
selection across widely diverse societies and cultures. Kola Ajuwon has 
brought focus on several examples of pigs that have either evolved the 
propensity to be obese, or have been deliberately selected as such. These 
lines (breeds) have provided science with an excellent tool to better 
understand the causes, underlying biology and to develop effective 
treatments for obesity and associated pathologies. 

Chapters 3 and 4 explore animal models at a more micro level. In 
Chapter 3, Steve Harvey and Carlos Martinez-Moreno provide insights 
into eye development, structure and function using the chick model. Many 
animal models have been used to study eye development, and profound 
insights have been facilitated by study of the chick model; the utility of 
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this model in developmental biology being effectively articulated by these 
experts in the field. Chapter 4, drills down to the sub-micro and to the 
molecular level in elucidating mechanisms of cellular secretion through 
the porosome. Bhanu Jena is a scientific pioneer who is the driving 
intellectual force in providing insights into this profoundly complex system. 
A combination of animal models, molecular data from cultured cells and 
molecular modeling have been effectively articulated through these studies. 
Atomic force microscopy (AFM) has been the tool of choice in generating 
many of the insights into this mechanism of secretion.

Section B brings the reader to topics addressing animal growth and 
metabolic efficiency. The costs associated with raising domestic animals 
has recently become a stronger interest for scientists, especially during and 
following the Global Fiscal Crisis (GFC) that began around 2007. The topics 
covered in this section address the science of growth and efficiency, which 
has rapidly advanced due to world-wide investment by governments and 
industries interested in reducing the cost of raising domestic animals. Larry 
Reynolds, Alison Ward and Joel Caton are experts in epigenetics; factors 
that are programmed into animals during early development in utero, 
and can affect gene expression over multiple generations. And Chapter 5 
highlights knowledge in this field and provides insights of the profound 
multi-generational effects of management and genetic selection of animals 
from the earliest developmental stages of their existence. In Chapter 6, Claire 
Fitzsimons, Mark McGee, Kate Keogh, Sinead Waters and David Kenny, 
provide insights into the underlying molecular physiology and genetics of 
feed efficiency in beef cattle. Beef cattle and ruminants in general, provide 
a major source of high quality protein to humans world-wide. Controversy 
around the production of methane produced by ruminants has driven 
interest in their effects on total green-house gas production. An element lost 
in this argument is that ruminants have roamed the planes and savannahs 
of the world for centuries, and have provided a source of protein to humans 
by harvesting grasses on lands that do not have sufficient quality to grow 
agricultural crops. Thus they turn poor quality grasses into highly nutritious 
protein that has globally supported human development. Chapter 6 explores 
inter-animal responses in appetite regulation, digestion, host-ruminal 
microbiome interactions, nutrient partitioning, myocyte and adipocyte 
metabolism, metabolic processes, including mitochondrial function, as 
well as other physiological processes, and provides deep insights into the 
drivers of variation in feed efficiency in beef cattle. Chapter 7, contributed 
by the editors provides a comprehensive overview of metabolic processes 
that contribute to variation in growth and efficiency across a wide range 
of domestic animal species.

Section C focuses upon animal reproduction and we have highlighted 
a single chapter focusing upon poultry reproduction. In Chapter 8, 



Murray Bakst, provides the reader with specific insights that integrate 
an accumulation of knowledge over 40 years and emphasizes the latest 
discoveries to the present day.

Animal welfare is one of the most important considerations in any 
context across domestic animal biology. In Section D, we have dedicated 
two chapters to this topic. Chapter 9, by Wendy Rauw and Gomez Raya, 
considers animal stress, in the context of the historical development of 
animal production from initial domestication through to high technology-
based industrial-level animal production that provides the efficiency needed 
for a sustainable industry to support a rapidly growing world population. 
Chapter 10, contributed by Colin Scanes, Yvonne Vizzier-Thaxton and Karen 
Christensen, the authors probe deeply into a cross-species examination of 
the physiological drivers and molecular mechanisms that underpin stress 
reactions in domestic animals. 

Section E is entitled Future Directions. Although any or all of the 
preceding chapters include cutting edge science and have elements that 
address the science of the future within their context, we have focused 
upon two topics that will rely on new and evolving technologies, and have 
exciting dimensions that will deeply benefit from the amazing innovations 
in scientific technology that are just around the corner. In Chapter 11, Eric 
Wong, Elizabeth Gilbert and Katarzyna Miska explore Nutrient Transporter 
Gene Expression in multiple species. These important mechanisms are 
at the core of our understanding of the drivers of nutrient uptake. The 
fundamental relationship between nutrient absorption and the regulation of 
these transporters is intimate. One of the keys to improving animal efficiency 
and reducing the environmental foot-print of animal production will be 
based in matching nutritional requirements (animal needs) and dietary 
intake, and manipulation of nutrient transporters will provide the fine-
tuning needed for this optimization so that each animal is primed to reach 
its full genetic potential. Our final chapter, by Yajun Wang focuses upon 
science that has relied upon one of the many domestic animal genomes that 
have been sequenced through the first and second decades of the twenty-
first century. This review of bioactive peptides, reveals that many of these 
newly discovered molecules mainly act as hormones to regulate many vital 
physiological processes, such as growth, development, metabolism, energy 
balance, stress, reproduction and immunity.

The Complexity of Biological Concepts, Scientific 
Interpretation and some Consequences

Scientists are trained to build a healthy skepticism and we often vary in 
interpretation of data. We should point out that for the lay reader, scientists’ 
understanding of biological concepts is framed by their specialist training 

Introduction xi
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and experience. For example, a nutritionist has a very different perspective 
from a physiologist or a quantitative geneticist.

In order to more fully understand the bigger picture of the biology of 
domestic animals, it is important for scientists, students and lay-persons 
to appreciate the value of specialist knowledge from many different 
scientific disciplines that is needed and the value of exchange of their ideas 
amongst disciplines. This is a key element in shaping our interpretations 
and perspectives. Scientists who are highly trained in one discipline 
have to rely on those with expertise in completely different disciplines 
to contribute as studies are designed, the data collected and interpreted 
and new knowledge discovered. The apparent complexity of the concepts 
becomes greater as scientists with deep knowledge within their discipline 
probe their understanding at finer and deeper levels of biological detail. 
This is an established scientific approach to discovery. Scientists interpret 
the data and evolve their own perspectives from their discipline focus. This 
can sometimes lead to quite different and even opposing views. It is this 
complexity and variation in interpretation that drives scientific debate and 
is essential in the scientific discovery process. Unfortunately, an unintended 
consequence is that different messages from different scientists can lead 
to confusion for others such as commentators and even animal industry, 
producers and lay people.

The Role of New Technologies

The technologies that inform deepen and broaden the disciplines noted 
above are advancing very rapidly and the power of analysis of new genomics 
and molecular physiology data is impressive. Within the next few years, 
we will have substantial new knowledge and technical capacity that will 
allow us to link molecular physiology and genomics data to data generated 
from phenotype testing of animals, which will result in greater accuracy of 
estimates of genetic potential as well as improving our understanding of 
the genetic and physiological drivers of variation in animal performance. 
In fact, science is moving already in linking these elements together.

The Opportunity

Many scientists across multiple disciplines are making discoveries and 
finding ways forward. There is great industry awareness of the opportunities 
and progressive thinkers are out there implementing and adopting new 
technologies to improve animal welfare, to better adapt animals to roles as 
companions, to improve the efficiency of animal production and to improve 
profitability of businesses that rely upon combinations of these. This book 
brings together many of the aspects of the sciences that underpin our 



understanding of the biology of domestic animals, and provides a ready 
reference and source for students, scholars, technical experts, members of 
animal production industries, commentators and lay-persons. It is my hope 
that the text will also stimulate discussion in barns, coffee shops, laboratories 
and classrooms that lead to further insights to improve our understanding 
of the biology of domestic animals.
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Equine Science Center, Department of Animal Science, Rutgers the State University of New 
Jersey, New Brunswick, NJ 08901.

Email: mckeever@aesop.rutgers.edu

Chapter-1

Equine Exercise Physiology
A Historical Perspective

Kenneth H. McKeever

IntroductIon

One only has to look at the cave paintings in Lascaux, France to know that 
humans and horses have had a close relationship since thousands of years. 
No one knows when the first person bravely mounted the back of a horse 
and rode fast and furiously across the land. We do know that the horse has 
been the work animal that plowed fields, pulled wagons, and transported 
people from village to village, fought in wars and served as an inspiration 
to poets. The natural athletic prowess of the horse has taken it from a work 
animal to an athlete with a wide range of competitive endeavors. Many 
of those activities have their origins in the work performed by the horse. 
Racing, driving, pulling competitions, reining, dressage, etc. all have 
histories as varied as those who have owned these magnificent animals. 
The goal of the present chapter is to present an overview of the study of 
the athletic horse from ancient times to the present with a focus on the 
use of the horse as an animal model in classic physiological and medical 
experiments and later in experiments designed to elucidate what makes 
the horse a great athlete. All of these are historical and scientific basis for 
the modern field of Equine Exercise Physiology.

Understanding the anatomy and physiology of the horse no doubt 
evolved with the human horse relationship. A greater knowledge of 
feeding for work, care of the foot, treatment of ailments and injuries all 
have been necessary for economic survival and triumphant use of the horse 
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4 Biology of Domestic Animals

agricultural work and for battle. Simon of Athens was one of the earliest 
to write about horse in the mid-400’s BC. Latter works by Xenonphon 
expanded the written record on horse selection and horsemanship with his 
treatise “The Art of Horsemanship” which was primarily guide for cavalry 
commanders (McCabe, 2007). The philosopher Aristotle wrote extensively 
about nature, biology, and medical sciences and is credited with the first 
published treatise on equine locomotion (van Weeren, 2001). The Roman 
physician Galenus, conducted many medical experiments using animals 
including horses in what has been called the founding of comparative 
medicine (van Weeren, 2001). The science of locomotion and gait analysis 
finds its beginnings in the early observations, experiments, and publications 
published between the 13th and 16th centuries. Of prominence are the 
contributions of Jordanus Ruffus, Leonardo da Vinci, Carlo Ruini, Giovanni 
Borelli, William Cavendish, and De Solleysel (van Weeren, 2001). The 
dawn of the modern age of locomotion science begins with the landmark 
experiments of Eadweard Muybridge and Jules Marey who were the first 
to use technology to advance the science of movement and locomotion 
(Muybridge, 1887; Silverman, 1996). 

the Horse as an Animal Model for Physiological Experiments

In the 1700’s and 1800’s, the horse was vital to everyday life and was being 
used for agriculture, for transportation of people and goods, and for war. 
Knowledge of horse selection, husbandry, foot care, veterinary care, and 
insight into the athletic prowess of horses was essential knowledge for 
success in the pre-industrial age economy. In 1761, the first veterinary 
school was established in France with other countries following soon with 
the establishment their own institutions (van Weeren 2001). The biology 
of the horse soon transitioned to experimental physiology with the horse 
at the forefront as a subject for investigations. For example, in 1733 the 
Reverend Stephen Hales used the horse in his studies of blood pressure 
and hemorrhagic shock (Hoff et al., 1965; Fregin and Thomas, 1983). Those 
experiments were the first to measure blood pressure using cannulation 
of arteries, a technique that can be done in the horse because it has large 
vessels and it can be trained to stand quietly while making measurements. 
Blood pressure is routinely measured in modern equine exercise physiology 
studies that focus on the control of cardiovascular function. Another early 
study, performed in England, was published in 1794 by Sir John Hunter. In 
his paper “A Treatise on the Blood, Inflammation, and Gunshot Wounds” 
he was the first to describe the effects of excessive exercise on the clotting 
system of the horse. In this classic article he noted that blood failed to clot in 
horses that had been run to death. Hunter did not know about the clotting 
cascade and its many important factors; however, his research was important 
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for equine exercise physiologists demonstrated that intense exercise affects 
multiple parts of the clotting cascade, making the blood hypercoagulable 
during exercise to prevent bleeding. Post-exercise it was observed that 
fibrinolytic activity was enhanced, most likely due to an increase in the clot 
busting substance tissue plasminogen activating factor (tPa). Studies from 
other species have demonstrated that tPa increases during intense exercise, 
and during periods of dehydration. Recent investigations of the horse have 
focused on the role alterations in clotting mechanisms play in exercise-
induced pulmonary hemorrhage, a condition that affects 70–90% of race 
horses. Of relevance to the present timeline is the fact that the observations 
published by Hunter marked a point in time where the horse became a key 
animal for many classic studies of physiology and medicine. 

The 1800’s saw the horse being used for a large number of important 
discoveries, in particular studies that advanced our understanding of 
the cardiovascular system. Heart sounds were studied in various equid 
species. Experiments that used donkeys were performed by James Hope 
in 1835 gave input into the timing of the cardiac cycle and heart sounds 
(Hope, 1835; McCrady et al., 1966; Fregin and Thomas, 1983). A number of 
years later Jean-Baptiste Auguste Chauveau and J. Faivre used the horse 
to build upon the work of Hope linking the events of the cardiac cycle 
with internal changes in the heart (Chauveau and Faivre, 1856; Fregin 
and Thomas, 1983). The horse was used as an animal model when Claude 
Bernard, the “Father of Modern Physiology” and his colleague Francoise 
Magendie performed the first cardiac catheterization (Fregin and Thomas, 
1983). In 1861 Chauveau and Etienne-Jules Marey (Figure 1) went on to 
make the first measurement of ventricular blood pressure using a horse 
that had been catheterized (Geddes et al., 1965). Those of us who routinely 
measure central cardiovascular pressure dynamics during exercise owe 
them a note of thanks for this valuable technique. In more functional 
studies, Marey was the first to demonstrate the relationship between blood 
pressure and heart rate using the horse as his animal model (Fregin and 
Thomas, 1983). The concept, known “Marey’s Law” states that there is a 
reflex increase heart rate when blood pressure decreases and a decrease in 
heart rate when blood pressure goes up. This was an important discovery 
and researchers have built on it to understand the integration of various 
neuroendocrine mechanisms in the regulation of blood pressure. These are 
important concepts for an understanding cardiovascular dynamics during 
exercise and for understanding mechanisms behind the dysregulation that 
leads to hypertension and other cardiovascular disease processes. It is 
important to note, that the Marey reflex depends on the interplay between 
the sympathetic and parasympathetic influences on heart rate. When 
one looks at various species, autonomic control of heart rate in the dog is 
parasympathetically driven and in the monkey the sympathetic system 
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predominates. Horses and humans rely on a balance and interplay between 
both sides of the autonomic nervous system, thus, the choice of the horse 
by Marey was fortuitous for those applying their discoveries from animal 
models to humans. 

Initial Exercise Physiology Studies Utilizing the Horse as an 
Animal Model

It was a natural progression from these landmark studies of the 
cardiovascular system functions at rest to experiments designed to test 
hypotheses about the effects of the challenge of exercise. In 1887, Chauveau 
and Kaufmann measured muscle blood flow in horses while they chewed on 
hay (Tomás et al., 2002). There experiment not only demonstrated changes 
in muscle blood flow during exercise (i.e., chewing), it also demonstrated 
that the concentration of glucose went down in the venous blood returning 
flow from the masseter muscle, an observation that has been characterized 
by Tomas as the “first to demonstrate that glucose uptake is enhanced” 
when exercise is performed by a muscle (Tomás et al., 2002). 

A turning point in field of exercise physiology in general took place in 
the laboratory of Nathan Zuntz, the German Physiologist who many refer to 
as the “Father of Aviation Physiology” (Gunga, 2009). Zuntz published many 

Figure 1: August Chauveau and colleagues performing cardiac catheterization to measure 
intracardiac pressure in the horse. Downloaded July 25, 2016. http://physiologie.envt.fr/

spip/IMG/jpg/chauveau_et_ses_sondes.jpg.

http://physiologie.envt.fr/spip/IMG/jpg/chauveau_et_ses_sondes.jpg
http://physiologie.envt.fr/spip/IMG/jpg/chauveau_et_ses_sondes.jpg
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classic papers on respiratory and cardiovascular physiology, studies that 
were made possible by his development and use of innovative equipment 
such as the Zuntz-Geppert respiratory apparatus (Gunga, 2009). This portable 
indirect calorimeter allowed for the measurement of gas exchange and 
during exercise in the field or under controlled conditions on the treadmill 
(“Zuntz-Lehnann’sche Laufband”) he fabricated in 1889 (Gunga, 2009). His 
many experiments on the physiological effects of high altitude earned him 
the distinction of being called the “Father of Aviation Physiology” (Gunga, 
2009). However, more germane to the present article were the studies that 
Zuntz and his colleagues conducted using the exercising horse. Zuntz 
and his colleague Kaufmann conducted on the effects of exercise on blood 
pressure (Fregin and Thomas 1983). Zuntz and Kaufmann also conducted 
the first experiment to demonstrate that cardiac output increases with 
exercise. Those classic experiments performed on a treadmill used the Fick 
Principle to determine cardiac output (Gunga, 2009). As aside note the horse 
used in the experiment was named Babylon. Zuntz appears to have had 
some competition in what may have been the beginning of the field of equine 
exercise physiology. At the end of the century Smith in England published 
studies that focused on the horse per se rather than using the horse as  
an animal model. Smith published several papers of note including his 
studies of respiration, sweat composition, and muscle function (Smith, 
1890a,b, 1896).

The 1900’s saw the continued use of the horse in physiological 
experiments of importance to current day exercise physiologists. In 1922, 
Van Slyke used the horse blood to develop his calculations regarding the 
oxyhemoglobin dissociation curve (Roughton 1965). Energetics and work 

Figure 2: Portable equine calorimeter used in field studies (from Derlitzki and Huxdorf, 1930).
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Figure 3: Calorimeter and treadmill used by Proctor and Brody to measure oxygen consumption 
in horses during exercise (with University of Missouri Agricultural Experiment Station). 

physiology were important areas of research and in 1933 Werner Huxdorff 
used a portable calorimeter to assess the energy efficiency of draft horses 
(Huxdorff, 1933a,b). Huxdorff (1933a and 1933b) compared the efficiency of 
horses and tractors of that time and found that horses were more efficient 
with 28 percent of potential energy being transduce into energy for work. 

Robert Proctor and Samuel Brody later studied the energetic requirements 
of the horse using a treadmill and calorimeter (Proctor et al., 1935).  
Brody later published hundreds of papers on the energetics of a wide variety 
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of species and his work established the relationship between, body mass, 
body surface area and the energetics (Brody, 1945). 

The Pre-Treadmill Era of Research

Between 1940 and the late 1960’s the papers published on equine exercise 
physiology were very limited. Most were field investigations and descriptive 
clinical papers related to the care of the athletic horse (Marlin, 2015). A key 
factor limiting the ability to collect meaningful data in field studies at that 
time was the lack of instrumentation and methods to measure physiological 
function during the actual exercise bout of exercise. Blood samples and 
measurements of physiological function could be made before and after a 
bout of exercise, but the ability to make measurements during the actual 
period perturbation of exercise was near to impossible (Figure 4). 

One cannot totally discount the studies conducted in the late 1950’s 
and 1960’s. Many of those studies focused on the hematological alterations 
associated with performance (Abildgaard et al., 1965; Verter et al., 1966; 
Rotenberg and Czerniak, 1967; Soliman and Nadim, 1967; Dusek, 1967), EKG 
monitoring (Holmes and Alps, 1966; Bassan and Ott, 1967; Glendinning, 

Figure 4: Field study being conducted at the Ohio State University in the late 1970’s.
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1969), and other indirect measures that could be used to assess the equine 
athlete (Cardinet et al., 1963a,b; Archer and Clabby, 1965; Carlson et al., 1965; 
Marsland, 1968). Still, researchers recognized the limitations of information 
from field trials that were fraught at that time with lack of instrumentation, 
control problems related to the ability to exercise intensity, running surface, 
influence of the environment, and other sources of experimental variation. 

The High Speed Treadmill Era 

The turning point in the field of Equine Exercise Physiology came with 
dissertation research of Dr. Sune Persson where he examined the role of 
blood volume plays in the aerobic and exercise capacity of the athletic horse 
(Persson, 1967). Horses could run at maximal speed on the high speed 
treadmill and measurements could be made during exercise using exacting 
protocols and controlled environmental conditions. Persson coupled his 
treadmill work with measurements made on hundreds of horses in the field 
to give the amazing first insight into the relationship between blood volume 
and in particular red cell volume, and the ability of the horse to perform 
exercise (Persson, 1967). His dissertation and other papers from his initial 
work examined the relationship between the spleen’s extra 12 liters of red 
cell rich blood and the phenomenal cardiac outputs and rates of oxygen 
consumption in the athletic horse (Persson, 1967; Persson et al., 1973a,b; 
Persson and Lydin, 1973; Persson and Bergsten, 1975). Persson was joined in 
Uppsala by a team of researchers including Arne Lindhom, Birgitta Essén-
Gustavsson, Peter Kallings, Stig Drevemo and others (Essén-Gustavsson et al., 
2013). The group at the Swedish Agricultural University set the standard for 
the developing field of equine exercise physiology with papers ranging in 
topics from cardiopulmonary physiology, exercise biochemistry and muscle 
function, pharmacology and locomotion. Sune Persson is fondly known as 
the Father of Modern Equine Exercise Physiology and his ground breaking 
body of scholarly work is an inspiration for all who follow in his footsteps.

Equine exercise physiology research grew in the in the 1970s and early 
1980s paralleling the boom in human exercise physiology research (Marlin, 
2015). Many of these research teams started conducting research in the field, 
but the real revolution came about through the availability of commercially 
built high speed treadmills and other equipment that allowed for the 
development of true exercise physiology laboratories (Figure 5). In Sydney, 
Australia Rueben Rose, David Hodgson, and David Evans conducted 
classic studies on exercise biochemistry, fluid and electrolyte balance, and 
cardiovascular function to name a few (Marlin, 2015). David Snow at The 
Animal Health Trust in Newmarket, UK conducted groundbreaking studies 
on muscle metabolism and biochemistry with Roger Harris and others 
(Marlin, 2015). In Switzerland, Hans Hoppler and his colleagues established 
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a very productive laboratory focused on cardiopulmonary function. Hans 
Meyer in Germany and Harold Hintz at Cornell University were leaders in 
experiments focused on the nutritional requirements of the exercising horse. 

Many of these studies were presented at the first International 
Conference on Equine Exercise Physiology (ICEEP). If one examines the table 
of contents of the proceedings of the first ICEEP, one can get a sense of the 
groups conducting research at that time and the areas they were exploring 
(Snow, 1983). Most of the studies presented at the meeting held in Oxford 
were conducted before the availability of the commercially produced high 
speed treadmill. Papers presented by Gillespie (UC Davis, USA); Robinson 
and Derksen (Michigan State University, USA), Attenburrow (University 
of Exeter), Hornike (Germany), Littlejohn (South Africa) were focused on 
the respiratory system. Cardiovascular papers were presented by Fregin 
and Thomas (Cornell, USA); Manohar and Parks (University of Illinois, 
USA); Physick-Sheard (University of Guelph; Canada); Stewart and Rose 
(University of Sydney). Key papers on muscle physiology were presented 
by Snow (Glasgow), Lindholm and Essén-Gustavsson (Sweden), Hans 
Hoppler (Switzerland), Thornton (Queensland, Australia) and Hodgson 
(Sydney, Australia). Locomotion and gait studies were presented by Pratt 
(MIT); Goodship (University of Bristol) and Gunn (Scotland). Nutrition of 
the equine athlete was discussed by Hintz (Cornell, USA). Thermoregulation 
was discussed by Carlson (UC Davis, USA) and Lindner (Germany). Papers 
on hematology were presented by Snow (Glasgow); Persson (Sweden); 
Allen (Animal Health Trust, UK); and Bayly (Washington State University). 

Figure 5: Standardbred horse running on the high speed treadmill in the Equine Exercise 
Physiology Laboratory at the Rutgers Equine Science Center.
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The analysis of fitness and state of training category included papers from 
Persson (Sweden) Thornton and Wilson (Queensland, Australia), Rose 
(Sydney, Australia) and Gabel (the Ohio State University). The final category 
of papers presented in at the first ICEEP was those related to drugs and 
performance. Authors included Tobin (Kentucky, USA); Gabel (OSU); and 
Kallings (Sweden). The first ICEEP meeting served as a meeting of the 
minds and a forum for those focused on the physiology of the athletic horse. 
Subsequent ICEEP meetings have been held every four years around the 
world (ICEEP2—San Diego, USA; ICEEP3—Uppsala, Sweden; ICEEP4—
Brisbane, Australia; ICEEP5 Utsunomiya, Japan, ICEEP6—Lexington, USA; 
ICEEP collaboration of researchers.

Following the 1st ICEEP there was a boom in the establishment of 
Equine Exercise Physiology laboratories in the United States that paralleled 
what was seen being in the rest of the world (Marlin, 2015). In the early 
1980s, Howard Seeherman built one of the first high speed treadmill 
laboratories in the United States at Tufts University. Soon after that Howard 
Erickson and Jerry Gillespie established the lab at Kansas State University 
(Erickson, Gillespie) and Jim Jones, Gary Carlson, and others established 
one at UC Davis in California. At Washington State University, Warwick 
Bayly, Phil Gollnick, David Hodgson, Barry Grant and others built a 
treadmill laboratory where they conducted classic studies of respiration, 
muscle function, exercise biochemistry, thermoregulation, and applied 
exercise physiology. In 1987 Ken McKeever was brought in to establish 
the laboratory at the Ohio State University. He was joined there by Ken 
Hinchcliff, a veterinarian and PhD student who would later join the faculty 
as a clinician and researcher. Other active research labs established in this 
period were built at Michigan State University by Ed Robinson, at Cal Poly 
Pomona, by Steve Wickler, and at the University of Pennsylvania by Larry 
Soma, at Rutgers University by Ken McKeever (Figure 5), at Virginia Tech 
by David Kronfeld, and at the University of Florida, by Pat Conahan. The 
late 1990’s saw a large number of laboratories established in veterinary 
colleges around the world. 

There has been a huge increase in equine exercise related publications 
in the scientific literature in the last 60 years and a recent analysis by 
Marlin (2015) has demonstrated that the rate of publications in the field 
of Equine Exercise Physiology has steadily grown since the 1960’s from 
a few papers each year to over 200 in each of the ICEEP cycles with the 
exception of the last ICEEP cycle where the organizers decided to forgo a 
full refeed proceedings. One cannot do justice to the number of excellent 
papers published around the world over the years. But one can see have 
the field has grown as has the breadth of areas of exploration with a range 
of topics that now extends from the descriptive to experiments focused 
on cellular and molecular mechanisms. Topics presented in the literature 
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have also come full circle with the horse being used as an animal model 
for applied physiology research. For example, at Rutgers the United States 
army has funded several projects using the horse to test food extracts 
that had been shown to reduce the inflammation in a cell culture model  
(Figure 6). The goal of those experiments was to use the horse with its 
similarities to humans physiologically and its love of exercise to conduct 
experiments that would test the efficacy of the extracts as non-NSAID 

Figure 6: Effects of food extracts on selected markers of inflammation in the horse (used with 
permission from Streltsova et al., 2006).
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compounds to reduce the inflammation caused by intense exercise 
(Streltsova et al., 2006; Liburt et al., 2009, 2010). Studies were also performed 
on the horse because one could measure concentrations of the active 
flavanols as well as inflammatory cytokines simultaneously in blood  
and muscle. 

Another example of coming full circle with the use of the horse as a 
model for humans has been the large number of studies that focused on 
the effects of aging (Figure 7) and training on systems related to metabolic 
dysregulation and obesity (Walker et al., 2009; McKeever, 2016).

The field of equine exercise physiology has come full circle and has room 
for growth. The exciting advances in molecular physiology and genomics 
that have the potential to be coupled with traditional whole animal studies 
represent a phenomenal opportunity to elucidate mechanisms for many of 
the responses to acute exercise as well as the adaptive responses to exercise 
training. The challenge for future is to continue to find funding sources that 
value comparative, integrative, physiology that explores questions relevant 
both to equine health and human health.

Keywords: Horse, exercise physiology, history    

Figure 7: Effect of age on maximal aerobic capacity in the horse (used with permission from 
Walker et al., 2009).
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CHAPTER-2

The Pig Model for the Study 
of Obesity and Associated 

Metabolic Diseases
Kolapo M. Ajuwon

IntroductIon

The pig has been used as a human biomedical model through the millennia. 
In ancient Greece, Erasistratus (304–250 B.C.) used pigs to investigate the 
mechanics of breathing (Rozkot et al., 2015). In Rome, Galen (130–200 A.D.) 
demonstrated the mechanics of blood circulation on the pig model (Brain, 
1986). As a major source of animal protein for human consumption, these 
long-established roles for pigs show the great value they bring to human 
well-being. Despite these positives, on the negative ledger, pigs are difficult 
to herd and move for long distances. However, their positive value has 
led to their long-term utilization in settled farming practice. Extensive 
domestication and rearing of the pig for meat was made possible, perhaps 
because of its relative ease of breeding, large litter size, short generation 
interval and an omnivorous feeding habit. The modern pig descended from 
the Eurasian Wild Boar (Sus scrofa). Domestication of the pig occurred as 
early as 13,000 years ago at multiple centers in Europe, Eurasia and China 
(Larson et al., 2005). Pigs have played major roles in the evolution of modern 
human societies, an example was in ancient Persia, where the pig was a 
popular subject for statuettes. 

Pigs continue to play important roles in today’s world. In Papua 
New Guinea, a “pig culture” exists in which the pig is highly valued as a 
ceremonial animal, as a means of exchange, or as a form of savings (Reay, 
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1984). As a source of insulin for the treatment of type I diabetes early in the 
20th century, the pig was vital for the health of many diabetics in the US 
and around the world (Wright et al., 1979). Although many animal models 
of human metabolic diseases abound, the pig is unique in that the anatomy 
and morphology of its digestive system and in its metabolic physiology 
are similar to humans. At present there are about 67 known breeds of 
pigs (http://www.ansi.okstate.edu/breeds/swine). This wide genetic 
variation in the pig allows for selection and breeding for traits of interest 
to scientists and producers. As a source of tissues, the pig is a source of 
easily accessible biopsy and post-mortem samples that can be harvested for 
mechanistic studies. In addition, because billions of pigs are raised annually 
for human consumption (Figure 1) (den Hartog, 2004), commercial swine 
production is a ready source of tissues and animals that can be directed to 
biomedical endpoints (Vodicka et al., 2005). An important biomedical use 
of the pig is as a model for the understanding of human obesity. Obesity 
is a global epidemic with a prevalence doubling between 1980 and 2008 
(Stevens et al., 2012). In the United States for example, one in three adults 
is obese, and among African Americans and Hispanics, one in two is obese 
(Ogden et al., 2014). Obesity is also strongly associated with a number of 
debilitating diseases such as hyperlipidemia, gout, high blood pressure, 
insulin resistance, diabetes, coronary heart disease, infertility, arthritis, 
restrictive lung disease, gall bladder disease and cancer (Kwon et al., 2013; 

Figure 1: Pigs in a barn at Purdue University. Pigs are raised throughout the world as an 
important source of high quality protein. Pigs have a high efficiency of conversion of feed to 
meat. They are found in all climatic regions of the world, are omnivorous like humans and 

very adaptable to intensive production and management systems.

http://www.ansi.okstate.edu/breeds/swine
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Lee et al., 2015; Osman and Hennessy, 2015). The pig is an excellent model 
for the study of human obesity because of its natural genetic propensity 
for depositing substantial adipose tissue, making it a suitable model 
for the investigation of both genetic and diet induced forms of obesity  
(Table 1). In this chapter we will review some of the recent work on the use 
of the pig as a model for the study of obesity and related diseases.

Characteristic Mouse/Rats Humans Pig

Genetic diversity Several mouse and 
rat strains with 
different genetic 
backgrounds exist. 
Several knockout 
and transgenic 
models. 

Varying 
human genetic 
backgrounds, for 
example, differences 
in racial and ethnic 
susceptibility 
to obesity and 
metabolic syndrome.

Wide genetic pool. 
Multiple breeds exist 
with different levels 
of susceptibility 
to obesity and 
metabolic syndrome. 
Availability of pigs 
raised for agriculture 
for biomedical uses 
is a major advantage 
(den Hartog, 2004). 
Now much easier to 
manipulate the pig 
genome that ever 
before. 

Obesity 
susceptibility

There are strains of 
mice (e.g., C57BL6) 
and rats (e.g., 
Zucker rats) that are 
susceptible to diet 
induced obesity.

Most humans are 
susceptible to diet 
induced obesity.

Pigs are some of 
the fattest animals 
on the planet with 
natural ability to 
deposit substantial 
adipose tissue (Gu et 
al., 1992; Wojtysiak 
and Poltowicz, 
2014).

Genetic basis of 
obesity

Several monogenic 
basis of obesity exist, 
e.g., the ob/ob and 
db/db mice.

Several quantitative 
trait loci (QTL) exist 
for monogenic and 
polygenic basis of 
obesity susceptibility 
(Mutch and 
Clement, 2006).

Just like humans, fat 
deposition in pigs 
is a polygenic trait. 
Over 400 QTL for 
fatness have been 
identified in the pig 
(Rothschild et al., 
2007).

Synteny of genomic 
regions that affect 
fat deposition and 
energy metabolism

Different genetic 
arrangement of key 
genes compared to 
humans.

Similar arrangement 
of genes as in the 
pig. For example, 
the UCP1 is 
located on different 
chromosomal 
region (HSA4q31) 
from UCP2 and 
UCP3 (HSA11q13) 
(Cassard et al., 1990).

Like in humans 
UCP1 is located on 
SSC8q21-22, whereas 
UCP2 and UCP3 are 
located on SSC9p24. 

Table 1: Metabolic characteristics of the pig as a model of obesity.
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Heterogeneity of Pig Genotypes for obesity research

Pigs are found in almost all climatic regions of the world, from the extreme 
hot climates of tropical Africa and Asia to the frigid temperate regions of 
North America and Europe. Significant genetic diversity exists in the pig, 
reflecting both natural and artificial selection pressures for survival and 
economic traits over the generations. The enormous genetic diversity in 
the pig is reflected in its physical features and body composition in terms 
of muscling, intramuscular fat, subcutaneous and visceral fat deposition 
patterns (Gu et al., 1992; Wojtysiak and Połtowicz, 2014). This variability 
makes the pig one of the best models for the study of polygenic basis of 
obesity development (Pomp, 1997). Like all complex human diseases, 
development of an appropriate animal model for the study of obesity is 
paramount in order to make rapid progress towards understanding its 
etiology. Although other animal models such as C. elegans (Caenorhabditis 
elegans), fruit fly (Drosophila melanogaster), zebrafish (Danio rerio) and rodents 
(especially rats and mice) are available for the study of genetic factors that 
lead to obesity, these animal models do not have the same level of similarity 
to humans obtainable with the pig. The similarity between humans and 
pigs occurs also at the genome level. The two genomes are very similar 
in terms of nucleotide base similarities, chromosomal location of genes 
and the overall number of genes. There are about 2.7 billion base pairs 
in the pig genome (Groenen et al., 2012). For example, a look at the pig 
chromosome 13 and human chromosome 3 reveals great synteny in gene 
contents and arrangement (Van Poucke et al., 1999). Humans and pigs also 
share similar genetic basis of fatness. Genome scanning reveals the presence 
of quantitative trait loci (QTL) for obesity in the human genome (Mutch 
and Clement, 2006) and there are over 120 recognized candidate genes 
for monogenic or polygenic obesity (Dahlman and Arner, 2007; Ichihara 
and Yamada, 2008). Likewise in the pig, more than 400 quantitative trait 
loci (QTL) for fatness have been identified in the pig genome (Rothschild  
et al., 2007). There is great interest in identifying QTLs for fat deposition 
in the pig because meat quality traits are affected by the level of fatness  
(or marbling). Therefore, it is of great interest to identify candidate genes that 
affect fat deposition in pigs. Because these results are directly translatable 
to human obesity. Recent efforts in this area have resulted in the mapping 
of genes encoding transcription factors involved in control of adipogenesis 
(Szczerbal et al., 2007a; Szczerbal and Chmurzynska, 2008) and fatty-acid-
binding proteins family (Szczerbal et al., 2007b). Studies providing a low 
resolution picture of genome wide syntenic relationships between the pig 
and man have been published, and these are based upon physical or linkage 
maps (Rettenberger et al., 1995; Vingborg et al., 2009). 

Although initial comparative sequence analysis have been performed 
(Jorgensen et al., 2005; Wernersson et al., 2005), more detailed comparisons 
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are still impossible because the full annotation and assembly of the porcine 
genome is not yet complete. However, similar arrangement of genes that 
are implicated in obesity such as uncoupling proteins 1, 2 and 3 (UCP1, 
UCP2 and UCP3) and adrenergic receptor beta (ADRB) further illustrates 
the synteny of critical regions of the two genomes that affect metabolism 
and body composition. For example UCP1 is located on a different 
chromosome in the pig and humans compared to UCP2 and 3. The UCP1 
is located on region SSC8q21-22 in the pig (Nowacka-Woszuk et al., 2008) 
and HSA4q31 in humans (Cassard et al., 1990). On the other hand UCP2 
and UCP3 are located in SSC9p24 in the pig (Nowacka-Woszuk et al., 2008) 
and HSA11q13 in humans (Solanes et al., 1997). In the same vein, ADRB1, 
ADRB2 and ADRB3 are assigned to different loci, 14q28, 2q29 and 15q13-14, 
respectively in the pig (Nowacka-Woszuk et al., 2008). This is very similar 
to the organization of the ADRB proteins in the human genome that are 
located in HSA10q24-26, HSA5q32-34 and HSA8p, respectively (Yang-Feng 
et al., 1990; Bruskiewich et al., 1996). Thus multiple genomic comparisons 
show the similarity between the pig and humans vis-à-vis comparisons 
between the domestic the mouse and man (Hart et al., 2007; Rettenberger 
et al., 1995; Thomas et al., 2003). Therefore, the similar organization of the 
pig and human genomes further illustrates the closeness between the pig 
and humans and further justifies the use of the pig as a human model of 
obesity research. 

A major advantage of using the other non-porcine models of obesity 
research is the relative ease with which their genomes can be manipulated 
for loss or gain of function studies compared to the pig. However, recent 
advances in the sequencing and annotation of the pig genome and arrival 
of cutting edge genome editing technologies such as RNAi and CRISPR/
Cas9 are allowing the editing of the porcine genome in ways not conceivable 
just a decade ago (Yang et al., 2015). Additional progress on the annotation 
of the pig genome, and extensive characterization of porcine proteomes 
and transcriptomes will further enhance the use of the new technologies 
for manipulating the pig genome to create models for the study of adipose 
tissue and obesity development. 

Hormonal and Developmental Basis of Adipose Tissue Expansion  
in the Pig Model 

Obesity is a disease of excessive adipose tissue expansion. This expansion 
is in the form of preadipocyte hyperplasia and differentiation. Thus to 
limit obesity, it is imperative to understand the mechanisms of adipose 
expansion and the identities of cells within adipose tissue, and their relative 
contribution to the expansion process. There are multiple cells types within 
adipose tissue, notable among which are endothelial cells, fibroblasts, 
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stem cells, macrophages, preadipocytes and adipocytes (Esteve, 2014). 
However, preadipocytes and adipocytes typically constitute the majority 
of cells in adipose tissue. These cells are highly responsive to physiological 
cues for adipose tissue expansion, typically as a result of chronic positive 
energy balance. Hormones play a major role in the regulation of adipocyte 
proliferation and differentiation, and several animal models have been 
used to understand the mechanism of hormone action on adipocyte 
differentiation. Earlier work in rats showed that thyroid hormones and 
glucocorticoids enhanced adipocyte development (Yukimura  and Bray, 
1978; Picon and Levacher, 1979; Levacher et al., 1984; Freedman et al., 
1986; Bray et al., 1992). Results from pig studies also provide very detailed 
information on both prenatal and postnatal regulation of adipocyte 
differentiation. Developmentally, term fetal pigs are similar in characteristics 
to 25–30 week human fetuses, and both have been shown to have similar 
rates of fat accretion during earlier periods of gestation (Wilkerson and 
Gortner, 1932; Gortner, 1945; Widdowson, 1950, 1968). 

The development of subcutaneous adipose tissue in the fetal pig has 
been used as a model to evaluate hormonal regulation of adipogenesis 
(Hausman et al., 1993; Hausman and Hausman, 1993). For example, fetal 
hypophysectomy and gestational diabetes have significant impact on adipose 
tissue development in the fetal pig due to severe impacts on serum levels of 
critical hormones implicated in the regulation of adipocyte differentiation 
(thyroid hormones, growth hormone and glucocorticoids) (Hausman  
et al., 1986, 1990). In addition, in utero hypophysectomy of fetal pigs around 
day 70 with surgical delivery at day 110 resulted in decreases in fat cell 
number and increases in fat cell size, as well as increases in lipoprotein 
lipase activity (LPL) and lipogenesis (Hausman and Hausman, 1993). This 
is perhaps linked to a reduction in the levels of growth hormone (GH) and 
insulin-like growth factor (IGF-1) after hypophysectomy (Jewell et al., 1989). 
Studies in the pig model ultimately led to the identification of a critical 
period of adipose tissue development from day 70 of fetal life (Hausman 
et al., 1986; Hausman and Hausman, 1993). Several in vitro experiments 
in the pig preadipocyte model also showed the utility of the pig model 
of adipocyte differentiation as a tool for understanding the regulation of 
adipocyte differentiation. For example the use of in vitro cultures led to the 
understanding that glucocorticoids (or analog dexamethasone), enhanced 
preadipocyte recruitment and differentiation (Kras et al., 1999). Hausman 
and Yu (1998) showed that glucocorticoid treatment of hypophysectomized 
pig fetuses led to enhancement of preadipocyte recruitment of stroma 
vascular (SV) cells. However, the importance of porcine fetal age in the 
responsiveness of preadipocytes to glucocorticoid is reflected in the fact 
that responsiveness to glucocorticoids increased as a fetus advances in age, 
perhaps due to elevated expression of preadipocyte glucocorticoid receptor 
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in older fetuses (Chen et al., 1995). The use of the hypophysectomized fetal 
pig model also led to a deeper understanding of the role of thyroxine (T4) in 
adipose tissue development. Thyroxine treatment increases adipocyte cell 
number, lipid deposition, de novo lipogenesis and hormone-induced lipolysis 
in hypophysectomized, but not intact fetuses (Hausman, 1992). These 
are invaluable contributions to current understanding of developmental 
regulation of adipose development. 

Adipose Tissue Role in the Regulation of Inflammation and  
Immune Response

Obesity is connected to the presence of systemic and adipose tissue chronic 
inflammation and the discovery that adipose tissue expresses tumor necrosis 
factor alpha (TNFα) (Hotamisligil et al., 1993) opened a new chapter in 
the understanding of adipose tissue role beyond lipid storage. This work 
generated interests that led to the identification of immune cells, especially 
macrophages (Xu et al., 2003; Lumeng et al., 2007) within adipose tissue. 
This breakthrough further deepened our understanding of the role of 
adipose tissue in the regulation of immune response. We have known for 
some time of the presence of numerous lymph nodes in adipose tissue, 
especially within the mesenteric fat pads (Pond, 1996). We are also aware 
that secretions from the lymph nodes may act in a paracrine manner to 
influence surrounding adipose tissue. It has been established that adipose 
tissue surrounding lymph nodes shows a higher expression of type I 
tumor necrosis factor (TNF) receptors than those that are remotely located 
(MacQueen and Pond, 1998). These findings substantiate a role for adipose 
tissue in the regulation of immune function (Cousin et al., 1999). The 
discovery of TLR4 expression on adipocytes is another piece of key evidence 
of adipocyte role in immune response (Shi et al., 2006; Bès-Houtmann et al., 
2007), solidifying evidence that adipocytes are able to recognize pathogen 
associated molecular patterns (PAMP). Our work in pig adipocytes has 
confirmed that pig adipocytes also express TLR4 and are able to respond 
to bacterial lipopolysaccharide (LPS), leading to activation of NFkB and 
induction of inflammatory genes such as TNFα and IL-6 (Ajuwon et al., 
2004). Thus the use of the pig model has contributed to the understanding 
of the role of adipose tissue in immune or inflammatory response (Table 2). 

Pig Adipose Tissue Adipokines and Evidence for their Role in 
Regulation of Metabolism

The discovery of leptin, the ob gene, in 1994 (Zhang et al., 1994), confirmed 
the long held view among scientists of the presence of an adipose derived 
lipostat that serves as an indicator of body energy reserve. Adiponectin, 
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another adipokine with far reaching effects on peripheral metabolism was 
discovered soon thereafter (Scherer et al., 1995; Tomas et al., 2002; Yamauchi 
et al., 2002). Both leptin (Margetic et al., 2002) and adiponectin (Yamauchi 
et al., 2002) have been shown to regulate metabolism through autocrine, 
paracrine and endocrine mechanisms. 

Since their initial discovery in mice, substantial work has been done 
in other animal models, including the pig, on the understanding of the 
role of these adipokines in the regulation of metabolism. Polymorphisms 
of both leptin, adiponectin and their receptors are associated with growth 
and body composition differences in the pig. The leptin receptor is located 
in a QTL region for backfat thickness (BF), fat area ratios, and serum leptin 
concentration, and it is associated with polymorphisms that are highly 
correlated to these variables (Uemoto et al., 2012). Furthermore, two novel 
polymorphisms between adiponectin promoters in the pig are significantly 
correlated to loin measurements in the Polish Landrace pigs (Cieslak et al., 
2013). Polymorphisms within the coding region of adiponectin are also 
significantly correlated to serum cholesterol, low-density lipoprotein (LDL) 
triglyceride levels (Castelló et al., 2014). Receptors for both hormones, leptin 
receptor (ObR-b) and adiponectin receptor (ADIPOR1 and ADIPOR2), have 
been identified in multiple porcine tissues, including the hypothalamus, 
myoblasts, endometrial glands and oocytes, an indication of their 
involvement in the regulation of several aspects of peripheral metabolism 
(Will et al., 2012; Moreira et al., 2014; Kaminski et al., 2014; Smolinska 
et al., 2014). Adiponectin regulates porcine adipocyte proliferation and 
differentiation potential because silencing of adiponectin with siRNA leads 
to significant reduction in preadipocyte proliferation and expression of 
mature adipocyte markers such as PPARγ and AP2 (Gao et al., 2013). Porcine 
leptin also inhibits protein breakdown in the C2C12 myoblast model and 
increases fatty acid oxidation (Ramsay, 2003), suggesting a direct effect of 

Feature Evidence in the Pig

Expression of toll like 
receptors

Pig adipose tissue and adipocytes express functional toll like 
receptors (Gabler et al., 2008)

Expression of 
inflammatory cytokine

Pig adipocytes respond to bacteria component, 
lipopolysaccharide with induction of inflammatory cytokines 
such as TNFα and IL-6 (Ajuwon et al., 2004)

Adipokine role in 
inflammation

Porcine adiponectin induces PPARγ and downregulates 
inflammatory cytokine expression in adipocytes (Ajuwon et 
al., 2004) and macrophages (Wulster-Radcliffe et al., 2004)

Obesity-induced 
inflammation

Obesity results in increased expression of inflammatory 
cytokines such as TNFα and increased macrophage infiltration 
(Pawar et al., 2015)

Table 2: Porcine adipocytes and evidence of involvement in inflammatory and immune 
response.
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leptin in the regulation of muscle growth and metabolism. Adiponectin 
attenuates proliferation of porcine myoblasts, but leptin does not (Will et al., 
2012), suggesting that the two adipokines have non-overlapping functions. 

There is evidence that leptin is involved in regulation of postnatal 
growth. Leptin directly influences GH production in the pituitary, perhaps 
through a mechanism that includes induction of nitric oxide synthesis 
(Baratta et al., 2002). Chronic exogenous leptin administration resulted in 
a reduction in feed intake in the pig (Ajuwon et al., 2003a). This indicates 
an intact feedback system for appetite regulation in the pig involving 
leptin action. Administration of leptin to piglets with intra-uterine growth 
restriction (IUGR) causes an increase in body weight and the relative 
weights of the liver, spleen, pancreas, kidneys, and small intestine (Attig 
et al., 2013). Both acute and chronic leptin treatment of porcine adipocytes 
result in significant induction of basal lipolysis and attenuation of the 
suppression of isoproterenol-stimulated lipolysis by insulin, suggesting 
that leptin may be involved in the partitioning of energy away from lipid 
accretion within porcine adipose tissue by promoting lipolysis directly, and 
indirectly by reducing insulin-mediated inhibition of lipolysis (Ramsay, 
2001; Ajuwon et al., 2003b). Comparative studies in mouse and porcine 
hepatocytes also reveal that, whereas leptin suppresses gluconeogenesis in 
in mouse hepatocytes, it has no effect in porcine hepatocytes, pointing to 
possible species differences in the regulation of gluconeogenesis by leptin 
(Raman et al., 2004). Nevertheless, there is strong evidence that leptin may 
increase IGF-1 expression in the liver, independent of GH effect (Ajuwon  
et al., 2003a), suggesting that leptin may modulate postnatal growth 
through IGF-1 induction. Nutritionally, adiponectin and leptin may also 
mediate the effects of soy isoflavones because administration of soy 
isoflavones regulate plasma glucose, leptin and adiponectin concentration 
in pigs with a concomitant regulation of leptin and adiponectin expression  
(Yang et al., 2013). 

Pig Model of Diabetes Research

Diabetes mellitus (DM), a complex disease characterized by high blood 
glucose levels, polydipsia, polyuria, weight loss as well as diabetic 
ketoacidosis and non-ketotic hyperosmolar syndrome, is a major human 
disease that currently afflicts about 346 million people worldwide (World 
Health Organization, 2012). The International Diabetes Federation has 
predicted that a total of 552 million persons will suffer from diabetes by 2030 
(International Diabetes Federation, 2012). Efforts at limiting the incidence 
of diabetes involve both preventive and therapeutic strategies. Although 
most diabetics are classified as either insulin dependent (type I) or non-
insulin dependent (type II), the majority of diabetes sufferers (90–95%) have 
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type II diabetes which is caused by insulin resistance and an inadequate 
compensatory insulin secretion. Studies in the pig have provided some of 
the fundamental knowledge on diabetes cause, prevention and therapy 
(Table 3). Although rodents have traditionally being used to study diabetes, 
rodents have limitations for translational research in this area. 

The similar anatomy of the digestive tracts and physiology of digestion 
of the pig and humans allows the use of humanized diets for their effects 
on both obesity and diabetes development in the pig (Miller and Ullrey, 
1987). In addition, there is similarity in the shape, size, blood supply and 
location of the porcine exocrine and endocrine pancreas (Murakami et al., 
1997). Metabolically, serum glucose levels are in the same range (75–115 

Feature Characteristics of the pig model

Diet induced obesity Pigs get obese and moderately diabetic on humanized diets 
(Miller and Ullrey, 1987; Xi et al., 2004; Yin et al., 2004). 

Pancreatic structure and 
glucose homeostasis and 
diabetes development

Similarity in the shape, size, blood supply and location of 
the porcine exocrine and endocrine pancreas (Murakami et 
al., 1997). Serum glucose levels are in the same range (75–115 
mg/dl) in pigs and humans (Kraft and Dürr, 2005; Kerner 
and Brückel, 2012). In pigs, islet architecture is less defined. 
Endocrine cells are clustered in the islets of Langerhans or 
spread around as individual cells or in miniature clusters 
as opposed to rodents (Steiner et al., 2010), and their islets 
have a similar composition of endocrine cell types. The mass 
of beta cells in both pigs and humans corresponds to beta-
cell function (Butler et al., 2003; Renner et al., 2010). Type 2 
diabetes occurs in both pigs and humans with advancing age 
(Larsen et al., 2001).

Streptozotocin induced 
diabetes and pancreatic 
manipulation

Pigs are a good model for streptozotocin (STZ) induced 
pancreatic beta cell toxin and diabetes (Lee et al., 2010; Manell 
et al., 2014). Pigs are a good model for pathophysiological 
impact of total pancreatectomy (Kobayashi et al., 2004), and 
simplified techniques of pancreas transplantation (Fonouni 
et al., 2015).

Cardiovascular 
disease research and 
susceptibility

The minipig (Yucatan and Ossabaw) pig models are especially 
valuable models for the study of cardiovascular disease. Easy 
to reproduce the neointimal formation and thrombosis like in 
humans (Touchard and Schwartz, 2006). Develop metabolic 
syndrome and cardiovascular disease when fed a high-
calorie atherogenic diet (Wang et al., 2009). Ossabaw minipigs 
pigs have high LDL, hypertriglyceridemia, hypertension, 
and early coronary atherosclerosis when on high cholesterol 
high fat diet (Dyson et al., 2006). In adult Göttingen minipig 
model of chronic heart failure after myocardial infarction, 
heart failure is reproducible, mimicking the pathophysiology 
in patients who have experienced myocardial infarction 
(Schuleri et al., 2008).

Table 3: Porcine models of obesity and metabolic syndrome and their characteristics.
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mg/dl) in pigs and humans (Kraft and Dürr, 2005; Kerner and Brückel, 
2012) (Table 3). Furthermore, islet architecture in pigs and humans is less 
defined, because in both species endocrine cells are clustered in the islets 
of Langerhans or spread around as individual cells or in miniature clusters 
as opposed to rodents (Steiner et al., 2010), and their islets have a similar 
composition of endocrine cell types. In addition, the mass of beta cells in 
both pigs and humans corresponds to beta-cell function (Butler et al., 2003; 
Renner et al., 2010). Type 2 diabetes occurs in both pigs and humans with 
advancing age (Larsen et al., 2001). Therefore, due to these similarities 
between humans and pigs, numerous studies have been conducted in the 
pig for a better understanding of diabetes in humans. As in humans, diet-
induced diabetes occurs in some minipigs, albeit with only a moderate 
rise in blood glucose (Xi et al., 2004; Yin et al., 2004). Although there is 
experimental evidence that visceral adiposity is associated with glucose 
intolerance or prediabetes in the pig (McKnight et al., 2012), generally it is 
very hard to induce diabetes in the pig due to robust islet function even in 
the face of a harmful metabolic environment. 

Several studies conducted in the pig to investigate beta-cell function 
have used surgical or pharmacological approaches because of the difficulty 
of inducing diabetes in the pig using milder experimental approaches like 
diet induced obesity. Therefore, the minipig has been successfully used 
in numerous studies showing the effectiveness of the pancreatic beta cell 
toxin streptozotocin (STZ) (Lee et al., 2010; Manell et al., 2014). In addition, 
the pig model has been used to establish the pathophysiological impact of 
total pancreatectomy (Kobayashi et al., 2004). The pig has also been used 
to investigate simplified techniques of pancreas transplantation (Fonouni 
et al., 2015). A porcine prediabetic model was used to study expression of 
GLUT-4 translocation related genes (Kristensen et al., 2015). The pig is also 
an excellent candidate for xenotransplantation studies. Shin et al. (2015) 
reported the successful use of pig islets as an alternative source for islet 
transplantation to treat type 1 diabetes (T1D) using immunosuppressed 
nonhuman primates (NHP) as recipients. Renner et al. (2013) reported the 
development of the INS(C94Y) transgenic pig model of type I diabetes with 
a reduced secretion of normal insulin. These animals exhibit elevated blood 
glucose, 41% reduced body weight at 4.5 months of age, 72% decreased 
β-cell mass, and 60% lower fasting insulin levels compared with littermate 
controls. The animals also developed diabetic complications such as 
development of cataracts. An additional transgenic pig model expressed 
mutant HNF1A and these animals have defective insulin secretion and 
deranged glucose homeostasis (Nyunt et al., 2009). Thus the advancement in 
genome manipulation technologies has made it possible to manipulate the 
pig genome in ways not possible before, leading to greater understanding 
of pathophysiology of diseases such as diabetes and its complications. 
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Fetal and Postnatal Programming of Obesity in the Pig

The role of nutrition during the fetal and early postnatal period on 
postnatal potential for development of metabolic diseases such as obesity, 
cardiovascular diseases is exemplified in the Dutch winter famine that 
occurred between November 1944 and April 1945 (Stein et al., 1995). 
Offspring from pregnant mothers who experienced poor nutrition in 
the first trimester of pregnancy during this period developed obesity 
and a more truncal and abdominal fat distribution in adulthood (Ravelli  
et al., 1999). This study formed the basis of the “Barker” hypothesis of fetal 
programming, which states that fetal undernutrition leads to development 
of a thrifty genotype in the fetus as the fetus attempts to adapt to an 
adverse condition encountered in utero (Hales and Barker, 2001). Notably, 
as in the Dutch famine, prenatal undernutrition followed by postnatal 
over nutrition is very harmful, leading to adverse risks for development 
of metabolic syndrome phenotype such as abdominal obesity, insulin 
resistance or type 2 diabetes, hypertension, and cardiovascular diseases. 
Because of its importance for development of critical tissues during fetal life, 
glucocorticoids are thought to be a major link between poor fetal nutrition 
and development of adult metabolic diseases (Seckl et al., 2000). 

The work of Ovilo et al. (2014) demonstrates that maternal gestational 
undernutrition in Iberian pigs results in heavier and fatter offspring 
with higher concentrations of cortisol, lower hypothalamic expression of 
anorexigenic peptides, leptin receptor and proopiomelanocortin (POMC), 
than the controls. Under normal fetal nutrition, maternal glucocorticoids 
(cortisol/corticosterone) are oxidized to an inactive form by the enzyme 
11β-hydroxysteroid dehydrogenase type 2 (11β-HSD2) in the placenta. This 
is to prevent these hormones from entering the placenta where they can 
affect fetal growth (Seckl, 2004). However, during maternal undernutrition 
in pregnancy, placental 11β-HSD2 levels are significantly attenuated, 
allowing glucocorticoids to cross into the placenta where they come in 
contact with the fetus (Langley-Evans et al., 1996; Bertram et al., 2001; 
Lesage et al., 2001). Fetal contact with high level of glucocorticoids causes 
impaired fetal growth and increased risk for development of hypertension 
and other metabolic diseases (Nyirenda et al., 1998; Seckl, 2004). Increased 
fetal exposure to glucocorticoids causes altered rate of maturation of critical 
fetal organs and organ systems such as the hypothalamic-pituitary-adrenal 
(HPA) axis and dopaminergic motor systems (Seckl, 2004). Elevated fetal 
exposure to glucocorticoids may also result in reduced levels of trophic 
hormones such as insulin-like growth factors (IGFs) (Oue et al., 1999). 

The effects of elevated glucocorticoid exposure and other factors known 
to have lasting effects on offspring at risk for chronic disease are probably 
linked to epigenetic effects. Epigenetics is an important emerging field 
that provides an explanation at the molecular level for the altered gene 
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expression patterns during fetal programming (Gluckman and Hanson, 
2008; Heerwagen et al., 2010). We recently used the pig model to investigate 
the impact of maternal overconsumption of calories on postnatal metabolic 
characteristics and growth in the offspring (Arentson-Lantz et al., 2014). 
Although maternal overconsumption of calories did not result in differences 
in offspring birth weights, offspring from mothers that overconsumed 
calories during gestation who were themselves fed a high calorie post-
natal diet had elevated blood glucose, insulin, but lower concentrations 
of non-esterified fatty acids than offspring from the same mothers fed a 
normal calorie post-natal diet. This demonstrates the interaction between 
prenatal maternal calorie consumption and postnatal offspring calorie 
consumption on metabolic phenotype in the pig. At present, the mechanism 
of adipose tissue programming in the offspring of obese mothers with excessive 
gestational calorie overconsumption is poorly understood. The difficulty of 
conducting such a study in humans is obvious due to ethical considerations, 
and in rodents, because rodent pups lack substantial adipose tissue at birth. 
Our study in the pig reveals increased adipose expression of genes such 
as steroid receptor coactivator 1 (SRC1), soluble frizzle related receptors 
SFRP2, set domain-containing protein 8 (SETD8), glucocorticoid receptor 
(GCR) and downregulation of nuclear receptor corepressor 1 (NCOR1), a 
suppressor of peroxisome proliferator activated receptor γ (PPARγ) activity, 
in subcutaneous adipose tissue in piglets from mothers which consumed 
a high calorie gestational diet, reflecting a unique adipose tissue effect of 
maternal high calorie diet (Ajuwon et al., 2016). The induction of SETD8 
indicates that maternal diet may induce epigenetic changes in the genome 
of the offspring that may have a consequence on postnatal adiposity. This is 
because there is a positive feedback loop between SETD8 and PPARγ during 
adipogenesis, and the suppression of SETD8 suppresses adipogenesis 
(Wakabayashi et al., 2009). Activation of SETD8 also results in increased 
PPARγ H4K20 monomethylation and an enhanced transcriptional activity 
and adipogenesis (Wakabayashi et al., 2009). The upregulation of SFRP2 in 
the adipose tissue of piglets from mothers on high energy diet also supports 
programming for increased adipogenic potential in those offspring. It is well 
known that soluble frizzle related receptors (SFRPs) are negative regulators 
of Wnt signaling (Surana et al., 2014). The SFRP proteins are natural wnt 
antagonists, preventing wnt proteins from inhibiting adipogenesis (Park  
et al., 2008). As shown previously, SFRP 1-4 are adipokines that are elevated 
in human obesity (Ehrlund et al., 2013). 

We also observed that genes involved in adipocyte differentiation 
(PPARγ, CCAAT Enhancer binding proteinα, CEBPα and fatty acid 
binding protein 4, FABP4) are elevated in the adipose tissue of piglets 
from mothers that consumed excessive calories during gestation (Ajuwon 
et al., 2016). Furthermore, the induction of GCR in offspring from mothers 
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that consumed a high amount of calories during gestation is consistent 
with the established effect of glucocorticoids in increasing adipogenesis 
(Ringold et al., 1986). However, it is quite interesting that at a later stage of 
life (3 months of age), most of the programming effects seen in the adipose 
tissue within the immediate post-natal period of life (within 48 hours and 
at 3 weeks) as a result of maternal consumption of high calorie diets are 
no longer apparent, but postnatal high calorie consumption still resulted 
in higher SFRP5 expression in adipose tissue (Ajuwon et al., 2016). This 
suggests that a significant programming of adiposity by maternal diet 
occurs in the immediate postnatal period in the pig, whereas beyond this 
period, effects of postnatal dietary energy intake is more important. Thus 
the pig may represent a good animal model for determining effects of maternal 
nutrition on adipose tissue programming in the immediate postnatal period. 

Cardiovascular Disease Research in the Pig Model

Cardiovascular diseases, such as atherosclerotic coronary artery disease 
(CAD), are a major cause of mortality in humans around the world. 
This disease is increased at least 2-fold in human patients who have 
metabolic syndrome (Grundy, 2007). Coronary artery disease causes 
severe microvascular dysfunction that impedes coronary blood flow 
(Camici and Crea, 2007). Metabolic syndrome affects about 27% of the 
American population (Wilson et al., 2005). The pig has been used for basic 
research on CAD because it can be used to precisely replicate metabolic 
syndrome and the accompanying CAD (Table 4). The minipig (Yucatan 
and Ossabaw) pig models are especially valuable models for the study of 
cardiovascular disease because it is very easy to reproduce the neointimal 
formation and thrombosis that occurs in humans (Touchard and Schwartz, 
2006). The Ossabaw miniature swine (Martin et al., 1973) (Figure 2) is an 
exceptionally good model for the study of cardiovascular diseases because 
these animals develop metabolic syndrome and cardiovascular disease 
when fed a high-calorie atherogenic diet (Wang et al., 2009).  However, there 
may be a gender bias in the development of cardiovascular disease in the 
Ossabaw swine because only females show severe metabolic syndrome 
and obesity: doubling of body fat, showed insulin resistance, impaired 
glucose tolerance, high LDL, hypertriglyceridemia, hypertension, and early 
coronary atherosclerosis when fed high cholesterol high fat diet to induce 
atherosclerosis (Dyson et al., 2006). 

Although rodents (mice and rats) have been used to investigate the link 
between atherosclerotic coronary artery disease and metabolic syndrome 
(Bellinger et al., 2006; Christoffersen et al., 2007), they do not reproduce 
well enough the combined symptoms of metabolic syndrome and CAD as 
in the pig. Recently Phillips-Eakley et al. (2015) used the Ossabaw minipig 
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to assess the impact of high calcium intake on coronary artery calcification 
using an innovative calcium tracer kinetic modeling in Ossabaw swine 
with diet-induced metabolic syndrome. The adult Göttingen is another 
minipig model that is being used as a model for the study of chronic heart 
failure after myocardial infarction. Schuleri et al. (2008), used magnetic 
resonance imaging, angiography and Multidetector Computed Tomography 
of the heart and showed that the Göttingen minipig is a useful model for 
evaluating cardiac anatomy and physiology prior to myocardial infarction 
and during follow-up. In this animal model, heart failure was found to 
be reproducible, mimicking the pathophysiology in patients who have 
experienced myocardial infarction. 

The Yucatan miniature pigs, especially males, may not readily develop 
a compromised metabolic phenotype by feeding atherogenic diets like the 
Ossabaw or Göttingen minipig (Witczak et al., 2005), but are being used for 

Feature Evidence in the Pig

Pig models of weight 
loss

Göttingen pigs can double their weight from obesity and have 
similar meal patterns during the daylight hours as humans 
(Raun et al., 2007). Drugs such as liraglutide, exert similar effects 
in humans and obese Göttingen minipigs causing weight loss 
and appetite suppression (Astrup et al., 2009). 

Surgical manipulation 
and weight loss

Significant reduction in growth rate in pigs subjected to gastric 
fundus invagination compared to sham (Darido et al., 2012). 

Surgical manipulation 
and glycemic control 

The RYGB procedure is effective in correcting type 2 diabetes 
(T2D) and weight loss (Buchwald et al., 2009; Birck et al., 2013), 
reduction in food intake (Jackness et al., 2013; Sham et al., 2014); 
changes to the circulating levels of gut hormones (e.g., glucagon-
like peptide 1, GLP-1); through effects on the islets (Schauer et 
al., 2003); direct effects on the gut microbiota (Sweeney and 
Morton, 2013); effects on intestinal glucose sensing (Breen et al., 
2012) and bile acids (Kohli et al., 2013). 
Data on RYGB effect on glucose metabolism obtained from 
rodents cannot be extrapolated to humans, because of 
pronounced differences in pancreatic anatomy and physiology 
between the humans and rodents (Seyfried et al., 2011). Gastric 
bypass increased postprandial insulin and GLP-1 concentrations 
in non-obese minipigs (Verhaeghe et al. 2014). Compared to 
sham-operated pigs, RYGB pigs, displayed improved glycemic 
control, increased in β-cell mass, islet number, and number of 
extra islet β-cells, elevated pancreatic expression of insulin and 
glucagon, and had increased number of glucagon-like peptide 1 
receptor expressing cells (Lindqvist et al., 2014).

Surgical manipulation 
and nutrient 
absorption 

RYGB procedure led to significant reduction in calcium, fat, and 
ash digestibility, compared to SGIT or IT procedures in pigs 
(Gandarillas et al., 2015).

Table 4: Porcine models of pharmacological and surgical approaches for obesity prevention 
and control.
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cardiovascular disease investigations. Davis et al. (2014) generated Yucatan 
miniature pigs with targeted disruptions of the low-density lipoprotein 
receptor (LDLR) gene as an improved large animal model of familial 
hypercholesterolemia and atherosclerosis. Homozygote animals with a 
total deletion of the LDLR gene had elevated total and LDL cholesterol 
with atherosclerotic lesions in the coronary arteries and abdominal aorta 
that mimics human atherosclerosis under low or high fat diets. This 
animal model of cardiovascular disease could be an important resource for 
investigating development and testing of novel detection and treatment 
strategies for coronary and aortic atherosclerosis and its complications. 
Researchers at Purdue University have also used the pig to study impact 
of exercise on cardiovascular and muscle physiology with results that 
show parallels between the pig and humans on the impact of exercise on 
critical hemodynamic, cardiovascular and muscle function (Taheripour  
et al., 2014, Figure 3).

Figure 2: The Ossabaw minitature pig in an experimental pen at Purdue. Originally from 
the Ossabaw Island off the coast of the state of Georgia in the US, Ossabaw pigs can reach a 
mature weight of approximately 150 kg. They are highly prone to diet-induced obesity and 

cardiovascular disease. 
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Gut Microbiome and Obesity Research in the Pig

The pig has also recently been used to investigate the link between the 
microbiome and obesity susceptibility and the interaction between diet, gut 
metabolite profile and peripheral metabolism. Recent discoveries that the 
gut microbiota plays a major role in determining susceptibility to obesity 
(Gibson et al., 2004; Topping and Clifton, 2001) has fueled studies aimed 
at investigating the mechanistic links between the two. These discoveries 
also hint at a possibility of directly altering the gut microbiome to achieve 
obesity prevention or treatment (Ley et al., 2006). Notably, because obesity is 
a metabolic disorder that involves chronic positive energy balance, studies 
on how diet or lifestyle choices affect the microbiome and the implication on 
energy balance and whole-body metabolism are critically needed (Gibson 
et al., 2004; de Lange et al., 2010). One of the earliest changes in the gut 
microbiome is the reduction in its diversity in response to obesogenic diets 
(Duncan et al., 2008). Recent analysis of the human hindgut microbiome 
suggests a strong association between changes in the microbiome 
composition and obesity susceptibility (Gibson et al., 2004; Ley et al., 2006). 
The close correlation between obesity susceptibility and the composition 
of the microbiome suggests that alteration of the gut microbial community 
could be used as an approach for obesity prevention and treatment  
(Ley et al., 2006). In this respect, studies are urgently needed that go beyond 
characterization of the microbiome in response to diets, to those aimed 
at addressing the functionality of the microbiome as it relates to obesity 

Figure 3: A pig exercising on a treadmill. Pigs can be used to study the impact of exercise on 
muscle development, cardiovascular disease and obesity. Picture courtesy S.C. Newcomer, 

Purdue University. (Present address, California State University, San Marcos.)
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susceptibility with respect to its integrated effects on the host. One of the 
recent findings of obesity effects on the gut and the microbiota relates to 
the increased leakage of LPS from the gut into systemic circulation during 
obesity, causing low-grade inflammation (Cani et al., 2007). 

However, studies of the gut microbiota in human subjects are limited 
by profound individual variation in microbial community composition, 
and sometimes ethical considerations related to invasive approaches for 
obtaining human biological samples. To get around this problem, germ-
free mice, often highly in-bred, are used as the animal model of choice, but 
there are large differences between mice and humans in their physiology 
and gut microbial communities, primarily due to the significant differences 
in gut architecture and dietary requirements between the two species. The 
pig is an ideal animal for investigating the effect of dietary components on 
bacterial communities and metabolic changes because of the similarities in 
its dietary requirements, and the anatomy and physiology of its digestive 
tract and that of humans (Pang et al., 2007). Obesity prone minipig models 
are especially useful for such studies due to their compact size and the 
genetic disposition for obesity. We (Yan et al., 2013) have investigated 
the changes in the microbiome in the Ossabaw minipig in response to 
consumption of two types of dietary fiber (cellulose and inulin), and 
determined metabolic markers in the liver, muscle, adipose and intestinal 
tissues. One of our key findings was that feeding inulin resulted in increases 
in observed concentrations of volatile fatty acids in the cecum. Feeding 
inulin also causes lower body weight gain and adiposity. Mechanistically 
consumption of fermentable fiber such as inulin could lead to stimulation 
of peroxisomal β-oxidation of fatty acid (Lazarow and Deduve, 1976). In 
addition, inulin feeding resulted in lower expression of sterol regulatory 
element binding protein -1c (SREBP-1c) a transcription factor that regulates 
expression of multiple lipogenic genes (Horton et al., 2002). Consumption 
of a high fat also causes reduction in the diversity of the microbiome, and 
feeding inulin prevented this change (Yan et al., 2013). 

The work by Pedersen et al. (2013) in which the microbiome of lean 
and obese Göttingen and Ossabaw minipigs were compared indicate clear 
differences in the microbiome in these two models depending on their 
obesity status. Using 16S sequencing of cecal content, the investigators 
found that lean Göttingen minipigs had a higher abundance of Firmicutes 
relative to Bacteroidetes in the cecum. However, higher ratio of Firmicutes 
to Bacteroidetes was found in obese Ossabaw minipigs in the terminal ileum 
and colon. Thus, although both minipig models are useful for the study 
of diet-induced obesity, genetic and dietary differences may predominate 
to determine the composition of their microbiome. This is similar to 
several human studies where diet and genetics have been identified as 
key determinants of microbial composition (Mar Rodríguez et al., 2015; 
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Davenport et al., 2015), and further show the usefulness of the pig as a 
model to investigate the importance of these factors in determining the 
relationship between the microbiome and obesity susceptibility.

The use of the Pig Model for Surgical Approach in Obesity Therapy

The rise in cases of morbid obesity across the globe and the attendant 
increase in the incidence of type 2 diabetes and cardiovascular disease 
complications has led to the use of drastic surgical approaches, often as 
last resort, to induce rapid weight loss and mitigate the side effects of 
morbid obesity (Driscoll et al., 2016). Gastric fundus invagination, Roux-
en-Y gastric bypass (RYGB) and vertical sleeve gastrectomy are some of the 
common surgical approaches for weight loss and have varying degrees of 
effectiveness. Minipig models are currently being used to evaluate surgical 
approaches for obesity therapy (Table 4). The obese Göttingen minipig is 
judged to be superior for the study of severe obesity compared to rodents 
(Raun et al., 2007). Unlike rodents, the obese minipig body composition is 
very similar to that reported for severely obese people. Göttingen pigs can 
double their weight from obesity and have similar meal patterns during 
the daylight hours as humans (Raun et al., 2007). In addition, drugs such 
as liraglutide, a human glucagon-like peptide-1 analog, exert similar effects 
in humans and obese Göttingen minipigs through effects in causing weight 
loss and appetite suppression (Astrup et al., 2009). 

Darido et al. (2012) evaluated the effects of laparotomy, stomach 
manipulation, short gastric vessel ligation and gastric fundus invagination 
on juvenile pig growth and found significant reduction in growth rate in 
pigs subjected to gastric fundus invagination compared to sham. The RYGB 
procedure is also highly effective in correcting type 2 diabetes (T2D) in just 
a few days after surgery (Buchwald et al., 2009). The surgical procedures are 
thought to work through effecting reduction in food intake (Jackness et al., 
2013) and causing changes to the circulating levels of gut hormones such 
as incretins (glucagon-like peptide 1, GLP-1), through effects on the islets 
(Schauer and Buchwald, 2003), direct effects on the gut microbiota (Sweeney  
and Morton, 2013) or by acting on intestinal glucose sensing (Breen et al., 
2012) and bile acids (Kohli et al., 2013). Indeed, Verhaeghe et al. (2014) found 
that gastric bypass increased postprandial insulin and GLP-1 concentrations 
in non-obese minipigs. Birck et al. (2013) used morbidly obese Göttingen 
minipigs to evaluate the effect of the RYGB procedure in correcting obesity 
and found that the surgery led to weight loss and reduction in food intake. 

The pig model has also been used to elucidate the effects of RYGB on 
effect on β-cell mass (Lindqvist et al., 2014). Unlike pigs, data on RYGB 
effect on glucose metabolism obtained from rodents cannot be extrapolated 
to humans, because of pronounced differences in pancreatic anatomy and 
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physiology between the humans and rodents (Seyfried et al., 2011). The 
work by Lindqvist et al. (2014) showed that, compared to sham-operated 
pigs, RYGB pigs, despite a lack of weight loss, displayed improved glycemic 
control, increased in β-cell mass, islet number, and number of extra islet 
β-cells. They also show elevated pancreatic expression of insulin and 
glucagon, and had increased number of glucagon-like peptide 1 receptor 
expressing cells. Thus the pig model of RYGB is helping to provide 
information on the importance of improved β-cell function and β-cell mass 
for the improved glucose tolerance after RYGB. 

Using the Ossabaw minipig model, Sham et al. (2014) also studied 
three surgical procedures in the Ossabaw pig, RYGB, gastrojejunostomy 
(GJ), gastrojejunostomy with duodenal exclusion (GJD), and showed 
that RYGB promoted weight loss, correction of insulin resistance, and 
increased AUCinsulin/AUCglucose, compared to the smaller changes with 
GJ and GJD. Their results pointed to a combination of upper and lower 
gut mechanisms in improving glucose homeostasis. Because the effect of 
surgical procedures on nutrient utilization is unclear, Gandarillas et al. 
(2015) evaluated the effects of three surgical procedures, ileal transposition 
(IT), sleeve gastrectomy with ileal transposition (SGIT) and RYGB on 
protein, lipid, fiber, energy, calcium, and phosphorous digestibility in a 
swine model. Their results show that digestibility values for dry matter, 
fiber, phosphorus, and energy showed were not different among surgical 
types. However, they found significant differences of surgical procedure 
on fat, protein, ash, and calcium digestibilities. In addition, they concluded 
that the RYGB procedure led to significant reduction in calcium, fat, and 
ash digestibilities, compared to SGIT or IT procedures. Thus the use of 
the pig model is facilitating a greater understanding of effects of surgical 
interventions in obesity therapy on nutrient metabolism in ways not possible 
with human patients or rodent models.

Summary and conclusions

The pig has proven over and over again as one of man’s most useful 
animal species. From its initial relevance as a source of high quality animal 
protein, the pig is now one of the most valuable animal models of disease. 
As a model for comparative medicine, the pig has unique resemblance to 
humans in the etiology of multiple human metabolic diseases. The reliance 
of porcine insulin for many decades to treat diabetics exemplify how the pig 
has proven to be an indispensable animal for human civilization. Indeed, 
the increasing incidence of metabolic diseases such as obesity, diabetes and 
cardiovascular diseases point to a bright future for the use of the pig as a 
biomedical model for the investigation of cause, prevention and cure for 
these diseases. The advancement of genome editing technologies will further 
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enhance global efforts to use the pig as a large animal model of metabolic 
diseases. The pig is not a “large mouse”, but an animal that more closely 
resembles humans than rodents in its genetics, anatomy, morphology of 
its organ systems and the physiology of its metabolic processes. Thus, for 
the pig, better days are still ahead. 
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Chapter-3

Growth Hormone and 
the Chick Eye 

Steve Harvey1,* and Carlos G. Martinez-Moreno2

IntroductIon

The chick embryo is a classical model to study eye development (Adler 
and Canto-Soler, 2007; Belecky-Adams et al., 2008; Goodall et al., 2009; 
Vergara and Canto-Soler, 2012). As pituitary growth hormone (GH) is an 
established growth factor (Harvey, 2013), it was tacitly assumed that it 
was causally involved in embryogenesis and eye growth. This belief was, 
however, re-evaluated with the realization that embryogenesis was a growth-
without GH syndrome (Geffner, 1996) and that pituitary somatotrophs only 
arise ontogenetically during the last trimester of incubation (Harvey et al., 
1998), after the completion of approximately 40 of the 46 Hamilton and 
Hamburger stages of development (Figure 1) (Hamburger and Hamilton, 
1951). Nevertheless, with the demonstration that GH gene expression is 
not confined to pituitary somatotrophs and occurs widely in extrapituitary 
tissues (Figure 2) (Harvey, 2010), it is likely that GH is involved in the 
embryogenesis and eye growth as a local autocrine or paracrine factor 
(Harvey and Baudet, 2014). 

ocular Growth Hormone

It is now well established that GH is present in the eyes of all vertebrate 
groups (Harvey et al., 2007a,b). In avian species GH immunoreactivity is 
abundantly present in the neural retina by ED (embryonic day) 5 of the 
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21 day incubation period (Harvey et al., 1998). This immunoreactivity is 
widespread through most layers of the neural retina (Harvey et al., 2001, 
2003; Baudet et al., 2003) but is especially abundant in the ganglion cell layer 
(GCL), in which it is located within cytoplasmic and nuclear compartments 
(Baudet et al., 2003; Sanders et al., 2005). This immunoreactivity appears to 
reflect a secretory form, since submonomer GH proteins of 15- and 16-kDa 
are released into incubation media following the culture of ED6-9 retinal 
explants (Baudet et al., 2003; Sanders et al., 2005). This immunoreactivity 
appears to be secreted from the retinal ganglion cells (RGCs) of the neural 
retina, as it is co-localized with islet-1, a nuclear antigen specific for RGCs 
(Baudet et al., 2007a). GH immunoreactivity is thus found in the vitreous 
fluid of chicken embryo eyes and the eyes of neonatal chicks (Baudet et al., 
2003). Within the vitreous, the secreted GH becomes bound to opticin, a 
unique proteoglycan binding protein produced in the neural retina (Sanders 
et al., 2003).

Figure 1: A series of normal stages in the development of the chick embryo from Hamburger, V., and 
H.L. Hamilton. 1951. J. Morph. 88: 49–92. Reprinted in Developmental Dynamics 195, 231–72 (1992). 
Poster by Drew M. Noden, Cornell University; sponsored by the American Association of Anatomists; 

production by Wiley-Liss, Inc.
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Although retinal GH is present in the cytoplasm of the RGCs  
(Figure 3), it is also present in the axons derived from these cells and it 
accumulates in the fasciles of the optic fiber layer (OFL) (Baudet et al., 2003, 
2007a). The OFL coalesce at the optic nerve head (ONH) by ED5 (Figure 
4A) and the GH-staining optic nerve (ON) exit the eye by ED7 (Figure 4D).  
GH is also present in the optic chiasm (OC) by ED7-8, when the axons 
of the optic nerve decussate (Figure 4E). The retinofugal optic nerve 
then enters into the striatum opticum (SO) and striatum griseum et fibrosum 
superficiale (SGFS) of the optic tectum (OT), where the RGC axons terminate  
(Figure 4I–K) (Baudet et al., 2007a). Within the OFL, ONH, ON, OC, 
SO and OT, the GH staining of the retinofugal fibres are colocalized 
with neurofilament associated proteins, reflecting their neural origin. 
Interestingly, GH is detected in the developing OT at ED4, before the first 
RGC axons reach this tissue (at ED6). Its presence in the OT is therefore not 
due to sequestration from the retinofugal fibers. This was confirmed, by 
the finding of GH mRNA in the cytoplasm of cells in the ventricular zone 
of OT at this early developmental stage (Baudet et al., 2007a). 

Figure 2:  Growth hormone (GH) immuno-reactivity within a cross section of an ED5 chick 
embryo body. (A) Low magnification photograph of GH immuno-reactivity visualized in an 
ED5 chick embryo body. (B–E) High magnification images of: a vertebral condensation (arrow) 
and dorsal root ganglia (arrowhead) (B); spinal nerves (arrow) and bone collar (arrowhead) (C); 
spinal nerves innervating the limb (arrow) (D); spinal nerves (arrow) innervating a vertebral 
condensation (E). Abbreviations: a, anterior; d, dorsal; Me, Mesonephros; Nc, notochord; Sc, 
spinal cord; Ve, ventricle. Scale bars, (A) 1 mm; (B–E) 100 μm. (From Harvey, S., and M.L. 
Baudet. 2014. Extrapituitary growth hormone and growth? Gen. Comp. Endocrinol. 205: 55–61 
and ED5 embryo from Hamburger, V., and H.L. Hamilton. 1951. A series of normal stages in 

the development of the chick embryo. J. Morphol. 88: 49–92).
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The retinofugal fibres synapse with the visual centres in the brain by 
ED10 and ED12 (Baudet et al., 2007a), suggesting the presence of GH in the 
OFL might result in its anterograde transport in RCG axons, it is therefore 
possible that GH in the neural retina acts as a neurotrophic factor involved 
in axonal growth or guidance prior to the synapsing of those fibres to the 
visual centres in the brain. This possibility is supported by the finding that 
there is a loss of GH from the OFL between ED14 and ED18, at the time 
when GH might not be required for synaptogenesis (Baudet et al., 2007a; 
Harvey et al., 2007a). This possibility is also supported by the fact that 
proteins involved in neurite development are not expressed in the neural 
retina of GHR-knockout mice, as in normal mice (Baudet et al., 2008). 

While the GH gene expressed in the neural retina of chick embryos codes 
for the full-length monomer protein (Figure 5A), GH immunoreactivity is 
largely associated with proteins of 15-16 kDa. These submonomer proteins 
are also present in pituitary extracts, in which the 22-kDa monomer (or 
25-kDa in reducing conditions) is the most abundant moiety (Figure 5B) 

Figure 3: GH immuno-reactivity in the neural retina of E7 chick embryos. GH immuno-
reactivity shown in green in fascicles (asterisk) of the optic fiber layer (OFL) and in the 
cytoplasm/perinuclear area (arrow) of large rounded cells in the retinal GCL. Immuno-
reactivity for islet-1, a nuclear marker of RGCs, is also shown (in red). Arrows represent 
illustrative RGCs (in red) containing cytoplasmic GH staining (in green). (unpublished Z-stack 
of GH immuno-reactivity in the ED 7 chick neural retina by Marie-Laure Baudet and Steve 
Harvey) (ED7 chick embryo from Hamburger, V., and H.L. Hamilton. 1951. A series of normal 

stages in the development of the chick embryo. J. Morphol. 88: 49–92.)
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Figure 4: GH immuno-reactivity in the RGC axons (retinofugal tract) of chick embryos. 
Confocal microscopy of GH immune-reactivity (green) (A) and neurofilament-associated 
protein immuno-reactivity (red) (B) at the back of the eye of E5 chick embryos. (C) Image 
overlay of A and B showing co-localization (yellow–orange coloration) in the OFL, optic nerve 
head (ONH) and optic nerve (ON). A higher magnification of GH in the fibers of the ONH 
is shown in the inset. The arrow points to an illustrative fascicle of the ON where GH (A) 
and neurofilament-associated protein (B) are co-localized. (D) Brightfield microscopy of GH 
immuno-reactivity (brown) in the OFL of the neural retina (NR), ONH and ON in the eyes 
of E7 chick embryos. Note the presence of GH in fascicles of the ON (arrows) (RPE, retinal 
pigmented epithelium). (E) Brightfield microscopy of GH immuno-reactivity (brown) in the 
left (lON) and right (rON) optic nerves, just prior to decussation in the optic chiasm (OC) at E7 
(DE, diencephalon). (F) Co-localization (yellow–orange coloration) of GH immuno-reactivity 
(green) in fibers immuno-reactive for neurofilament-associated protein (red) in lON, rON and 
OC (arrows) of E7 chick embryos. Nuclei are stained in blue with DAPI. Note the presence 
of GH in cells of the ON (arrowhead). (G) GH-immuno-reactivity (green) in both ONs, OC 
and optic tracts (OTr) (arrows) of E8 embryonic chicks. (H) Co-localization (yellow–orange 
coloration) of GH immuno-reactivity (green) and neurofilament-associated protein (red) in 
ONs, OC and OTr. (I) GH immuno-reactivity in the stratum opticum (SO) of the optic tectum 
(OT) in the brain of E12 chick embryos and in the stratum griseum et fibrosum superficiale (SGFS) 
where RGC axons terminate (p, pia). (J) Neurofilament-associated immuno-reactivity in the SO 
of E12 chick embryo OT. (K) Merged overlay of I and J showing colocalization (yellow–orange 
coloration) in the SO, but not in the SGFS. Scale bars = 20 μm (A–C, F, I–K), 10 μm (C, inset), 
50 μm (D, E, G, H). (From Baudet, M.L., D. Rattray, and S. Harvey. 2007a. Growth hormone 
and its receptor in projection neurons of the chick visual system: retinofugal and tectobulbar 

tracts. Neuroscience 148: 151–163.)
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(Baudet et al., 2003). In addition to the neural retina, the same 15-kDa GH 
protein is also found in the OT of ED7-8 embryos (Baudet et al., 2007a). It is 
thus highly likely that after translation, the full-length monomer is rapidly 
degraded within the neural retina, especially as exogenous recombinant 
chicken GH is similarly found to be degraded into 15-16 kDa moieties when 
incubated with embryonic retinal extracts (Harvey et al., 2007a).

In addition to the GH gene that codes for the full-length monomer 
protein, a second transcript which codes for a small (16.5-kDa) protein 
(s-cGH, small-chicken GH) was also discovered in the eyes of ED17 chicken 
embryos (Takeuchi et al., 2001). This novel GH mRNA is transcribed from 

Figure 5: GH mRNA and immuno-reactivity in embryonic retinal ganglion cells (RGCs). (A) 
In situ hybridization of GH mRNA in the neural retina of ED7 chick embryos. (A) Specific 
hybridization with a 690-bp DIG-labeled HindIII antisense probe for GH mRNA is shown 
throughout the neural retina (NR), particularly in a layer of large cells in the RGC layer below 
the optic fiber layer (OFL). (B) Western blotting of GH immuno-reactive proteins in the neural 
retina and vitreous humor of chick embryos (pooled tissues from at least three embryos) at 
ED6, ED8, and ED9, in comparison with proteins in the pituitary (Pit) glands of slaughterhouse 
(42-d-old) chickens and proteins in culture media after the incubation of retinal tissues. (From 
Baudet, M.L., E.J. Sanders, and S. Harvey. 2003. Retinal growth hormone in the chick embryo. 

Endocrinology 144: 5459–5468.)
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the middle of intron 3 of the GH gene. The deduced protein is a cytosolic 
protein of 16.5-kDa with 140 amino acid residues (Figure 6). s-cGH lacks 
the signal peptide and the N-terminal amino acid residues of 22-kDa GH, 
replacing them with 20 aberrant amino acid residues. Immunoreactivity 
for this protein is found in the retinal pigmented epithelium (RPE) of 
the retina from ED10, increasing in abundance until it reaches a peak at 
ED17. By hatching, s-cGH immunoreactivity rapidly decreases and it is 
not detectable after hatching. Using a specific antibody against the unique 
N-terminus of s-cGH, immunoreactivity was found to be associated with 
neural retinal proteins of approximately 16-kDa, comparable with its 
predicted size (Baudet et al., 2007b). Most of the s-cGH immunoreactivity 
detected is, however, associated with a 31-kDa moiety, suggesting s-cGH 
is normally present in a dimerized form. Neither proteins were, however, 
present in the media of human epithelial kidney (HEK) cells that had been 
transfected with s-cGH DNA after its insertion into an expression plasmid. 
This suggests s-cGH is not a secretory product, consistent with its lack of 

Figure 6: scGH immuno-reactivity in the NR of ED7 chick embryos. (A), scGH immuno-
reactivity (arrows) is seen in the cytoplasm of cells in the retinal ganglion cell layer (RGCL). 
No scGH immuno-reactivity is present in the OFL. Staining for neurofilament immuno-
reactivity is shown (B) and is confined to the OFL. The image overlay (C) clearly shows that 
scGH immuno-reactivity and neurofilament immuno-reactivity are discrete. The specificity 
of detection is shown in a control, NRS section (D). The immuno-reactivity for scGH in the 
NR (E) is also compared with immuno-reactivity for a RGC marker (F). The yellow orange 
coloration in the image overlay (G) demonstrates the presence of scGH in RGC cytoplasm and 
nuclei. The specificity of detection is shown in a control normal rabbit serum (NRS)-treated 
section (H). Bars, 20 μm. (From Baudet, M.L., B. Martin, Z. Hassanali, E. Parker, E.J. Sanders, 
and S. Harvey. 2007. Expression, translation, and localization of a novel, small growth hormone 

variant. Endocrinology 148: 103–115.)
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signal peptide sequence. Similar s-cGH moieties of 16- and 31-kDa were 
found in proteins extracted from other ocular tissues (the neural retina, RPE, 
cornea and choroid) of chicken embryos, although they are not consistently 
present in the vitreous humor, consistent with its lack of secretion within 
the eye (Baudet et al., 2007b). Specific s-cGH immunoreactivity was also 
detected in chicken ocular tissues by immunohistochemistry, but it was not 
detected in axons of the OFL or ONH, which were both immunoreactive for 
full-length chicken GH. Thus, although s-cGH is expressed and translated in 
chick ocular tissues, its localization in the neural retina and ONH is distinct 
from the full-length protein.

In addition to RGCs and their axons, GH immunoreactivity is widely 
distributed in the neural retina and staining is also seen in the inner and 
outer nuclear layers, and within the photoreceptor layer (Harvey et al., 
2016). GH immunoreactivity is also present in the choroid layer, the sclera 
and the cornea (Harvey et al., 2003). It is also abundant in the lens, in which 
the epithelial lens fiber cells are intensely stained, particularly in the nuclei 
(Harvey et al., 2001).

Ocular GH receptors

Ocular tissues are not just sites of GH production, as they express the 
GH receptor (GHR) gene and are thus sites of GH actions. Ocular GHRs 
were first demonstrated in the chicken eye by Tanaka et al. (1996), by their 
demonstration of GHR mRNA in the eyes of ED16 chicks embryos. The 
presence of GHR proteins in ocular tissues was first shown by the finding 
of GHR immunoreactivity in the optic vesicle of ED3 embryos (Harvey  
et al., 2001) and subsequently by RT-PCR and the detection of GHR cDNA 
for regions coding for the extracellular and intracellular domains of the 
GHR in extracts of whole eye, neural retina and RPE of ED7 chicks (Harvey 
et al., 2003). GHR expression was also shown, by in situ hybridization, to 
be present in large rounded cells in the ganglion cell layer of the neural 
retina. As these are presumptive GH-secreting RGCs, GH is likely to act 
locally within the neural retina in autocrine or paracrine ways. GHR 
immunoreactivity was similarly found in the OFL and mirrored the 
localization of GH (Figure 7) (Harvey et al., 2007a). The expression of the 
GHR gene in the OT of ED7-8 embryos was also demonstrated by RT-PCR 
(Baudet et al., 2007a). Interestingly, GHRG (GH responsive-gene)-1 mRNA 
was also expressed in the OT of ED7-8 embryos (Baudet et al., 2007a). As 
GHRG-1 is a specific marker of GH action (Agarwal et al., 1995; Radecki 
et al., 1997) in chick embryo brain (Harvey et al., 2002), this suggests GHR 
mediated GH action within the visual tract prior to the ontogeny of pituitary 
somatotrophs (at ED15) (Porter et al., 1995) and the endocrine actions of 
circulating GH (at ED17; Harvey et al., 1979).
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In addition to the full-length GHR, other receptors may be present 
in the chick eye, as s-cGH immunoneutralization inhibits RGC survival 
in chick embryo cultures (Baudet and Harvey, 2007). This suggests it has 
functional activity, yet structural analysis of the s-cGH protein shows that 
it cannot bind to the classical GHR (Baudet et al., 2007b). The 15 kDa GH 
variant expressed in the chick neuroretina may similarly not act via the 
classical GHR and other non-classical signaling pathways may be present 
(Harvey et al., 2014).

Ocular GH actions

(1) Neuroprotection

Within the chick eye, the first demonstrated action of exogenous GH was 
its stimulation of a 5-fold induction of IGF (insulin-like growth factor)-1 
mRNA after a 48 h culture of ED8 (Baudet et al., 2003). This treatment was 
accompanied by a decrease in the number of TUNEL-labelled cells in the 
retinal explants (Sanders et al., 2005) and a decrease in the content of caspase 
3 mRNA and a decrease in the content of apoptosis inducing factor (AIF)-1 
mRNA (Harvey et al., 2006). This result suggested a role for retinal GH in 

Figure 7: GHR immuno-reactivity in the neural retina of E7-8 chick embryos. (A) Brightfield 
microscopy showing GHR immuno-reactivity (brown) in the back of the eye of E7 embryonic 
chicks, in the OFL, in the optic nerve head (ONH) and in the optic nerve (ON) (RPE, 
retinal pigmented epithelium). (B) Higher magnification of ONH shown in A. (C) Higher 
magnification of ON shown in A. Negative (normal mouse serum) control of the ON (D), ONH 
(E), optic chiasm (OC) and optic tract (OTr). (From Baudet, M.L., D. Rattray, and S. Harvey. 
2007a. Growth hormone and its receptor in projection neurons of the chick visual system: 

retinofugal and tectobulbar tracts. Neuroscience 148: 151–163.)
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RGC cell survival during developmental waves of apoptosis. Within the 
neural retina, two developmental waves of apoptosis are known to exist, one 
which peaks at ED7 and a second that peaks at ED12 (Sanders et al., 2005). 
Retinal GH was thus thought to be neuroprotective against both of these 
developmental waves of apoptosis. This role in early embryogenesis was 
supported by the fact that the GH treatment of immuno-panned ED8 RGCs 
similarly reduced the number of apoptotic cells (Sanders et al., 2006). This 
neuroprotective action was due to a local autocrine or paracrine actions of 
retinal GH, as the immuno-neutralization of endogenous GH in immuno-
panned ED8 RGCs tripled the incidence of apoptosis (Sanders et al., 2005). 
Moreover, when the same antibodies were microinjected into the optic cup of 
ED2 embryos, the incidence of apoptosis was disrupted in comparison with 
ED2 embryos microinjected with control (normal rabbit) serum (Sanders 
et al., 2005). Not surprisingly, GH immuno-neutralization of cultured 
immuno-panned RGCs was found to inhibit Akt phosphorylation and to 
increase the accumulation of caspase 3 and the cleavage of PARP-1, through 
the activation of PARP-1. The GH treatment of immuno-panned RGCs was 
also shown to reduce the cleavage of caspase 9 and to activate cytosolic 
tyrosine kinases (Trks) and extracellular-signal-related kinases (Erks), which 
together converge in the activation of cAMP response element binding 
protein (CREB) and initiate the transcription of pro- and anti-apoptotic 
genes (Sanders et al., 2008). These signalling pathways are common to other 
neurotrophins (e.g., brain-derived growth factor and transforming growth 
factor-1) and GH can thus be considered to be an authentic growth and 
differentiation factor in the development of the embryonic retina. IGF-1 has 
been shown to similarly promote cell survival in the neural retina through 
similar signaling pathways and as GH increases IGF-1 expression in ED8 
retinal explants (Baudet et al., 2003), the possibility that the neuroprotective 
action of GH might be IGF-dependent was investigated. The simultaneous 
immuno-neutralization of both GH and IGF-1 did not increase the level 
of apoptosis in immuno-panned RGC cultures above that achieved  
by immuno-neutralization of GH alone, suggesting the neuroprotective 
action of GH is mediated in large part through the action of IGF-1 (Sanders 
et al., 2009a).

The immuno-neutralization of endogenous retinal GH provides 
evidence that it is of physiological importance as a paracrine or autocrine 
in cell survival. This role has also been shown by GH gene silencing 
in the embryonic chick retina. For instance, using siRNA to silence the 
local synthesis of GH (and IGF-1) in QNR/D cells there is an increase in 
the appearance of cells with apoptotic fragmented nucleus morphology 
(Sanders et al., 2010, 2011). Moreover, when the siRNA is microinjected into 
the eye cup of ED4 chick embryos it was found to significantly increase the 
number of apoptotic cells in flatmounts of the ED5, embryos in comparison 
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with embryos microinjected with the non-silencing siRNA (Figure 8) 
(Sanders et al., 2011). Within the neural retina, the apoptotic retinal cells were 
mostly found close to the optic fissure, which is a transient embryological 
structure in which the cells are more prone to apoptosis. GH expression in 
the neural retina therefore promotes retinal cell survival by autocrine or 
paracrine GH actions. 

Cell survival in the neural retina was also found to be correlated with 
the amount of GH expressed. This was shown by the reduction on cell 
survival when endogenous GHRH (GH-releasing hormone) was reduced 
by GHRH immuno-neutralization (Martinez-Moreno et al., 2014a) thereby 
removing the stimulatory effect of GHRH on retinal GH synthesis and 
retinal GH secretion (Harvey et al., 2012; Martinez-Moreno et al., 2014a). 
The autocrine or paracrine control of retinal GH release therefore contributes 
to the autocrine or paracrine control of GH in terms of retinal cell survival.

In addition to increasing RGC survival during developmental waves 
of apoptosis, a similar signaling mechanism might protect RGCs, against 
the cell death induced by glutamate-induced excitotoxicity (Ientile et al., 

Figure 8: Sections of ED5 eyes 6 h after intra-vitreal injection. (A) A non-injected eye. (B) An 
eye injected with non-silencing siRNA. Note that in both (A) and (B) there are concentrations of 
apoptotic cells in the region of the optic fissure (asterisks). (C) An eye injected with cGH siRNA. 
Note the high concentration of apoptotic cells in the region of the optic fissure in comparison 
with (A) and (B) (asterisk). (From Sanders, E.J., W.Y. Lin, E. Parker, and S. Harvey. 2011. Growth 
hormone promotes the survival of retinal cells in vivo. Gen. Comp. Endocrinol. 172: 140–150.)
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2001). The possibility that this might occur is supported by the presence of 
glutamate receptors in the embryonic chick neuroretina and OT and their 
presence in immortalized QNR/D cells, which provide an experimental 
model of RGC function (Martinez-Moreno et al., 2014b). The presence of 
these receptors was first shown by RT-PCR using oligonucleotide primers 
against the GluR2 and GluR3 receptor subunits of the AMPA receptor 
and primers for the NMDA receptor (NR1 subunit) (Martinez-Moreno 
et al., 2016). The presence of the metabotropic (GRM6+7 subunits) and 
ionotropic (GluR2+3 subunits) AMPA receptor proteins was also shown 
by immunohistochemistry. The toxicity of glutamate was show by its 
ability to induce cell death, especially in the presence of buthionine 
sulfoxamide (BSO), as shown by TUNEL-labeling and the release of lactate 
dehydrogenase (LDH) (Martinez-Moreno et al., 2016). When exogenous 
recombinant chicken GH was added to QNR/D cultures it was effective 
in a dose-related way, in reducing glutamate-induced cell death and LDH 
release (Martinez-Moreno et al., 2016). The GH treatment of QNR/D cells 
was also found to increase the abundance of pSTAT5 immunoreactivity and 
immunoreactivity for Bcl-2 (Martinez-Moreno et al., 2016). Bcl-2, abundance 
was also increased in abundance after explants of ED8 chick neuroretina 
were incubated in 100 nM recombinant chicken GH (Martinez-Moreno  
et al., 2016). The finding that GH is able to protect against excitotoxicity in 
the glutamate cell death assay implies its prevention of both apoptosis and 
necrosis. These results may also have clinical relevance, since excitotoxicity 
is an underlying damage mechanism involved in many neurodegenerative 
processes including neuroretinal diseases. Indeed, RGC death is a cause of 
glaucoma and while the absence of GH in human RGCs is correlated with 
a 100% incidence of RGC apoptosis, the presence of GH in human RGCs is 
associated with a 100% incidence of RGC survival (Sanders et al., 2009b).

(2) Neurite growth 

Within the nervous system, a few studies have suggested that GH promotes 
cell proliferation and differentiation (Turnley et al., 2002; Ajo et al., 2003; 
McLenachan et al., 2009; Aberg et al., 2009; Aberg, 2010). In the chick 
embryo, exogenous GH was also found to increase the length of RGC axons 
sprouting from cultured immuno-panned RGCs after a 3d cultured in 10–6 
or 10–9 M recombinant chicken GH (Figure 9A and C) (Baudet et al., 2009).  
Exogenous GH also increased the number of cells that had sprouting 
neurites (Figure 9C) (Baudet et al., 2009). This action reflected a neurotrophic 
role of endogenous, retinal GH, as the siRNA knockdown of retinal GH in 
immuno-panned RGCs, reduced the number of cells with sprouting neurites 
and reduced neurite length (Figure 9D) (Baudet et al., 2009). Retinal GH, 
thus acts as an autocrine or paracrine growth factor to promote axon growth 
in the chick neural retina.
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Figure 9: Growth hormone promotes axon growth in chicken (ED7) retinal ganglion cells. (A) 
Effect of 10−9 and 10−6 m GH treatment on axon elongation of immuno-panned RGC after 3 d in 
culture. Values are means ± SEM (n = 3 dishes). *, P < 0.05; **, P < 0.001 (ANOVA followed by 
Tukey’s multiple comparison test). (B), Proportion of cells elongating axons of specific length 
in absence or presence of treatment. (C), Illustrative RGCs in absence or presence of cGH 
treatment. –ve, Negative. (D), Illustrative siRNA-transfected immuno-panned RGCs. Note the 
decrease in GH immuno-reactivity (red) after transfection with cGH1-labeled siRNA (green, 
arrow), compared with that in cells transfected with nonsilencing siRNA. Neurofilament-
associated protein marker (light blue) was used to detect RGC neurites. Nuclei are stained 
with DAPI (dark blue). Note the difference in axon length (star) between nonsilencing and 
cGH1 siRNA transfected RGCs. Scale bar, 10 μm. (Baudet, M.L., D. Rattray, B.T. Martin, and 
S. Harvey. 2009. Growth hormone promotes axon growth in the developing nervous system. 

Endocrinology 150: 2758–2766.)

(3) Synaptogenesis 

While actions of GH in neural differentiation are now well established 
(Waters and Blackmore, 2011), there is a paucity of information of the possible 
involvement GH in synaptogenesis. However, SNAP-25 (synaptomal-
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associated protein 25) immuno-reactivity in ED8-10 neuoretinal explants 
was shown to be increased in response to exogenous GH treatment (Fleming 
et al., 2016). This is just prior to the onset of synaptogenesis of amacrine 
cells and RGCs (Catsicas et al., 1991) and it coincides with the peak presence 
of GH in the OFL of the neural retina (Baudet et al., 2009). The possibility 
that GH is involved in synaptogenesis is also supported by the finding 
that the intravitreal injection of GH increases SNAP-25 immuno-reactivity 
in the eye of ED10 embryos (Fleming et al., 2016). This possibility is also 
supported by the finding that GH treatment also increased GAP-43 (growth 
associated protein 43) immuno-reactivity in the chick neural retina and 
in QNR/D cells (Fleming et al., 2016). GAP-43 is known to be critical for 
the development of the nervous system and for synaptogenesis (Latchney 
et al., 2014). Moreover, as secretoneurin is also thought to be involved in 
synaptogenesis (Marksteiner et al., 2002), the co-localization of secretoneurin 
and GH in QNR/D cells (Martinez-Moreno et al., 2015) further suggests 
the involvement of GH in synapse formation within the chick neural retina.

Ocular GH secretion

The expression of GH mRNA in the neural retina of chick embryos is likely 
to be stimulated, as in the pituitary gland, by the action of GHRH (GH-
releasing hormone). GHRH immuno-reactivity was shown to be present and 
co-localized within the RGCs of the ganglion cell layer in ED7 chick embryos 
(Harvey et al., 2012). It was similarly co-localized with GH in quail-derived 
QNR/D cells (Martinez-Moreno et al., 2014b). When incubated with 1 µM 
GHRH for 24 h it significantly increased (by 2 fold) the expression of GH 
mRNA in comparison with controls. Exogenous GHRH also increased the 
amount of GH released from QNR/D cells, causing a depletion in the GH 
content acutely (within 15 min) but increasing the GH content after long-
term (48 h) culture (Martinez-Moreno et al., 2014a).

In addition to GHRH, TRH (thyrotrophin-releasing hormone) was 
also shown to be immunologically present in QNR/D cells (Harvey et al., 
2012) and to stimulate GH synthesis and release from QNR/D cells when 
incubated with TRH in vitro (Martinez-Moreno et al., 2014a). GH release 
from QNR/D cells is thus similar to that from the pituitary gland, although 
the actions of SRIF (somatostatin or GH-release inhibitory hormone, 
GHRIH) and IGF-1 are currently unknown. Both of these factors, which 
inhibit pituitary GH release, are however, immuno-cytochemically present 
in QNR/D cells (Harvey et al., 2012). It is thus possible that GH release 
from RGCs in the chick embryo may be regulated by a number of factors 
that interact in autocrine, paracrine or intracrine ways. 

The release of GH from chick RGCs is likely to be in secretory granules 
that were identified by electron microscopy in QNR/D cells (Martinez-
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Moreno et al., 2015). Within the granules inside the QNR/D cells, GH 
was co-localized with secretoneurin, a neuropeptide derived from 
secretogranins, which are similarly found in pituitary somatotrophs, in 
which GH is also stored and co-secreted with secretoneurin. The release 
of GH from QNR/D cells is also likely to involve SNAP-25 (synaptosomal-
associated protein 25), with which it was also co-localized. This suggests 
that GH release occurs following the specific fusion of vesicles with the 
plasma membrane, similar to the release of GH from the anterior pituitary 
cells (Rotondo et al., 2008).

Pituitary Growth Hormone in ontogenic chick Eye 
development

As pituitary GH-secreting somatotrophs are not present until the last 
trimester of incubation, most eye development occurs in the absence of 
pituitary GH action, and eye development largely reflects autocrine or 
paracrine actions of ocular GH. However, as pituitary somatotrophs arise 
ontogenetically by ED14 of incubation (Porter et al., 1995), the presence 
of GH in plasma, by ED17 (Harvey et al., 1979), suggests pituitary GH 
may contribute to development of the chick eye in the last week of 
incubation. This possibility is supported by the finding that Cy3-labelled 
GH was translocated from peripheral plasma into the neural retina of 
ED15 embryos, where it was internalized into RGCs (Fleming et al., 2016). 
Exogenous (pituitary derived) GH was similarly internalized into QNR/D 
cells after its addition to incubation media. The uptake of exogenous GH 
was by a receptor-mediated mechanism and maximal after 30–60 min 
and was accompanied by STAT5 phosphorylation and increased GAP43 
and SNAP25 immuno-reactivity. This suggest exogenous (endocrine) and 
local (autocrine/paracrine) GH are both involved in retinal function in late 
embryogenesis, either directly or through the induction of IGF-I or other 
growth factors (Diaz-Casares et al., 2005).

Summary

In summary, GH is produced and acts within the chick eye during 
embryogenesis, in which it has functional actions as an autocrine or 
paracrine regulator. Pituitary GH secretion occurs in the last trimester of 
incubation and as it can be internalized into the RGCs of the neural retina, 
it may also contribute to chick eye development in late embryogenesis. 
Eye development in the chick thus depends upon GH-mediated signaling 
pathways, that may reflect autocrine, paracrine or endocrine actions.

Keywords: Ocular growth hormone, synaptogenesis, neurite growth, 
pituitary growth hormone, ontogenic, chick, eye development
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Chapter-4

Porosome Enables the 
Establishment of Fusion Pore  

at its base and the Consequent 
Kiss-and-Run Mechanism 
of Secretion from Cells 

Bhanu P. Jena

INTRODUCTION

In the 1970’s, Bruno Ceccarelli recognized the presence of a ‘transient’ 
mechanism of secretory vesicle fusion at the cell plasma membrane 
(Ceccarelli et al., 1973) enabling fractional release of intravesicular contents, 
and coined the term ‘kiss-and-run’. In 1990, Wolfhard Almers hypothesized, 
based on his own and existing studies, that the fusion pore is the continuity 
established between the vesicle membrane and the cell plasma membrane, 
and results from a “preassembled ion channel-like structure that could 
open and close” (Almers and Tse, 1990; Monck and Fernandez, 1992). In 
1993, Erwin Neher reasoned that: “It seems terribly wasteful that, during 
the release of hormones and neurotransmitters from a cell, the membrane 
of a vesicle should merge with the plasma membrane to be retrieved 
for recycling only seconds or minutes later” (Neher, 1993). Our current 
knowledge of the presence of over 100,000 lipid species in cells, and their 
precise distribution with subcellular organelles, makes even more sense, 
the statement made by Prof. Neher. A membrane-associated portal—the 
porosome discovered in the mid 1990’s, has been demonstrated to enable 
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secretory vesicles to transiently establish continuity with the cell plasma 
membrane without collapsing, expel a portion of the vesicular contents and 
disengage, while remaining partially filled as demonstrated in numerous 
cells, including in the rat peritoneal mast cells [Figure 1]. Similarly, in acinar 
cells of the exocrine pancreas, partially filled Zymogen Granules (ZG), 
the secretory vesicles in these cells, are generated following a secretory 
episode as observed in electron micrographs (EM). EM morphometry 
of intracellularly located ZG in pancreatic acinar cells demonstrate that 
although the total number of ZG in cells remains unchanged following 
secretion, there is an increase in the number of empty and partially empty 
vesicles following a secretory episode, suggesting a transient kiss-and-run 
mechanism of intravesicular content release during cell secretion. Further 
confirmation of the transient kiss-and-run mechanism of cell secretion is 
demonstrated by the direct observation using atomic force microscopy 
(AFM) docked ZG at the apical plasma membrane in live pancreatic 
acinar cells (Figure 2). Physiological stimulation of cell secretion using the 

Figure 1: Electron micrographs of rat peritoneal mast cells in resting (A, extreme left) and 
following secretion (B, extreme right). Note the fractional release of intravesicular contents 
following secretion (B) (Electron micrographs obtained from J. Exp. Med. 142: 391–401, 1975). 
This fractional release of intravesicular contents could only be possible via the porosome 
(P)-mediated transient fusion mechanism shown (√). ©Bhanu Jena. The schematic drawing 
on the top right, illustrating the establishment of the fusion pore at the porosome base when 
t-SNAREs at the porosome base interact with v-SNAREs at the secretory vesicle membrane 
in a ring or rosette pattern, to establish continuity in the presence of calcium ions (https://

en.wikipedia.org/wiki/Porosome).

Porosome

https://en.wikipedia.org/wiki/Porosome
https://en.wikipedia.org/wiki/Porosome
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cholecystokinin analogue carbamylcholine, results first in ZG swelling 
followed by intravesicular content release and a consequent decrease in ZG 
size. ZG remain long after the completion of the secretory episode (Figure 
2), demonstrating the transient or kiss-and-run mechanism of cell secretion.

The supramolecular structure at the cell plasma membrane called 
‘porosome’ that enables the kiss-and-run mechanism of secretion in cells 
was discovered in the mid 1990’s and initially misnamed ‘fusion pore’. 
Porosomes are supramolecular lipoprotein structures at the cell plasma 
membrane ubiquitously present in all cells examined, and hence have 
been recognized as the universal secretory portal in cells (Schneider  
et al., 1997; Cho et al., 2002a,b,c; Jena et al., 2003; Jeremic et al., 2003; Cho 
et al., 2004). During cell secretion, secretory vesicles transiently dock and 
fuse at the porosome base via SNAREs to establish such a fusion pore or 
continuity between the secretory vesicle membrane and the porosome, to 
enable measured release of intravesicular contents. Immediately prior to 
vesicle fusion at the porosome, secretory vesicles swell via regulated active 
transport of water and ions, and the consequent intravesicular pressure 
generated, drives intravesicular contents to the outside through the fusion 
pore and through the porosome opening to the outside (Figure 1). As 
a result, the integrity of either the vesicle membrane or the cell plasma 
membrane is uncompromised (Schneider et al., 1997; Cho et al., 2002a,b,c; 

Figure 2: The volume dynamics of zymogen granules (ZG) in live pancreatic acinar cells 
demonstrating fractional release of ZG contents during secretion. (A) Electron micrograph 
of pancreatic acinar cells showing the basolaterally located nucleus (N) and the apically 
located electron-dense vesicles, the ZGs. The apical end of the cell faces the acinar lumen (L).  
Bar = 2.5 μ. (B-D) Apical ends of live pancreatic acinar cells in physiological buffer imaged by 
AFM, showing ZGs (red and green arrowheads) lying just below the apical plasma membrane. 
Exposure of the cell to a secretory stimulus (1 μ carbamylcholine), results in ZG swelling 
within 2.5 min, followed by a decrease in ZG size after 5 min. The decrease in size of ZGs 
after 5 min is due to the release of secretory products such as á-amylase, as demonstrated by 
the immunoblot assay (E). If ZG’s had fused at the plasma membrane and fully merged, it 
would not be visible, demonstrating transient fusion and fractional discharge on intravesicular 

contents during secretion in pancreatic acinar cells [28]. ©Bhanu Jena.
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Jena et al., 2003; Jeremic et al., 2003; Cho et al., 2004; Lee et al., 2012; Kovari 
et al., 2014). In the past two decades, in further confirmation, hundreds of 
studies from scores of laboratories from around the world, provide evidence 
on the kiss-and-run mechanism of cell secretion and fractional release of 
intravesicular contents from cells. Studies demonstrated that “secretory 
granules are recaptured largely intact following stimulated exocytosis in 
cultured endocrine cells” (Taraska et al., 2003); “single synaptic vesicles 
fuse transiently and successively without loss of identity” (Aravanis et al., 
2003); and “zymogen granule exocytosis is characterized by long fusion 
pore openings and preservation of vesicle lipid identity” (Thorn et al., 2004). 
Utilizing the porosome-mediated “kiss-and-run” mechanism of secretion 
in cells, secretory vesicles are capable of reuse for subsequent rounds of 
exo-endocytosis, until completely empty of contents. However, in a fast 
secretory cells such as the neuron, synaptic vesicles have the advantage of 
rapidly refilling, utilizing the neurotransmitter transporters present at the 
synaptic vesicle membrane. 

Elucidation of the porosome structure, its chemical composition, and 
functional reconstitution into artificial lipid membrane (Schneider et al., 
1997; Cho et al., 2002a,b,c; Jena et al., 2003; Jeremic et al., 2003; Cho et al., 
2004; Lee et al., 2012; Kovari et al., 2014), and the molecular assembly of 
membrane-associated t-SNARE and v-SNARE proteins in a ring or rosette 
complex [17-25], resulting in the establishment of membrane continuity 
between the membrane of the porosome base and the secretory vesicle 
membrane to establish a fusion pore, has been demonstrated in great 
detail (Cho et al., 2002d; Jeremic et al., 2004a,b; Cho et al., 2004; Jeremic 
et al., 2006; Cook et al., 2008; Shin et al., 2010; Issa et al., 2010; Cho et 
al., 2011). Similarly, an understanding of the molecular mechanism of 
secretory vesicle swelling, and its requirement for intravesicular content 
release during cell secretion has further progressed (Jena et al., 1997; Cho 
et al., 2002e; Kelly et al., 2004; Jeremic et al., 2005; Lee et al., 2010; Chen  
et al., 2011). Collectively, these studies provide a molecular understanding 
of porosome-mediated kiss-and-run mechanism of fractional release of 
intravesicular contents from cells during secretion, resulting in a paradigm-
shift in our understanding of the secretory process.

Porosome: Discovery, Isolation, Composition, and 
Reconstitution

In the mid 1990’s using AFM, our group was the first to image the morphology 
and dynamics of new 100–180 nm pores in cellular structures at the apical 
plasma membrane of live pancreatic acinar cells (Figure 3), and demonstrated 
their involvement in cell secretion (Schneider et al., 1997). During secretion, 
the pores grew larger, and returned to their resting size following completion 
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of cell secretion. In the following five years, our results demonstrated these 
structures to be secretory portals or porosomes, where secretory vesicles 
transiently dock and fuse to expel intravesicular contents to the outside 
during cell secretion (Cho et al., 2002a; Jena et al., 2003). Following stimulation 
of cell secretion, gold-conjugated antibody against the secretory starch-

Figure 3: Porosomes at the apical plasma membrane of the exocrine pancreas. (A) Atomic 
Force Microscopy (AFM) micrograph depicting ‘pits’ (light arrow) and ‘porosomes’ within 
(upperdark arrow), at the apical plasma membrane in a live pancreatic acinar cell. (B) To the 
right is a schematic drawing depicting porosomes at the cell plasma membrane (PM), where 
membrane-bound secretory vesicles called zymogen granules (ZG), dock and fuse to release 
intravesicular contents. (C) A high resolution AFM image shows a single pit with four 100–180 
nm porosomes within. (D) An electron micrograph depicting a porosome (arrow head within 
box) close to a microvilli (MV) at the apical plasma membrane (PM) of a pancreatic acinar 
cell. Note the association of the porosome membrane (light arrow head), and the zymogen 
granule membrane (ZGM) (lower right arrow head) of a docked ZG (inset). Cross section of 
a circular complex at the mouth of the porosome is observed (upper dark arrow heads). In 
the presence of the actin depolymerizing agent cytocholasin, porosome openings collapse, 
and there is a concomitant loss of secretion (data not shown) (Schneider et al., 1993; Jena  

et al., 2003). ©Bhanu Jena.
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digesting enzyme amylase, accumulates at these pore structures, establishing 
them to be secretory portals in cells (Cho et al., 2002a; Jena et al., 2003). Using 
immuno-AFM, the presence of t-SNAREs at the porosome base facing the 
cytosol was determined, where ZG transiently dock and fuse during secretion 
(Jena et al., 2003). Next, porosomes were found to be present at the plasma 
membrane of growth hormone (GH) secreting cells of the pig pituitary gland 
(Cho et al., 2002b), and in rat chromaffin cells (Cho et al., 2002c). The porosome 
structure in GH cells, its dynamics, and the accumulation of GH-immuno-
gold at its opening following stimulation of secretion, was further determined  
(Cho et al., 2002b). In 2003, the porosome from the rat exocrine pancreas 
was isolated, its composition determined, and it was both structurally and 
functionally reconstituted into lipid membrane (Jeremic et al., 2003). In the 
same study (Jeremic et al., 2003), morphological details of the porosome 
complex associated with docked secretory vesicle with established fusion 
pore, was observed at ultrahigh resolution using electron microscopy (EM) 
(Jeremic et al., 2003) (Figure 3).  

In 2004, the neuronal porosome complex was discovered, isolated, and 
functionally reconstituted into artificial lipid membrane (Cho et al., 2004). In 
2012, the proteome of the neuronal porosome complex (Lee et al., 2012), and 
in 2014, its lipidome were finally determined (Jena, 2014; Lewis et al., 2014). 
Examination of the presynaptic membrane at the nerve terminal using high 
resolution AFM (Cho et al., 2004), EM (Cho et al., 2004), and SAXS studies 
(Kovari et al., 2014), demonstrate the presence of approximately 15 nm cup-
shaped porosomes, each possessing a central plug (Figures 4, 5). The outer 
rim of the porosome opening to the outside is lined by eight equally spaced 
protein densities (Figure 4D, E). The eight protein densities are observed 
both in the native neuronal porosome complex (Figure 4D top left) as well 
as in isolated porosomes reconstituted in lipid bilayers (Figure 4D top right). 
Similar to AFM micrographs, approximately 8 interconnected protein 
densities are observed in EM micrographs of purified neuronal porosome 
preparations (Figure 4E). Electron density and contour mapping, and the 
resultant 3D topology profiles of the neuronal porosome complex provide 
further details of the arrangement of proteins, and their interconnection 
to the central plug region of the complex via distinct spoke-like elements 
(Figure 4E lower left). The 3D topology of the porosome complex  
(Figure 4E lower right) obtained from electron density maps, show in 
greater detail, the circular profile of the porosome complex and a central 
plug connected via spokes as in a cart wheel. AFM micrographs of inside-
out presynaptic membrane, demonstrate inverted cup-shaped porosomes 
facing the cytosol, some with docked synaptic vesicles at the porosome base 
(Figure 4F, G). AFM, EM, and photon correlation spectroscopy (Figure 4H, 
I) demonstrate isolated porosomes to range in size from 12–17 nm. High-
resolution AFM micrographs of the neuronal porosome complex present 
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Figure 4: Neuronal porosome structure and organization. (A) Low [Scale = 1 μ] (B) and 
high-resolution [Scale = 100 nm] atomic force microscope (AFM) micrographs of isolated 
rat-brain nerve terminals or synaptosomes in buffer. (C) Electron microscope (EM) picture 
of a synaptic terminal [Scale = 100 nm]. (D) AFM micrographs of native neuronal porosome 
complex at the presynaptic membrane (Fig. D top left), and of an isolated porosome complex 
reconstituted into lipid membrane (Fig. D top right). Note the native and reconstituted 
porosomes being morphologically identical. In the electron micrographs below, lower panels 
are two EM micrographs demonstrating synaptic vesicles (SV) docked at the base of cup-shaped 
porosome, with a central plug (red arrowhead). (E) EM, electron density, and 3D contour 
maps provide at nanometer resolution of protein arrangement within the porosome complex. 
(F) AFM micrograph of the cytosolic compartment of an isolated bouton or synaptosome, 
demonstrating SV (blue arrow-head) docked at the base of porosomes (red arrow-head). (G) 
AFM micrograph of a SV docked at a porosome. (H) Measurements (n = 15) using AFM of 
SV (SV, 40.15 ± 3.14) and porosomes (P, 13.05 ± 0.91) at the presynaptic membrane. (I) Photon 
correlation spectroscopy performed on isolated neuronal porosomes measure 12–17 nm. (J) 
X-ray solution scattering (SAXS) of averaged 3-D structure of a SV (purple) docked at the base 
of a native neuronal porosome (pink) (Kovari et al., 2014). Images of SV-porosome complex 
using EM, AFM, and SAXS, demonstrate similarity morphology (Cho et al., 2004; Lee et al., 

2012; Kovari et al., 2014). ©Bhanu Jena.
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at the presynaptic membrane demonstrates the central plug at various 
conformational states, suggesting the capability of the central plug for 
vertical motion, and its possible involvement in the rapid opening and 
closing of the porosome. The neuronal porosome complexed with synaptic 
vesicle in its native state within synaptosomes, has also been determined 
using x-ray solution scattering (SASX) (Figure 4J), providing further 
molecular details of the complex and its interaction with synaptic vesicles 
(Kovari et al., 2014). 

Composition of the Neuronal Porosome Complex

Mass spectrometry (MS) of purified neuronal porosome complex, reveals 
the presence of approximately 40 proteins within the complex (Lee  
et al., 2012) (Table 1). Additionally, the dynamic nature of the porosome is 
reflected from association and dissociation of proteins from the complex 
during neurotransmission (Lee et al., 2012). Immuno-isolated porosomes 
from rat brain synaptosome preparations, demonstrate the presence of a 
number proteins, among them P/Q-type calcium channel, actin, vimentin, 
the N-ethylmaleimide-sensitive factor (NSF), SNAP-25, syntaxin-1, 
synaptotagmin-1, alpha subunit of the heterotrimeric GTP-binding Gaα, 
GTPase activating protein (GAP), tubulin, myosin 7b, spectrin beta chain, 
creatine kinase, dystrophin, langerin, intersectin1, and myosin heavy chain 

Figure 5: Electron micrograph of a docked synaptic vesicle (SV) at the base of a cup-shaped 
neuronal porosome complex (P), present at the presynaptic membrane (PSM) of a nerve 
terminal in a rat brain neuron [Scale = 10 nm]. Micron. (2012) 43: 948–953. Courtesy of Prof. 

M. Zhvania.
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Table 1: A list of some key proteins composing the neuronal porosome complex. Purified 
rat brain porosomes from two separate experiments were analyzed by LC-MS/MS on both 
LTQ and QSTAR XL. Only proteins identified in both samples are reported here all of which 
had protein confidence ≥ 95% with at least two unique peptides each having 95% confidence 
or above. Proteins also found in earlier immuno-isolation studies are marked in a separate 
column, x indicating proteins identified using MALDI-TOF/TOF; * indicating proteins 

identified using immunoblot analysis (Lee et al., 2012).

Gene 
symbol

MW Protein Name Found in 
earlier studies

ACTB 42 kDa Actin, cytoplasmic 1 x, *

AT1A3 112 kDa Sodium/potassium-transporting ATPase 
subunit alpha-3 

 

AT2B1 139 kDa Plasma membrane calcium-transporting 
ATPase 1 

 

AT2B2 137 kDa Plasma membrane calcium-transporting 
ATPase 2 

 

BASP1 22 kDa Brain acid soluble protein 1  

CAP1 52 kDa Adenylyl cyclase-associated protein 1  

CN37 47 kDa 2’,3’-cyclic-nucleotide 3’-phosphodiesterase  

DPYL2 62 kDa Dihydropyrimidinase-related protein 2  

DPYL3 62 kDa Dihydropyrimidinase-related protein 3  

DPYL5 62 kDa Dihydropyrimidinase-related protein 5  

GLNA 42 kDa Glutamine synthetase  

GNAO 40 kDa Guanine nucleotide-binding protein G(o) 
subunit alpha 

x, *

NCAM1 95 kDa Neural cell adhesion molecule 1  

NSF 83 kDa Vesicle-fusing ATPase *

RAB3A 25 kDa Ras-related protein Rab-3A  

RTN3 102 kDa Reticulon-3  

RTN4 126 kDa Reticulon-4  

SNP25 25 kDa Synaptosomal-associated protein 25 x, *

STX1A 33 kDa Syntaxin-1A *

STX1B 33 kDa Syntaxin-1B *

STXB1 68 kDa Syntaxin-binding protein 1  

SYN2 63 kDa Synapsin-2  

SYPH 33 kDa Synaptophysin  

SYT1 47 kDa Synaptotagmin-1 *

TBA1A 50 kDa Tubulin alpha-1A chain x

VAMP1 13 kDa Vesicle-associated membrane protein 1  

VAMP2 13 kDa Vesicle-associated membrane protein 2  

VATB2 57 kDa V-type proton ATPase subunit B, brain isoform  
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1, and the chloride channel CLC-3 (Lee et al., 2012). A number of these 
porosome proteins have previously been implicated in neurotransmission 
and in various neurological disorders (Mikoshiba et al., 1980; Nemhauser 
and Goldberg, 1985; Reinikainen et al., 1989; Chapman et al., 1996; Yamamoto 
et al., 1997; Balestrino et al., 1999; Greber et al., 1999; Iino and Maekawa, 
1999; Iino et al., 1999; Wu et al., 1999; Cole et al., 2000; Freeman and Field, 
2000; Dodson and Charalabapoulou, 2001; Geerlings et al., 2001; Vlkolinsky 
et al., 2001; Zhang et al., 2002; Flynn et al., 2003; Peirce et al., 2006; Scarr  
et al., 2006; Jeans et al., 2007; Jensen et al., 2007; Khanna et al., 2007a,b; Kim 
et al., 2007; Lagow et al., 2007; Scuri et al., 2007; Smith et al., 2007; Sultana 
et al., 2007; Cao et al., 2009; Garside et al., 2009; Mukaetova-Ladinska et al., 
2009; Empson et al., 2010; McKee et al., 2010; Li et al., 2011; Zhao et al., 2011; 
de Juan-Sanz et al., 2013; Klein et al., 2013; Zhang et al., 2013; Corradini  
et al., 2014; Sinclair et al., 2015). Furthermore, dynamin was hypothesized 
to be involved with the porosome complex based on its known association 
with intersectin and its presence was confirmed by Western blot analysis 
(Lee et al., 2012). The dynamics of dynamin association-dissociation at the 
neuronal porosome complex has also been demonstrated since dynamin 
is increased in porosomes isolated from brain slices following stimulation. 
In contrast to the increase in dynamin association with the porosome, a 
dissociation of Gaα is observed following stimulation.

As briefly mentioned earlier, a survey of previously published reports 
reveals the involvement of several porosome proteins in neurotransmission 
and neurological disorders (Mikoshiba et al., 1980; Nemhauser and 
Goldberg, 1985; Reinikainen et al., 1989; Chapman et al., 1996; Yamamoto  
et al., 1997; Balestrino et al., 1999; Greber et al., 1999; Iino and Maekawa, 
1999; Iino et al., 1999; Wu et al., 1999; Cole et al., 2000; Freeman and Field, 
2000; Dodson and Charalabapoulou, 2001; Geerlings et al., 2001; Vlkolinsky 
et al., 2001; Zhang et al., 2002; Flynn et al., 2003; Peirce et al., 2006; Scarr  
et al., 2006; Jeans et al., 2007; Jensen et al., 2007; Khanna et al., 2007a,b; Kim 
et al., 2007; Lagow et al., 2007; Scuri et al., 2007; Smith et al., 2007; Sultana 
et al., 2007; Cao et al., 2009; Garside et al., 2009; Mukaetova-Ladinska et al., 
2009; Empson et al., 2010; McKee et al., 2010; Li et al., 2011; Zhao et al., 2011; 
de Juan-Sanz et al., 2013; Klein et al., 2013; Zhang et al., 2013; Corradini et al., 
2014; Sinclair et al., 2015), suggesting their interactions within the porosome 
complex, and their critical role in porosome-mediated neurotransmitter 
release. Cytoskeletal proteins such as actin and the alpha chain of tubulin 
are two of the several neuronal porosome proteins. Studies performed in the 
presence of the actin depolymerizing agent latrunculin A, partially blocks 
neurotransmitter release at the pre-synaptic terminal of motor neurons 
(Cole et al., 2000). Similarly, ion-channel proteins such as the alpha sub-unit 
3 of the universal Na+/K+ ATPase, identified in the porosome complex, 
is involved in neuronal secretion. Na+/K+ ATPase activity is blocked by 
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dihydrooubain (DHO) (Balestrino et al., 1999), resulting in an increase in 
both the amplitude and number of action potentials at the nerve terminal 
(Scuri et al., 2007). Na+/K+ ATPase inhibition is calcium dependent and 
increased intracellular; calcium levels inhibit Na+/K+ ATPase, which 
increases excitability of neurons (Kim et al., 2007). Similarly, the porosome 
protein plasma membrane calcium ATPases (PMCA) co-localize with 
synaptohysin (Jensen et al., 2007). Syntaxin-1, also a porosome protein 
co-localizes with PMCA2 and the glycine transporter 2 (GlyT2) that is 
found coupled to the Na+/K+ pump, suggesting the presence of a protein 
complex involved in neurotransmission (Geerlings et al., 2001; Garside  
et al., 2009; de Juan-Sanz et al., 2013). Mutation in the PMCA2 encoding 
gene is known to result in homozygous deafwaddler mice (dfw/dfw) 
and they show high levels of calcium accumulation within their synaptic 
terminals (Dodson and Charalabapoulou, 2001). NAP-22, also known as 
BASP-1, is a protein found in the neuronal porosome complex, has long 
been speculated to be involved in synaptic transmission (Yamamoto et al., 
1997; Iino and Maekawa, 1999; Iino et al., 1999). NAP-22 is known to bind 
to the inner leaflet of lipid rafts suggesting interaction with cholesterol. 
Adenylyl cyclase associated protein-1 (CAP-1) is known to regulate actin 
polymerization (Freeman and Field, 2000) and both actin and CAP-1 are 
present in the porosomal complex. In Alzheimer’s, the levels of CNPase 
(2,3-cyclic nucleotide phosphodiesterase) and the heat shock protein 70 
(HSP70), are found to increase while the levels of dihydropyrimidinase 
related protein-2 (DRP-2) decrease (Sultana et al., 2007). Alterations in the 
levels of SNARE proteins are associated with various neurological disorders. 
SNAP-25 and synaptophysin are significantly reduced in neurons of patients 
with Alzheimer’s disease (Greber et al., 1999; Mukaetova-Ladinska et al., 
2009; Sinclair et al., 2015). Mice that are SNAP-25 (+/–) show disabled 
learning and memory, and exhibit epileptic like seizures (Corradini et 
al., 2014). Overexpression of SNAP-25 also results in defects in cognitive 
function (McKee et al., 2010), and loss of SNAP-25 is also associated with 
Huntington’s disease. Rabphilin3a, another porosome protein is known to 
be involved in vesicle docking and fusion at the presynaptic membrane 
(Smith et al., 2007). Increase in synaptophysin levels along with SNAP-25, is 
also observed in Broddmann’s area in the post-mortem brain of patients with 
bipolar disorder I (Scarr et al., 2006). Reticulons are proteins that contribute 
to lipid membrane curvature and are found in the neuronal porosome. The 
presence of reticulons with the porosome and diseases associated with their 
deregulation lend credence to the role of membrane curvature in modulating 
synaptic vesicle fusion at the porosome complex. These independent studies 
reflect on the critical role of various neuronal porosome proteins and their 
interactions on porosome-mediated neurotransmission.

In the past two decades, our studies demonstrate that membrane-
associated t-SNAREs and v-SNAREs interact in a rosette or ring complex, 
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enabling Ca+2-mediated membrane fusion and establishment of the ‘fusion 
pore’ (Cho et al., 2002d; Thorn et al., 2004; Jeremic et al., 2004a,b; Cho 
et al., 2005; Jeremic et al., 2006; Cook et al., 2008; Shin et al., 2010; Issa 
et al., 2010; Cho et al., 2011). Furthermore, our studies have progressed 
our understanding of the regulation of secretory vesicle volume, and the 
requirement of vesicle volume increase for fractional release of intravesicular 
contents from cells during secretion (Jena et al., 1997; Cho et al., 2002e; 
Kelly et al., 2004; Jeremic et al., 2005; Lee et al., 2010; Shin et al., 2010; Chen 
et al., 2011). These results provide the molecular underpinnings of how 
cells precisely regulate the discharge of a portion of their intravesicular 
contents during a secretory episode, while retaining full integrity of both 
the vesicle membrane and the cell plasma membrane. In summary, our 
studies in the past two decades demonstrate the presence of a new cup-
shaped lipoprotein structure at the cell plasma membrane called ‘porosome, 
-the universal secretory portals in cells’, and elucidate-how the porosome is 
involved in the regulated fractional release of intravesicular contents from 
cells with exquisite precision involving membrane fusion and secretory 
vesicle volume regulation; revealing for the first time the molecular 
underpinnings of the transient or kiss-and-run mechanism of secretion 
in cells. We have isolated the porosome from a number of secretory cells 
including neurons, determined its composition, functionally reconstituted 
it in lipid membrane, and determined its dynamics and high-resolution 
structure using a variety of approaches including AFM, EM, and SAXS. 
Complementing the regulation of the porosome function, our studies have 
further contributed to our understanding of SNARE and Ca+2-mediated 
membrane fusion and secretory vesicle volume regulation, both required 
for the regulated fractional release of intravesicular contents during cell 
secretion. These results provide for the first time a molecular understanding 
of the regulated fractional release of intravesicular contents from cells 
during secretion, and the interactions between porosome proteins and their 
alterations in disease states. 
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Epigenetics and Developmental 
Programming in Ruminants
Long-Term Impacts on Growth 

and Development 

Lawrence P. Reynolds,1,* Alison K. Ward1 and 
Joel S. Caton1

IntroductIon

What is developmental Programming?

Newborns that are growth-restricted or developmentally compromised 
in some other way (e.g., altered development of specific organs) have an 
increased risk of health complications not just as infants but also throughout 
their lifespan, including a range of metabolic, neurological, behavioral, and 
reproductive disabilities. Although originally referred to as ‘the Barker 
hypothesis’, or ‘fetal programming’, more recently this concept has been 
renamed as developmental programming, or developmental origins of health 
and disease, to reflect the observation that developmental insults during 
infancy are probably as important as those that occur during fetal life (Barker, 
1992, 2004; Paneth and Susser, 1995; Armitage et al., 2004; Wu et al., 2006; 
Caton and Hess, 2010; Reynolds et al., 2010b; Reynolds and Caton, 2012).  
The general concept is that a poor environment or ‘stress’ while in utero or 
during infancy can have long-term effects on the health and well being of 
that individual. 
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Epidemiological underpinnings

Human epidemiological  studies  worldwide have provided 
convincing support for the concept of developmental programming. 
Many have shown a strong association between low birth weight, poor 
postnatal environment, or other developmental insults such as exposure 
to stress-related hormones (e.g., corticoids, which are used therapeutically 
in cases of premature onset of labor to initiate maturation of fetal organ 
systems in preparation for birth), and the subsequent risk of developing a 
range of pathologies as adolescents and adults. Such pathologies include 
cardiovascular disease (Figure 1; Reynolds and Caton, 2012), obesity, type 2 
diabetes, poor growth and altered body composition, immune dysfunction, 
reproductive dysfunction, and behavioral problems including the pervasive 
developmental disorders (autism, etc.) (Armitage et al., 2004; Barker, 2004; 
Luther et al., 2005; Wallace et al., 2006; Wu et al., 2006; Caton and Hess, 
2010; Reynolds et al., 2010b; Reynolds and Caton, 2012; Reynolds and 
Vonnahme, 2016). 

It is clear that these pathologies have a major impact on the quality 
of life. Thus, reducing the incidence of low birth weight or poor postnatal 
environment has the potential to affect the immediate health and 
survival as well as the lifelong health and productivity of an individual.  
The potential long-term consequences of developmental programming are 

Figure 1: Likelihood of death due to coronary heart disease as adults for various birth weight 
categories as a proportion of controls (highest birth weight category). Taken from Godfrey 
and Barker, 2000. Births from Hertfordshire, UK from 1911–1930. N = 1033 deaths for men 

and 120 deaths for women.
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so significant that the UN’s World Food Programme recently established the 
First 1000 Days initiative to provide nutritional support during the critical 
developmental period from conception to the second birthday (WFP, 2014). 
Maternal and child nutrition similarly are a focus of the U.S. Government’s 
Feed the Future initiative of the U.S. Agency for International Development 
(Feed the Future Innovation Lab for Nutrition, 2017). 

developmental Programming in ruminants

Although the pathologies resulting from developmental programming 
negatively impact on offspring productivity, perhaps the greatest 
consequence for livestock production is that the phenotype may not 
reflect the offspring’s genetic potential, thereby leading to poorly informed 
selection decisions for breeding programs (Reynolds et al., 2010b; Reynolds 
and Caton, 2012). Unfortunately, there is a dearth of large, long-term data 
sets relating birth or weaning weights to long-term health and productivity 
in livestock. Using a data set from the U.S. Sheep Experiment Station for 
birth and weaning weights of over 82,000 offspring across five decades, 
we showed highly significant correlations between birth weight, weaning 
weight, and average daily gain to weaning (Table 1; Reynolds, Vonnahme, 
Hanna and Taylor, unpublished). Similarly, using records from several 
thousand Nellore beef cattle, Chud et al. (2014) recently reported a genetic 
correlation of 0.36 between birth weight and weaning weight and 0.20 
between birth weight and accumulated productivity (which they defined as 
an index of dam efficiency that includes body weight of the calf at weaning 
[growth trait] and number of offspring of the dam [reproductive trait]).

The concept of developmental programming was based on 
epidemiological studies in humans, but there was a hint of developmental 
programming, sometimes referred to as the ‘maternal effect’, for growth 
of livestock. For example, the classic crossbreeding experiment of Walton 
and Hammond with large (Shire) and small (Shetland) horses, showed 
that uterine environment impacts not only birth weight but also adult size 
(Figure 2; Hammond, 1927; Walton and Hammond, 1938).

Although less well documented, it seems likely that developmental 
programing affects livestock production, especially in extensive production 
systems such as those prevalent in the Intermountain region of the western 
U.S. and similar environments (e.g., savannahs) throughout the world. In the 
U.S., for example, livestock are often under a poor nutritional environment 
during pregnancy due to: (1) breeding of young, often peri-pubertal, 
dams and the attendant competition for nutrients between the rapidly 
growing maternal and fetal systems; (2) selection for multiple fetuses (e.g., 
sheep) in which increased numbers of fetuses are strongly associated with 
reduced fetal size; (3) selection for increased milk production, in which 
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Figure 2: Results of crossbreeding experiment between small (Shetland) and large (Shire) 
horses. First breed indicates sire and second breed indicates dam. Data taken from Hammond 

(1927) and Walton and Hammond (1938). 
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the increased energy demand of lactation competes with the increased 
energy demand of fetal and placental growth; and (4) breeding of livestock 
during high environmental temperatures (e.g., summer to early fall) with the 
subsequent pregnancy during periods of poor forage or poor feed quality 
(e.g., fall to winter; Wu et al., 2006; Caton and Hess, 2010; Reynolds et al., 
2010b; Reynolds and Caton, 2012).  

Additionally, in livestock, just as in humans, compromised fetal 
or neonatal growth has been shown to lead to: (1) increased neonatal 
morbidity and mortality; (2) altered postnatal growth, including poor 
feed efficiency, and reduced average daily gain and weaning weight; 
(3) poor body composition, including increased fat, reduced muscle 
growth, and reduced meat quality; (4) metabolic disorders, such as poor 
glucose tolerance and insulin resistance; (5) cardiovascular disease; and 
(6) dysfunction of specific organs and organ systems, including adipose, 
brain, cardiovascular, endocrine, gastro-intestinal, immune, kidney, liver, 
mammary gland, muscle, pancreas, placenta, and reproductive including 
gonads (Rhind et al., 2001; Sheldon and West, 2004; Wu et al., 2006; Cottrell 
and Ozanne, 2007; Anway et al., 2008; Gardner et al., 2008, 2009; Caton 
and Hess, 2010; Du et al., 2010; Reynolds et al., 2010b; Long et al., 2012a,b; 
Shankar et al., 2011; Bartol and Bagnell, 2012; Connor et al., 2012; Meyer 
et al., 2012; Reynolds and Caton, 2012; Spencer et al., 2012; Symonds  
et al., 2012; Jackson et al., 2013; Kilcoyne et al., 2014; Xiong and Zhang, 2013; 
Cardoso et al., 2014; Schmidt et al., 2014; Zambrano et al., 2014; Meyer and 
Caton, 2016; Reynolds and Vonnahme, 2016). Thus, nearly all organ systems 
and bodily processes are affected negatively in various animal models of 
developmental programming, including livestock (Reynolds et al., 2010b; 
Reynolds and Caton, 2012). 

The initial epidemiological studies that led to the concept of 
developmental programming focused on individuals with low birth weight, 
but we now know that birth weight per se is only a reflection of an insult or 
multiple insults to the fetus during development; that is, developmental 
programming can occur independently of birth weight (Barker, 2004; 
Reynolds et al., 2010b; Reynolds and Caton, 2012). For example, in humans 
and animal models, offspring of mothers who experience nutrient restriction 
early in pregnancy but receive adequate nutrition later in pregnancy, 
resulting in normal birth weights, still exhibit many of the same phenotypes, 
including poor growth, increased adiposity, poor glucose tolerance, and 
dyslipidemia, as offspring from mothers that are undernourished for the 
whole of pregnancy (Barker, 2004; Ford et al., 2007; Vonnahme et al., 2007; 
Dong et al., 2013).

These and similar observations emphasize the importance of 
interventions designed to correct developmental defects during fetal or early 
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postnatal life, because if the organ systems are indeed programmed, then 
later interventions may be much less effective (Greenwood et al., 2000, 
2004; Barker, 2004, 2007; Reynolds et al., 2010b; Reynolds and Caton, 2012). 
These observations also emphasize the importance of understanding how to 
manage offspring from compromised pregnancies. For example, in humans 
and animal models, rapid body weight gain during infancy further impairs 
body composition, leading to obesity in the offspring (Barker, 2004, 2007; 
Reynolds et al., 2010b; Reynolds and Caton, 2012). Additionally, it has 
been shown in humans and in animal models that developmental insults 
in one generation can have consequences for later generations even in the 
absence of further insults, and it seems likely these transgenerational effects 
may depend on epigenetic alterations in gene expression (see the section, 
Epigenetics and Developmental Programming, below; Anderson et al., 2006; 
Ismail-Beigi et al., 2006; Wu et al., 2006; Reynolds et al., 2010b; Meyer  
et al., 2012; Reynolds and Caton, 2012; Reynolds et al., 2013). Lastly, these 
observations emphasize the critical need for increased research efforts to 
understand the basis (i.e., the mechanisms) of developmental programming 
in terms of a variety of maternal stressors, effects at various developmental 
stages (i.e., pre- as well as postnatally), intergenerational consequences, and 
potential therapeutic interventions (Barker, 2007; Caton and Hess, 2010; 
Reynolds et al., 2010b; Reynolds and Caton, 2012).

Based on epidemiological studies in humans and corroborated by 
numerous controlled studies in animal models, such as those described 
above, the most likely explanation for the long-term effects of various insults 
during fetal or postnatal life is two-fold: (1) irreversible alterations in tissue 
and organ structure (i.e., a structural defect), and (2) permanent changes 
in tissue function (i.e., a permanent change in gene expression leading to  
a functional defect).

The first mechanism, a structural defect, can include, for example, 
changes in brown adipose deposition (Symonds et al., 2012), altered 
nephron number leading to renal dysfunction (Richter et al., 2016), and 
altered pancreatic β-cell mass (Martin-Gronert and Ozanne, 2012; Gatford 
and Simmons, 2013). However, developmental programming of a structural 
defect is perhaps best exemplified by muscle. This is because the number of 
individual muscle cells (myocytes), or muscle fibers, is established before 
birth; after that, muscle fiber size can increase by the addition of nuclei 
[from muscle satellite cells] and subsequent hypertrophy, but no new 
muscle fibers can be added and muscle growth is therefore limited by the 
number of myocytes at birth (Du et al., 2010, 2011). Thus, factors affecting 
fetal muscle development can lead to permanent, irreversible changes in 
muscle structure and its growth potential (Du et al., 2011). 

Muscle fiber number in offspring is affected by maternal nutrient 
restriction during pregnancy (Du et al., 2010), and it has been argued 
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that developing muscle is especially vulnerable to nutrient availability 
because of its low priority in terms of nutrient partitioning during fetal 
development, due primarily to its lower metabolic demands compared 
with tissues such as brain, gut, and placenta, a concept first articulated by 
Sir Joseph Barcroft (Barcroft, 1946). Maternal nutrient restriction, or other 
factors that limit nutrient availability such as multiple fetuses, also affect 
development of other muscle cells in addition to myocytes, including 
intramuscular adipocytes (which regulate intramuscular fat, or marbling) 
and fibroblasts (connective tissue-producing cells), leading to alterations 
in not only muscle size but also muscle marbling and connective tissue 
content in the offspring (Du et al., 2011). As with most other organ systems, 
the period of pregnancy during which nutrient restriction is experienced 
determines which of the cell types (i.e., myocytes, adipocytes, or fibroblasts) 
is most affected (Du et al., 2011).

The second mechanism, a functional defect due to altered gene 
expression, is best explained by a relatively novel concept termed 
‘epigenetics’ (see the section, Epigenetics and Developmental Programming, 
below; Sinclair et al., 2010; Meyer et al., 2012; Reynolds and Caton, 2012; 
Wang et al., 2012; Reynolds et al., 2013; Skinner, 2014). Of course, in reality 
structural and functional defects are intimately inter-related and their effects 
are difficult to separate in most cases.

Effects of Maternal nutrition

Maternal nutritional status is a major factor in developmental programming 
events and ultimately offspring outcomes (Wallace, 1948; Wallace et al., 
1999; Wu et al., 2006; Caton et al., 2007; Caton and Hess, 2010; Reynolds 
and Caton, 2012; Funston et al., 2012; Robinson et al., 2013; Vonnahme  
et al., 2015; Meyer and Caton, 2016; Reynolds and Vonnahme, 2016). Prenatal 
growth trajectory is responsive to maternal nutrient intake from the early 
stages of embryonic life, when nutrient requirements for conceptus growth 
are reported to be negligible (NRC, 1996, 2007; Robinson et al., 1999). Growth 
restricted neonates are at risk of immediate postnatal complications and 
may also exhibit poor growth and development, with significant negative 
consequences later in life (Wu et al., 2006; Caton and Hess, 2010; Funston 
et al., 2012; Reynolds and Caton, 2012). 

As mentioned, within ruminant livestock production systems, there 
is real potential for periods of undernutrition (extensive grazing, drought, 
winter dominancy, multiple fetuses, or high milk output). Decreased 
growth rate and suboptimal carcasses cost feedlot producers millions of 
dollars annually. Fetal growth restriction and maternal undernutrition 
are implicated in negative impacts upon growth efficiency and body 
composition (Greenwood et al., 1998, 2000; Wu et al., 2006; Caton et al., 2007; 
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Larson et al., 2009; Robinson et al., 2013). Even though evidence indicates 
that maternal nutrient restriction can significantly alter composition of 
offspring growth in the absence of birth weight differences (Reynolds 
and Caton, 2012), birth weights in cattle are still highly correlated to post-
natal growth performance (Robinson et al., 2013). Permanent changes 
in postnatal metabolism induced by maternal nutritional perturbations 
present a significant challenge to livestock producers because nutritional 
management decisions are often based on average body weight of a given 
group of animals. Therefore, information regarding factors contributing 
to animal inefficiencies, such as developmental programming, has the 
potential to improve efficiency and profitability of ruminant livestock 
programs, which in turn will help meet the grand challenge of nearly 
doubling livestock production by 2050 to feed a global population of 9.6 
billion by the year 2050 (Elliot, 2013; Gerland et al., 2014; Reynolds et al., 
2015; United Nations, 2015).

In ruminant livestock, compromised maternal nutrition can present in 
many different ways. Generally, because of extensive production systems 
associated with the parent population, seasonal changes in forage quality, 
and traditional approaches to supplementation, maternal nutrient restriction 
is usually thought of as the most likely nutritional issue facing producing 
females. However, during periods of confinement or lush forage growth, 
overconsumption and nutritional excess can be an issue, and data from 
some laboratories clearly show negative consequences for the offspring 
in response to excess maternal nutrition. In addition to general nutrient 
restriction or excess, specific nutrient imbalances in the maternal diet 
can also have negative consequences for the developing offspring. In 
the sections below, we will expand on the impacts of maternal nutrient 
restriction, nutrient excess, and selected specific nutrients on developmental 
programing of offspring. 

For the purpose of this discussion, nutrient restriction includes 
any series of events that reduces fetal and/or perinatal nutrient supply 
during critical windows of development (Caton and Hess, 2010; Reynolds 
and Caton, 2012). Nutrient restriction can result from altered maternal 
nutrient supply, placental insufficiency, deranged maternal metabolism, 
physiological extremes, and environmental conditions, among many other 
scenarios. From a practical standpoint, compromised maternal nutrient 
supply, adverse environmental conditions, and other “events” leading to 
stress responses are the most likely observed causes of nutrient restriction 
in ruminant livestock. These also include multiple births in some breeds, 
which may contribute to physiological extremes and result in reduced 
nutrient supply to developing fetuses and offspring. In this section we will 
focus primarily on maternal dietary-induced nutrient restriction.
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Due to the pattern of placental growth in relation to fetal growth 
during gestation (Redmer et al., 2004), it is important to realize that the 
effects of nutrient restriction during pregnancy may depend on the timing, 
level, and (or) length of nutrient restriction (Reynolds and Caton, 2012; 
Reynolds et al., 2013; Vonnahme et al., 2015; Zhang et al., 2015). Luther 
et al. (2005) suggested that maternal nutrient restriction in sheep through 
mid-pregnancy could reduce placental size and function, while having 
minimal impacts on fetal body weight near term. In addition, nutrient 
restriction during late pregnancy often reduces fetal weight. Recent data 
(Reed et al., 2007; Swanson et al., 2008; Vonnahme et al., 2015) demonstrate 
that maternal nutrient restriction during the last two thirds of pregnancy in 
sheep can reduce late term fetal and offspring birth weights. Robinson et al. 
(2013) indicated that nutrient restriction in beef cattle often reduces birth 
weights and results in compromised growth later in life. Sletmoen-Olson 
et al. (2000) demonstrated that both low and high levels of metabolizable 
protein supplementation to mature beef cows reduce birth weights 
relative to controls fed at the projected requirement. In contrast, protein 
supplementation of cows during the last trimester of pregnancy has been 
reported to have little effect on birth weights (Martin et al., 2007; Larson  
et al., 2009). Other data (Spitzer et al., 1995; Stalker et al., 2007) indicate 
that increasing body condition before parturition can increase calf birth 
weight. Taken together, the available data are interpreted to indicate that 
birth weight in sheep is more susceptible to maternal nutrient restriction 
than is birth weight in beef cattle. This is likely a result of differential 
placental growth patterns between cattle and sheep (Reynolds et al., 
2005; Vonnahme and Lemley, 2012). In addition, in both sheep and cattle, 
multiple fetuses are associated with not only reduced birth weight but also 
reduced uterine and umbilical blood flows (Christenson and Prior, 1978; 
Ferrell and Reynolds, 1992); in addition, total capillary volume available 
for transplacental exchange is reduced in multiple fetuses due to a smaller 
placental size (Vonnahme et al., 2008).

Maternal nutrient excess during gestation can also have detrimental 
impacts on the developing offspring. It has been shown that extreme over-
nourishment in singleton-bearing adolescent ewes throughout gestation 
results in rapid maternal growth and fat deposition at the expense of growth 
of the gravid uterus (Wallace et al., 1996, 1999, 2001; Redmer et al., 2012). 
In this sheep model, rapid maternal growth results in placental growth 
restriction, and premature delivery of low-birth weight, metabolically 
compromised lambs compared with moderately nourished ewes of 
equivalent age and genetic background (Wallace et al., 2012). Data from a 
more moderate maternal over-nourishment model (Swanson et al., 2008; 
Vonnahme et al., 2010) demonstrates that birth weights are decreased when 
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adolescent ewes are fed 140% of recommended nutrient intake requirements 
from day 40 of pregnancy until parturition, which indicates that moderate 
over-nutrition during the last two-thirds of pregnancy can cause moderate 
fetal growth restriction. In addition, low birth weight lambs from the above 
studies were metabolically compromised later in life (Vonnahme et al., 2010; 
Yunusova et al., 2013). Placental and fetal growth restriction are generally 
seen in adolescent, but not mature, over-nourished ewes; however, gestation 
length and colostrum yield are negatively impacted in adult ewes that are 
over-nourished (Wallace et al., 2005), indicating that the health and growth 
of offspring may also be altered by maternal over-nutrition in mature ewes.

Whereas the above discussion focuses primarily on maternal nutrient 
restriction or excess in terms of total nutritional supply, which is most 
often achieved by altering dry matter intake, considerable research exists 
concerning specific nutrients and developmental programming. Across 
species, nutrients within the major classes of carbohydrates, protein, 
lipids, vitamins, and minerals have been investigated in the context of 
developmental programming paradigms, and in each case examples exist 
where maternal nutrient supply can impact offspring outcomes. In many 
cases, offspring changes induced by maternal nutrient supply are long-term. 
In other examples, nutrient realimentation and/or biological plasticity 
allows for compensation and or protection from measureable adverse 
outcomes of developmental programming events.

When developmental events are impacted by inappropriate maternal 
nutrition, offspring are often both metabolically and functionally different 
from those of adequately fed mothers. Research with beef cattle in 
Nebraska (Funston et al., 2012) indicates that maternal nutrition and 
protein supplementation during gestation can have long-term effects on 
the offspring, including changes in weaning weight, carcass characteristics, 
and reproductive traits. Funston et al. (2012) also showed that long-term 
functional differences may not always be foreshadowed by early life 
measures like birth weight. Radunz et al. (2012) reported that prepartum 
maternal dietary energy source in beef cows can alter offspring adipose 
tissue development, glucose metabolism, insulin sensitivity, and long-
term intramuscular fat deposition. Others (Lan et al., 2013) demonstrated 
maternal dietary starch levels during gestation in sheep can affect fetal 
DNA methylation and gene expression. In follow-up research with cattle, 
Wang et al. (2015) recently reported that expression of imprinted genes and 
DNMT (DNA methyltransferase) in offspring are influenced by maternal 
nutrition (specifically starch in this case), indicating epigenetic mechanisms 
may underpin offspring responses to changes in maternal nutrition. In a 
review paper assessing the impacts of developmental programming in 
cattle, Robinson et al. (2013) concluded that fetal programming and related 
maternal effects were pronounced and may explain the considerable 
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variation in growth- and production-related traits in cattle such as body 
weight, feed intake, carcass and muscle weight, and lean, fat, and bone 
weights.

Although inappropriate maternal macronutrient (energy, protein, 
and fat) supply can clearly have impacts on the offspring, maternal 
micronutrient (vitamins, trace minerals, and specific amino acids) supply 
can also impact the offspring responses, including having long-term 
consequences. Research from our laboratories using supranutritional levels 
of maternal dietary selenium (Caton et al., 2007; Ward et al., 2008; Vonnahme 
et al, 2010; Camacho et al., 2012; Meyer et al., 2013, Yunusova et al., 2013; 
Caton et al., 2014a,b) has demonstrated changes in offspring birth weight, 
growth, nutrient digestion, glucose metabolism and insulin sensitivity, 
visceral fat, intestinal vascularity, and endocrine profiles in lambs in some 
but not all studies. 

Research investigating ruminally-protected arginine supplementation 
in pregnant ewes fed either adequate or nutrient restricted diets has 
demonstrated increased growth trajectory of lambs (Peine et al., 2013, 
2014). Research from New Zealand (McCoard et al., 2013) demonstrated 
that provision of L-arginine intravenously to adequately fed, twin bearing 
ewes from d 100 of gestation until birth increased birth weight of female 
but not male lambs and increased brown adipose stores of all lambs 
at birth. Penagaricano et al. (2013) reported that maternal methionine 
supplementation in Holstein cows caused significant changes in the 
transcriptome of the resulting flushed embryos; interestingly, genes with 
altered expression included those involved in embryonic development and 
immune responses. 

Sinclair et al. (2007) provided some of the first strong evidence in 
ruminants that dietary supply of 1-carbon metabolism precursors during 
the periconceptional period could result in adult offspring that were 
heavier, fatter, insulin resistant, and had altered immune responses and 
elevated blood pressure compared with offspring from control fed ewes. 
Dietary treatments of reduced cobalt and sulfur resulted in decreased 
ruminal synthesis of vitamin B12 and methionine, which concomitantly 
resulted in reduced plasma B12, folate, and methionine and elevated plasma 
homocysteine concentrations. Additionally, the work of Sinclair et al. (2007) 
indicated the dietary treatments resulted in altered methylation status of 
approximately 4% of 1,400 CpG islands examined. 

More recently, Kwong et al. (2010) examined the effects of maternal 
B-vitamin status at conception on genes coding for regulatory enzymes in 
the methionine-folate cycles in bovine oocytes, somatic cells and embryos. 
Their data suggest that maternal folate status drives embryonic folate 
metabolism because of the heavy reliance of the embryo on recycled folate. 
Additionally, Juchem et al. (2012) reported that dairy cows supplemented 
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with ruminally-protected B vitamins have improved conception rates at 
42 days after first breeding, which is consistent with the conclusions of 
Laanpere et al. (2010), who stated that “The results of previous studies 
clearly emphasize that imbalances in folate metabolism and related gene 
variants may impair female fecundity as well as compromise implantation 
and the chance of a live birth.” These data coupled with the finding of 
Sinclair et al. (2007) indicating dietary 1-carbon precursors provided during 
the periconceptional period could have long-term effects on offspring clearly 
indicate a strong need for additional work in this area. 

Other ‘Stressors’ and Developmental Programming

Although many studies have confirmed the importance of maternal 
nutrition pre- and postnatally (see above), a host of other factors are 
probably also involved in developmental programming. Such factors 
include lifestyle choices such as smoking or alcohol consumption; maternal 
factors including not only nutrition/malnutrition but also maternal age, 
ethnicity (or breed in animals), poor maternal health or poor access to 
health care, sedentary lifestyle, maternal stress including relational stress, 
and glucocorticoids and pre-term birth; and environmental exposures not 
only to various endocrine disrupting compounds but also to smoke, drugs, 
temperature and humidity, high altitude, etc. (Table 2). In addition, these 
various factors can be exclusive to humans (e.g., lifestyle choices) or can 
impact both humans and animals (e.g., maternal age, poor maternal health, 
sedentary lifestyle, maternal stress, environmental exposures; Table 2). 

Placental Programming

Not only is placental vascular development, and consequently placental 
function (e.g., vascular function, blood flow and nutrient delivery), altered 
in many cases of developmental programming, but placental size also is 
often affected (Mayhew et al., 2004; Redmer et al., 2004; Reynolds et al., 
2006, 2010a; Jansson and Powell, 2007; Belkacemi et al., 2010; Leach, 2011; 
Lemley et al., 2012; Shukla et al., 2014; Reynolds and Vonnahme, 2016). These 
observations have led to the concept of ‘placental programming’ as the 
basis of alterations of fetal growth and of development of the various fetal 
organ systems (Borowicz and Reynolds, 2010; Vonnahme and Lemley, 2012; 
Vonnahme et al., 2013a). Defects in placental growth and developmental, 
including vascular defects, precede altered fetal growth and development 
(Redmer et al., 2005, 2009; Reynolds et al., 2010a; Vonnahme and Lemley, 
2012; Vonnahme et al., 2013a; Reynolds and Vonnahme, 2016). In addition, 
we have recently shown that placental vascular development is defective 
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very early (within the first three weeks after mating) in highly compromised 
pregnancies (Reynolds et al., 2013, 2014). 

One of the most interesting concepts that has emerged is the close 
relationship among very simple measures of placental size/development 
and the risk of developing various chronic diseases later in life in humans. 
Such simple measures include not only placental weight, but also placental 
width and length, and placental thickness (Thornburg et al., 2010; Barker 
et al., 2012; Barker and Thornburg, 2013). Whether such simple measures 
of placental size and shape are related to developmental programming 
in livestock has not been established. Nevertheless, it seems clear that 
placental programming is a major factor contributing to developmental 
programming.

* See References Cited for full reference.

Table 2: Risk factors for low birth weight/developmental programming.
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Risk Factor Reference(s)* 

Lifestyle Choices (Humans only)  

Smoking – primarily associated with pre-term 
birth Hellemans et al., 2010; Dupont et al., 2012; 

Aizer and Curry, 2014; Been et al., 2014; Juul 
et al., 2014 Alcohol consumption – low birth 

weight/developmental disorders 

Maternal Factors (Humans and/or Animals)  

Poverty/Lack of education/malnutrition 
Armitage et al., 2004; Sheldon and West, 2004; 
Fowden et al., 2006; Nathanielsz et al., 2006; 
Fowden and Forhead 2009; Reynolds et al., 
2010b; Alfaradhi and Ozanne, 2011; Hochberg 
et al., 2011; Li et al. 2011; Barker et al., 2012; 
Dupont et al., 2012; Brunton, 2013; Harris et 
al., 2013; Reynolds et al., 2013; Vonnahme et 
al., 2013a, 2013b; Aizer and Curry, 2014; Juul 
et al., 2014; Schneider et al., 2014; 
Seneviratne et al., 2014; Zambrano et al., 2014 

Maternal age 

Ethnicity/breed (genetic background) 

Pre-term birth and glucocorticoids 

Poor maternal health and/or health-care status

Sedentary lifestyle 

Maternal stress (e.g., relational) 

Marital status 

Environmental Exposures (Humans and 
Animals)  

Herbicides, pesticides, and fungicides Fowden et al., 2006; Richter et al., 2007; 
Anway et al., 2008; Crain et al 2008; Fowden 
and Forhead 2009; Bellingham et al., 2010; 
Reynolds et al., 2010b; Bonacasa et al., 2011; 
Fowler et al., 2012; McLachlan et al. 2012; 
Spencer et al., 2012; Evans et al., 2014; 
Galbally et al., 2014; Juul et al., 2014; Skinner, 
2014 

Other environmental exposures – e.g., human 
waste/fertilizer, smoke, phytosteroids, drugs, 
temperature and humidity, high altitude, etc. 

Table 2. Risk factors for low birth weight/developmental programming. 

* See References Cited for full reference. 
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Epigenetics and developmental Programming

What is Epigenetics?

Epigenetics, which literally translates to “above genetics”, is defined as 
heritable changes in gene expression without alteration of the genetic code. 
Epigenetic alterations are heritable through mitosis within an individual 
as well as transgenerationally through reproduction. Patterns of epigenetic 
alterations play a key role in the programming of pluripotent stem cells 
as they differentiate into terminal cell types. It is also responsible for 
X-inactivation and imprinting (whereby one allele is selectively silenced 
depending on whether it was maternally or paternally inherited).

Epigenetic changes and the resultant changes in gene expression serve 
as a more rapid response in adaptation to environmental selection pressures 
than evolution via genetic mutation (i.e., natural selection). Perturbations 
during fetal development, such as reduced nutrient availability, can induce 
epigenetic changes that promote an energetically “thrifty” phenotype. 
These alterations can persist through multiple generations, as exemplified 
by the pioneering studies by Barker and colleagues of children born during 
the Dutch Famine (also called the Dutch Hunger Winter) of 1944–1945. 
Reduced intrauterine growth due to caloric restriction during gestation 
was significantly associated with type 2 diabetes and glucose tolerance in 
adulthood (Ravelli et al., 1998).

Within the nucleus, DNA exists within a three-dimensional chromatin 
structure. The basic repeating unit of chromatin, the nucleosome, is an octamer 
of histones (two each of H2A, H2B, H3, and H4) that form a core around which 
oligonucleotide strands are wound. Each histone subunit consists of a globular 
portion that forms the core and an N-terminal tail, which can undergo 
various post-translational modifications (Figure 3). Chromatin is present in 

Figure 3: The basic unit of chromatin structure consists of DNA wrapped around an octamer 
core of histones (H2A, H2B, H3, and H4). Posttranslational modifications present on the 
N-terminus histone tails include acetylation (Ac), methylation (Me), and phosphorylation (P).
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two forms: heterochromatin, which is compact and transcriptionally silent, 
and euchromatin, which is “loose” or “open” and is transcriptionally active. 
Epigenetic modifications alter the state of chromatin (from euchromatin to 
heterochromatin or vice versa) to effect changes in gene expression.

Histone Modification Posttranslational modifications of histone tails, 
including methylation, acetylation, phosphorylation, and ubiquitylation, 
alter chromatin structure and subsequently gene expression. The type and 
location of modification and their effect on gene expression collectively 
form the histone code. Standard nomenclature for histone modification is 
listed in order as histone, amino acid, residue number, and modification. 
For example, H3K18ac refers to acetylation of lysine 18 of histone 3.

Histone acetylation occurs at lysine residues of histone tails. Histone 
acetyl transferases (HATs) catalyze the transfer of an acetyl group from 
acetyl CoA to the ε-amino group of lysine (Sterner and Berger, 2000). This 
modification can be reversed by the action of histone deacetylases (HDACs). 
In general, histone acetylation is associated with transcriptionally active 
euchromatin and histone deacetylation with transcriptionally inactive 
heterochromatin. Transcription co-activators, such as ACTR, often have 
HAT activity (Chen et al., 1997).

Histone methylation occurs at lysine and arginine residues, primarily 
within the tails of H3 and H4 (Shilatifard, 2006). The effect of histone 
methylation on chromatin structure differs dependent upon which residue 
is modified. For example, methylation of H3K4 and H3K79 are associated 
with transcriptionally active regions; however, methylation of H3K9, 
H3K27, and H4K20 are associated with transcriptional repression (Dillon 
et al., 2005; Delage and Dashwook, 2008). Histone methyltransferases 
(HMTases) catalyze the transfer of a methyl group from the donor 
S-adenosylmethionine (SAM) to nitrogen atoms within the side chain or 
at the N-terminal (Clarke, 1993). Multiple families comprise HMTases, 
including type I and type II arginine methyltransferases as well as SET 
domain- and non-SET domain-containing lysine methyltransferases. 
Lysine may be mono, di, or trimethylated and arginine may be mono or 
dimethylated. Additionally, dimethylated arginine can further be classified 
by symmetrical or asymmetrical conformation (Shilatifard, 2006). Histone 
methylation is generally a stable modification, but it can be reversed by 
enzymatic demethylation as well as deimination of arginine to citrulline 
(Bannister and Kouzarides, 2011). 

Histone phosphorylation occurs on serine, tyrosine, and threonine 
residues, primarily on histone tails but also at the H3Y41 residue, located 
within the H3 core (Dawson et al., 2009). Histone phosphorylation is 
dynamic, with a high rate of turnover. Kinases catalyze the transfer of a 
phosphoryl group from ATP to the hydroxyl group of the amino acid side 
chain. The reverse reaction is catalyzed by phosphatases (Oki et al., 2007; 
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Bannister and Kouzarides, 2011). Histone phosphorylation is generally 
associated with transcription activation, especially genes involved in the 
regulation of proliferation (Bungard et al., 2010; Rossetto et al., 2012). 
Conversely, phosphorylation of H2BY37 is associated with transcription 
suppression (Mahajan et al., 2012). Additionally, phosphorylation of serine 
139 of the histone variant H2AX (commonly referred to as γH2AX) plays 
a key role in DNA damage repair, recruiting DNA damage repair and 
signaling factors (Rossetto et al., 2012). 

Ubiquitin is a polypeptide 76 amino acids long that is covalently 
bound to lysine residues by the action of E3 ubiquitin ligases (Hershko 
and Ciechanover, 1998; Bannister and Kouzarides, 2011). This modification 
is dynamic and can be reversed by the action of de-ubiquitin. Histones 
can be mono or polyubiquitinated. Ubiquitination is associated with gene 
activation at some locations, such as H2BK123ub1 (Kim et al., 2009) and 
with transcriptional silencing at other residues, such as H2AK119ub1 
(Wang et al., 2004). It also plays a key role in the regulation of other histone 
modifications. For example, monoubiquitination of H2 by the enzyme Rad6 
is required for both SET and non-SET domain-mediated lysine methylation 
(Dover et al., 2002; Sun and Allis, 2002; Wood et al., 2003).

Several other histone modifications have also been observed, including 
sumoylation, ADP ribosylation, and biotinylation. Sumoylation is similar 
to ubiquitination, and involves the attachment of polypeptides to the lysine 
residues of histones. It is associated with transcriptional repression and is 
antagonistic to acetylation and ubiquitination, as it competes for lysine 
binding sites (Shiio and Eisenman, 2003). Glutamate and arginine residues 
may be mono or poly-ADP ribosylated. This is a dynamic and reversible 
modification, but little is known about its effect(s) on chromatin structure 
and gene expression (Hassa et al., 2006). Lastly, lysine residues of histones 
may be modified by the addition of biotin by biotinidase or holocarboxylase 
synthetase. Histone biotinylation has been associated with transcriptional 
silencing, the G1 phase of the cell cycle, and in response to DNA damage 
(Kothapalli et al., 2005). 

dnA Methylation

In addition to histone modification, epigenetic control of gene expression 
is also enacted through DNA methylation. The cytosine-guanidine 
dinucleotide motif (commonly referred to as a CpG) is present in clusters 
throughout the genome in CpG ‘islands’, most frequently located in 
the promoter region and first exon of genes (Larsen et al., 1992). These 
motifs can be methylated at the 5-carbon position of the cytosine, forming 
5-methylcytosine. This palindromic motif is methylated on both the forward 
and reverse strands of double-stranded DNA. The reaction is catalyzed by 
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DNA methyltransferases (DNMTs), utilizing S-adenosylmethionine (SAM) 
as a methyl donor (Dhe-Paganon et al., 2011). During mitosis, DNMT1 fully 
methylates all hemi-methylated residues on the daughter strand, thereby 
maintaining the fidelity of methylation patterns through cell division. 
DNA methylation is reversed by the action demethylases (Ramchandani 
et al., 1999). 

DNA methylation, particularly in the promoter region of a gene, is 
associated with transcriptional repression. DNA methylation prevents 
transcription through two mechanisms: blocking the binding of 
transcription factors and creating binding sites for repressors. Additionally, 
DNA methylation and histone modifications interact to promote and 
maintain transcriptional silencing. For example, methylcytosine-binding 
protein (MeCP) binds methylated CpG, creating binding cites for HDAC 
and thereby facilitating histone deacetylation (Jones et al., 1998). Similarly, 
methylation of H3K9 creates a binding site for DNMT, which subsequently 
methylate CpG doublets (Tamaru and Selker, 2001).

Modes of Epigenetic Alterations in offspring

Imprinting

Imprinting is the phenomenon by which one copy of a gene is turned off 
dependent upon the parent of origin. Genes may be maternally or paternally 
imprinted, where the gene inherited from the mother or father, respectively, 
is epigenetically silenced. Approximately one hundred genes are imprinted 
in mammals, comprising 1–2% of genes (Barlow, 2011). DNA methylation 
patterns associated with imprinting are resistant to reprogramming in early 
embryogenesis, but are reset and reprogrammed in the germ line of each 
generation (Youngson and Whitelaw, 2008).

Imprinting is controlled by the methylation status of control regions, 
known as differentially methylated domains or imprinting control regions 
(ICR), located near the imprinted genes. Depending upon the gene, 
methylation of the ICR may silence the gene by blocking the binding 
of transcription factors or enhancers, or activate the gene by blocking 
the binding of insulators, which repress transcription (Pfeifer, 2000). 
Additionally, imprinted genes are commonly present in clusters, and 
therefore ICR may control more than one gene (Barlow, 2011).

Arguably, the most notable example of imprinting is that of insulin-
like growth factor 2 (IGF2). It is maternally imprinted; i.e., the gene 
inherited from the father is expressed while the one from the mother is 
silenced (DiChiara et al., 1991). The IGF2 gene is methylated in oocytes 
and conversely unmethylated in sperm cells, resulting in its differential 
expression with parent of origin (Gerbert et al., 2006). The conflict theory 
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of genomic imprinting (also known as the kinship theory) argues that 
increased growth and resource utilization by the fetus favors paternal 
evolutionary fitness over maternal fitness, and therefore there is selection 
pressure to maternally imprint genes that promote growth and conversely 
to paternally imprint genes which inhibit growth (Wilkins and Haig, 2003).

An example of a phenotypic trait inherited through imprinting is 
callipyge in sheep. Callipyge, which translates to “beautiful buttocks”, 
is a form of muscle hypertrophy that significantly increases muscle 
development in the hindquarters in sheep (Jackson and Green, 1993). 
The causative mutation is located between two imprinted genes and 
subsequently for the trait to be expressed the sheep must be heterozygous 
(one normal allele and one mutant allele) with the mutant allele from the 
paternal side (Freking et al., 2002). 

Maternal Factors and Uterine Environment

As we have discussed, conditions during embryonic and fetal development, 
such as nutrient availability, shape the potential for growth and development 
through developmental programming. Epigenetic modification is a 
mechanism through which developmental programming effects are 
executed. Factors such as maternal obesity, over-nutrition, and nutrient 
deprivation alter the trajectory of embryonic and fetal development, creating 
lasting effects that persist through to adulthood. 

Maternal obesity is associated with metabolic dysregulation in the 
offspring, including insulin intolerance, obesity, and type II diabetes 
(Shankar et al., 2008, 2010). Studies in mice (Yang et al., 2013) and rats 
(Borengasser et al., 2013) have implicated epigenetic remodeling as the 
mechanism through which adipocyte differentiation is altered, ultimately 
leading to metabolic dysfunction later in development. These studies 
found that maternal obesity altered the expression of genes regulating the 
development of adipocytes from precursor cells. Reduced promoter DNA 
methylation as well as H3K27 trimethylation resulted in greater expression 
of the pro-adipogenic transcription factor Zfp423, leading to increased 
adipocyte differentiation within fetal tissues. 

In cattle, maternal over-nutrition during gestation is associated with 
increased fetal expression of markers of intramuscular adipogenesis. Fetuses 
collected at mid to late gestation from cows fed 150% of the maintenance 
requirements displayed increased expression of Zfp423, C/EBPα, and 
PPARγ, all of which are transcription factors involved in adipocyte 
differentiation and proliferation (Duarte et al., 2014). Feeding a high-starch 
diet (versus a low-starch, isocaloric and isonitrogenous control) from mid to 
late gestation resulted in calves with increased skeletal muscle expression 
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of the DNA methyltransferase DNMT3a as well the imprinted genes H19, 
IGF2F and MEG8, implying that maternal energy source alters epigenetic 
modulation (Wang et al., 2015).

Maternal nutrient restriction is also associated with epigenetic changes 
that result in developmental programming. Rats that were feed-restricted 
by 50% during gestation produced pups with lower birth weight that 
displayed rapid compensatory growth and developed obesity and metabolic 
syndrome as adults (Tosh et al., 2010). Continuation of maternal feed 
restriction through lactation delayed compensatory gain and prevented 
the development of obesity and metabolic syndrome at maturity. The 
obese, gestationally feed-restricted rats reared by ad libitum-fed dams had 
significantly greater hepatic H3K4 trimethylation of exon 1 and 2 of the 
IGF1 gene, and subsequently greater IGF1 expression than the non-obese, 
feed-restricted reared and control rats.

Protein restriction during pregnancy has been associated with 
epigenetically mediated dysregulation of glucocorticoid metabolism. Protein 
restriction during gestation and lactation resulted in hypomethylation and 
increased expression of the hepatic glucocorticoid receptor in rats (Lillycrop 
et al., 2007). Expression of methyl CpG-binding protein and its binding to 
the promoter of the glucocorticoid receptor gene was reduced, and multiple 
histone modifications (H3K9ac, H4K9ac, H3K9me) were significantly 
increased, implicating epigenetic alterations as the mechanism responsible 
for glucocorticoid dysregulation. 

Paternal Factors

While most research has focused on the maternal impact on epigenetic 
programming, there is now increasing interest in paternal effects. Offspring 
of male mice fed a low-protein, high-sucrose diet were shown to have 
increased hepatic expression of genes involved in lipid and cholesterol 
synthesis (Carone et al., 2010). This was associated with increased liver 
saturated fatty acid and decreased cholesterol content. The transcription 
factor PPARα exhibited increased DNA methylation and decreased gene 
expression, and accounted for nearly 14% of the global differences in gene 
expression between control and low protein-sired pups. In contrast, female 
offspring of male rats fed a high-fat diet developed impaired pancreatic 
β-cell function, resulting in reduced insulin secretion and glucose tolerance 
(Ng et al., 2010). Expression of 642 pancreatic islet genes was altered, and 
hypomethylation of the gene Il12ra2, which had the greatest increase in 
expression, was observed. Further research is needed to unravel the effect(s) 
of paternal environmental factors, including nutrition, on developmental 
programming and epigenetic modifications. 
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Epigenetic rescue by diet and other regulators

One-Carbon Metabolism

One-carbon metabolism refers to the transfer of methyl groups from 
donor molecules through metabolic reactions. Methyl transfer is a key 
process in epigenetic modulation of gene expression, as both histone and 
DNA methylation are essential epigenetic modifications. Methyl donors, 
historically referred to as lipotropic factors, include methionine, folate, 
betaine, choline, and vitamin B12. These factors serve as precursors for 
the generation of S-adenosylmethionine (SAM), the substrate for histone 
and DNA methylation (Figure 4; Clarke, 1993; Dhe-Paganon et al., 2011). 
Therefore, modulating the availability of methyl donors (and consequently 
SAM) could conceivably alter the kinetics of DNA and histone methylation, 
thereby changing the epigenetic landscape.

The classic example of the effect of one-carbon metabolism on 
epigenetic alterations is that of agouti variable yellow (Avy) mice. The 
agouti protein controls the expression of black (eumelanin) versus yellow 
(phaeomelanin) pigment production. Wild-type agouti is characterized by 

Figure 4: Folate, choline, methionine, and vitamin B12 serve as methyl donors in one-
carbon metabolism. Abbreviations: DHFR, dihydrofolate reductase; THF, tetrahydrofolate; 
SHMT, serine hydroxymethyl transferase; MTHFR, methylenetetrahydrofolate reductase; 
BHMT, betaine hydroxymethyl transferase; MAT, methionineadenosyl transferase; SAM, 
S-adenosylmethionine; DNMT, DNA methyltransferase; SAH, S-adenosylhomocysteine; 

SAHH, S-adenosylhomocysteine hydrolase.
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development of a black hair with a yellow band at the base, which results 
in a brown coat. The Avy allele contains an intracisternal A particle (IAP) 
retrotransposon inserted near the agouti gene promoter (Dolinoy, 2008). 
The transposon acts as a controlling element, overtaking control from 
the agouti gene promoter, causing ectopic overexpression of the agouti 
protein, which results in a yellow phenotype as well as obesity, type II 
diabetes, and increased susceptibility to cancer. The IAP contains a CpG 
island that when methylated ablates its action as a controlling element 
and reestablishes normal expression of the agouti gene and a normal 
phenotype, dubbed pseudo-agouti. Supplementing the maternal diet 
during gestation with methyl donors (choline, betaine, folic acid, vitamin 
B12, and methionine) significantly increased the proportion of pups that 
were pseudo-agouti (normal) with methylated IAP versus yellow (obese) 
pups with unmethylated IAP (Cooney et al., 2002). These results indicate 
that altering the availability of dietary methyl donors during gestation 
can significantly alter the epigenome and subsequently phenotype of the 
offspring.

Methyl donor supplementation during gestation also can mitigate the 
effects of maternal obesity on developmental programming. Mice born to 
dams fed a high fat diet during gestation and lactation were significantly 
heavier at birth and weaning and displayed altered feeding behavior, 
having increased preference for sugar and fat (Vucetic et al., 2010). This 
was associated with increased expression and promoter hypomethylation 
of genes involved in the reward center of the brain as well as global 
hypomethylation of brain DNA. In a subsequent study, the addition 
of methyl donors to the high fat diet eliminated pre-weaning weight 
differences, reduced the preference for high fat foods, and ameliorated 
gene specific and global hypomethylation (Carlin et al., 2013). This research 
highlights the potential of methyl donor supplementation to reduce or 
eliminate the deleterious effects of developmental programming during 
gestation.

Maternal methyl donor supplementation is also associated with reduced 
susceptibility to cancer. Resistance to mammary tumor development was 
found in response to a carcinogenic challenge in female rats born to dams 
supplemented with methyl donors during gestation (Cho et al., 2012). 
Incidence of tumor development was lower and delayed in maternally 
supplemented offspring. Expression of HDAC1 and methyl CpG-binding 
protein 2 within the tumors was significantly reduced; however, no change 
in global DNA methylation was observed.

There also is evidence to suggest that supplementation of methyl donors 
later in life can have a significant effect on phenotype. Supplementing 
the diets of feedlot cattle with “lipotropic factors” such as choline, folic 
acid, and vitamin B12 increased yield grade and marbling score and 
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decreased back fat thickness, resulting in a greater carcass value (Smith  
et al., 1974). Lipotropic factors may also reduce cancer risk through 
epigenetic modulation. Supplementation of female rats with five times 
the basal level of methyl donors during puberty reduced mammary tumor 
development (size and number) following injection of the carcinogenic 
agent N-nitroso-N-methylurea (Cho et al., 2014). Expression of HDAC1 
and DNMT1 was reduced, suggesting that the protective effects of methyl 
donor supplementation were achieved via an epigenetic mechanism. 

Butyrate

Butyrate is a short chain fatty acid produced by fiber fermentation in 
the rumen and colon. It is a potent HDAC inhibitor, and consequently 
significantly increases histone acetylation (Davie, 2003) as well as decreases 
histone methylation through epigenetic cross talk (Marinova et al., 2011). 
Treatment of bovine kidney epithelial cells in vitro with sodium butyrate 
increased H3 acetylation and induced apoptosis and cell cycle arrest (Li and 
Elsasser, 2005). In a follow-up study it was observed that sodium butyrate 
altered the expression of 450 genes in bovine kidney epithelial cells in 
culture, the majority of which were down-regulated and involved in cell 
cycle control (Li and Li, 2006). 

In a depression model in rats, sodium butyrate treatment exhibited 
significant antidepressant effects and altered the expression of several genes 
within the hippocampus through increased H4 acetylation (Yamawaki  
et al., 2012). It also delayed the development of Huntington’s disease and 
increased lifespan in mice and was associated with increased H3 and H4 
acetylation (Ferrante et al., 2003). Circulating levels of butyrate can be 
altered, as patients treating impaired glucose tolerance with acarbose, an 
α-glucosidase inhibitor, had increased serum butyrate from 3.3 to 4.2 μM 
after 4 weeks of treatment (Wolver and Chiasson, 2000). Therefore altering 
butyrate levels can potentially be used as an agent to alter the epigenetic 
landscape and is a potential avenue for treatment for multiple neurological 
and other disorders.

Implications and Future directions

Although we are beginning to understand the basis of developmental 
programming, there also is much that remains to be discovered. For example, 
the preponderance of data indicating transmission of developmentally 
induced alterations in germ line gene expression in a variety of animals 
suggests this is a universal phenomenon that occurs across species (Anway  
et al., 2008; Grazul-Bilska et al., 2012; Spencer et al., 2012; Brunton, 2013; 
Juul et al., 2014; Skinner, 2014). Although many controlled and relatively 
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short-term studies in livestock have confirmed that developmental 
programming affects the fetus in utero as well as the offspring during 
infancy, few studies have examined whether these effects persist into 
adulthood and affect lifetime, or even transgenerational, productivity, 
primarily because of the expense of such studies in large animals with 
relatively long inter-generational intervals. In one study, overfeeding of 
ewes during pregnancy resulted in altered glucose and insulin tolerance 
as well as increased adiposity in both the offspring (F1) and their offspring 
(F2) (Shasa et al., 2015). As we have mentioned, there also is a need for much 
better epidemiological data linking birth or weaning weights to short- or 
long-term productivity in livestock.

At the same time, although a host of mechanisms have been described, 
an integrated view of the mechanisms of developmental programming 
is completely lacking. For example in sheep, over- and underfeeding 
during the peri-conceptual period negatively affect oocyte quality, and 
consequently the oocyte’s ability to be fertilized or develop into a normal 
embryo (Borowczyk et al., 2006; Grazul-Bilska et al., 2012). Similarly, 
underfeeding of ewes from 8 weeks before until 30 days after mating alters 
the timing of birth as well as fetal maturation at the end of pregnancy, 
leading to a high rate of postnatal mortality (Kumarasamy et al., 2005). 
However, the mechanisms by which altered dietary intake during the 
peri-conceptual period alters not only oocyte function and embryonic 
development but also fetal development and postnatal survival is unknown. 
Particularly acute, due to the profound effects of placental development 
and function on embryo-fetal development, is the need for a much better 
understanding of the mechanisms regulating early placental development, 
and the many factors that can influence it both positively and negatively. 

Data relevant to intelligent design of therapeutic or management 
strategies to overcome the negative consequences of developmental 
programming also are lacking, although there are some hints in the literature. 
For example, dietary protein supplementation of heifers or cows during 
pregnancy has been shown to increase calf birth and weaning weights as 
well as pregnancy rates of their heifer calves (Sletmoen-Olson et al., 2000; 
Caton et al., 2007; Funston et al., 2010). Altering dietary intake during the last 
third of gestation in a model of maternal overfeeding was able to partially 
restore placental development but was unable to ‘rescue’ fetal growth 
(Redmer et al., 2012). In other studies, supplementing diet-restricted ewes 
with Se during pregnancy has been shown to impact vascularity and mass 
of maternal small intestine as well as milk production and, in some cases, 
lamb birth weight (Vonnahme et al., 2015). Finally, subjecting developing 
heifers to a ‘stair-step’ nutritional regimen (alternating dietary restriction 
and ad-libitum feeding) shortened the time to puberty (Cardoso et al., 2014). 
These few studies emphasize the importance of examining much more 
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carefully the effects of dietary interventions in developmental programming, 
and reiterate the importance of moving beyond the phenomenology to the 
mechanisms of developmental programming. 

Some therapeutic interventions have been shown to overcome the 
negative consequences of developmental programming. We have already 
mentioned the need for more studies of the benefits of dietary lipotropes, 
or methyl donors. As another example, parenteral injection of L-Arg, which 
serves as a precursor for nitric oxide, an important vasodilator, as well as 
for polyamines, which are important for cellular growth and replication, 
periconceptually reduced embryonic loss and improved litter size in sheep 
(Luther et al., 2009; Saevre et al., 2011). Injection of L-Arg late in pregnancy 
also increased fetal protein accretion and lamb birth weight (De Boo  
et al., 2005). Similarly, injection of L-Arg during the last third of pregnancy 
enhanced fetal survival and growth in sheep carrying multiple fetuses 
(Lassala et al., 2011). In ewes undernourished beginning on day 28 post-
mating, injection of L-Arg during the last 60% of pregnancy was able to 
restore lamb birth weights to those of adequately nourished ewes (Lassala et 
al., 2010). Using the same model of maternal dietary restriction as Lassala et 
al. (2010) and Satterfield et al. (2010) showed that treatment with sildenafil, 
which enhances nitric oxide levels, beginning on day 28 of gestation resulted 
in increased fetal weight in both restricted and adequately-fed ewes. 

These studies highlight the importance of continued investigation 
of dietary, management and therapeutic strategies to improve postnatal, 
adult, and transgenerational outcomes in animals subjected to the negative 
consequences of developmental programming. Based on our current 
understanding, we would suggest focusing on the consequences of these 
various strategies in terms not only of their effects on whole animal, organ 
system and cellular structure and function, but also their effects on gene 
expression via alterations in the epigenetic landscape. Perhaps in the 
future, we might even use this knowledge to integrate epigenetic status, 
or ‘epimutations’, into livestock breeding programs.
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IntroductIon

Globally there is an enormous challenge to feed a growing human 
population within ‘planetary boundaries’, especially those relating to land 
use and climate change (Gill, 2013). Within this resource-constrained setting, 
rising world demand for food, including meat, must be met with minimal 
environmental impact. 

A consequence of dietary transition towards greater meat consumption 
worldwide is an increase in demand for animal feed (Gill, 2013). Increasing 
global demand for cereal grains from competitive forces such as human 
population growth, declining availability of arable land and, more recently, 
biofuel production (McNeill, 2013) has highlighted the substantial use of 
cereals in animal feeds. Compared with pigs and poultry, on a life-cycle 
basis, beef cattle have the capacity to consume large amounts of low-cost, 
low-quality forages relative to higher-cost concentrates (Nielsen et al., 
2013). Furthermore, these forages are often grown on land unsuitable for 
arable crop production. At an animal level, meat production by ruminants 
is less efficient than pigs and poultry however, when compared on the basis 
of human-edible inputs (cereals and proteins) the ruminant has a clear 
efficiency advantage (Reynolds et al., 2011). 

As feed provision is the single largest direct cost incurred by beef 
producers, it is a major economic factor influencing profitability of beef 
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farming enterprises (Finneran et al., 2010). Conversion of feeds into 
food of animal origin is associated with energy and nutrient losses, and 
environmental pollution, including the excretion of nitrogen, phosphorus, 
trace elements, carbon dioxide and methane (Niemann et al., 2011). In the 
context of climate change and more restrictive environmental legislation, 
the environmental footprint of beef production must be minimised. 
Consequently, there is considerable interest in improved feed efficiency as 
a means of augmenting the economic and environmental sustainability of 
beef production systems.

At the animal-level, many alternative definitions of feed efficiency exist, 
each differing in their application and benefits (Arthur et al., 2001; Berry and 
Crowley, 2013). Traditionally, feed conversion ratio (FCR) (i.e., feed:gain) 
or its mathematical inverse, feed conversion efficiency (i.e., gain:feed), 
was widely used. More recently, residual feed intake (RFI) defined as 
the difference between observed and predicted intake — calculated as 
the residuals from a multiple regression model of intake on the various 
energy expenditures (e.g., weight, growth, etc.) — has become the preferred 
measurement (Savietto et al., 2014). Because RFI is independent of level 
of animal production, it is a very useful trait to examine the biological 
mechanisms associated with variation in feed efficiency. 

There is significant inherent inter-animal variation in feed efficiency 
where cattle are offered feed to appetite. For example, we have shown 
phenotypic differences in RFI in the region of 20% or greater within 
populations of growing cattle (Kelly et al., 2010a,b; Crowley et al., 2010; 
Lawrence et al., 2012; Fitzsimons et al., 2013). Concomitant with this, there 
is also significant genetic variance for the RFI trait (Crowley et al., 2010). 

In addition to natural inherent variation between animals fed to appetite, 
feed efficiencies may be ‘imposed’ on cattle through nutritional management 
practices such as those associated with compensatory (or catch-up) growth. 
Compensatory growth may be defined as a physiological process whereby 
an organism accelerates its growth after a period of restricted development, 
usually due to reduced feed (nutrient) intake, in order to reach the weight of 
animals maintained on a continuous, unimpeded growth trajectory (Hornick 
et al., 2000). The process has likely evolved as a coping mechanism for 
animals and in particular, herbivores such as ruminants to withstand periods 
of alternating food availability, without compromising overall lifetime 
growth and development (Dmitriew, 2011). It is widely exploited in beef 
production systems, particularly those based on seasonal grass growth, as a 
method to reduce feed costs during ‘winter’ periods, when feed is expensive 
(Ashfield et al., 2014). Compensatory growth is associated with increased 
feed efficiency in cattle and the greatest increment of accelerated growth 
and indeed greater efficiency typically occurs during the first two months 
of re-alimentation (Hornick et al., 2000; Keady, 2011; Keogh et al., 2015a). 
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Research to date has clearly shown that feed efficiency is a complex 
multifaceted trait, under the control of many biological processes (Niemann 
et al., 2011). Thus a fundamental understanding of the biological and 
molecular mechanisms regulating the trait is essential in order to harness 
the potential of genomic selection to augment genetic improvement in the 
trait (Paradis et al., 2015).

This review aims to discuss the main biological processes that govern 
feed efficiency and nutrient utilisation of cattle and the observed variation 
cited in the published literature to-date. We propose to focus on both 
inherent inter-animal variation in situations where feed is available on an 
ad libitum basis as well as where feed nutrient supply is managed, i.e., to 
exploit compensatory growth.

Appetite and Feed Intake

The voluntary feed intake of cattle is regulated by a combination of 
physical and metabolic mechanisms, with the relative importance of these 
two processes dependent on prevailing dietary characteristics. Physical 
distension of the rumen and gastrointestinal tract; hepatic metabolism of 
products of digestion; and endocrine products of the gastrointestinal tract 
(GIT), pancreas, adipose tissue, and, possibly, muscle, all contribute signals 
that are processed centrally in the brain to control hunger, satiety, and energy 
expenditure (Roche et al., 2008; Hills et al., 2015). While ruminal distention 
may dominate control of feed intake when ruminants consume low-energy 
fibrous diets or when energy requirements are high, fuel-sensing by tissues 
is likely to control appetite when fuel supply exceeds requirements (Allen, 
2014). Furthermore, regulation of food intake should be considered over 
different time scales. For example, the biochemical regulation of short-term 
prandial events such as eating impetus or meal size will differ from longer 
term control of feed intake to sustain normal physiological homeostasis 
(Roche et al., 2008; Hills et al., 2015).

Within the central nervous system (CNS) the nuclei of the hypothalamus 
are important mediators in the regulation of appetite and energy 
homeostasis, with the role of the arcuate nucleus (ARC), in particular, 
well established. The ARC contains proopiomelanocortin/cocaine- and 
amphetamine-regulated transcript (POMC/CART)-expressing neurons, 
whose activation suppresses feeding. In contrast, the activation of a second 
population of arcuate neurons, neuropeptide Y/agouti-related peptide- 
(NPY/AgRP) expressing neurons stimulates feeding (Allen, 2014).

Additional peripheral tissues are also involved in appetite regulation 
including adipose tissue, where the appetite suppressant leptin is synthesised 
which acts to inhibit appetite with the hypothalamus. Additionally, insulin 
signalling to the hypothalamus results in the suppression of appetite 
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and inhibition of gluconeogenesis in the liver (Pliquett et al., 2006). 
Furthermore, leptin and insulin appear to be counter-regulatory, affecting 
peripheral tissues through partitioning of substrate utilization (Strat et al., 
2005). Indeed differential utilization of lipid and carbohydrate has been 
suggested to contribute to variation in feed efficiency in beef cattle (Welch 
et al., 2012). 

Lines et al. (2014) suggested that variation in appetite was a major 
factor contributing to differences in feed intake between heifers that were 
divergently selected for RFI. Similarly, greater feed intakes were associated 
with improved feed efficiency in cattle undergoing compensatory growth 
(Hornick et al., 1998a; Keady, 2011; Keogh et al., 2015a). However, the 
literature describing the endocrine control of appetite and voluntary feed 
intake (VFI) regulation, within the context of effects on variation in feed 
efficiency potential of cattle, is scant. While Richardson and Herd (2004) 
reported a positive correlation between leptin and RFI ranking, other 
studies have failed to establish such an association (Brown, 2005; Kelly  
et al., 2010a, 2011a). Despite this, however, Perkins et al. (2014) found that 
mRNA expression of leptin was up-regulated in adipose tissue of low RFI 
steers, suggesting that greater leptin expression may be contributing to 
improved feed efficiency. However, it must be noted that variation in gene 
transcription does not always translate to differences in protein abundance. 
Data from our own group, using feed restricted cattle, provides evidence for 
a down-regulation of the gene coding for leptin in skeletal muscle of cattle 
undergoing a period of dietary restriction concomitant with poorer feed 
efficiency (Doran, 2013). This is consistent with the findings for the leptin 
receptor, LEPR, in hepatic tissue of beef cattle managed in a similar way (Keogh  
et al., 2016a). Indeed the data of Keogh et al. (2015a) show that intake per 
unit of bodyweight was higher in animals undergoing re-alimentation after a 
period of sub-optimal growth, suggesting that an increased appetite may be 
driving compensatory growth and may also be contributing to the improved 
nutrient utilisation typically evident during re-alimentation. Attendant with 
this, the authors also observed lower systemic concentrations of leptin in 
these animals (Keogh et al., 2015b). While systemic concentrations of leptin 
generally correlate with body adiposity, some authors have identified 
alterations in serum leptin concentrations as a result of changes in energy 
intake and growth rate independent of adiposity (Foster and Nagatani, 
1999; Delavaud et al., 2000). Both Vega et al. (2009) and Keogh et al. (2015b) 
reported lower concentrations of leptin during diet restriction, which 
extended well beyond the initiation of realimentation. As leptin functions 
to suppress appetite by binding to NPY neurons in the hypothalamus 
and inhibiting the appetite stimulatory effect of NPY, lower systemic 
concentrations of leptin may increase hunger signals in the brain leading 
to the greater intake of feed observed in some studies (Vega et al., 2009; 
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Keogh et al., 2015b) where lower systemic concentrations of leptin were 
associated with improved feed efficiency in cattle undergoing compensatory 
growth (Ahima, 2005). 

Feeding behaviour is determined by the integration of central and 
peripheral signals in brain feeding centres (Allen, 2014). These include 
stimulatory (orexigenic) signals that increase hunger as well as inhibitory 
(anorexigenic) signals that increase satiety (Steinert et al., 2013). In contrast 
to the anorexigenic and more long term homeostatic effects of leptin the 
peptide hormone ghrelin is representative of a shorter term appetite 
stimulant. For example, the absence of digesta in the GIT may lead to 
secretion of ghrelin from the cells of the abomasum in ruminants, which 
can signal to specific receptors in the hypothalamus (Hayashida et al., 2001). 
Ghrelin is a putative signal of energy insufficiency and its concentration 
increases with fasting and decreases upon feeding (Wertz-Lutz et al., 
2008). Foote et al. (2014) examined the relationship between total ghrelin 
concentrations and growth- and carcass-related traits across both steers and 
heifers offered a finishing diet and reported a negative association with both 
dry matter intake (DMI) and feed efficiency, respectively. While there are 
few studies that have measured systemic concentrations of ghrelin in cattle 
within a feed efficiency context, Sherman et al. (2008) identified a single 
nucleotide polymorphism (SNP) in the gene that codes for ghrelin which 
had a tendency for a negative association with RFI and FCR and a negative 
association with partial efficiency of growth (PEG) further establishing 
a role for appetite or satiety in the control of feed efficiency. Similar to 
ghrelin, cholecystokinin is a peptide hormone also produced in the GIT and 
synthesised primarily in the mucosal lining of the duodenum. However, 
whilst ghrelin stimulates appetite, cholecystokinin functions in appetite 
suppression. Abo-Ismail et al. (2013) reported a negative association between 
a SNP in the cholecystokinin B receptor (CCKBR) gene and DMI consistent 
with the anorexigenic properties of the hormone. However, a negative 
association was also evident between this particular polymorphism and 
RFI in that study (Abo-Ismail et al., 2013) however plasma concentrations 
of cholecystokinin were not measured. As outlined above, VFI or appetite 
is regulated centrally by the hypothalamus via the integration of physical 
feedback mechanisms and hormonal feedback from peripheral tissues 
(Roche et al., 2008). The NPY and POMC expressing neurons, primarily 
found in the hypothalamus function as metabolic sensors and are critical 
mediators of energy homeostasis (Lenard and Berthoud, 2008). Perkins  
et al. (2014) reported lower mRNA expression of NPY and relaxin-3 (RNL3), 
in hypothalamic ARC tissue of efficient beef cattle, both of which have 
orexigenic properties, and greater expression of POMC which decreases 
feed intake. In agreement, Alam et al. (2012) reported a negative correlation 
between RFI and POMC mRNA expression in the duodenum of Holstein-
Friesian and Jersey cross cows. Conversely though, Sherman et al. (2008) 
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found no association between a SNP in the POMC gene, however, three 
polymorphisms in the NPY gene were associated with feed conversion ratio 
(FCR), with two SNPs positively associated and one negatively associated 
with FCR.

These studies suggest that polymorphisms and differential mRNA 
expression of genes involved in the regulation of appetite and satiety in 
the hypothalamus may underlie variation in feed efficiency in beef cattle 
however, additional targeted studies are required to confirm this theory. 
Feed intake is a function of meal size and frequency. Initiation of meals is 
likely to be determined when inhibitory signals from the previous meal 
subside and stimulatory signals increase, and conversely, feeding is likely to 
continue until inhibitory signals intensify and stimulatory signals diminish 
(Allen, 2014). It is unclear if hunger is primarily the absence of satiety 
or if it is dependent on mechanisms that specifically stimulate feeding 
(Allen, 2014). A schematic representation of the metabolic neuro-endocrine 
control of appetite in cattle is presented in Figure 1. Expression of other 

Figure 1: Proposed neuro-endocrine sources of variation in appetite regulation of beef cattle. 
Schematic synthesised on the basis of the findings of Abo-Ismail et al. (2013), Doran, 2013, 

Keogh et al. (2016a), Perkins et al. (2014) and Sherman et al. (2008). 
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genes regulating appetence and satiety that may underlie variation in feed 
efficiency include gastrin, gastrin-releasing peptide, gastric inhibitory 
polypeptide in the stomach, secretin in the duodenum and somatostatin 
in the jejunum, all of which warrant further investigation. 

In addition to its fundamental importance to energy homeostasis, 
Susenbeth et al. (2004) suggested that activity associated with eating was a 
significant energy sink in beef cattle. For example, for low-quality roughage, 
it was estimated that the energy cost of eating accounted for approximately 
26.5% of metabolisable energy intake (Susenbeth et al., 1998).

Montanholi et al. (2010) reported that feeding behaviour accounted 
for 18% of variation associated with RFI. The observed lower DMI of feed 
efficient cattle (Lancaster et al., 2009; Kelly et al., 2010a; Montanholi et al., 
2010; Durunna et al., 2012; McGee et al., 2014) suggests greater impetus to 
feed in inefficient cattle coupled with greater energy expenditure associated 
with higher feed intake. Indeed, physical feedback mechanisms may directly 
result in the lower feed intake of feed efficient cattle, as suggested by the 
findings of Fitzsimons et al. (2014a), who reported a smaller reticulo-rumen 
complex (8% lighter) in low compared with high RFI bulls, consistent with 
the difference (12%) in DMI observed. In conclusion, it seems that further 
investigation into the metabolic and neuroendocrine factors regulating 
appetite may enhance our understanding of variation in feed efficiency.

digestion

The reticulo-rumen is central to the profile of nutrients available for 
absorption in cattle (Dijkstra et al., 2007). For example, typically in excess 
of 90% of neutral detergent fibre digestion (Huhtanen et al., 2006) and 
between 25% and almost 100% of starch digestion (Nozière et al., 2010) 
occurs in the rumen. Volatile fatty acids (VFA) and microbial protein are 
the primary end-products resulting from ruminal digestion. The VFA 
provide approximately 80% of the metabolizable energy needs of the animal 
(Krehbiel, 2014), whereas microbial protein typically comprises 50 to 80% of 
the crude protein supply that reaches the small intestine (Owens et al., 2014).

Studies have suggested a genetic basis for variation in digestion of 
feed, over and above feeding level and diet type in ruminants (Smuts  
et al., 1995; Herd and Arthur, 2009). Increasing feed intake usually decreases 
diet digestibility, as a consequence of a shorter ruminal residency time 
(Huhtanen et al., 2006). Thus, lower apparent digestibility per se would be 
expected with high RFI animals. However, studies that have examined diet DM 
digestibility (DMD) in high and low RFI beef cattle have reported contrasting 
results. For example, Richardson et al. (1996), Nkrumah et al. (2006), Krueger 
et al. (2009) and McDonnell et al. (2016) all reported either higher, or a 
strong tendency towards higher digestibility coefficients for various dietary 
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nutrients in low RFI cattle, whereas Richardson and Herd (2004), Brown  
(2005), Cruz et al. (2010), Lawrence et al. (2011, 2012), Gomes et al. (2013) 
and Fitzsimons et al. (2013, 2014a) failed to observe any difference in ability 
to digest feed between cattle of divergent RFI status. Additionally, increases 
in digestibility were also reported during greater feed efficiency in cattle 
undergoing re-alimentation (Grimaud et al., 1998). In some instances, the 
absence of differences may be related to the nature of the diet offered, as the 
effect of feed intake on digestion is of lower magnitude with forage than 
with concentrate diets (Chilliard et al., 1995). For example, McGee et al. 
(2005) reported that DMD (total faecal collection) of grass silage determined 
using steers fed either 0.95 or 0.75 of ad libitum intake, was unaffected by 
level of feeding. Additionally, the indirect marker methodologies employed 
in the majority of studies may not be sufficiently sensitive, to identify 
modest differences in digestive potential, should they exist. It is unclear 
whether any association between digestion and RFI is an inherent efficiency 
or mainly related to a higher passage rate of digesta through the rumen. 
Nevertheless, there is evidence to suggest that there is a genetic basis to 
variation in digestion between cattle of varying energetic efficiency potential 
(Channon et al., 2004). For example, Abo-Ismail et al. (2013) found that 
SNPs in trypsin 2 (PRSS2) and cholecystokinin B receptor (CCKBR) genes, 
which are involved in digestion and metabolic processes, were associated 
with RFI and FCR in beef cattle. 

The GIT has been shown to be one of the most reactive tissues to 
accelerated growth (Ryan et al., 1993; Yambayamba et al., 1996a; Keogh et 
al., 2015a) during realimentation, where increased feed efficiency potential is 
also typically evident. Improved energetic efficiency during compensatory 
growth may be the consequence of an increase in the size of components of 
the GIT, for example through increasing the surface area of rumen papaillae 
and intestinal villi. Indeed, greater expression of genes involved in cellular 
adhesion, protein folding and cytoskeleton in rumen papillae has been 
observed in cattle during compensatory growth, with the inverse of these 
processes apparent following a prior period of dietary restriction and poor 
feed efficiency (Keogh et al., 2016b). These results suggest that the structural 
state of the GIT may play an important role in governing feed efficiency, 
with an increase in the structural integrity of the rumen papillae during 
re-alimentation potentially contributing to improvements during periods 
of accelerated growth. Indeed, following a period of dietary restriction in 
goats, Sun et al. (2013) observed reduced rumen papillae height, width and 
surface area compared to their non-restricted contemporaries, which was 
subsequently reversed upon re-alimentation. Greater structural integrity 
of the rumen papillae may facilitate greater absorption of nutrients and 
contribute to improved feed efficiency evident during compensatory 
growth. O’Shea et al. (2016) observed lower expression of DSG1, in the 
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rumen papillae of cattle following a period of dietary restriction and 
subsequently greater DSG1 expression in animals undergoing compensatory 
growth. DSG1 encodes an adhesion molecule involved in maintaining the 
structural integrity of epithelial cells including rumen epithelium. This 
provides further evidence for alterations to rumen papillae structure as a 
consequence of dietary restriction and subsequent compensatory growth. 
Overall, alterations in GIT absorptive capacity, following a period of dietary 
restriction, may allow for an increase in nutrient absorption during re-
alimentation, potentially mediated through replenishment of GIT epithelial 
cells/papillae/villi. 

In general, from the studies conducted to-date, few obvious differences 
in the primary rumen fermentation variables measured are evident between 
high and low RFI cattle and, in cases where variance was observed, results 
have been ambivalent. For example, there are indications that low RFI cattle 
have higher concentrations of propionate and a lower acetate:propionate 
ratio in ruminal fluid compared to those of high RFI (Lawrence et al., 2011; 
Fitzsimons et al., 2013). However, Krueger et al. (2009) found the opposite, 
while other authors (Fitzsimons et al., 2014a,b; Hernandez-Sanabria et al., 
2012) failed to find any difference in VFA proportions between cattle of 
varying energetic efficiency. In gestating beef cows, Fitzsimons et al. (2014b) 
reported no differences in rumen VFA or lactic acid concentrations between 
high and low RFI groups, however, rumen pH was higher and ammonia 
concentrations were lower in low RFI cows compared to their high RFI 
counterparts. Similarly, with lactating dairy cows, previously selected for 
divergence in RFI, no differences in rumen pH and fermentation parameters 
were detected (Rius et al., 2012; Thornhill et al., 2014), with the exception 
of rumen ammonia concentrations, which were lower for high RFI cows 
(Rius et al., 2012). Additionally, lower feed efficiency has been associated 
with reduced VFA absorption across ruminal epithelium (Albornoz et al., 
2013; Zhang et al., 2013). Data from our own laboratory (O’Shea et al., 2016) 
provide evidence for elevated concentrations of n-butyric acid in the rumen 
digesta of animals undergoing a period of restricted growth and this may 
in turn be involved in maintaining ruminal papillae and consequently 
VFA absorption (O’Shea et al., 2016). In their review of published gene 
expression data within segments of the gastrointestinal tract, Connor et 
al. (2010a) discuss the role of monocarboxylate transporters in absorption 
of short chain fatty acids (SCFA) across the rumen wall. Considering the 
potential differences in VFA production between cattle of high and low 
RFI, it would not be unreasonable to suggest that differences in absorption 
potential of SCFA may exist between animals varying in energetic efficiency 
potential. Cumulatively, these findings suggest that some inherent 
differences in the efficiency of the ruminal fermentation process may  
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exist between animals of high and low RFI but that such differences are 
potentially dependent on the chemical composition of the prevailing diet.

Rumen Microbiome and Methanogenesis

The duration of residency of digesta in the rumen is known to affect 
fermentation patterns (Janssen, 2010). Equally, feeding a lower volume of 
the same diet alters both the bacterial and archael communities within the 
bovine rumen (McCabe et al., 2015). While diet has been shown to have a 
major influence on the rumen microbiome (de Menezes et al., 2011; Carberry 
et al., 2012), there is also evidence of a strong host-microbiota specificity in 
the ruminant (Kittelmann et al., 2014; Henderson et al., 2015). Therefore, 
considering that efficient animals consume less feed per unit of bodyweight 
compared to their inefficient contemporaries, it is not incomprehensible that 
host feed efficiency phenotype directly affects the composition of the rumen 
microbiome thus improving overall nutrient utilisation from ingested feed. 
Indeed previous research has provided evidence for associations between 
the rumen microbiome and RFI phenotypes in growing beef cattle (Guan  
et al., 2008; Hernandez-Sanabria et al., 2012; Carberry et al., 2012). Molecular 
bacterial profile analysis of rumen digesta from steers offered a high-energy 
finishing diet suggest a link between VFA composition, rumen bacterial 
profiles and RFI phenotype (Hernandez-Sanabria et al., 2012; Guan et al., 
2008). However, since diet is a major factor in determining community 
structure and fermentation patterns within the rumen, the effect of RFI 
phenotype on ruminal community structure across contrasting diets has 
also been investigated in beef cattle. In our own studies, the association 
between RFI ranking and bacterial profiles was stronger when a forage 
only (grass silage) as opposed to a cereal based diet was offered (Carberry 
et al., 2012). It is likely however, that a core bacterial community exists 
within the rumen regardless of host energetic efficiency potential but that 
differences between efficient and inefficient animals may be reflected in 
proportions of minor microbial populations, the importance of which will 
vary in accordance with prevailing diet. 

Prevotella has been described as one of the most dominant bacterial 
genus within the rumen microbiome irrespective of diet offered (Pitta  
et al., 2010). Our own work (Carberry et al., 2012) has shown that Prevotella 
abundance was higher in inefficient Bos taurus heifers, an observation that 
was confirmed by McCann et al. (2014) using Brahman bulls. While Prevotella 
abundance may directly reflect feed intake, it is also possible that this micro-
organism contributes to inefficiencies in nutrient digestion and utilisation.

Methane production in the rumen is an energetically wasteful process, 
accounting for a loss of up to 15% of dietary gross energy (Van Nevel and 
Demeyer, 1996). Variation in rumen microbial populations are associated 
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with differences in methane production between individual animals (Moss 
et al., 2000) and work from our group suggests that feed efficient cattle 
emit less methane (Fitzsimons et al., 2013). Research has shown that while 
dietary manipulation can influence the abundance of total and specific 
methanogen species (Carberry et al., 2014a), abundance of either total or 
specific methanogenic species did not differ between animals divergent 
in RFI (Carberry et al., 2014a,b). However, at the genotype level, various 
genotypes of Methanobrevibacter smithii were more abundant in cattle of high 
compared to low RFI status, regardless of diet composition (Carberry et al., 
2014b) demonstrating that a core group of methanogens exist across feed 
efficiency phenotypes, but significant differences exist in the distribution 
of genotypes within species and may contribute to the observed changes 
in methane emissions between efficient and inefficient animals. A more 
recent study from our group on the rumen solid digesta fraction of Holstein 
Friesian bulls suggests an as yet uncultured Succinivibrionaceae species is 
associated with the lower methane emissions and higher concentrations 
of propionate in the rumen typically evident with higher consumption of 
highly digestible feed (McCabe et al., 2015). 

The preceding narrative suggests that differences in rumen digesta 
turnover time, microbial fermentation efficiency as well as the morphology 
and structural integrity of ruminal epithelial tissue may all contribute to 
observed variation in feed efficiency between cattle. However, further work 
is required to establish the relative importance and independence of these 
processes and the underlying biochemical control of mechanisms involved.

Intestinal Absorption and Cell Morphology

Despite the rumen being the major site of feed digestion and nutrient 
absorption, up to 70% of starch escaping rumen fermentation is converted to 
glucose, the majority of which is subjected to absorption across the intestinal 
wall (Nozière et al., 2010). From their review, Nozière et al. (2010) suggest 
that variation in intestinal absorption between individual animals exists but 
can often be influenced by amylase, surface exposure of starch to enzymes 
in the small intestine and feed characteristics. Additionally, absorption of 
glucose within the small intestine per se is variable, with greatest absorptive 
capacity in the jejunum and least in the ileum (Nozière et al., 2010). Given 
such observed variation, it is possible that enhanced intestinal absorption 
of nutrients may be a factor underlying inter-animal variation in feed 
efficiency. This hypothesis is supported by the findings of Meyer et al. (2014) 
who reported statistically significant correlations between jejunal mucosal 
density and both RFI (r = –0.33) and FCR (r = 0.42) in steers and heifers. 
These data suggest that feed efficient cattle may have a greater ability to 
absorb nutrients in the small intestine than their inefficient contemporaries. 
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Consistent with this hypothesis, Montanholi et al. (2013) found that cell 
number in the duodenum and ileum of low RFI was higher than that of 
high RFI steers also suggesting a more metabolically active small intestine 
in feed efficient cattle. The authors also reported relationships between 
crypt area, perimeter and cell size and RFI however, these relationships 
were inconsistent and require further investigation (Montanholi et al., 
2013). Similarly, Levesque et al. (2015) reported increases in jejunal and ileal 
villi height in pigs during compensatory growth, which may contribute to 
greater surface area for absorption. Moreover, up-regulation of transcripts 
for the genes S100A2 and LTF both of which are involved in cellular growth 
and differentiation was apparent during re-alimentation and increased 
efficiency in jejunal epithelial cells (Keogh et al., 2016c). These results further 
suggest that alterations in the absorptive capacity of intestinal epithelial 
cells may influence feed efficiency potential. Consistent with this, following 
a period of dietary restriction of goats, jejunal villi height and width were 
reduced which was subsequently reversed upon re-alimentation (Sun et 
al., 2013).

Meyer et al. (2014) investigated the effect of feed efficiency on the 
expression of genes pertaining to angiogenesis in the jejunum of heifers and 
steers but found no relationships with the exception of a positive association 
between mRNA expression of kinase inert domain receptor (KDR) and a 
tendency (P = 0.06) for a positive association between endothelial nitric 
oxide synthase 3 (NOS3) and feed intake. Evidence for a potential role of 
differential intestinal nutrient absorption in variation in feed efficiency in 
beef cattle was also demonstrated at a genomic level by Serao et al. (2013) 
who reported SNPs that mapped to genes involved in fat digestion and 
absorption and small intestine transport of phospholipids and cholesterol 
from the epithelium to the intracellular space.

Further exploration of the molecular control of intestinal nutrient 
absorption is justified to fully characterise the contribution of this key 
process to variation in feed efficiency.

nutrient Partitioning and composition of Growth

In addition to their importance as determinants of the value of beef cattle 
(Conroy et al., 2010) muscle and fat tissue make a significant contribution 
to overall body energy homeostasis. Thus any discussion on the regulation 
of feed efficiency must take cognisance of the underlying biological 
control of these economically important tissues. Currently, there is much 
equivocation in the published literature on the contribution of differences 
in body composition to variation in feed efficiency status. For example, to-
date positive (Kelly et al., 2010a), negative (Crowley et al., 2011) or neutral 
(Basarab et al., 2003; Fitzsimons et al., 2013, 2014a) relationships between RFI 
and ultrasonically measured longissimus muscle size have been reported 
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for growing beef cattle. Similar confusion exists between phenotypic based 
reports for carcass muscularity score and lean tissue content. Additionally, 
at a genetic level, Crowley et al. (2011) found carcass muscularity to be 
positively associated with improved feed efficiency status, while, in contrast, 
Mao et al. (2013) failed to establish a genetic correlation between RFI and 
carcass lean meat yield.

Consistent with the published data for lean tissue growth, there is 
disagreement between studies on the relationship between feed efficiency 
status and measures of body fat content. Some studies that used the base model 
(metabolic body weight and average daily gain) to predict dry matter intake 
have reported either a positive (Richardson et al., 2001; Basarab et al., 2003; 
Basarab et al., 2007) or no relationship (Castro Bulle et al., 2007; Bouquet et al., 
2010; Gomes et al., 2012; Fitzsimons et al., 2014a) between feed efficiency and 
carcass fatness traits. However, where others have included adjustments for 
body composition in the base model a trend for a positive relationship (Basarab et 
al., 2003), no relationship (Basarab et al., 2007), or a negative relationship (McGee  
et al., 2013) between RFI and measures of body fat were reported.

While the energetic efficiency of body fat deposition is inferior to 
that of protein (Herd et al., 2004) the energy requirements to maintain 
existing fat depots is less than that of protein (Welch et al., 2012). Indeed, 
there is considerable inter-animal variation in efficiency of lean gain, most 
likely due to differing rates of protein turnover and degradation between 
organs and tissues (McBride and Kelly, 1990; Herd et al., 2004). Consistent 
with this premise, it is not unreasonable to suggest that differences may 
exist between animals of varying feed efficiency potential, in biochemical 
processes governing nutrient partitioning and fat and protein accretion and 
maintenance (Herd and Arthur, 2009). 

Variation in nutrient partitioning and subsequent implications for 
differences in body composition between cattle divergent for feed efficiency 
may be influenced through differing intermediary metabolism (Randel and 
Welsh, 2013). For example, insulin’s role in nutrient uptake and utilisation 
renders insulin sensitivity and its associated signalling pathway a prime 
candidate that potentially contributes to variation in feed efficiency. 
Additionally, given the key role of the somatotropic axis in cellular growth, 
proliferation, differentiation and the maintenance of homeostasis in 
mammals, examination of the functioning of this axis in cattle divergent for 
feed efficiency may provide more information on the control of this trait.

Insulin Sensitivity 

Insulin is a highly metabolically active hormone responsible for many 
anabolic processes as well as nutrient homeostasis (Taniguchi et al., 2005; 
Cheng et al., 2010). Insulin sensitivity has been suggested as a contributor 
towards variation in energetic efficiency (Welch et al., 2012) as it mediates 
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nutrient uptake and utilization, principally glucose homeostasis, within 
tissues with a large energy demand such as skeletal muscle and liver  
(Cheng et al., 2010). Insulin increases muscle energy requirements 
by increasing transport of amino acids and protein synthesis with a 
concomitant decrease in muscle protein breakdown (Hocquette et al., 
1998) suggesting that animals with increased systemic concentrations of 
insulin have increased maintenance energy requirements. Conversely, 
enhanced skeletal muscle insulin sensitivity is associated with a decrease 
in basal insulin concentrations coupled with an increase in carcass growth 
and decreased carcass fat (Hocquette et al., 1998) as confirmed by Istasse 
et al. (1990) and Hocquette et al. (1999) who compared double muscled 
and non-double muscled cattle. Collectively, this suggests that animals 
with improved feed efficiency may have decreased basal plasma insulin 
concentrations coupled with enhanced skeletal muscle insulin sensitivity.

The literature on the contribution of glucoregulatory mechanisms to 
variation in phenotypic RFI is conflicting in that circulating concentrations of 
insulin have been reported to be both greater (Kelly et al., 2011a) and lower 
(Richardson et al., 2004) in low compared to high RFI cattle. Additionally, 
the limited sampling regimen used in most studies would not have been 
adequate to determine true hormone or metabolite status (Richardson  
et al., 2002). To this end, Fitzsimons et al. (2014c) specifically examined the 
insulinogenic response and potential to clear systemic glucose in response 
to a glucose tolerance test (GTT), which employs a comprehensive temporal 
sampling protocol. These authors found no differences in either glucose or 
insulin response between heifers divergent for RFI. This is in agreement with 
the findings of GTTs conducted by Redden et al. (2011) and Ramos (2011) 
who reported similar temporal patterns and area under the curve (AUC) 
response data for glucose and insulin concentrations for ewe lambs and 
steers, respectively, irrespective of RFI phenotype. Despite this however, 
Shafer (2011) demonstrated a lower insulinogenic index, in response to a 
GTT, in low RFI cattle, suggesting greater insulin sensitivity in feed efficient 
cattle. Similarly, time to clear 50% of the maximum glucose concentration 
from circulation tended to be lower in low RFI compared to high RFI ewe 
lambs (Redden et al., 2011). This suggests that improved feed efficiency 
may lead to more efficient glucose utilization, possibly through enhanced 
insulin responsiveness. In agreement, Keogh et al. (2015c) using a GTT, 
reported cattle exhibiting improved feed efficiency during compensatory 
growth required lower concentrations of insulin to clear systemic glucose 
than their non-feed restricted counterparts, see Figure 2. This suggests that 
cattle undergoing compensatory growth with improved feed efficiency may 
have enhanced insulin sensitivity, contributing to the increased growth, 
development and nutrient homeostasis potential of these animals.

In the study of Keogh et al. (2015c), it was also suggested that the 
improved insulin response or sensitivity of cattle undergoing compensatory 
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growth may be contributing to reduced lipogenesis and adipose deposition. 
Enhanced insulin sensitivity may contribute to improved feed efficiency 
by allowing more energy from feed to be deposited as protein as opposed 
to adipose tissue (Keogh et al., 2015c). In agreement, Richardson et al. 
(2004) found that the steer progeny of high RFI parents had higher end 
of test plasma concentrations of insulin and greater body fat composition 
compared to their low RFI contemporaries. The similar back fat depth of the 
high and low RFI heifers in the study of Fitzsimons et al. (2014c) supports 
the absence of an effect of phenotypic RFI on insulin sensitivity. Kolath et 
al. (2006a) and Lawrence et al. (2012) also reported that growing beef cattle 
divergent for phenotypic RFI had similar plasma insulin concentrations 
coupled with equal subcutaneous fat thickness, suggesting no differences 
in insulin sensitivity between cattle divergent for feed efficiency. 

As glucose is an important energy source for skeletal muscle tissue 
and as insulin is involved in the control of nutrient uptake and storage and 
regulation of glucose homeostasis at the cellular level, differential expression 
of genes in the insulin signaling pathway (ISP) may identify potential 
mechanisms contributing to variation in RFI. This was demonstrated by 
the genome wide association study and subsequent pathway analysis of 

Figure 2: Lower insulin response to intravenous glucose administration in bulls undergoing 
compensatory growth and exhibiting an improved feed efficiency phenotype (Keogh et al., 

2015c).
AUC = area under the response curve.
Adlib = bulls fed to ad libitum feed intake.
Res = bulls initially offered a restricted feed intake and subsequently offered feed ad libitum.
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Rolf et al. (2011), who found a gene adjacent to regions predicted to harbour 
quantitative trait loci associated with RFI resided within the ISP. Using a 
more targeted approach, Fitzsimons et al. (2014c) examined the transcription 
of genes within the ISP in M. longissimus dorsi tissue, which is a major 
consumer of glucose (Hocquette et al., 1998), of bulls divergent for RFI. In 
that study, no relationships between mRNA expression of genes in the ISP 
and RFI with the exception of SREBP1c, a transcription factor that mediates 
insulin-stimulated fatty acid synthesis in bovine M. longissimus dorsi  
(Han et al., 2013), was detected (Fitzsimons et al., 2014c). The positive 
correlation between mRNA expression of SREBP1c and RFI, coupled with the 
greater final subcutaneous fat depth in high RFI bulls in the study of Fitzsimons  
et al. (2014c), supports the role of this gene in lipid homeostasis (Horton  
et al., 2002). Therefore, it can be suggested that genes under transcriptional 
control of SREBP1c such as fatty acid synthase (FASN) and acetyl-CoA 
carboxylase (ACCA; Horton et al., 2002) may be underlying variation in 
feed efficiency. The findings of Welch et al. (2013) confirm this hypothesis 
whereby mRNA expression of FASN was higher in skeletal muscle tissue 
of feed efficient cattle, implicating fatty acid synthesis as a factor that may 
be involved in the control of feed efficiency. Differences in lipid metabolism 
between feed efficiency phenotypes in beef cattle were also confirmed 
by Abo-Ismail et al. (2014) who reported a SNP the GTF2F2 gene to have 
an effect on RFI. Additionally, previous research has shown that mRNA 
expression of genes involved in fatty acid transport were upregulated in 
cattle exhibiting an improved feed efficiency phenotype further implicating 
the role of fatty acid synthesis and transport in feed efficiency in beef cattle 
(see Table 1).

Differential expression of some genes in the ISP in cattle with 
improved feed efficiency during compensatory growth was reported by 
Keogh et al. (2015c). Genes involved in lipogenesis (ACLY), the MAPK 
signalling cascade (GRB10) and mediators of insulin and growth factor 
signalling (FOXO1, O3 and O4) were upregulated in feed efficient cattle 
undergoing compensatory growth. Interestingly, upregulation of FOXO 
genes during compensatory growth and increased nutrient intake agreed 
with the positive correlation between mRNA expression of FOXO1 and 
DMI in the study of Fitzsimons et al. (2014c). Upregulation of FOXO 
genes in response to increased feed intake suggests that this family of 
genes may assist muscle cells to counteract possible increased reactive 
oxygen species as a consequence of enhanced cellular metabolism (Keogh  
et al., 2015c). However, in contrast to these studies, Chen et al. (2011) 
reported no differential expression of genes involved in the ISP in liver 
tissue of cattle divergent for RFI.

Together, the results of the aforementioned studies suggest that insulin-
mediated metabolism of glucose and associated pathways such as glycolysis 
and cell proliferation and growth of skeletal muscle tissue are most likely 
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not biological processes underlying variation in feed efficiency. However, 
lipogenesis per se, may be a potential biological mechanism involved in 
the control of feed efficiency that requires further exploration across a 
range of tissues such as skeletal muscle and liver. Indeed, differential 
gene expression analysis of adipose tissue itself may elucidate some of the 
biological processes underpinning variation in feed efficiency in beef cattle.

Somatotropic Axis

The somatotropic axis is an evolutionarily conserved signalling pathway 
across mammalian species; it is involved in a number of fundamental 
biological processes, including cellular growth, proliferation, differentiation 
and the maintenance of homeostasis in animals (Clemmons, 2009; Duan et 
al., 2010). The pathway consists of growth hormone (GH), IGF-I and IGF-
II, associated binding proteins (IGFBP1-6, GHBP) and receptors (IGFR, 
GHR). The well documented control of the somatotropic axis on growth 
and muscle metabolism (Florini et al., 1996; Oksbjerg et al., 2004; Duan  

Table 1: Transporter genes involved in fatty acid synthesis and transport that were upregulated 
in several tissues in feed efficient cattle relative to their inefficient contemporaries.

Gene ID Name Fold change Tissue

SLC27A2 Solute carrier family 27, member 2 2.72 Liver1

FADS1 Fatty acid desaturase 1 2.70 Liver2

SLC27A6 Solute carrier family 27, member 6 4.69 Liver1

ELOVL5
ELOVL family member 5, elongation of 
long chain fatty acids (FEN1/Elo2, SUR4/
Elo3-like

2.09
Liver1

FADS6 Fatty acid desaturase domain family, 
member 6 2.56 Liver1

FABP1 Fatty acid binding protein 1 1.61 Liver3

FADS2 Fatty acid desaturase 2 1.87 Liver3

SLC27A6 Solute carrier family 27, member 6 2.77 Skeletal muscle4

FASN Fatty acid synthase 1.91 Skeletal muscle4

FABP3 Fatty acid binding protein 3, muscle and 
heart 1.89 Skeletal muscle4

FADS3 Fatty acid desaturase 3 2.35 Skeletal muscle4

FASN Fatty acid synthase 0.51 Skeletal muscle5

ELOVL4 ELOVL fatty acid elongase 4 2.59 Rumen papillae6

FADS3 Fatty acid desaturase 3 2.25 Rumen papillae6

1: Connor et al. (2010b), 2: Keogh et al. (2016a), 3: Tizioto et al. (2015), 4: Keogh et al. (2016d), 
5: Welch et al. (2013), 6: Keogh et al., 2016b.
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et al., 2010) indicates that the system could have substantial effects on 
the overall energetic efficiency of feed efficient animals. Indeed, positive 
genetic correlations have been reported between RFI and systemic IGF-I 
concentrations (Johnston et al., 2002; Moore et al., 2005). Despite this, the 
published literature is inconsistent at the phenotypic level, with Nascimento 
et al. (2015) reporting higher IGF-I concentrations in low RFI animals, 
Brown (2005) and Lancaster et al. (2008) reporting lower concentrations 
and other studies failing to establish any relationship between RFI status 
and systemic concentrations of IGF-1 (Kelly et al., 2010a, 2011a; Lawrence  
et al., 2012; Welch et al., 2013). This inconsistency may reflect, to some 
extent, differences in the prevailing dietary management employed 
between studies (Brown, 2005; Welch et al., 2013). In situations where 
feed supply is managed, for example during a period of imposed dietary 
restriction, signalling within the somatotropic axis becomes refractory such 
that although systemic concentrations of GH typically increase, this is not 
mirrored in greater hepatic synthesis of IGF-I (Breier, 1999; Keogh et al., 
2015d). This has resulted in studies (Yambayamba et al., 1996b; Hornick 
et al., 1998b; Cabaraux et al., 2003; Keogh et al., 2015b), reporting lower 
circulating IGF-I concentrations in cattle offered a restricted diet compared 
to their unrestricted contemporaries. The typical rise in GH concentrations 
may be attributable to a requirement for lipolysis, as high blood GH 
concentrations promote adipose tissue mobilisation and increase blood 
NEFA concentrations (Lucy, 2004) and is likely to underpin the preservation 
of metabolic homeostasis during limited feed supply (Bell, 1995; Breier, 
1999; Sonntag et al., 1999). During subsequent re-alimentation, uncoupling 
of the somatotropic axis is typically reversed with systemic concentrations 
of IGF-I increasing rapidly, further suggesting a role in improved feed 
efficiency (Hornick et al., 1998b; Keogh et al., 2015d). Indeed, Li et al. (2012) 
reported greater systemic concentrations of GH following administration 
of its precursor GHRH in cattle undergoing compensatory growth and 
suggested a direct role in supporting accelerated growth through GH’s 
well-defined functions in stimulating protein accretion and fat catabolism. 

The majority of systemic IGF-I is produced in hepatocytes (Philippou 
et al., 2007), however, other peripheral tissues including skeletal muscle 
and adipose are also capable of synthesising the hormone (Duan et al., 
2010). Indeed, using a porcine model, Novakofski and McCusker (1993) 
documented that approximately two-thirds of postnatal growth to normal 
adult size is attributed to local tissue production and utilisation of IGF-I. 
Signalling of IGF-I has been noted as a critical factor in the regulation of 
skeletal muscle growth (Duan et al., 2010), with the physiological actions of 
IGF-I signalling including stimulation of protein synthesis and inhibition 
of protein degradation (Oddy and Owens, 1996; Hill et al., 1999). The 
release of GH from the anterior pituitary gland and subsequent receptor 
binding in peripheral tissues is a primary activator of the somatotropic 
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axis and stimulation of anabolic processes such as cell division and protein 
synthesis (Møller and Nørrelund, 2003; Jessen et al., 2005). At the molecular 
level Barendse et al. (2007) and Sherman et al. (2008) have both identified 
associations between a SNP located in intron 4 of the GHR gene and RFI. In 
hepatic tissue, Chen et al. (2011) also observed greater transcript abundance 
for GHR in high compared to low RFI cattle. Conversely though, the inverse 
was observed in M. longissimus dorsi in the work of Kelly et al. (2013), where 
greater expression of GHR was evident in low RFI cattle. Following a period 
of dietary restriction and associated poor feed efficiency, lower expression 
of the GHR, GHR1A and IGF1 were apparent (Keogh et al., 2015d), further 
evidencing refractory signalling. Moreover, this was underpinned through 
up-regulation of IGFBP1 and IGFBP2 at the same time, both of which 
function in the inhibition of IGF-1 bioactivity and bioavailability (Maddux 
et al., 2006). The two main binding proteins thought to have the greatest 
roles in the growth and development of skeletal muscle are IGFBP3 and 
IGFBP5 (Kelly et al., 2013). Expression of IGFBP5 was greater in high RFI 
cattle in the data of Welch et al. (2013). Chen et al. (2011) also observed 
up-regulation of IGFBP3 in hepatic tissue of low RFI cattle. However, 
Kelly et al. (2013) did not detect any differences between RFI groups in the 
expression of either binding protein in skeletal muscle tissue. IGF-I can 
also function in an autocrine/paracrine manner through interaction with 
the IGF receptors. Activation of the IGF-I receptor initiates intracellular 
signal transduction cascades including the PI3-K pathway, which is the 
predominant pathway involved in stimulating muscle protein synthesis 
(Schiaffino and Mammucari, 2011). A negative association was evident 
between IGF-IR and RFI in the data of Kelly et al. (2013). This result was 
consistent with the lack of difference between contrasting RFI phenotypes 
in the size and rate of growth of M. longissimus dorsi tissue in that study 
(Kelly et al., 2013). 

Overall, differences in systemic IGF-I in response to dietary restriction 
and subsequent re-alimentation suggest a clear role for the somatotropic 
axis in compensatory growth, however, the same is not apparent for RFI 
status, where the published relationship between that trait and systemic 
IGF-I response is variable. This inconsistency between published RFI based 
studies is likely to have been contributed to by factors including diet type 
and age, which, in their own right affect functionality of this mitogenic 
signalling pathway (Welch et al., 2013).

It must be noted that the insulin signalling pathway and the 
somatotropic axis should not be viewed in isolation but rather collectively, 
given their interactive nature. Despite differences in the role of these 
pathways in their contribution to explaining variation in feed efficiency, 
previous research suggests that further work on components of these 
pathways such as fatty acid synthesis may enhance our understanding of 
mechanisms underpinning feed efficiency as illustrated in Figure 3.
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Metabolism and Maintenance

The proportion of total energy intake required solely for body maintenance 
is typically in excess of 50% in adult cattle thus representing the single most 
important factor that determines biological efficiency (Caton et al., 2000; 
Arango and Van Vleck, 2002). Similarly, in growing cattle the proportion of 
total ME intake used for body maintenance related processes is rarely less 
than 40%, even in situations where animals are consuming maximal feed 
intake (NRC, 2000). Such a significant underlying energetic requirement 
to maintain basic energetic homeostasis is contributed to by a number of 
physiological and biochemical processes and some of these are discussed 
below.

Figure 3: Proposed effect of feed efficiency on the somatotropic axis and insulin signalling 
pathway in beef cattle. Genes coding for components of the somatotropic axis and insulin 
signalling pathway were affected by feed efficiency state as follows (highlighted in bold 
italics in figure): 1: associations evident between a SNP in the GHR gene and RFI (Barendse 
et al., 2007; Sherman et al., 2008); 2: greater expression of GHR in high compared to low RFI 
(Chen et al., 2011); 3: IGFBP3 up-regulated in low RFI (Chen et al., 2011); 4: lower expression 
of GHR in high RFI (Kelly et al., 2013); 5: IGFBP5 expression greater in high RFI (Welch et 
al., 2013); 6: IGF-1R was negatively associated with RFI (Kelly et al., 2013); 7: SREBP1c was 
positively associated with RFI (Fitzsimons et al., 2014c); 8: ACLY up-regulated in cattle 
undergoing compensatory growth (Keogh et al., 2015c); 9: FASN expression was higher in 
feed efficient cattle (Welch et al., 2013); 10: FOXO1, FOXO3 and FOXO4 were up-regulated 
in cattle undergoing compensatory growth (Keogh et al., 2015c); 11: FOXO1 expression was 

positively correlated with DMI (Fitzsimons et al., 2014c).
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Size of and Metabolic Processes within the Visceral Organs 

The GIT and liver are important energy sinks in cattle, and although only 
representing approximately 7% and 2.5% of body weight, these organs 
account for in the order of 18% and 25% of total oxygen consumption, 
respectively (McBride and Kelly, 1990). As a consequence, it is highly 
likely that inter-animal variation in the size and functionality of these 
organs may influence energy requirements for basal metabolism. Indeed 
the size and energy requirement of the GIT was found to increase with 
increasing level of feed intake (Johnson et al., 1990) and greater volume 
of digesta and supply of nutrients (Ortigues and Doreau, 1995). However, 
the limited published literature that has examined the contribution of 
visceral organs to variation in feed efficiency is equivocal. For example, 
some studies employing cattle offered a high concentrate diet, reported 
that the weight of stomach complex (Basarab et al., 2003; Fitzsimons et al., 
2014a), intestines (Basarab et al., 2003; Meyer et al., 2014) and liver (Basarab  
et al., 2003) was lighter for low compared with high RFI steers, whereas other 
similar studies (Richardson et al., 2001; Mader et al., 2009; Cruz et al., 2010) 
failed to establish an effect of RFI status on the weight of any visceral organ 
measured. Where cattle are exposed to fluctuations in feed supply, studies have 
reported lower liver and GIT mass following a period of dietary restriction 
(Ryan et al., 1993; Yambayamba et al., 1996a; Keogh et al., 2015a) though this 
is quickly reversed upon realimentation (Ryan et al., 1993; Yambayamba  
et al., 1996a; Keogh et al., 2015a), with such splanchnic tissues apparently 
taking precedence for increasing energy supply. Our data also indicate 
greater transcriptional activity of rumen papillae during compensatory 
growth and replenishment of the GIT (Keogh et al., 2016b). Transcript 
abundance for genes including those involved in translation (EIF4G2, 
EIF4G3, ELL2), transcription (EMG1, FOXN1, FOXP4, INTS3) and 
histone functionality (HIST1H2AC, HISTH2BO, HIST2H4A, KAT2A) were 
particularly affected. During compensatory growth the initial enhanced rate 
of tissue gain is primarily comprised of protein deposition, consistent with 
the necessity to replenish metabolically active organs and further augment 
metabolic capacity and the demands of increased nutrient supply (Rompala 
et al., 1985; Ryan, 1990; Carstens et al., 1991; Ryan et al., 1993; Yambayamba 
et al., 1996a; Keogh et al., 2015a). There is also an increase in the efficiency 
of protein utilisation during the early phase of compensatory growth and 
associated improved feed efficiency. Indeed, Gonzaga Neto et al. (2011) and 
Keogh et al. (2015b) both observed a reduction in systemic concentrations 
of total protein and albumin at the start of compensatory growth which 
may be indicative of increased nitrogen utilisation efficiency and repletion 
of tissues, respectively. Additionally, Ellenberger et al. (1989) and Keogh 
et al. (2015b) reported an initial decrease in plasma urea concentrations in 
cattle undergoing compensatory growth, which may have reflected the 
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high protein demand required for supporting increased visceral tissue 
replenishment. Furthermore, both Keogh et al. (2016a) and Connor et al. 
(2010b) observed up-regulation of ribosomal and protein synthesis related 
genes in hepatic tissue at the end of a period of dietary restriction. However, 
following 55 days of re-alimentation and compensatory growth, Keogh  
et al. (2016a) observed down-regulation of one ribosomal gene RPS27 and 
up-regulation of hepatic genes involved in fatty acid biosynthesis including 
FADS1, SCD and SREBF1, thus suggesting a switch in tissue prioritisation 
from protein to lipid accretion as energy balance further improved during 
re-alimentation.

Although, as previously indicated, the size of visceral organs is 
responsive to the prevailing plane of nutrition (Johnson et al., 1990), oxygen 
consumption or energy expenditure of these organs increases after feeding 
and changes in accordance with level of feed intake (Seal and Reynolds, 
1993). This suggests that the physical size of visceral organs alone may 
not be the sole contributory factor to variation in energetic efficiency. 
Indeed, McBride and Kelly (1990) have shown that, within tissues, different 
metabolic processes such as transport of sodium and potassium ions 
and protein synthesis and degradation in the GIT and liver, vary in their 
energetic efficiency. These discrepancies in energetic efficiency of metabolic 
processes within tissues may explain the absence of a consistent effect of RFI 
phenotype on the mass of visceral organs in cattle (Fitzsimons et al., 2014a). 

Despite conflicting literature on mitochondrial function, which will 
be dealt with in greater detail in a subsequent section of this chapter, there 
is evidence for differential expression of genes involved in regulation of 
cellular energy status and other metabolic processes in hepatocytes and 
tissues of the GIT, between cattle of divergent feed efficiency potential. 
Chen et al. (2011) found differences in hepatic gene expression between high 
and low RFI animals for processes involved in carbohydrate metabolism, 
lipid metabolism and protein synthesis, in particular. Similarly, Tizioto  
et al. (2015), examining global liver gene expression profiles, suggest that 
high RFI Nellore steers have increased hepatic oxidative metabolism and 
melatonin degradation compared to their low RFI contemporaries. These 
authors (Tizioto et al., 2015) found that EGR1 and FOS were upregulated 
in low RFI steers implicating a particular role for hepatic cellular growth, 
differentiation and response to oxidative stress in the efficiency of feed 
utilisation in cattle. Similarly, Keogh et al. (2016d) reported up-regulation 
of both of these genes during a state of improved feed efficiency during re-
alimentation induced compensatory growth in skeletal muscle. Moreover, 
consistent with this, these genes were down-regulated in the same study 
during the preceding dietary restriction phase in accordance with a less 
feed efficient state (Keogh et al., 2016d). Additionally, in cattle undergoing 
compensatory growth, genes involved in lipid and carbohydrate metabolic 
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processes were up-regulated in hepatic tissue (Keogh et al., 2016a). Similarly, 
Connor et al. (2010b) found that steers exhibiting compensatory growth and 
improved feed efficiency, had increased expression of hepatic genes involved 
in processes such as cellular metabolism, oxidative phosphorylation and 
glycolysis. Greater feed efficiency during compensatory growth was 
also associated with greater expression of genes involved in jejunal 
epithelial metabolism including PFKB3, SDS, SDSL (Keogh et al., 2016c).  
In agreement with these data, Serao et al. (2013), working at the genomic 
level, reported a SNP associated with feed efficiency that mapped to several 
genes with functions pertaining to digestion and absorption, transport of 
compounds from the intestinal epithelial cells to the intracellular space and 
other functions such as glycerophospholipid metabolism and immune-
response related biological processes. Overall, these results imply that 
greater propensity for an upregulation of metabolic processes is consistent 
with an improved feed efficiency phenotype.

These findings further emphasise the need to examine cellular and 
molecular differences in organs that have high metabolic activity such as 
the GIT and liver between animals of differing feed efficiency potential. 
The conflicting findings of the gene expression studies using visceral organ 
tissues reflect the complex nature of the trait, however, consistency in 
processes related to oxidative stress, mitochondrial function and lipid and 
carbohydrate metabolism appear to be recurrent in the literature and further 
and more detailed exploration of the constituent biochemical pathways 
may identify the key underlying processes as mechanisms underpinning 
variation in RFI in beef cattle.

Maintenance and Metabolism of Muscle and Adipose Tissue

Despite protein accretion being more efficient than fat accretion (Herd  
et al., 2004), the energy cost associated with maintenance of lean tissue is 
greater than that of fat, due to the requirement to support the energetically 
expensive processes of protein degradation and turnover (Schiavon and 
Bittante, 2012). Authors have suggested that the observed variation of 
protein turnover and degradation between muscles of individual animals 
may be an important contributor to feed efficiency potential (Oddy, 1999). 
Indeed, Richardson and Herd (2004) suggested that high RFI steers have a 
higher rate of protein degradation in muscle and liver and a less efficient 
mechanism for protein deposition than their more efficient contemporaries. 
However, no relationship between RFI and systemic concentrations of 
creatinine, which is indicative of muscle mass and protein catabolism 
(Istasse et al., 1990), was observed by Fitzsimons et al. (2014a) or Nascimento 
et al. (2015) in bulls or heifers, respectively. In agreement, Lines et al. (2014) 
also found no differences in protein metabolism between efficient and 
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inefficient heifers that were the result of three generations of divergent 
selection for RFI, though the actual feed efficiency of the animals reported 
was not measured in that study. Despite these findings however, Fitzsimons 
et al. (2013), Lawrence et al. (2012), and Richardson et al. (2004) all found 
that RFI was negatively associated with circulating concentrations of 
plasma creatinine. Other authors have observed increases in systemic 
creatinine as a consequence of dietary restriction with a reversal evident 
upon re-alimentation and improved feed efficiency (Hornick et al., 1998b; 
Cabaraux et al., 2003; Keogh et al., 2015b). McDonagh et al. (2001) found 
higher levels of calpastatin but a reduced rate of myofibril fragmentation 
suggesting reduced protein degradation in high efficiency steers. The 
variation between animals in the rate of protein turnover observed by 
some authors suggests a genetic origin for this trait, which may contribute 
to variation in energy requirements for maintenance and growth. These 
findings were further confirmed by Karisa et al. (2013) where SNPs in the 
calpastatin gene (among many others) were found to be both positively 
and negatively associated with RFI in beef cattle, depending on genotype. 
Additionally, greater expression of the calpastatin gene, CAST was apparent 
in skeletal muscle of animals displaying improved feed efficiency during 
re-alimentation induced compensatory growth (Keogh et al., 2016d). 

In addition to muscle, variation in metabolism of different adipose 
tissue depots such as visceral, omental and subcutaneous depots may 
also contribute to differences in basal metabolism and energy utilisation  
(Welch et al., 2012). As previously discussed, circulating concentrations 
of leptin were found to have either a neutral (Kelly et al., 2010a, 2011a) 
or a positive association (Richardson and Herd, 2004) with RFI in cattle. 
The greater gene expression for leptin in adipose tissue of low RFI steers 
observed by Perkins et al. (2014) agrees with previous research where SNPs 
in the leptin promoter were associated with the quantity of feed consumed 
(Nkrumah et al., 2005). However, the associations between these SNPs and 
serum leptin concentrations and indeed feed efficiency measures such as 
RFI and FCR were both inconsistent and tenuous (Nkrumah et al., 2005). 
Karisa et al. (2014), through analysis of gene networks found that a hub 
associated with insulin induced gene 1 (INSIG1) was affiliated with RFI 
phenotype. The genes found within the INSIG1 hub were all involved in 
biological processes related to energy, steroid and lipid metabolism. Indeed, 
differential expression of INSIG1 during lower and improved states of feed 
efficiency has been reported in the context of compensatory growth, across 
tissues and studies. These included down regulation of INSIG1 during 
lower feed efficiency associated with dietary restriction in skeletal muscle 
(Doran, 2013; Keogh et al., 2016d) and jejunum tissues (Keogh et al., 2016c). 
Furthermore, INSIG1 expression was found to be up-regulated in hepatic 
tissue during compensatory growth and improved feed efficiency in the data 
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of both Connor et al. (2010b) and Keogh et al. (2016a). Up-regulation of genes 
involved in lipid, amino acid and carbohydrate metabolism was apparent 
in M. longissimus dorsi in addition to greater expression of genes involved 
in protein synthesis in the same tissue in cattle undergoing compensatory 
growth and displaying greater feed efficiency (Keogh et al., 2016d). Greater 
metabolic function in muscle tissue was further evidenced through up-
regulation of genes involved in nutrient transport in M. longissimus dorsi 
during greater efficiency of compensatory growth (Keogh et al., 2016d). 

In addition to investigating metabolic pathways within muscle tissue 
that contribute to differences in feed efficiency, Welch et al. (2013) also 
examined muscle fibre type composition of cattle divergent for feed 
efficiency. Energy expenditure is dependent on muscle fibre type which 
potentially may be contributing to feed efficiency phenotype. Welch  
et al. (2013) found that type IIb fibres, which are glycolytic and have greater 
energy expenditure than type I fibres (oxidative), were more abundant in 
muscle tissue of high RFI steers at slaughter. Concurrently, type I fibres 
tended to be more abundant in low RFI steers. Nevertheless, fibre type 
composition was not associated with feed efficiency at the end of the post-
weaning RFI evaluation period. 

Further research exploring differences in the metabolic regulation, 
function and morphology of adipocytes and myocytes would assist in 
the understanding of the potential role these processes have in explaining 
variation in feed efficiency of beef cattle.

Mitochondrial Function

Mitochondria are cellular organelles, responsible for approximately 90% 
of oxygen consumption and the bulk of ATP synthesis (Lehninger et al., 
1993; Kolath et al., 2006a). Bottje and Carstens (2012) showed that feed 
efficiency affects the coupling of the enzyme reactions of the electron 
transport chain, with inefficient animals exhibiting leakage of protons 
out of the inner mitochondrial membrane, thus reducing the amount of 
ATP produced. The reverse was evident in mitochondria of feed efficient 
animals. Although there is indirect evidence to suggest that feed efficient 
mice have enhanced mitochondrial biogenesis, there is little information for 
beef cattle (Bottje and Carstens, 2012). In order to address this void in the 
literature, McKenna et al. (unpublished), using citrate synthase activity as a 
biomarker of mitochondrial content, has recently established no difference 
in mitochondrial number in either muscle or hepatic tissue between bulls 
divergent for feed efficiency, using the animal models of Fitzsimons et al. 
(2014a) (see Figure 4) and Keogh et al. (2015a).

Moreover, studies have shown, that compared with inefficient animals, 
ADP-control of oxidative phosphorylation (Lancaster et al., 2014) and 
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mitochondrial complex protein concentration (Davis, 2009) are all higher, 
while mitochondrial derived reactive oxygen species (ROS) production 
(Bottje and Carstens, 2009) is lower in energetically efficient animals. 
Lancaster et al. (2014) explored hepatic mitochondrial function in cattle 
divergent for RFI and found no differences between efficiency groups for 
respiration rate of complex 2, 3 and 4 and indices of proton leakage rates but 
that acceptor control ratio (which is an indicator or respiratory rate within 
the mitochondrion) was greater in low RFI cattle. However, Acetoze et al. 
(2015) also reported no differences in hepatic mitochondrial respiration rate 
in steer progeny of bulls divergent for RFI. Greater mitochondrial complex I 
protein concentration (mitochondrial NADH) was found in lymphocytes of 
steers differing in RFI (Ramos and Kerley, 2013). The results of Lancaster et 
al. (2014) and Acetoze et al. (2015) disagree with an earlier study by Kolath 
et al. (2006a) where it was found that relative to high RFI, mitochondrial 
respiration in M. longissimus dorsi was increased in low RFI steers. In 
agreement, Connor et al. (2010b) observed that genes associated with 
oxidative phosphorylation and mitochondrial efficiency were up-regulated 
in hepatic tissue during compensatory growth, suggesting improved cellular 
energetic efficiency in animals of an improved feed efficiency phenotype. 
Conversely, the opposite effect was reported by Keogh et al. (2016d) for 
M. longissimus dorsi, where, during a period of restricted feed intake and 
lower feed efficiency, greater expression of component genes of the tri-

Figure 4: Citrate synthase activity (proxy for mitochondrial abundance) in muscle and liver 
tissue of beef bulls divergent for residual feed intake (RFI) (McKenna et al., unpublished).
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carboxylic cycle and oxidative phosphorylation was evident. However, 
upon re-alimentation and improved feed efficiency, these genes were 
subsequently down-regulated (Keogh et al., 2016d). A similar effect was 
observed in hepatic tissue, with up-regulation of genes encoding oxidative 
phosphorylation proteins evident following a period of dietary restriction 
(Keogh et al., 2016a). However, functional assays revealed no difference in 
mitochondrial abundance or complex rate in these animals in either muscle 
or liver tissues (McKenna et al., 2016). Consistent with this, the findings 
of Lancaster et al. (2014) and Acetoze et al. (2015) suggest no effect of RFI 
status on mitochondrial proton leak in beef cattle.

Several studies have examined differential expression of genes 
pertaining to mitochondrial oxidative phosphorylation in beef cattle to 
determine the contribution of this process to variation in feed efficiency. In 
an earlier study, Kolath et al. (2006b) reported no effect of feed efficiency 
on mRNA expression levels of uncoupling proteins 2 and 3 (UCP2, UCP3) 
in muscle tissue of steers. In agreement, Fonseca et al. (2015) and Marks  
et al. (2014) also observed no difference in expression of UCP2 and UCP3 
in muscle tissue of beef cattle. However, Kelly et al. (2011b) reported 
that UCP3 gene expression tended to be upregulated in high RFI heifers 
which agrees with the findings of Sherman et al. (2008) where a SNP 
in the UCP3 gene was found to be positively and negatively associated 
with FCR and PEG, respectively, implicating the role of this gene in feed 
efficiency. Nevertheless, in hepatic tissue Fonseca et al. (2015) found that 
UCP2 was upregulated in high RFI steers suggesting a reduction in ATP 
production which is contradictory to the hypothesis of enhanced, or more 
efficient, mitochondrial energy production in feed efficient animals (Bottje 
and Carstens, 2012). During the lower feed efficient state associated with 
dietary restriction, UCP2 expression was found to be up-regulated, whilst 
expression of UCP3 was down-regulated in M. longissimus dorsi tissue 
(Keogh et al., 2016d).

Transcription factors play a key role in oxidative phosphorylation via the 
precise regulation of gene expression. Such transcription factors include the 
peroxisome proliferator activated-receptors PPARGC1α, PPARα and PPARγ, 
nuclear respiratory factor 1 (NRF1) and mitochondrial transcription factor A 
(TFAM). PPARGC1α controls mitochondrial proliferation, lipid metabolism 
and energy homeostasis (Lin et al., 2005) and mRNA expression of this gene 
was found to be upregulated in the M. longissimus dorsi of feed efficient 
heifers (Kelly et al., 2011b) suggesting enhanced mitochondrial biogenesis 
and respiration. Similarly, expression of PPARα was down-regulated 
in hepatic tissue of cattle offered a restricted dietary allowance (Keogh  
et al., 2016a). Conversely though, down-regulation of NRF1 and TFAM 
was evident in skeletal muscle of cattle undergoing compensatory 
growth and displaying improved feed efficiency (Keogh et al., 2016d). In 
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subsequent studies, however, using muscle (Welch et al., 2013; Fitzsimons 
et al., 2014c; Fonseca et al., 2015; Marks et al., 2014) and liver (Fonseca et 
al., 2015; Marks et al., 2014) tissue, no differences were found in levels of 
expression of PPARGC1α between feed efficiency phenotypes. Similarly, 
mRNA expression levels of PPARα and PPARγ, and NRF1 were not affected 
by feed efficiency phenotype in either muscle (Kelly et al., 2011b; Welch  
et al., 2013; Fitzsimons et al., 2014c; Marks et al., 2014) or liver tissue 
in relation to PPARα and NRF1 (Marks et al., 2014). However, Marks 
et al. (2014) did report upregulation of PPARγ in liver tissue of high 
RFI bulls suggesting that differential gene expression patterns may not 
be consistent across tissues. In support of this premise, while mRNA 
expression of TFAM in muscle was upregulated in low RFI cattle in both 
the studies of Fonseca et al. (2015) and Marks et al. (2014) contrasting 
results were observed between the two studies for liver, with Fonseca  
et al. (2015) reporting upregulation and Marks et al. (2014) reporting no 
differences in mRNA expression of this gene. 

In the study of Kelly et al. (2011b), mRNA expression of a range of 
other genes involved in oxidative phosphorylation was also examined. It 
was found that feed efficiency had no effect on expression levels of protein 
kinase, AMP-activated, alpha 1 catalytic subunit (PRKAA1), NADH-
Coenzyme Q reductase (NDUFS6), Succinate Dehydrogenase Complex, 
Subunit D, Integral Membrane Protein (SDHD), Ubiquinol-Cytochrome 
C Reductase Core Protein II (UQCRC2), ATPase (ATP6D), Coenzyme Q4 
(COQ4) and cytochrome c (CSCS). Nevertheless, there was a feed efficiency 
x diet type interaction observed for transcript abundance of adenine 
nucleotide translocator (ANT1) and mitochondrially encoded cytochrome c 
oxidase II (COX2). It was found that mRNA expression of ANT1 was greater 
for low RFI heifers consuming a high forage diet but that this difference 
disappeared when the heifers were offered a low forage diet. Given its 
involvement in the control of ATP supply to the cell, Kelly et al. (2011b) 
suggest that the production and rate of exchange of ATP may be greater 
in feed efficient cattle but that this effect may be mediated by diet type. 
Conversely, when heifers in the study of Kelly et al. (2011b) were offered 
a low forage diet, expression of COX2 was upregulated in low RFI heifers 
while when the same animals were subsequently offered a high forage diet, 
these differences were not apparent. Elevated COX2 gene expression in feed 
efficient animals further supports the hypothesis of enhanced efficiency of 
the cellular oxidative phosphorylation process in beef cattle, however, the 
effect may be diet dependent. 

The foregoing discussion suggests that of the transcription factors 
regulating mitochondrial function, TFAM and the genes ANT1 and COX2 
appear to be genes that warrant further investigation. However, additional 
studies of multiple tissue types may provide a more insightful means of 
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determining the magnitude of the role of oxidative phosphorylation in 
contributing to the variation in feed efficiency between beef cattle.

Stress Physiology

The stress response of an animal triggers increased metabolic rate, energy 
consumption and catabolic processes such as lipolysis and protein 
degradation, via activation of the hypothalamic pituitary adrenal (HPA) 
axis (Minton, 1994; Knott et al., 2010). The release of glucocorticoids and 
catecholamines in response to a stress stimulus in cattle increases the 
mobilisation of energy rich substances for metabolism, e.g., increasing 
gluconeogenesis (Brockman and Laarveld, 1986). Animals that are stressed 
have a higher demand for nutrients and divert these nutrients away from 
growth towards the stress response (Colditz, 2004; Knott et al., 2010). 
Differences in the stress response in high and low RFI animals may account 
for some of the observed variation in RFI, as indications of higher stress 
levels in high RFI cattle (Richardson et al., 2002, 2004; Montanholi et al., 
2010) may account for a significant source of energy wastage (Richardson 
and Herd, 2004; Herd and Arthur, 2009; Welch et al., 2012). Results from 
an adrenocorticotropic hormone (ACTH) challenge on pregnant and non-
pregnant beef heifers previously ranked on RFI (Lawrence et al., 2011), 
found that low RFI heifers had a reduced sensitivity to exogenous ACTH, 
suggesting differing HPA axis function in high and low RFI animals. In 
contrast, Kelly et al. (2016) found no differences in the stress response in 
growing beef heifers previously ranked on RFI following a corticotropin-
releasing hormone (bCRH) challenge. The conflicting results in the literature 
suggest that further research on the role that an animals responsiveness to 
stress may have in determining feed efficiency phenotype in beef cattle is 
needed.

It can be deduced from the preceding discussion that acquiring a greater 
knowledge of the underlying variation in metabolism and maintenance 
related processes may increase our understanding of the factors that 
contribute to variation in feed efficiency. Within tissues of the GIT, there are 
numerous biological processes, the efficiency of which, may contribute to 
overall feed utilisation. Additionally, there are many metabolic processes 
that span several organs with their own varying efficiencies suggesting that 
processes within individual organs alone may not necessarily be the only 
mechanisms worth investigating. Maintenance and metabolism of muscle 
and adipose tissue may also be significant contributors to variation in feed 
efficiency however, further research in many aspects of both of these tissues, 
from metabolic regulation to morphology, is required. Processes pertaining 
to mitochondrial function are common across all organs and tissues within 
the body. From the published literature to-date, it is apparent that variation 



 Molecular Physiology of Feed Efficiency in Beef Cattle 151

in processes revolving around mitochondrial function and associated 
biochemical pathways may contribute to variation in feed efficiency 
potential. Although not involved with metabolism and maintenance  
per se, response to a stressor affects metabolic rate, energy consumption and 
catabolism, therefore implying that this process may in turn, affect feed 
efficiency status. Thus, mechanisms related to metabolism and maintenance 
provide a vast reservoir of information that may potentially shed further 
light on the biological regulation of feed efficiency in beef cattle.

Genomic Selection for Feed Efficiency

It is now well established that feed efficiency has a strong underlying 
genetic basis and is, for the most part, not antagonistically correlated 
with other economically relevant traits (Crews, 2005; Crowley et al., 
2010). Indeed, the foregoing analysis of the published literature provides 
a compelling argument towards significant differences in several key 
biochemical processes across a number of tissues in cattle divergent for 
energetic efficiency status. However, continued genetic progress for the 
trait, using traditional quantitative genetic selection approaches will be 
hampered by the on-going limited availability of appropriate phenotypes. 
Thus given the cost and logistical difficulties in procuring phenotypic 
information together with its obvious molecular basis, suggests that the 
trait is a prime candidate for the application of genomic technologies (Rolf 
et al., 2011). Genomic selection refers to selection decisions that are based 
on breeding values predicted using genome wide marker data such as SNP 
(Meuwissen et al., 2001). The approach is aimed at increasing selection 
accuracy and accelerating genetic improvement by focusing on the SNP 
most strongly correlated to phenotype, although the genes and sequence 
variants directly affecting the phenotype remain largely unknown (Snelling 
et al., 2013). Unlike phenotype based genetic evaluation, genomic prediction 
has the capacity to estimate genetic merit of selection candidates at birth 
before phenotypes become available, which offers great promise in the 
prediction of genetic potential of selection candidates for traits that are 
difficult and expensive to measure such as feed efficiency. The success 
of genomic selection largely depends on the accuracy of the predicted 
genomic breeding values. However, genomic prediction accuracy in beef 
cattle is still not sufficiently high to allow selection of candidates without 
appropriate phenotypic measurement (Bolormaa et al., 2013). Accurate 
genomic estimated breeding values (GEBV) for feed efficiency would 
improve genetic gain and shorten the generation interval for the trait. The 
calculation of GEBV depends on the generation of a reference population 
where feed efficiency has already been measured and animals genotyped 
for appropriate genomic markers (Hayes et al., 2009; VanRaden et al., 2009). 
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Assembling sufficiently large reference populations for accurate GEBV 
prediction is a major challenge for a trait like feed efficiency, where factors 
such as contrasting breeds, age and nutritional management (i.e., potential 
for G x E) will affect the utility of amalgamating datasets.

Whether a breed-specific reference population should be used for each 
breed requiring GEBV or whether a common reference population should 
be used for all breeds is a major issue for consideration. Chen et al. (2013) 
pooled data from different breeds to form the reference population which 
improved the accuracy of across breed genomic prediction for RFI in beef 
cattle. Indeed, combining breeds into a common reference population 
increases its size, but linkage disequilibrium exists only over shorter 
genomic distances in a multi-breed population and this tends to reduce 
the accuracy of GEBV and may counter the benefits of a larger reference 
population. In essence, the accuracy of GEBV for feed efficiency could 
decline as a result of conducting across breed evaluations. Another method 
of improving the portability and accuracy of genomic predictions across 
breeds and into crossbred populations involves shifting focus from the 
assayed SNPs to variants more likely to have functional effects (Snelling 
et al., 2013). Integrating information about gene function and regulation 
with SNP genotyping assays is the most promising approach to enhance 
knowledge of genomic mechanisms affecting complex traits (Snelling  
et al., 2012). Using gene transcript expression and pathway analysis will 
be critical for the characterisation of sequence variation in expressed genes 
enabling the future development of relatively small, inexpensive marker 
sets that are sufficiently robust to describe phenotypic variation in feed 
efficiency in cattle. A study of beef tenderness measured in crosses of 
different breeds illustrates that genomic selection based on functional SNPs, 
incorporating existing functional annotation, can be more accurate across 
populations than genomic predictions based only on genotype-phenotype 
associations assessed in one population (Snelling et al., 2013). In addition, a 
recent Canadian study identified SNPs in genes involved in digestive and 
metabolic processes and showed these SNPs to be associated with feed 
efficiency in beef cattle (Abo-Ismail et al., 2013). Similarly, Onteru et al. 
(2013) identified functionally important genomic regions associated with 
RFI in pigs using whole genome association studies which are the focus of 
causative SNP identification. Therefore, enhanced knowledge of genomic 
control of biological mechanisms affecting feed efficiency is required to 
enable reliable development of genomic selection approaches.

Current and future research in the area of genomic selection for feed 
efficiency will focus on the identification of panels of genetic variants of 
biological significance to feed efficiency. However these polymorphisms 
need to be sufficiently robust across breed, phase of development and 
dietary regimen. Strategies are underway worldwide to build small, more 



 Molecular Physiology of Feed Efficiency in Beef Cattle 153

accurate low-cost panels for individual genotyping which will include 
functional SNP for selection of a particular trait or suite of traits such as 
feed efficiency. Future success in breeding for feed efficiency in beef cattle 
will depend on the discovery of functional SNP regulating this trait which 
will be incorporated into national and international multi-trait genomically 
assisted breeding programmes.

conclusion

The literature discussed in this review of the molecular physiology of feed 
efficiency in beef cattle highlights significant variation across a variety of 
metabolic organs and constituent biochemical processes amongst animals 
of contrasting feed efficiency phenotype. The main likely physiological 
processes involved are summarised in Figure 5. Responses to fluctuations 
in nutrient supply, which induce differential coping mechanisms, may 
provide valuable insights into the inherent biological regulation of the 
feed efficiency trait. Nevertheless, it is apparent that much equivocation 
exists in the literature in relation to inter-animal responses in appetite 
regulation, digestion along the entirety of the GIT, host-ruminal microbiome 
interactions, nutrient partitioning, myocyte and adipocyte metabolism, 
metabolic processes, including mitochondrial function, as well as other 

Figure 5: Suggested relative contribution of various biological processes underlying variation 
in feed efficiency of beef cattle.
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physiological processes such as response to stressors. Current and emerging 
technology including transcriptomic and proteomic platforms will further 
enlighten our understanding of and focus on the major regulators of 
energetic efficiency. The advent of genomically assisted selection technology 
has the potential to provide a powerful vehicle to implement the outcomes 
of these fundamental analyses within the context of multi-trait, profit based 
selection indices for sustained genetic progress. Notwithstanding this, 
continued comprehensive investigation into and a thorough understanding 
of, the biochemical regulation of feed efficiency and related economically 
important traits will be critical to future progress as well as the potential 
to obviate the on-going necessity to collect individual animal feed intake 
measurements.

Keywords: Appetite, feed intake, digestion, nutrient partitioning, 
composition of growth, metabolism, maintenance, muscle, adipose, 
mitochondria, stress physiology

references 

Abo-Ismail, M.K., M.J. Kelly, E.J. Squires, K.C. Swanson, S. Bauck, and S.P. Miller. 2013. 
Identification of single nucleotide polymorphisms in genes involved in digestive and 
metabolic processes associated with feed efficiency and performance traits in beef cattle. 
J. Anim. Sci. 91: 2512–2529. 

Abo-Ismail, M.K., G. Vander Voort, J.J. Squires, K.C. Swanson, I.B. Mandell, X. Liao, P. Stothard, 
S. Moore, G. Plastow, and S.P. Miller. 2014. Single nucleotide polymorphisms for feed 
efficiency and performance in crossbred beef cattle. BMC Genet. 15: 14.

Acetoze, G., K.L. Weber, J.J. Ramsey, and H.A. Rossow. 2015. Relationship between liver 
mitochondrial respiration and proton leak in low and high RFI steers from two lineages 
of RFI Angus bulls. Int. Scholarly Res. Notices 1–5.

Ahima, R.S. 2005. Central actions of adipocyte hormones. Trends Endocrinol. Metab.  
16: 307–313.

Alam, T., D.A. Kenny, T. Sweeney, F. Buckley, R. Prendiville, M. McGee, and S.M. Waters. 
2012. Expression of genes involved in energy homeostasis in the duodenum and liver of 
Holstein-Friesian and Jersey cows and their F1 hybrid. Physiol. Genomics 44: 198–209.

Albornoz, R.I., J.R. Aschenbach, D.R. Barreda, and G.B. Penner. 2013. Feed restriction reduces 
short-chain fatty acid absorption across the reticulorumen of beef cattle independent of 
diet. J. Anim. Sci. 91: 4730–4738.

Allen, M.S. 2014. Drives and limits to feed intake in ruminants. Anim. Prod. Sci. 54: 1513–1524.
Arango, J., and L.D. Van Vleck. 2002. Size of beef cows: Early ideas, new developments. Genet. 

Mol. Res. 1: 51–63.
Arthur, P.F., G. Renand, and D. Krauss. 2001. Genetic and phenotypic relationships among 

different measures of growth and feed efficiency in young Charolais bulls. Livest. Prod. 
Sci. 68: 131–139.

Ashfield, A., M. Wallace, M. McGee, and P. Crosson. 2014. Bioeconomic modelling of 
compensatory growth for grass-based dairy calf-to-beef production systems. J. Agric. 
Sci. 152: 805–816.

Barendse, W., A. Reverter, R.J. Bunch, B.E. Harrison, W. Barris, and M.B. Thomas. 2007. A 
validated whole-genome association study of efficient food conversion in cattle. Genetics 
176: 1893–1905.



 Molecular Physiology of Feed Efficiency in Beef Cattle 155

Basarab, J.A., M.A. Price, J.L. Aalhus, E.K. Okine, W.M. Snelling, and K.L. Lyle. 2003. Residual 
feed intake and body composition in young growing cattle. Can. J. Anim. Sci. 83: 189–204.

Basarab, J.A., D. McCartney, E.K. Okine, and V.S. Baron. 2007. Relationships between progeny 
residual feed intake and dam productivity traits. Can. J. Anim. Sci. 87: 489–502.

Bell, A.W. 1995. Regulation of organic nutrient metabolism during transition from late 
pregnancy to early lactation. J. Anim. Sci. 73: 2804–2819.

Berry, D.P., and J.J. Crowley. 2013. Cell biology symposium: Genetics of feed efficiency in dairy 
and beef cattle. J. Anim. Sci. 91: 1594–1613.

Bolormaa, S., J.E. Pryce, K. Kemper, K. Savin, B.J. Hayes, W. Barendse, Y. Zhang, C.M. Reich, 
B.A. Mason, R.J. Bunch, B.E. Harrison, A. Reverter, R.M. Herd, B. Tier, H.U. Graser, and 
M.E. Goddard. 2013. Accuracy of prediction of genomic breeding values for residual feed 
intake and carcass and meat quality traits in Bos taurus, Bos indicus, and composite beef 
cattle. J. Anim. Sci. 91: 3088–3104.

Bottje, W.G., and G.E. Carstens. 2009. Association of mitochondrial function and feed efficiency 
in poultry and livestock species. J. Anim. Sci. 87(14_suppl): E48–E63. 

Bottje, W.G., and G.E. Carstens. 2012. Variation in metabolism: Biological efficiency of energy 
production and utilization that affects feed efficiency. pp. 251–274. In: R.A. Hill (ed.). 
Feed Efficiency in the beef industry. John Wiley & Sons, Inc. Ames, Iowa. 

Bouquet, A., M.N. Fouilloux, G. Renand, and F. Phocas. 2010. Genetic parameters for growth, 
muscularity, feed efficiency and carcass traits of young beef bulls. Livest. Sci. 129: 38–48.

Breier, B.H. 1999. Regulation of protein and energy metabolism by the somatotropic axis. 
Domest. Anim. Endocrinol. 17: 209–218.

Brockman, R.P., and B. Laarveld. 1986. Hormonal regulation of metabolism in ruminants; A 
review. Livest. Prod. Sci. 14: 313–334.

Brown, E.G. 2005. Sources of Biological Variation in Residual Feed Intake in Growing and 
Finishing Steers. PhD Diss. Texas A&M Uni. College Station.

Cabaraux, J.F., M. Kerrour, C. Van Eenaeme, I. Dufrasne, L. Istasse, and J.L. Hornick. 2003. 
Different modes of food restriction and compensatory growth in double-muscled Belgian 
Blue bulls: Plasma metabolites and hormones. Anim. Sci. 77: 205–214.

Carberry, C.A., D.A. Kenny, S. Han, M.S. McCabe, and S.M. Waters. 2012. Effect of phenotypic 
residual feed intake and dietary forage content on the rumen microbial community of 
beef cattle. Appl. Environ. Microbiol. 78: 4949–4958.

Carberry, C.A., D.A. Kenny, A.K. Kelly, and S.M. Waters. 2014a. Quantitative analysis of ruminal 
methanogenic microbial populations in beef cattle divergent in phenotypic residual feed 
intake (RFI) offered contrasting diets. J. Anim. Sci. Biotechnol. 5: 41.

Carberry, C.A., S.M. Waters, D.A. Kenny, and C.J. Creevey. 2014b. Rumen methanogenic 
genotypes differ in abundance according to host residual feed intake phenotype and 
diet type. Appl. Environ. Microbiol. 80: 586–594.

Carstens, G.E., D.E. Johnson, M.A. Ellenberger, and J.D. Tatum. 1991. Physical and chemical 
components of the empty body during compensatory growth in beef steers. J. Anim. 
Sci. 69: 3251–3264.

Castro Bulle, F.C.P., P.V. Paulino, A.C. Sanches, and R.D. Sainz. 2007. Growth, carcass quality, 
and protein and energy metabolism in beef cattle with different growth potentials and 
residual feed intakes. J. Anim. Sci. 85: 928–936.

Caton, J.S., M.L. Bauer, and H. Hidari. 2000. Metabolic components of energy expenditure in 
growing beef cattle—Review. Asian-Aust. J. Anim. Sci. 13: 702–710.

Channon, A.F., J.B. Rowe, and R.M. Herd. 2004. Genetic variation in starch digestion in feedlot 
cattle and its association with residual feed intake. Aust. J. Exper. Agric. 44: 469–474.

Chen, L., F. Schenkel, M. Vinsky, D.H. Crews, and C. Li. 2013. Accuracy of predicting genomic 
breeding values for residual feed intake in Angus and Charolais beef cattle. J. Anim. Sci. 
91: 4669–4678.

Chen, Y., C. Gondro, K. Quinn, R.M. Herd, P.F. Parnell, and B. Vanselow. 2011. Global gene 
expression profiling reveals genes expressed differentially in cattle with high and low 
residual feed intake. Anim. Genet. 42: 475–490.



156 Biology of Domestic Animals

Cheng, Z., Y. Tseng, and M.F. White. 2010. Insulin signaling meets mitochondria in metabolism. 
Trends Endocrinol. Metab. 21: 589–598.

Chilliard, Y., M. Doreau, F. Bocquier, and G.E. Lobley. 1995. Digestive and metabolic adaptations 
of ruminants to variations in food supply. pp. 329–360. In: M. Journet, E. Grenet, M.-H. 
Farce, M. Theriez, and C. Demarquilly (eds.). Recent Developments in the Nutrition of 
Herbivores. Proc. IVth Int. Symp. Nutr. Herbivores. INRA Editions, Clermont-Ferrand, 
France. 

Clemmons, D.R. 2009. Role of IGF-I in skeletal muscle mass maintenance. Trends Endocrinol. 
Metab. 20: 349–356.

Colditz, I.G. 2004. Some mechanisms regulating nutrient utilisation in livestock during immune 
activation: An overview. Aust. J. Exper. Agric. 44: 453–457.

Connor, E.E., R.W. Li, R.L. Baldwin, and C. Li. 2010a. Gene expression in the digestive tissues 
of ruminants and their relationships with feeding and digestive processes. Animal  
4: 993–1007.

Connor, E.E., S. Kahl, T.H. Elsasser, J.S. Parker, R.W. Li, C.P. Van Tassell, R.L. Baldwin, and 
S.M. Barao. 2010b. Enhanced mitochondrial complex gene function and reduced liver 
size may mediate improved feed efficiency of beef cattle during compensatory growth. 
Funct. Integr. Genomics 10: 39–51.

Conroy, S.B., M.J. Drennan, M. McGee, M.G. Keane, D.A. Kenny, and D.P. Berry. 2010. Predicting 
beef carcass meat, fat and bone proportions from carcass conformation and fat scores or 
hindquarter dissection. Animal 4: 234–241.

Crews, D.H. 2005. Genetics of efficient feed utilization and national cattle evaluation: A review. 
Genet. Mol. Res. 4: 152–165.

Crowley, J.J., M. McGee, D.A. Kenny, D.H. Crews, R.D. Evans, and D.P. Berry. 2010. Phenotypic 
and genetic parameters for different measures of feed efficiency in different breeds of 
Irish performance tested beef bulls. J. Anim. Sci. 88: 885–894.

Crowley, J.J., R.D. Evans, N. McHugh, T. Pabiou, D.A. Kenny, M. McGee, D.H. Crews, and 
D.P. Berry. 2011. Genetic associations between feed efficiency measured in a performance 
test station and performance of growing cattle in commercial beef herds. J. Anim. Sci. 
89: 3382–3393.

Cruz, G.D., J.A. Rodriguez-Sanchez, J.W. Oltjen, and R.D. Sainz. 2010. Performance, residual 
feed intake, digestibility, carcass traits, and profitability of Angus-Hereford steers housed 
in individual or group pens. J. Anim. Sci. 88: 324–329.

Davis, M. 2009. Influence of diet, production traits, blood hormones and metabolites and 
mitochondrial complex protein concentrations on residual feed intake in beef cattle. PhD 
Diss. Univ. Missouri-Columbia.

de Menezes, A.B., E. Lewis, M. O’Donovan, B.F. O’Neill, N. Clipson, and E.M. Doyle. 2011. 
Microbiome analysis of dairy cows fed pasture or total mixed ration diets. FEMS 
Microbiol. Ecol. 78: 256–265.

Delavaud, C., F. Bocquier, Y. Chilliard, D.H. Keisler, A. Gertler, and G. Kann. 2000. Plasma 
leptin determination in ruminants: Effect of nutritional status and body fatness on plasma 
leptin concentrations assessed by a specific RIA in sheep. J. Endocrinol. 165: 519–526.

Dijkstra, J., E. Kebreab, J.A.N. Mills, W.F. Pellikaan, S. Lopez, A. Bannink, and J. France. 2007. 
Predicting the profile of nutrients available for absorption: From nutrient requirement 
to animal response and environmental impact. Animal 1: 99–111.

Dmitriew, C.M. 2011. The evolution of growth trajectories: What limits growth rate? Biol. 
Rev. 86: 97–116.

Doran, A.G. 2013. Systems level investigation of the genetic basis of bovine muscle growth 
and development. PhD thesis, National University of Ireland Maynooth, Ireland. 

Duan, C., H. Ren, and S. Gao. 2010. Insulin-like growth factors (IGFs), IGF receptors, and 
IGF-binding proteins: Roles in skeletal muscle growth and differentiation. Gen. Comp. 
Endocrinol. 167: 344–351.

Durunna, O.N., M.G. Colazo, D.J. Ambrose, D. McCartney, V.S. Baron, and J.A. Basarab. 2012. 
Evidence of residual feed intake reranking in crossbred replacement heifers. J. Anim. 
Sci. 90: 734–741.



 Molecular Physiology of Feed Efficiency in Beef Cattle 157

Ellenberger, M.A., D.E. Johnson, G.E. Carstens, K.L. Hossner, M.D. Holland, T.M. Nett, and 
C.F. Nockels. 1989. Endocrine and metabolic changes during altered growth rates in beef 
cattle. J. Anim. Sci. 67: 1446–1454.

Finneran, E., P. Crosson, P. O’Kiely, L. Shalloo, D. Forristal, and M. Wallace. 2010. Simulation 
modeling of the cost of producing and utilising feeds for ruminants on Irish farms.  
J. Farm. Manag. 14: 95–116.

Fitzsimons, C., D.A. Kenny, A.G. Fahey, and M. McGee. 2013. Methane emissions, body 
composition and rumen fermentation traits of beef heifers differing in phenotypic residual 
feed intake. J. Anim. Sci. 91: 5789–5800.

Fitzsimons, C., D.A. Kenny, and M. McGee. 2014a. Visceral organ weights, digestion and carcass 
characteristics of beef bulls differing in residual feed intake offered a high concentrate 
diet. Animal 8: 949–959.

Fitzsimons, C., D.A. Kenny, A.G. Fahey, and M. McGee. 2014b. Feeding behavior, rumen 
fermentation variables and body composition traits of pregnant beef cows differing in 
phenotypic residual feed intake. J. Anim. Sci. 92: 2170–2181.

Fitzsimons, C., D.A. Kenny, S.M. Waters, B. Earley, and M. McGee. 2014c. Effects of phenotypic 
residual feed intake on response to an in-vivo glucose tolerance test and gene expression 
in the insulin signalling pathway in beef cattle. J. Anim. Sci. 92: 4616–4631.

Florini, J.R., D.Z. Ewton, and S.A. Coolocan. 1996. Growth hormone and the insulin-like growth 
factor system in myogenesis. Endocr. Rev. 17: 481–517.

Fonseca, L., D. Gimenez, M. Mercadante, S. Bonilha, J. Ferro, F. Baldi, F. De Souza, and L. De 
Albuquerque. 2015. Expression of genes related to mitochondrial function in Nellore 
cattle divergently ranked on residual feed intake. Mol. Biol. Rep. 42: 1–7.

Foote, A.P., K.E. Hales, C.A. Lents, and H.C. Freetly. 2014. Association of circulating active and 
total ghrelin concentrations with dry matter intake, growth, and carcass characteristics 
of finishing beef cattle. J. Anim. Sci. 92: 5651–5658.

Foote, A.P., K.E. Hales, R.G. Tait, E.D. Berry, C.A. Lents, J.E. Wells, A.K. Lindholm-Perry, and 
H.C. Freetly. 2016. Relationship of glucocorticoids and hematological measures with feed 
intake, growth, and efficiency of finishing beef cattle. J. Anim. Sci. 94: 275–283.

Foster, D.L., and S. Nagatani. 1999. Physiological perspectives on leptin as a regulator of 
reproduction: Role in timing puberty. Biol. Reprod. 60: 205–215.

Gill, M. 2013. Converting feed into human food: the multiple dimensions of efficiency. pp. 1–13. 
In: H.P.S. Makkar, and D. Beever (eds.). Optimization of feed use efficiency in ruminant 
production systems. Proc. FAO Symposium, 27 November 2012, Bangkok, Thailand. FAO 
Anim. Prod. Health Proc. No. 16. Rome, FAO and Asian-Aust. Assoc. Anim. Prod. Soc. 

Gomes, R.C., R.D. Sainz, S.L. Silva, M.C. César, M.N. Bonin, and P.R. Leme. 2012. Feedlot 
performance, feed efficiency reranking, carcass traits, body composition, energy 
requirements, meat quality and calpain system activity in Nellore steers with low and 
high residual feed intake. Livest. Sci. 150: 265–273. 

Gomes, R.D.C., R.D. Sainz, and P.R. Leme. 2013. Protein metabolism, feed energy partitioning, 
behavior patterns and plasma cortisol in Nellore steers with high and low residual feed 
intake. R. Bras. Zootec. 42: 44–50.

Gonzaga Neto, S., L.R. Bezerra, A.N. Medeiros, M.A. Ferreira, E.C. Pimenta Filho, E.P. Candido, 
and R.L. Oliveira. 2011. Feed restriction and compensatory growth in Guzera females. 
Asian-Aust. J. Anim. Sci. 24: 791–799.

Grimaud, P., D. Richard, A. Kanwe, C. Durier, and M. Doreau. 1998. Effect of undernutrition 
and refeeding on digestion in Bos Taurus and Bos Indicus in a tropical environment. 
Anim. Sci. 67: 49–58.

Guan, L.L., J.D. Nkrumah, J.A. Basarab, and S.S. Moore. 2008. Linkage of microbial ecology 
to phenotype: Correlation of rumen microbial ecology to cattle’s feed efficiency. FEMS 
Microbiol. Letters 288: 85–91.

Han, C., M. Vinsky, N. Aldai, M.E.R. Dugan, T.A. McAllister, and C. Li. 2013. Association 
analyses of DNA polymorphisms in bovine SREBP-1, LXRα, FADS1 genes with fatty 
acid composition in Canadian commercial crossbred beef steers. Meat Sci. 93: 429–436.



158 Biology of Domestic Animals

Hayashida, T., K. Murakami, K. Mogi, M. Nishihara, M. Nakazato, M.S. Mondal, Y. Horii,  
M. Kojima, K. Kangawa, and N. Murakami. 2001. Ghrelin in domestic animals: 
Distribution in stomach and its possible role. Domest. Anim. Endocrinol. 21: 17–24.

Hayes, B.J., P.J. Bowman, A. Chamberlain, and M.E. Goddard. 2009. Invited Review: Genomic 
selection in dairy cattle: Progress and challenges. J. Dairy Sci. 92: 433–443.

Henderson, G.F., S. Cox, A. Ganesh, A. Jonker, W. Young, and P.H. Janssen. 2015. Rumen 
microbial community composition varies with diet and host, but a core microbiome is 
found across a wide geographical range. Nature Scientific Reports 5: 14567.

Herd, R.M., V.H. Oddy, and E.C. Richardson. 2004. Biological basis for variation in residual feed 
intake in beef cattle. 1. Review of potential mechanisms. Aust. J. Exper. Agric. 44: 423–430.

Herd, R.M., and P.F. Arthur. 2009. Physiological basis for residual feed intake. J. Anim. Sci. 
87: E64–71.

Hernandez-Sanabria, E., L.A. Goonewardene, Z. Wang, O.N. Durunna, S. Moore, and  
L.L. Guan. 2012. Impact of feed efficiency and diet on adaptive variations in the bacterial 
community in the rumen fluid of cattle. Appl. Environ. Microbiol. 78: 1203.

Hill, R.A., R.A. Hunter, D.B. Lindsay, and P.C. Owens. 1999. Action of Long (R3)-IGF-1 on 
protein metabolism in beef heifers. Domest. Anim. Endocrinol. 16: 219–229.

Hills, J.L., W.J. Wales, F.R. Dunshea, S.C. Garcia, and J.R. Roche. 2015. Invited review: An 
evaluation of the likely effects of individualized feeding of concentrate supplements to 
pasture-based dairy cows. J. Dairy Sci. 98: 1363–1401.

Hocquette, J.F., I. Ortigues-Marty, D. Pethick, P. Herpin, and X. Fernandez. 1998. Nutritional 
and hormonal regulation of energy metabolism in skeletal muscles of meat-producing 
animals. Livest. Prod. Sci. 56: 115–143.

Hocquette, J.F., P. Bas, D. Bauchart, M. Vermorel, and Y. Geay. 1999. Fat partitioning and 
biochemical characteristics of fatty tissues in relation to plasma metabolites and hormones 
in normal and double-muscled young growing bulls. Comp. Biochem. Physiol. Part A: 
Mol. Integr. Physiol. 122: 127–138.

Hornick, J.L., C. Van Eenaeme, A. Clinquart, M. Diez, and L. Istasse. 1998a. Different periods of 
feed restriction before compensatory growth in Belgian Blue bulls: I. animal performance, 
nitrogen balance, meat characteristics, and fat composition. J. Anim. Sci. 76: 249–259.

Hornick, J.L., C. Van Eenaeme, M. Diez, V. Minet, and L. Istasse. 1998b. Different periods of 
feed restriction before compensatory growth in Belgian Blue bulls: II. Plasma metabolites 
and hormones. J. Anim. Sci. 76: 260–271.

Hornick, J.L., C. Van Eenaeme, O. Gerard, I. Dufrasne, and L. Istasse. 2000. Mechanisms of 
reduced and compensatory growth. Domest. Anim. Endocrinol. 19: 121–132.

Horton, J.D., J.L. Goldstein, and M.S. Brown. 2002. SREBPs: activators of the complete program 
of cholesterol and fatty acid synthesis in the liver. J. Clin. Invest. 109: 1125–1131.

Huhtanen, P., S. Ahvenjärvi, M.R. Weisbjerg, and P.N. Ørgaard. 2006. Digestion and passage 
of fibre in ruminants. pp. 87–138. In: K. Sejrsen, T. Hvelplund, and M.O. Nielson 
(eds.). Ruminant Physiology: Digestion, Metabolism and Impact of Nutrition on Gene 
Expression, Immunology and Stress. Wageningen Acad. Publ., Wageningen, The 
Netherlands. 

Istasse, L., C. Van Eenaeme, P. Evrard, A. Gabriel, P. Baldwin, G. Maghuin-Rogister, and  
J.M. Bienfait. 1990. Animal performance, plasma hormones and metabolites in Holstein 
and Belgian Blue growing-fattening bulls. J. Anim. Sci. 68: 2666–2673.

Janssen, P.H. 2010. Influence of hydrogen on rumen methane formation and fermentation 
balances through microbial growth kinetics and fermentation thermodynamics. Anim. 
Feed Sci. Technol. 160: 1–22.

Jessen, N., C.B. Djurhuus, J.O.L. Jørgensen, L.S. Jensen, N. Møller, S. Lund, and O. Schmitz. 
2005. Evidence against a role for insulin-signaling proteins PI 3-kinase and Akt in insulin 
resistance in human skeletal muscle induced by short-term GH infusion. Am. J. Physiol. 
Endocrinol. Met. 288: E194–E199.

Johnson, D.E., K.A. Johnson, and R.L. Baldwin. 1990. Changes in liver and gastrointestinal tract 
energy demands in response to physiological workload in ruminants. J. Nutr. 120: 649–655.



 Molecular Physiology of Feed Efficiency in Beef Cattle 159

Johnston, D.J., R.M. Herd, M.J. Kadel, H.U. Graser, P.F. Arthur, and J.A. Archer. 2002. Evidence 
of IGF-I as a genetic predictor of feed efficiency traits in beef cattle. pp. 0–4. Proc. 7th 
World Congress Genetics Applied to Livestock Production, Montpellier, France.

Karisa, B.K., J. Thomson, Z. Wang, P. Stothard, S.S. Moore, and G.S. Plastow. 2013. Candidate 
genes and single nucleotide polymorphisms associated with variation in residual feed 
intake in beef cattle. J. Anim. Sci. 91: 3502–3513.

Karisa, B., S. Moore, and G. Plastow. 2014. Analysis of biological networks and biological 
pathways associated with residual feed intake in beef cattle. Anim. Sci. J. 85: 374–387.

Keady, S.M. 2011. Examination of the expression of genes and proteins controlling M. 
longissimus thorais et lumborum growth in steers. PhD Diss. Natl. Univ. Ireland, 
Maynooth. 

Kelly, A.K., M. McGee, D.H. Crews, A.G. Fahey, A.R. Wylie, and D.A. Kenny. 2010a. Effect of 
divergence in residual feed intake on feeding behavior, blood metabolic variables, and 
body composition traits in growing beef heifers. J. Anim. Sci. 88: 109–123.

Kelly, A.K., M. McGee, D.H. Crews, T. Sweeney, T.M. Boland, and D.A. Kenny. 2010b. 
Repeatability of feed efficiency, carcass ultrasound, feeding behavior, and blood metabolic 
variables in finishing heifers divergently selected for residual feed intake. J. Anim. Sci. 
88: 3214–3225.

Kelly, A.K., M. McGee, D.H. Crews, C.O. Lynch, A.R. Wylie, R.D. Evans, and D.A. Kenny. 
2011a. Relationship between body measurements, metabolic hormones, metabolites 
and residual feed intake in performance tested pedigree beef bulls. Livest. Sci. 135: 8–16.

Kelly, A.K., S.M. Waters, M. McGee, R.G. Fonseca, C. Carberry, and D.A. Kenny. 2011b. mRNA 
expression of genes regulating oxidative phosphorylation in the muscle of beef cattle 
divergently ranked on residual feed intake. Physiol. Genomics 43: 12–23.

Kelly, A.K., S.M. Waters, M. McGee, J.A. Browne, D.A. Magee, and D.A. Kenny. 2013. 
Expression of key genes of the somatotorpic axis in longissimus dorsi muscle of beef heifers 
phenotypically divergent for residual feed intake. J. Anim. Sci. 91: 159–167.

Kelly, A.K., B. Earley, M. McGee, A.G. Fahey, and D.A. Kenny. 2016. Endocrine and hematological 
responses of beef heifers divergently ranked for residual feed intake following a bovine 
corticotrophin-releasing hormone challenge. J. Anim. Sci. 94: 1703–1711.

Keogh, K., S.M. Waters, A.K. Kelly, and D.A. Kenny. 2015a. Feed restriction and subsequent 
re-alimentation in Holstein Friesian bulls: I. Effect on animal performance; muscle, fat 
and linear body measurements; and slaughter characteristics. J. Anim. Sci. 93: 3578–3589. 

Keogh, K., S.M. Waters, A.K. Kelly, A.R.G. Wylie, H. Sauerwein, T. Sweeney, and D.A. Kenny. 
2015b. Feed restriction and subsequent re-alimentation in Holstein Friesian bulls: II. Effect 
on blood pressure and systemic concentrations of metabolites and metabolic hormones. 
J. Anim. Sci. 93: 3590–3601. 

Keogh, K., D.A. Kenny, A.K. Kelly, and S.M. Waters. 2015c. Insulin secretion and signalling 
in response to dietary restriction and subsequent re-alimentation in cattle. Physiol. 
Genomics 47: 344–354. 

Keogh, K., S.M. Waters, A.K. Kelly, A.R.G. Wylie, and D.A. Kenny. 2015d. Effect of feed 
restriction and subsequent re-alimentation on hormones and genes of the somatotropic 
axis in cattle. Physiol. Genomics 47: 264–273. 

Keogh, K., D.A. Kenny, P. Cormican, A.K. Kelly, and S.M. Waters. 2016a. Effect of dietary 
restriction and subsequent re-alimentation on the transcriptional profile of hepatic tissue 
in cattle. BMC Genomics. 17: 244. 

Keogh, K., S.M. Waters, P. Cormican, A.K. Kelly, E. O’Shea and D.A. Kenny. 2016b. 
Transcriptional profile of bovine rumen papillae in response to diet restriction and re-
alimentation. In proceedings of the European Association of Animal Production meeting, 
29th of August to 2nd of September, Belfast, United Kingdom. p 550. 

Keogh, K., S.M. Waters, P. Cormican, A.K. Kelly and D.A. Kenny. 2016c. Response of bovine 
jejunal transcriptome to dietary restriction and subsequent compensatory growth. In 
proceedings of the European Association of Animal Production meeting, 29th of August 
to 2nd of September, Belfast, United Kingdom. p 185. 



160 Biology of Domestic Animals

Keogh, K., D.A. Kenny, P. Cormican, M. McCabe, A.K. Kelly, and S.M. Waters. 2016d. Effect 
of dietary restriction and subsequent re-alimentation on the transcriptional profile of 
bovine skeletal muscle. PLoS One 11: e0149373. 

Kittelmann, S., C.S. Pinares-Patino, H. Seedorf, M.R. Kirk, G. Ganesh, J.C. McEwan, and  
P.H. Janssen. 2014. Two different bacterial community types are linked with the low-
methane emission trait in sheep. PLoS One 9: e103171.

Knott, S.A., L.J. Cummins, F.R. Dunshea, and B.J. Leury. 2010. Feed efficiency and body 
composition are related to cortisol response to adrenocorticotropin hormone and insulin-
induced hypoglycemia in rams. Domest. Anim. Endocrinol. 39: 137–146.

Kolath, W.H., M.S. Kerley, J.W. Golden, and D.H. Keisler. 2006a. The relationship between 
mitochondrial function and residual feed intake in Angus steers. J. Anim. Sci. 84: 861–865.

Kolath, W.H., M.S. Kerley, J.W. Golden, S.A. Shahid, and G.S. Johnson. 2006b. The 
relationships among mitochondrial uncoupling protein 2 and 3 expression, mitochondrial 
deoxyribonucleic acid single nucleotide polymorphisms, and residual feed intake in 
Angus steers. J. Anim. Sci. 84: 1761–1766.

Krehbiel, C.R. 2014. Invited Review: Applied nutrition of ruminants: Fermentation and 
digestive physiology. Prof. Anim. Scientist 30: 129–139. 

Krueger, W.K., G.E. Carstens, R.R. Gomez, B.M. Bourg, P.A. Lancaster, L.J. Slay, J.C. Miller,  
R.C. Anderson, S.M. Horrocks, N.A. Kreuger, and T.D.A. Forbes. 2009. Relationships 
between residual feed intake and apparent nutrient digestibility, in vitro methane 
producing activity and VFA concentrations in growing Brangus heifers. J. Anim. Sci. 
87(E-Suppl. 2): 129 (Abstr.).

Lancaster, P.A., G.E. Carstons, F.R.B. Ribero, M.E. Davis, J.G. Lyons, and T.H. Welsh. 2008. 
Effects of divergent selection for serum IGF-1 concentration on performance, feed 
efficiency and ultrasound measures of carcass composition traits in Angus bulls and 
heifers. J. Anim. Sci. 83: 2862–2871. 

Lancaster, P.A., G.E. Carstens, F.R.B. Ribeiro, L.O. Tedeschi, and D.H. Crews. 2009. 
Characterization of feed efficiency traits and relationships with feeding behavior and 
ultrasound carcass traits in growing bulls. J. Anim. Sci. 87: 1528–1539.

Lancaster, P.A., G.E. Carstens, J.J. Michal, K.M. Brennan, K.A. Johnson, and M.E. Davis. 2014. 
Relationships between residual feed intake and hepatic mitochondrial function in growing 
beef cattle. J. Anim. Sci. 92: 3134–3141.

Lawrence, P., D.A. Kenny, B. Earley, D.H. Crews, and M. McGee. 2011. Grass silage intake, 
rumen and blood variables, ultrasonic and body measurements, feeding behavior and 
activity in pregnant beef heifers differing in phenotypic residual feed intake. J. Anim. 
Sci. 89: 3248–3261.

Lawrence, P., D.A. Kenny, B. Earley, and M. McGee. 2012. Grazed grass herbage intake 
and performance of beef heifers with predetermined phenotypic residual feed intake 
classification. Animal 6: 1648–1661.

Lehninger, A.L., D.L. Nelson, and M.M. Cox. 1993. Principles of Biochemistry. Worth Publishers, 
New York, NY.

Lenard, N.R., and H.R. Berthoud. 2008. Central and peripheral regulation of food intake and 
physical activity: Pathways and genes. Obesity (Silver Spring, Md). 16: S11–S22.

Levesque, C.L., L. Skinner, J. Zhu, and C.F.M. De Lange. 2015. Dynamic changes in digestive 
capability may contribute to compensatory growth following a nutritional insult in newly 
weaned pigs. J. Anim. Sci. 90: 236–238.

Li, Z.H., S.K. Kang, Y.C. Jin, Q.K. Zhang, Z.S. Hong, H. ThidarMyint, H. Kuwayama, J.S. Lee, 
S.B. Lee, T. Wang, E.J. Kim, Y.J. Choi, and H.G. Lee. 2012. Responses to administration 
of growth hormone releasing hormone and glucose in steers receiving stair-step and 
extended restriction on feeding. Livest. Sci. 150: 229–235.

Lin, J., C. Handschin, and B.M. Spiegelman. 2005. Metabolic control through the PGC-1 family 
of transcription coactivators. Cell Metabolism 1: 361–370.

Lines, D.S., W.S. Pitchford, C.D.K. Bottema, R.M. Herd, and V.H. Oddy. 2014. Selection for 
residual feed intake affects appetite and body composition rather than energetic efficiency. 
Anim. Prod. Sci. http://dx.doi.org/10.1071/AN13321.

http://dx.doi.org/10.1071/AN13321


 Molecular Physiology of Feed Efficiency in Beef Cattle 161

Lucy, M.C. 2004. Mechanisms linking the somatotropic axis with insulin: Lessons from the 
postpartum dairy cow. Proc. NZ Soc. Anim. Prod. 64: 19–23.

Maddux, B.A., A. Chan, E.A. De Filippis, L.J. Mandarino, and I.D. Goldfine. 2006. IGF-binding 
protein-1 levels are related to insulin-mediated glucose disposal and are a potential serum 
marker of insulin resistance. Diabetes Care 29: 1535–1537.

Mader, C.J., Y.R. Montanholi, Y.J. Wang, S.P. Miller, I.B. Mandell, B.W. McBride, and  
K.C. Swanson. 2009. Relationships among measures of growth performance and efficiency 
with carcass traits, visceral organ mass, and pancreatic digestive enzymes in feedlot 
cattle. J. Anim. Sci. 87: 1548–1557.

Mao, F., L. Chen, M. Vinsky, E. Okine, Z. Wang, J. Basarab, D.H. Crews, and C. Li. 2013. 
Phenotypic and genetic relationships of feed efficiency with growth performance, 
ultrasound, and carcass merit traits in Angus and Charolais steers. J. Anim. Sci.  
91: 2067–2076.

Marks, H., D.A. Kenny, M. McGee, C. Fitzsimons and S. Waters. 2014. Effect of residual feed 
intake phenotype on the expression of genes regulating oxidative phosphorylation in the 
liver and muscle of beef cattle. In proceedings of the British Society of Animal Science 
meeting, 29th to 30th of April, Nottingham, United Kingdom. p 94. 

McBride, B.W., and J.M. Kelly. 1990. Energy cost of absorption and metabolism in the ruminant 
gastrointestinal tract and liver: A review. J. Anim. Sci. 68: 2997–3010. 

McCabe, M.S., P. Cormican, K. Keogh, A. O’Connor, E. O’Hara, A.R. Palladino, D.A. Kenny, 
and S.M. Waters. 2015. Illumina MiSeq phylogenetic amplicon sequencing shows 
a large reduction of an uncharacterised Succinivibrionaceae and an increase of the 
Methanobrevibacter gottschalkii clade in feed restricted cattle. PLoS One. 10: e0133234. 

McCann, J.C., L.M. Wiley, T.D. Forbes, F.M. Rouquette, and L.O. Tedeschi. 2014. Relationship 
between the rumen microbiome and residual feed intake-efficiency of Brahman bulls 
stocked on Bermudagrass pastures. PLoS One 9: 3.

McDonagh, M.B., R.M. Herd, E.C. Richardson, V.H. Oddy, J.A. Archer, and P.F. Arthur. 2001. 
Meat quality and the calpain system of feedlot steers following a single generation of 
divergent selection for residual feed intake. Aust. J. Exper. Agric. 41: 1013–1021.

McDonnell, R.P., K. Hart, T.M. Boland, A.K. Kelly, M. McGee, and D.A. Kenny. 2016. Effect 
of divergence in phenotypic residual feed intake on methane emissions, ruminal 
fermentation and apparent whole-tract digestibility of beef heifers across three contrasting 
diets. J. Anim. Sci. 94: 1179–1193. 

McGee, M., M.J. Drennan, and P.J. Caffrey. 2005. Effect of suckler cow genotype on energy 
requirements and performance in winter and subsequently at pasture. Ir. J. Agric. Food 
Res. 44: 157–171.

McGee, M., C.M. Welch, J.B. Hall, W. Small, and R.A. Hill. 2013. Evaluation of Wagyu for 
residual feed intake: Optimizing feed efficiency, growth, and marbling in Wagyu cattle. 
Prof. Anim. Scientist 29: 51–56.

McGee, M., J.A. Ramirez, G.E. Carstens, W.J. Price, J.B. Hall, and R.A. Hill. 2014. Relationships 
of feeding behaviors with efficiency in RFI-divergent Japanese Black cattle. J. Anim. Sci. 
92: 3580–3590.

McKenna, C.E., K. Keogh, S. Waters, D. Kenny, R. Porter and A. Kelly. 2016. Relationship 
between mitochondria and compensatory growth in Holstein Friesian bulls. In 
proceedings of the European Association of Animal Production meeting, 29th of August 
to 2nd of September, Belfast, United Kingdom. p 244. 

McNeill, D.M. 2013. Forages for ruminants, cereals for human food and fuel. pp. 15–32.  
In: H.P.S. Makkar, and D. Beever (eds.). Optimization of Feed use Efficiency in Ruminant 
Production Systems. Proc. FAO Symposium, 27 November 2012, Bangkok, Thailand. FAO 
Anim. Prod. Health Proc., No. 16. Rome, FAO and Asian-Aust. Assoc. Anim. Prod. Soc. 

Meuwissen, T.H., B.J. Hayes, and M.E. Goddard. 2001. Prediction of total genetic value using 
genome-wide dense marker maps. Genetics 157: 1819–1829.

Meyer, A.M., B.W., Hess, S.I. Paisley, M. Du, and J.S. Caton. 2014. Small intestinal growth 
measures are correlated with feed efficiency in market weight cattle, despite minimal 
effects of maternal nutrition during early to midgestation. J. Anim. Sci. 92: 3855–3867.



162 Biology of Domestic Animals

Minton, J.E. 1994. Function of the hypothalamic-pituitary-adrenal axis and the sympathetic 
nervous system in models of acute stress in domestic farm animals. J. Anim. Sci.  
72: 1891–1898.

Møller, N., and H. Nørrelund. 2003. The role of growth hormone in the regulation of protein 
metabolism with particular reference to conditions of fasting. Horm. Res. Paediatr.  
59: 62–68.

Montanholi, Y.R., K.C. Swanson, R. Palme, F.S. Schenkel, B.W. McBride, D. Lu, and  
S.P. Miller. 2010. Assessing feed efficiency in beef steers through feeding behavior, infrared 
thermography and glucocorticoids. Animal 4: 692–701.

Montanholi, Y., A. Fontoura, K. Swanson, B. Coomber, S. Yamashiro, and S. Miller. 2013. Small 
intestine histomorphometry of beef cattle with divergent feed efficiency. Acta Veterinaria 
Scandinavica 55: 9.

Moore, K.L., D.J. Johnston, H. Graser, and R. Herd. 2005. Genetic and phenotypic relationships 
between insulin-like growth factor-I (IGF-I) and net feed intake, fat, and growth traits in 
Angus beef cattle. Aust. J. Agric. Res. 56: 211–218.

Moss, A.R., J.P. Jouany, and J. Newbold. 2000. Methane production by ruminants: Its 
contribution to global warming. Ann. Zootech. 49: 231–253.

Nascimento, C.F., R.H. Branco, S.F.M. Bonilha, J.N.S. Cyrillo, J.A. Negrão, and  
M.E.Z. Mercadante. 2015. Residual feed intake and blood variables in young Nellore 
cattle. J. Anim. Sci. 93: 1318–1326.

National Research Council (NRC). 2000. Energy. pp. 3–15. In: Nutrient Requirements for Beef 
Cattle. National Academy Press, Washington DC.

Nielsen, M.K., M.D. MacNeil, J.C.M. Dekkers, D.H. Crews, T.A. Rathje, R.M. Enns, and  
R.L. Weaber. 2013. Review: Life-cycle, total-industry genetic improvement of feed 
efficiency in beef cattle: Blueprint for the Beef Improvement Federation. Professional 
Anim. Scientist 29: 559–565.

Niemann, H., B. Kuhla, and G. Flachowsky. 2011. Perspectives for feed-efficient animal 
production. J. Anim. Sci. 89: 4344–4363.

Nkrumah, J.D., C. Li, J. Yu, C. Hansen, D.H. Keisler, and S.S. Moore. 2005. Polymorphisms 
in the bovine leptin promoter associated with serum leptin concentration, growth, feed 
intake, feeding behavior, and measures of carcass merit. J. Anim. Sci. 83: 20–28.

Nkrumah, J.D., E.K. Okine, G.W. Mathison, K. Schmid, C. Li, J.A. Basarab, M.A. Price,  
Z. Wang, and S.S. Moore. 2006. Relationships of feedlot feed efficiency, performance, and 
feeding behavior with metabolic rate, methane production, and energy partitioning in 
beef cattle. J. Anim. Sci. 84: 145–153.

Novakofski, J., and R.H. McCusker. 1993. Physiology and principles of muscle growth.  
pp. 33–48. In: G.R. Hollis (ed.). Growth of the Pig. CAB International, Wallingford, UK. 

Nozière, P., I. Ortigues-Marty, C. Loncke, and D. Sauvant. 2010. Carbohydrate quantitative 
digestion and absorption in ruminants: From feed starch and fibre to nutrients available 
for tissues. Animal 4: 1057–1074.

Oddy, H., and P.C. Owens. 1996. Insulin-like growth factor I inhibits degradation and improves 
retention of protein in hindlimb muscle of lambs. Am. J. Physiol. 271: 973–982.

Oddy, V.H. 1999. Genetic variation in protein metabolism and implications for variation in 
efficiency of growth. Recent Advances in Animal Nutrition in Australia. 12: 23–29.

Oksbjerg, N., F. Gondret, and M. Vestergaard. 2004. Basic principles of muscle development 
and growth in meat-producing mammals as affected by the insulin-like growth factor 
(IGF) system. Domes. Anim. Endocrinol. 27: 219–240.

Onteru, S.K., D.M. Gorbach, J.M. Young, D.J. Garrick, J.C. Dekkers, and M.F. Rothschild. 2013. 
Whole genome association studies of residual feed intake and related traits in the pig. 
PLoS One 26: e61756.

O’Shea, E., S.M. Waters, A.K. Kelly, K. Keogh, and D.A. Kenny. 2016. Examination of the 
molecular control of ruminal epithelial function in response to dietary restriction and 
subsequent compensatory growth in cattle. J. Anim. Sci. Biotech. 7: 53.



 Molecular Physiology of Feed Efficiency in Beef Cattle 163

Ortigues, I., and M. Doreau. 1995. Responses of the splanchnic tissues of ruminants to changes 
in intake: Absorption of digestion end products, tissue mass, metabolic activity and 
implications to whole animal energy metabolism. Ann. Zootech. 44: 321–346.

Owens, F.N., S. Qi, and D.A. Sapienza. 2014. Invited Review: Applied protein nutrition of 
ruminants—Current status and future directions. Prof. Anim. Scientist 30: 150–179.

Paradis, F., S. Yue, J.R. Grant, P. Stothard, J.A. Basarab, and C. Fitzsimmons. 2015. Transcriptomic 
analysis by RNA sequencing reveals that hepatic interferon-induced genes may be 
associated with feed efficiency in beef heifers. J. Anim. Sci. 93: 3331–3341.

Perkins, S.D., C.N. Key, C.F. Garrett, C.D. Foradori, C.L. Bratcher, L.A. Kriese-Anderson, 
and T.D. Brandebourg. 2014. Residual feed intake studies in Angus-sired cattle reveal a 
potential role for hypothalamic gene expression in regulating feed efficiency. J. Anim. 
Sci. 92: 549–560.

Philippou, A., M. Maridaki, A. Halapas, and M. Koutsilieris. 2007. The role of the insulin-like 
growth factor 1 (IGF-1) in skeletal muscle physiology. In Vivo 21: 45–54.

Pitta, D., W. Pinchak, S. Dowd, J. Osterstock, V. Gontcharova, E. Youn, K. Dorton, I. Yoon, 
B.R. Min, J.D. Fulford, T.A. Wickersham, and D.P. Malinowski. 2010. Rumen bacterial 
diversity dynamics associated with changing from bermudagrass hay to grazed winter 
wheat diets. Microb. Ecol. 59: 511–522.

Pliquett, R.U., D. Fuhrer, S. Falk, S. Zysset, D.Y. Von Cramon, and M. Stumvoll. 2006. The 
effects of insulin on the central nervous system—focus on appetite regulation. Horm. 
Metab. Res. 38: 442–446.

Ramos, M.H. 2011. Mitochondrial complex I protein is related to residual feed intake in beef 
cattle. PhD Diss. Univ. Missouri-Columbia.

Ramos, M.H., and M.S. Kerley. 2013. Mitochondrial complex I protein differs among residual 
feed intake phenotype in beef cattle. J. Anim. Sci. 91: 3299–3304.

Randel, R.D. and T.H. Welsh. 2013. Joint alpharma-beef species symposium: Interactions of 
feed efficiency with beef heifer reproductive development. J. Anim. Sci. 91: 1323–1328. 

Redden, R.R., R.B. McCosh, R.W. Kott, and J.G. Berardinelli. 2011. Effect of residual feed 
intake on temporal patterns of glucose, insulin, and NEFA concentrations after a glucose 
challenge in Targhee ewes. Proc. West. Sect. Am. Soc. Anim. Sci. 62: 237–240.

Reynolds, C.K., L.A. Crompton, and J.A.N. Mills. 2011. Improving the efficiency of energy 
utilisation in cattle. Anim. Prod. Sci. 51: 6–12.

Richardson, E.C., R.M. Herd, P.F. Arthur, J. Wright, G. Xu, K. Dibley, and H. Oddy. 1996. 
Possible physiological indicators for net feed conversion efficiency. Proc. Aust. Soc. 
Anim. Prod. 21: 103–106.

Richardson, E.C., R.M. Herd, V.H. Oddy, J.M. Thompson, J.A. Archer, and P.F. Arthur. 2001. 
Body composition and implications for heat production of Angus steer progeny of 
parents selected for and against residual feed intake. Aust. J. Exper. Agric. 41: 1065–1072.

Richardson, E.C., R.M. Herd, I.G. Colditz, J.A. Archer, and P.F. Arthur. 2002. Blood cell profiles 
of steer progeny from parents selected for and against residual feed intake. Aust. J. Exper. 
Agric. 42: 901–908.

Richardson, E.C., and R.M. Herd. 2004. Biological basis for variation in residual feed intake 
in beef cattle. 2. Synthesis of results following divergent selection. Aust. J. Exper. Agric. 
44: 431–440.

Richardson, E.C., R.M. Herd, J.A. Archer, and P.F. Arthur. 2004. Metabolic differences in Angus 
steers divergently selected for residual feed intake. Aust. J. Exp. Agric. 44: 441–452.

Rius, A.G., S. Kittelmann, K.A. Macdonald, G.C. Waghorn, P.H. Janssen, and E. Sikkema. 
2012. Nitrogen metabolism and rumen microbial enumeration in lactating cows with 
divergent residual feed intake fed high-digestibility pasture. J. Dairy Sci. 95: 5024–5034.

Roche, J.R., D. Blache, J.K. Kay, D.R. Miller, A.J. Sheahan, and D.W. Miller. 2008. Neuroendocrine 
and physiological regulation of intake with particular reference to domesticated ruminant 
animals. Nutr. Res. Rev. 21: 207–234.

Rolf, M.M., J.F. Taylor, R.D. Schnabel, S.D. McKay, M.C. McClure, S.L. Northcutt, M.S. Kerley, 
and R.L. Weaber. 2011. Genome-wide association analysis for feed efficiency in Angus 
cattle. Anim. Genet. 43: 367–374. 



164 Biology of Domestic Animals

Rompala, R.E., S.D.M. Jones, J.G. Buchanan-Smith, and H.S. Bayley. 1985. Feedlot performance 
and composition of gain in late-maturing steers exhibiting normal and compensatory 
growth. J. Anim. Sci. 61: 637–646.

Ryan, W.J. 1990. Compensatory growth in cattle and sheep. Nutr. Abstr. Rev. 60: 653–664.
Ryan, W.J., I.H. Williams, and R.J. Moir. 1993. Compensatory growth in sheep and cattle II. 

Changes in body composition and tissue weights. Aust. J. Agric. Res. 44: 1623–1633.
Savietto, D., D.P. Berry, and N.C. Friggens. 2014. Towards an improved estimation of the 

biological components of residual feed intake in growing cattle. J. Anim. Sci. 467–476.
Schiaffino, S., and C. Mammucari. 2011. Regulation of skeletal muscle growth by the IGF1-

Akt/PKB pathway: Insights from genetic models. Skeletal Muscle 1: 4.
Schiavon, S., and G. Bittante. 2012. Double-muscled and conventional cattle have the same 

net energy requirements if these are related to mature and current body protein mass, 
and to gain composition. J. Anim. Sci. 90: 3973–3987.

Seal, C.J., and C.K. Reynolds. 1993. Nutritional implications of gastrointestinal and liver 
metabolism in ruminants. Nutr. Res. Rev. 6: 185–208.

Serao, N., D. Gonzalez-Pena, J. Beever, D. Faulkner, B. Southey, and S. Rodriguez-Zas. 2013. 
Single nucleotide polymorphisms and haplotypes associated with feed efficiency in beef 
cattle. BMC Genet. 14: 94.

Shafer, G.L. 2011. Insulin sensitivity in tropically adapted cattle with divergent residual feed 
intake. Master’s Diss. Texas A&M Univ.

Sherman, E.L., J.D. Nkrumah, B.M. Murdoch, C. Li, Z. Wang, A. Fu, and S.S. Moore. 2008. 
Polymorphisms and haplotypes in the bovine neuropeptide Y, growth hormone receptor, 
ghrelin, insulin-like growth factor 2, and uncoupling proteins 2 and 3 genes and their 
associations with measures of growth, performance, feed efficiency, and carcass merit 
in beef cattle. J. Anim. Sci. 86: 1–16.

Smuts, M., H.H. Meissner, and P.B. Cronje. 1995. Retention time of digesta in the rumen: Its 
repeatability and relationship with wool production of Merino rams. J. Anim. Sci. 73: 
206–210. 

Snelling, W.M., R.A. Cushman, M.R. Fortes, A. Reverter, G.L. Bennett, J.W. Keele, L.A. Kuehn, 
T.G. McDaneld, R.M. Thallman, and M.G. Thomas. 2012. Physiology and endocrinology 
symposium: How single nucleotide polymorphism chips will advance our knowledge 
of factors controlling puberty and aid in selecting replacement beef females. J. Anim. 
Sci. 90: 1152–1165.

Snelling, W.M., R.A. Cushman, J.W. Keele, C. Maltecca, M.G. Thomas, M.R. Fortes, and  
A. Reverter. 2013. Networks and pathways to guide genomic selection. J. Anim. Sci.  
91: 537–552.

Sonntag, W.E., C.D. Lynch, W.T. Cefalu, R.L. Ingram, S.A. Bennett, P.L. Thornton, and  
A.S. Khan. 1999. Pleiotropic effects of growth hormone and insulin-like growth factor 
(IGF)-1 on biological aging: Inferences from moderate caloric-restricted animals. J. 
Gerontol. A Biol. Sci. Med. Sci. 54: B521–538.

Steinert, R.E., C. Feinle-Bisset, N. Geary, and C. Beglinger. 2013. Digestive physiology of the 
pig symposium: Secretion of gastrointestinal hormones and eating control. J. Anim. Sci. 
91: 1963–1973.

Strat, A.L., T.A. Kokta, M.V. Dodson, A. Gertler, Z. Wu, and R.A. Hill. 2005. Early signaling 
interactions between the insulin and leptin pathways in bovine myogenic cells. Biochimica 
et Biophysica Acta 1744: 165–174.

Sun, Z.H., Z.X. He, Q.L. Zhang, Z.L. Tan, X.F. Han, S.X. Tang, C.S. Zhou, M. Wang, and  
Q.X. Yan. 2013. Effects of energy and protein restriction, followed by nutritional recovery 
on morphological development of the gastrointestinal tract of weaned kids. J. Anim. Sci. 
91: 4336–4344.

Susenbeth, A., R. Mayer, B. Koehler, and O. Neumann. 1998. Energy requirement for eating 
in cattle. J. Anim. Sci. 76: 2701–2705.

Susenbeth, A., T. Dickel, K.H. Südekum, W. Drochner, and H. Steingaß. 2004. Energy 
requirements of cattle for standing and for ingestion, estimated by a ruminal emptying 
technique. J. Anim. Sci. 82: 129–136.



 Molecular Physiology of Feed Efficiency in Beef Cattle 165

Taniguchi, C.M., K. Ueki, and R. Kahn. 2005. Complementary roles of IRS-1 and IRS-2 in the 
hepatic regulation of metabolism. J. Clin. Invest. 115: 718–727.

Thornhill, J.B., L.C. Marett, M.J. Auldist, J.S. Greenwood, J.E. Pryce, B.J. Hayes, and W.J. Wales. 
2014. Whole-tract dry matter and nitrogen digestibility of lactating dairy cows selected 
for phenotypic divergence in residual feed intake. Anim. Prod. Sci. 54: 1460–1464.

Tizioto, P.C., L.L. Coutinho, J.E. Decker, R.D. Schnabel, K.O. Rosa, P.S. Oliveira, M.M. Souza, 
G.B. Mourão, R.R. Tullio, A.S. Chaves, D.P.D. Lanna, A. Zerlotini-Neto, M.A. Mudadu, 
J.F. Taylor, and L.C.A. Regitano. 2015. Global liver gene expression differences in Nelore 
steers with divergent residual feed intake phenotypes. BMC Genomics 16: 1–14.

Van Nevel, C.J., and D.I. Demeyer. 1996. Influence of antibiotics and a deaminase inhibitor 
on volatile fatty acids and methane production from detergent washed hay and soluble 
starch by rumen microbes in vitro. Anim. Feed Sci. Technol. 37: 21–31.

VanRaden, P.M., C.P. Van Tassell, G.R. Wiggans, T.S. Sonstegard, R.D. Schnabel, J.F. Taylor, 
and F.S. Schenkel. 2009. Invited review: Reliability of genomic predictions for North 
American Holstein bulls. J. Dairy Sci. 92: 16–24. 

Vega, R.S.A., H. Lee, H. Hidari, and H. Kuwayama. 2009. Changes in plasma hormones and 
metabolites during compensatory growth in Holstein steers. Vet. Anim. Sci. 35: 1–14.

Welch, C.M., M. McGee, T.A. Kokta, and R.A. Hill. 2012. Muscle and adipose tissue: Potential 
roles in driving variation in feed efficiency. pp. 175–198. In: R.A. Hill (ed.). Feed Efficiency 
in the Beef Industry. John Wiley & Sons, Inc. Ames, Iowa.

Welch, C.M., K.J. Thornton, G.K. Murdoch, K.C. Chapalamadugu, C.S. Schneider, J.K. Ahola, 
J.B. Hall, W.J. Price, and R.A. Hill. 2013. An examination of the association of serum IGF-I 
concentration, potential candidate genes, and fiber type composition with variation in 
residual feed intake in progeny of Red Angus sires divergent for maintenance energy 
EPD. J. Anim. Sci. 91: 5626–5636.

Wertz-Lutz, A.E., J.A. Daniel, J.A. Clapper, A. Trenkle, and D.C. Beitz. 2008. Prolonged, 
moderate nutrient restriction in beef cattle results in persistently elevated circulating 
ghrelin concentrations. J. Anim. Sci. 86: 564–575.

Yambayamba, E.S.K., M.A. Price, and S.D.M. Jones. 1996a. Compensatory growth of carcass 
tissues and visceral organs in beef heifers. Livest. Prod. Sci. 46: 19–32.

Yambayamba, E.S., M.A. Price, and G.R. Foxcroft. 1996b. Hormonal status, metabolic changes, 
and resting metabolic rate in beef heifers undergoing compensatory growth. J. Anim. 
Sci. 74: 57–69.

Zhang, S., R.I. Albornoz, J.R. Aschenbach, D.R. Barreda, and G.B. Penner. 2013. Short-term feed 
restriction impairs the absorptive function of the reticulo-rumen and total tract barrier 
function in beef cattle. J. Anim. Sci. 91: 1685–1695.



Chapter-7

Hormonal Control of  
Energy Substrate Utilization 

and Energy Metabolism  
in Domestic Animals

Colin G. Scanes1 and Rodney A. Hill2,*

IntroductIon

In this chapter, we explore the key molecules involved in energy storage 
and energy utilization in domestic animals. We also describe the hormonal 
regulatory pathways that modulate the processing, shuttling and oxidation 
of these molecules in order to maintain life processes. In domestic animals 
that are kept for production purposes or for recreation, the most efficient use 
of energy substrates will have effects on the economics of animal production 
and on the general well-being of the animal. 

As may be expected, these key pathways and the roles of the energy 
storage-utilization molecules are highly conserved across species. However, 
differences across species mean that optimizing production and animal 
well-being requires knowledge of nutrient utilization and also the biological 
processes within animals that regulate them. 

Much is known about these molecules and processes. To address this 
topic comprehensively, several volumes would be required. The present 
chapter takes a snap-shot of a selection of these molecules and processes. 
We describe some of the recent discoveries applicable to domestic animals 
and take the reader through discussion of elements that we believe are 
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interesting, especially at the interface of the pathways we discuss. As 
more becomes understood about these molecules and processes, it is 
at the interface of energy storage and utilization pathways that deeper 
understanding and new discoveries are uncovered. 

We begin the story in this chapter with glucose, perhaps the most 
described molecule involved in energy storage-utilization. This story 
evolves to include glycogen (a glucose polymer) and then we move on 
to discuss lipids and fatty acids. The third broad class of molecules in 
our discussion, proteins are also described in terms of their roles in these 
energy pathways. Along the way we also explore the interactions and 
shuttling between these major classes of energy molecules. Depending on 
the animal’s energetic state and needs, each of these classes of molecules 
can be utilized for energy storage and for oxidation to release energy. 
The variation between domestic animal species is intertwined through 
discussion of these molecules and pathways, and aims to provide the reader 
with knowledge and a depth of understanding to underpin reader insights 
into what is presently known and to point to glimpses of new directions 
and discoveries in the field. 

Glucose

Glucose is a major source of energy. Glucose is absorbed in the small intestine 
in non-ruminants mammals and birds. It is metabolized by glycolysis and 
the citric acid (or tricarboxylic acid cycle or Krebs cycle) to generate ATP. 
At times when glucose is in short supply, glucose is synthesized from 
glycogenic precursors, such as lactate, pyruvate and alanine, in the liver and 
kidneys by the process of gluconeogenesis (reviewed, e.g., Scanes, 2015). 

Circulating concentrations of glucose are maintained under close 
homeostatic control. Without this in diabetes mellitus, circulating 
concentrations of glucose are very high following a glucose load 
(hyperglycemia) but can drop to low levels between meals (hypoglycemia). 
There is diabetes in domestic animals. Diabetes is found in dogs and cats 
with incidence rates of 0.34% in dogs (Mattin et al., 2014) and 11.6 cases of 
diabetes per 10,000 cat-years at risk (CYAR) (Öhlund et al., 2015). Moreover, 
diabetes can be induced by pancreatectomy. This approach led to the 
discovery of insulin (Banting et al., 1922; also see review: Best, 1945).

In ruminants, volatile fatty acids (acetate, propionate and butyrate) are 
the major energy sources instead of glucose. Volatile fatty acids are absorbed 
from the rumen (e.g., Kristensen and Harmon, 2004). In ruminants, glucose 
is synthesized from propionate in the liver by gluconeogenesis (e.g., Aiello 
et al., 1989; Kristensen and Harmon, 2004) and fatty acids from acetate. 

Glucose in the circulation is critically important particularly to brain 
function. Brain metabolism requires glucose with glucose accounting for 
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over 60% of energy needs in non-ruminants (Reviewed: Berg, 2002) and over 
95% of energy needs in ruminants (Table 1) (Lindsay and Setchell, 1976).

In conscious sheep, brain utilization of glucose was markedly higher 
(508 nmole g–1 minute–1) (Lindsay and Setchell, 1976). Glucose is transported 
into neurons by the glucose transporter, GLUT3, into glial cells by GLUT5 
and through the blood-brain barrier by GLUT1 (Vannucci et al., 1997; also 
see review: Berg, 2002). In contrast, GLUT4 transports glucose into skeletal 
muscle and adipose tissue. 

In birds, plasma concentrations of glucose are markedly elevated 
compared to the situation in mammals (reviewed: Scanes, 2015). The basis 
for this is unclear but may be related to resistance to insulin (reviewed: 
Scanes, 2015).

Glucose is stored as glycogen in the liver and skeletal muscles. 
Glycogenesis increases at times of surplus. There are large increase in the 
glycogen content in the liver following a meal (e.g., chicken: Ekmay et al., 
2010). Similarly, very large increases in hepatic concentrations of glycogen 
are reported on the day of feeding in broiler breeder chickens fed alternate 
days during the growing period (de Beer et al., 2007). Hocquette et al. 
(1998) reported that in well-fed sheep, liver glycogen contributes around 
18% of glucose to the glucose pool at rest. Thus, as in humans and other 
well-studied species (e.g., rodents), poultry and ruminants, during periods 
of a higher plane of nutrition, readily store energy in the form of glycogen. 

During the post absorptive phase or during fasting, glycogenolysis 
increases markedly yielding glucose-6-phosphate as an energy source 
(skeletal muscles) or in the liver to generate glucose via glucose-6-
phosphatase. The glucose, in turn, is moved via glucose transporters into 
the blood. Liver glycogen, for example, decreases following the peak after 
a meal in chickens (Ekmay et al., 2010). Moreover, there is an 80% decline 
during the non-feeding day in broiler breeder chickens fed alternate days 
(de Beer et al., 2007). Similarly, in young turkeys, hepatic concentrations 
of glycogen decline by over 99% after 30 hours of fasting (Kurima et al., 
1994a). In sheep (Hocquette et al., 1998) during exercise at or above 50–60% 
VO2 max, there is an increase in the levels of blood glucose released from 
liver glycogen stores mobilized for energy. During sustained exercise, blood 
glucose concentration increases, and lactate and pyruvate levels increase 

Table 1: Comparison of energy sources used by different tissues in anesthetized sheep 
(calculated from Lindsay and Setchell 1976).

Metabolite Utilization in metabolites (nmole g–1 minute–1)

 Brain Heart Skeletal muscle
Glucose 275 266 21
Acetoacetate (ketone body) 33 371 28
3-Hydroxybutyrate 9 308 16
Acetate 10 233 21.5
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during the first fifteen minutes, but then fall below pre-exercise values, 
indicating low Cori cycle activity (Pethick et al., 1987). 

The Cori-cycle is a cycle in which lactate produced by muscle glycolysis 
is transported via the blood to the liver and used for gluconeogenesis, 
providing glucose that can be utilized by the heart or returns to the muscle 
(Voet et al., 1999). Both glycogenesis and glycogenolysis are controlled by 
hormones—see the following section. 

Glucose-6-phosphatase is a critically important hepatic enzyme allowing 
the formation of glucose. It is not found in muscle. The enzyme catalyzes 
the conversion of glucose-6-phosphate to glucose. Glucocorticoids increase 
the hepatic expression of glucose-6-phosphatase and other gluconeogenic 
enzymes and the liver concentration of glycogen in late gestation (reviewed: 
Fowden et al., 1995). Cortisol increases hepatic glucose-6-phosphatase activity 
in fetal pigs (Fowden et al., 1995). There is elevated glucose-6-phosphase 
activity and expression in the liver of neonatal pigs from dams on a low 
protein diet (Jia et al., 2012). This is presumably due to a glucocorticoid effect. 
Neonatal pigs from dams on a low protein diet also have increased hepatic 
glucocorticosteroid receptor expression (Jia et al., 2012). Administration of 
either dexamethasone or cortisol increased hepatic glucose-6-phosphatase 
activity in chickens (Joseph and Ramachandran, 1992).

Hormones and Glucose Metabolism

Insulin and Glucose Metabolism 

Circulating concentrations of glucose are decreased by injections of 
exogenous insulin (chickens: Heald et al., 1965; Langslow et al., 1970). 
Elimination of insulin from the circulation of an animal can be achieved 
by pancreatectomy or streptozotocin administration or somatostatin 
administration. These approaches have disadvantages with pancreatectomy 
also eliminating glucagon and other pancreatic hormones, streptozotocin 
influencing release of pancreatic hormones and somatostatin influences 
rerelease of pancreatic hormones and potentially and directly metabolism. 
Following pancreatectomy, plasma concentrations of glucose are increased 
in the fasted (basal) state and/or after a glucose load (e.g., chicken: Danby  
et al., 1982; Simon and Dubois, 1983; pigs: Sells et al., 1972; fetal sheep: 
Fowden and Comline, 1984). There is evidence that insulin plays a 
physiological, perhaps the major, hormone controlling circulating 
concentrations of glucose in chickens. Administration of antisera against 
insulin greatly increases the circulating concentrations of glucose in fed 
chickens (Table 2) (Simon et al., 2000; Dupont et al., 2008). 

The changes in global transcription and metabolomics in chickens 
receiving antisera to insulin (a treatment that prevents insulin from 
functioning) have been characterized (Ji et al., 2012). There is increased 
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expression of pyruvate dehydrogenase kinase, isozyme 4, glucagon, and 
angiotensin II receptor and reduced expression of glucagon receptor  
(Ji et al., 2012). There are increased concentrations of glutamine but 
decreased concentrations of glycerol-3-phosphate and D-glucono-1,5-
lactone-6-phosphate. 

Moreover, circulating concentrations of insulin exhibit changes 
that would be expected if insulin were playing a major role in glucose 
homeostasis. For instance, circulating concentrations of insulin are 
depressed in fasted chickens (Christensen et al., 2013). Moreover, circulating 
concentrations of insulin are elevated following feeding in meal fed broiler 
breeder chickens during the growing period with an even larger increase 
when fed alternate days (de Beer et al., 2008). 

Insulin increases the uptake of glucose by the liver, skeletal muscle 
and adipose tissue. In the absence of insulin, glucose uptake by the liver 
does not increase when a glucose load is delivered via the hepatic portal 
vein (dogs: Pagliassotti et al., 1992). In vivo, insulin increases the uptake of 
glucose by the hind limb, and predominantly skeletal muscle, of cattle, pigs 
and sheep as demonstrated by atrial-venous differences (Table 3) (Vernon 
et al., 1990; Dunshea et al., 1995; Wray-Cahen et al., 1995). 

In vivo administration of insulin is followed by large increases in the 
uptake of glucose [2-deoxy-D-[1-H3]glucose] by the liver of chickens fasted 
for 12 hours (Tokushima et al., 2005). There were also moderate increases 
in glucose uptake by skeletal muscles but no changes in adipose tissue 
(Tokushima et al., 2005; Nishiki et al., 2008; Zhao et al., 2009). Similarly, 
glucose uptake by hind limbs is increased in fetal sheep infused with 
insulin from 33.5 to 45.4 μmol·min−1·kg tissue−1 (Anderson et al., 2005). 
In addition, insulin administration to fetal sheep increases fetal glucose 

Table 3: Effect of in vivo insulin infusion on uptake of glucose by the hind limb in mammals.

Treatment          Glucose (A-V difference)  
 Sheep Cattle Pig 
 (umol/ml)  (mmoles min–1)
Control 0.15 0.23 0.4
Insulin 0.95 0.56 1.26

(based on Vernon et al., 1990; Dunshea et al., 1995; Wray-Cahen et al., 1995).

Table 2: Effect of antisera to insulin on plasma concentrations of glucose in chickens.

 Plasma concentrations of glucose
Time (hours) Control  Antisera to insulin (mg dl–1)
1 264 ± 2 ** 434 ± 21
5 279 ± 6 ** 747 ± 28

(data from Dupont et al., 2008).
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uptake from the dam (Simmons et al., 1978). In vitro studies also support 
insulin increasing glucose uptake by skeletal muscle. Insulin stimulates 
uptake of glucose by the musculus semitendinosus, as indicated by uptake 
of 3-O-methylglucose (MG), in pigs and cattle (Duehlmeier et al., 2005). 
In vitro insulin increases glucose (2-deoxy-D-[1-H3]glucose) uptake by 
chicken skeletal muscle (M. fibularis longus) in vitro (Zhao et al., 2009) and 
chick embryonic myoblasts (Zhao et al., 2012). In in vitro studies, insulin 
increases glucose uptake by adipose tissue (pig: Akanbi et al., 1990; Gardan 
et al., 2006). Moreover, insulin increases glucose [14C orthomethyl glucose 
(OMG)] uptake in chicken adipose tissue from fasted but not fed chickens 
(Rudas and Scanes, 1983).

Insulin and Glucose Transporters

Glucose moves into hepatic, skeletal muscle and adipose tissue via glucose 
transporters (GLUT1-12) in the plasma membrane. Hormones, particularly 
insulin, increase the number of GLUT, and particularly GLUT4, in the 
plasma membrane by translocation from intracellular vesicles and by new 
synthesis. GLUT4 has been characterized in domestic animals (e.g., cattle: 
Abe et al., 1997; pig: Chiu et al., 1994). The glucose transporters, GLUT 
1 and GLUT4, are expressed in skeletal muscles in cattle, goats and pigs 
(Duehlmeier et al., 2005, 2007). Insulin acts by induction of translocation 
of the GLUT4 glucose transporters to the cell membrane (Duehlmeier  
et al., 2005). Consistent with this observation, GLUT4 glucose transporters 
in the plasma membrane are increased in fetal sheep infused with insulin 
(Anderson et al., 2005).

GLUT4 appears to be absent in chickens (Seki et al., 2003) and other 
birds (hummingbird: Welch et al., 2013; sparrow: Sweazea and Braun, 
2006). Despite this, insulin stimulates glucose uptake (see above). Moreover, 
insulin increases both the levels of expression and amount of GLUT1 protein 
in chick embryonic myoblasts in vitro (Table 4) (Zhao et al., 2012).

Table 4: Effect of insulin and/or glucocorticoid on expression of glucose transporters in chick 
embryonic myoblasts in vitro.

Treatment GLUT1 GLUT 3 GLUT8 
Control 100b 100c 100b

Insulin (100 nM) 142c 76b 66a

DEX (200 nM) 72a 84b 114b

Insulin and DEX 74a 61a 78a

(adapted from Zhao et al., 2012).
Different superscript letter indicate difference (p < 0.05).
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Insulin and Glycogenesis/Glycogenolysis and Gluconeogenesis

Insulin increases glycogen synthase in sheep hepatocytes in vitro (Morand 
et al., 1990), and glycogen synthase is also activated in the presence of 
fructose and propionate in this model. Counter-regulatory pathways via 
either glucagon or alpha 1-adrenergic agents decrease glycogen synthase 
with the effects mediated by increase intracellular cAMP and Ca++ (Morand 
et al., 1988). Insulin also increases the concentrations of glycogen in 
hepatocytes from pre-weaning and non-ruminant calves but was without 
effect in ruminating calves (Donkin and Armentano, 1995), suggesting that 
in ruminants, metabolic regulation of glucose in the pre-ruminating phase 
is similar to that of other non-ruminant animals. Although some elements 
of glucose metabolism in mature ruminants remain similarly regulated by 
insulin. For example, in cattle infused with insulin, there is a decreased rate 
of endogenous glucose production (Dunshea et al., 1995).

The evidence for a role of insulin in the control of gluconeogenesis 
in domestic animals is equivocal. The stimulation of glucose formation 
in lamb hepatocytes by glucagon was partially inhibited by insulin  
(Clark et al., 1976). In contrast, insulin infusion did not influence the rate 
of gluconeogenesis from propionate in sheep but decreased endogenous 
glucose synthesis (Brockman, 1990). 

Glucagon and Glucose Metabolism 

In vivo, exogenous glucagon administration is followed by increased 
circulating concentrations of glucose, for instance, in neonatal pigs  
(Boyd et al., 1985), adult miniature pigs (Müller et al., 1988), fetal or neonatal 
sheep (Philipps et al., 1983), in pancreatectomized dogs (Muller et al., 1978) 
and in poultry (chickens: Heald et al., 1965; Braganza et al., 1973; turkeys: 
McMurtry et al., 1996).

Plasma concentrations of glucose in fed chickens are not affected by 
the administration of the glucagon antagonist, des-His1(Glu9) glucagon 
amide (Simon et al., 2000). This suggests that while glucagon can increase 
circulating concentrations of glucose, it is not playing a critical physiological 
role in the control of circulating concentrations of glucose at least in the fed 
state. The increase in circulating concentrations of glucose, may be due to 
some combination of: increased hepatic glycogenolysis, increased hepatic 
gluconeogenesis and/or reduced glucose utilization.

Glucagon increases glycogenolysis. In vivo infusion of glucagon 
increases hepatic glucose production in miniature pigs (Müller et al., 
1988). In dogs in which glucagon and insulin secretion is suppressed by 
somatostatin, administration of glucagon is followed initially by a large but 
only short term (< 4 hours) increase in glycogenolysis and release of glucose 
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from the liver (Cherrington et al., 1978). Glucagon administration also 
depressed hepatic glycogen concentrations in chickens (Palokangas et al., 
1973). Glucagon also reduced the concentrations of glycogen in hepatocytes 
from either pre-weaning and non-ruminant calves or ruminating calves 
in vitro (Donkin and Armentano, 1994, 1995). In vitro glucagon stimulates 
glucose release/glycogenolysis by hepatocytes (chickens: McCumbee and 
Hazelwood, 1978; Onoagbe, 1993).

In non-ruminants, the prevailing view is that glucagon increases the rate 
of gluconeogenesis. For instance, gluconeogenesis from lactate is reported 
to be increased in neonatal pigs during infusion of glucagon (Helmrath and 
Bieber, 1975). Glucagon administration to dogs, with suppressed glucagon 
secretion, is followed by increased gluconeogenesis (Cherrington et al., 1978; 
Brockman and Greer, 1980). Moreover, glucagon stimulated the formation 
of glucose from propionate or lactate in hepatocytes from pre-weaning and 
non-ruminant calves but was ineffective in cells derived from ruminating 
calves (Donkin and Armentano, 1994, 1995). Further evidence that glucagon 
does not have a role in the control of gluconeogenesis in ruminants comes 
from studies in which somatostatin is infused to suppress glucagon secretion 
and there is no effect on gluconeogenesis in adult sheep (Brockman and 
Greer, 1980). 

Glucagon also increased gluconeogenesis from either propionate or 
lactate in sheep hepatocytes in vitro (Faulkner and Pollock, 1990). However, 
it had no effect on gluconeogenesis from alanine or lactate in pig liver slices 
after glucagon infusion (Boyd et al., 1985). Similarly, glucagon increased 
the rate of glucose formation in lamb hepatocytes with media including 
galactose or propionate or lactate (Clark et al., 1976). Glucagon has also been 
shown to stimulate gluconeogenesis in chicken (Dickson and Langslow, 
1978) and in rabbit (Yorek et al., 1980) hepatocytes in vitro.

Glucagon reduced glucose utilization by adipose tissue depressing 
labelled glucose incorporation in glycerol/glyceryl, glycogen and carbon 
dioxide (Goodridge, 1968b). There was no effect of glucagon on fatty acid 
oxidation or glucose synthesis in hepatocytes from neonatal pigs (Lepine 
et al., 1993). In pigs infused with glucagon, there was increased blood flow 
to the liver in the hepatic artery (Gelman et al., 1987), suggesting increased 
delivery of glucose for hepatic uptake.

Catecholamines: Glucose and Carbohydrate Metabolism

Beta-adrenergic agonists increased gluconeogenesis in both sheep and rabbit 
hepatocytes in vitro (from either propionate or lactate in sheep: Faulkner and 
Pollock, 1990; and from either lactate or dihydroxyacetone or D-fructose in 
rabbit: Yorek et al., 1980).
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Glucocorticoids and Carbohydrate Metabolism

Infusion of the glucocorticoid, dexamethasone, increased hepatic 
gluconeogenesis in the perfused chicken liver (Kobayashi et al., 1989). 
In vivo, administration of a glucocorticoid (cortisol) decreased hepatic 
hexokinase (O’Neill and Langslow, 1978). In vivo cortisol treatment increased 
in vitro uptake of glucose by chicken skeletal muscle (Zhao et al., 2009). 
Glucocorticoids also induced increases in both circulating concentrations of 
insulin and expression of GLUT1 compared to a pair fed control in chickens 
(Zhao et al., 2012).

Many actions of cortisol on carbohydrate metabolism in chickens 
appear to occur via increasing insulin resistance (Dupont et al., 1999; Yuan 
et al., 2008). In vivo cortisol treatment prevented insulin stimulated glucose 
(2-deoxy-D-[1-H3]glucose) uptake by chicken skeletal muscle in vitro (Zhao 
et al., 2009). Similarly, in the presence of dexamethasone, insulin did not 
stimulate glucose uptake in chick embryonic myoblasts in vitro (Zhao et al., 
2012). In addition, dexamethasone also decreased hepatic insulin binding, 
and intracellular insulin receptor substrate-1 levels (Dupont et al., 1999) and 
increased the glucose infusion rate required for euglycemia with insulin 
administration (Hamano, 2006). Thus, these regulators (or their synthetic 
analogs), those that are increased during stress, appear to have similar 
effects in domestic animals to those in other species.

Other Hormones: Glucose and Carbohydrate Metabolism

In young pigs, plasma concentrations of glucose are increased with growth 
hormone (GH) treatment (Chung et al., 1985). In vivo administration of GH 
is followed by decreased porcine hepatic expression of GLUT4 (Donkin  
et al., 1996). Chronic infusion of GH to pigs also decreased glucose uptake 
in the presence of insulin by the hindlimb (see Table 5 below) (Wray-Cahen 
et al., 1995).

Table 5: Effect of Insulin and/or GH on uptake of Glucose or NEFA by a Hind-limb of Pigs 
(Adapted from Wray-Cahen et al., 1995).

Treatment Glucose uptake (mmoles min–1) 
Control 0.15
Insulin (lowx) 0.29
Insulin (highy) 0.59
GHz 0.10
GH + Insulin (low) 0.12
GH + Insulin (high) 0.74

x 14 ng kg–1 min–1, y 360 ng kg–1 min–1, z 120 ug kg–1 min–1 for 7 days.
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In contrast, plasma concentrations of glucose are depressed following 
administration of adiponectin (Hu et al., 2007). This cytokine has been 
characterized in pigs (Dai et al., 2006) and is expressed by adipose tissue with 
adiponectin receptors (adipoR1) expressed in multiple tissues including 
skeletal muscle and adipose tissue while adipoR2 in the liver, skeletal 
muscle and adipose tissue (pig: Dai et al., 2006; chicken: Ramachandran  
et al., 2007). Thus, it appears that GH and adiponectin have opposing roles 
in regulating plasma glucose.

Hormonal Interactions with Substrate utilization

The utilization of energy substrates may be considered in the context of 
the interaction of muscle and adipose tissue. As well as being energetically 
important, these tissues are the focus of meat industries and thus, in 
livestock, understanding the interactions between muscle (principally 
an energy utilizing tissue, in this context) and adipose tissue (principally 
an energy storage tissue), provides a useful frame-work to think about 
substrate utilization and the interplay between the hormones that regulate 
these processes.

Muscle tissue and cells undergo regulated growth and differentiation 
processes, and those, as well as substrate utilization and energy partitioning, 
are also affected by a range of factors (Brooks, 1998; Hocquette et al., 1998). 
The (signaling) interactions between myogenic cells and adipocytes has been 
implicated as playing a significant role in the rate and extent of adipogenesis, 
myogenesis, and lipogenesis/lipolysis (Boone et al., 2000; Fruhbeck et al., 
2001; Diamond, 2002; Welch et al., 2009; Welch et al., 2012). Key factors in 
these processes include leptin, insulin-like growth factors, and adiponectin 
(Fruhbeck et al., 2001). Leptin and leptin binding proteins, by direct actions 
and interactions with other hormones, are thought to play an important role 
in the communication between adipocytes and myogenic cells (Fruhbeck 
et al., 2001; Margetic et al., 2002). 

control of Lipid Metabolism

Following the theme of the section above, we now consider the multiple 
regulatory factors that control lipid metabolism. We begin with the process 
of adipogenesis, the fundamental process of lipid accumulation. It should be 
noted that energy storage in adipocytes provides a source to the animal in its 
most reduced form. Thus, per equivalent mass, lipid contains approximately 
double the energy content compared to carbohydrate. Another aspect of 
the evolutionary importance of lipids as energy storage molecules is that 
water is not required as a solute (as it is for carbohydrate). Thus, for the 
animal, storage of lipid also results in the saving of the energy needed to 
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carry water associated with carbohydrate storage. In other words, storing 
energy as lipids is energetically efficient in comparison to energy storage 
in carbohydrates.

Thus, energy is principally stored as triglyceride in the adipose tissue 
together with some in the liver. For instance, there were large increases in 
liver weight and lipid contents in chickens, following meals (Boone et al., 
1999; de Beer et al., 2007; Ekmay et al., 2010). Fatty acids are synthesized 
from glucose and other precursors including volatile fatty acids such as 
acetate (in ruminants) in the process of lipogenesis. The predominant 
site of lipogenesis is adipose tissue in livestock but the liver in chickens 
(O’Hea and Leveille, 1969). At times of energy surplus, fatty acids are 
esterified with glycerol-3 phosphate to form triglycerides (triacylglycols). 
At times of energy deficiency, triglycerides are hydrolyzed to free fatty 
acids or non-esterified fatty acids (NEFA) and glycerol. These processes 
occur simultaneously with the regulation of adipose cell number and thus 
are integral through the processes of adipogenesis (increase in adipose 
cell number) and lipolysis that is thought to reduce the number of lipid 
bearing cells. Although the evidence is not clear, lipid-free adipocytes are 
thought to persist (not undergoing apoptosis, but remaining in a dormant 
state). There are some reports that adipocytes may revert to some form of 
progenitor state (Fernyhough et al., 2005).

Control of Adipocyte Differentiation and the Key Regulators 

During differentiation of preadipocytes to adipocytes (Boone et al., 2000), 
preadipocytes undergo changes in morphology as well as gene expression. 
The process is well-described and is modulated by nutritional factors 
through key signaling pathways. Peroxisome proliferator activated receptor 
γ (PPAR-γ), PPAR-α, and CCAAT/enhancer binding protein factor (C/EBP) 
α, β, δ and ζ are important transcription factors involved in the regulation 
of adipocyte differentiation (Lee et al., 1999; Kersten et al., 2000; Lacasa 
et al., 2001; Cheguru et al., 2010; Cheguru et al., 2012; Ji et al., 2013). The 
inhibitory effects of retinoids on differentiation of adipocytes is believed to 
be mediated through PPAR-γ and C/EBP-β (Boone et al., 2000). C/EBP-β 
transactivates C/EBP-α expression, promoting adipocyte differentiation. 
C/EBP-α binds the promoter region of the adipose-specific genes such as 
leptin and adipocyte lipid binding protein (aP2) (Lee et al., 1999; Boone et 
al., 2000; Kersten et al., 2000; Lacasa et al., 2001). Also expressed is GLUT 4, 
an important insulin-mediated glucose transporter in adipocytes, as is the 
case in muscle. aP2 (also known as A-FABP) is an intracellular fatty acid 
binding protein that is expressed during differentiation along with fatty 
acid binding protein (FABP) and fatty acid transferase (FAT), and these 
molecules are responsible in the transport of fatty acids into the adipocyte 
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and subsequent lipid accumulation (Boone et al., 2000; Zimmerman and 
Veerkamp, 2002; Cheguru et al., 2012). C/EBP-α is necessary for triglyceride 
accumulation and adipocyte differentiation. C/EBP-ζ plays a role in the 
negative regulation of C/EBP-α, as does the growth factor c-myc, which 
blocks the induction of C/EBP-α, thereby inhibiting adipose conversion 
(Lacasa et al., 2001). Adipogenesis can also be inhibited by long chain 
polyunsaturated fatty acids, which, when taken up by the cell, act as 
transcription repressors, resulting in a reduction in C/EBP-α and PPAR-γ 
(Boone et al., 2000; Lacasa et al., 2001). Table 6 summarizes the range of 
markers expressed during adipocyte differentiation. 

Clearly, energy substrates need to be present in excess in order for the 
process of adipocyte differentiation to occur. Thus when animals are well-
fed and on a high plane of nutrition, adipogenesis and energy storage into 
lipids is an energetically favorable process. Interestingly, micronutrients 
such a vitamins may also play a role in the regulation of adipogenesis (Sato 
and Hiragun, 1988; Ji et al., 2013). Thus, these examples of the regulation 
of energy substrate storage provide an indication of the complexity of the 
processes and the many factors that interact in their modulation. Next we 
consider some of the endocrine factors that regulate adipogenesis.

Regulation of Adipose Differentiation by Glucocorticoids, Insulin, 
and Insulin-Like Growth Factors 

Glucocorticoids, insulin, and insulin-like-growth factors (IGFs) are all 
involved in the regulation of adipocyte proliferation and differentiation 
(Hauner et al., 1987; Boone et al., 2000; Jia and Heersche, 2000; Bellows 
and Heersche, 2001). Glucocorticoids activate C/EBPs, showing another 
possible mechanism by which differentiation is regulated (Lee et al., 1999). 
Glucocorticoids act through the glucocorticoid receptor (GR), resulting in 
an allosteric change which enables the hormone receptor complex to bind 
the glucocorticoid response element (GRE), the classical glucocorticoid 
promoter, and modulate transcription (Floyd and Stephens, 2003). These 
authors also report that signal transducer and activator of transcription 5A 
(STAT 5A) interacts with the GR during adipogenesis, resulting in inhibition 
of adipocyte differentiation, indicating a potential regulatory role in 
adipocyte gene expression. The glucocorticoid, dexathasone, stimulates both 
differentiation of pre-adipocytes and subsequent fat filling of adipocytes 
in vitro in both pigs (Richardson et al., 1992) and chickens (Ramsay and 
Rosebrough, 2003).

Insulin-like-growth factors (IGFs) also regulate adipogenesis, providing 
an example of a paracrine interaction between skeletal muscle and adipose 
tissue. Insulin-like Growth Factor-1 (IGF-I) is essential for preadipocyte 
differentiation into adipocytes, although it is not clear if the mechanism 
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Factor Time Expressed Effect Reference

AD3 Early Preadipocyte 
recruitment

(Yu and Hausman, 1998)
(Hausman and 
Richardson, 1998)

ADD1/SREBP1 Early Stimulates PPAR-γ, 
transactivates leptin 
and FAS

(Kim et al., 1998)

CEBP-β Early Transactivates 
CEBP-α, promotes 
differentiation 
Activates PPAR-γ

(Lee et al., 1999)
(Boone et al., 2000) 
(Tang et al., 2002)
(Sorisky, 1999)

CEBP-δ Early Activates PPAR-γ
and CEBP-α

(Boone et al., 2000)
(Sorisky, 1999)

CEBP-ζ Early Negative regulation of 
CEBP-α

(Lee et al., 1999)

FAT Early Fatty acid transport, 
lipid accumulation

(Boone et al., 2000)

LPL Early Fatty acid metabolism (Boone et al., 2000)
(Lacasa et al., 2001)
(Sorisky, 1999)

Pref-1 Early Inhibits differentiation (Lee et al., 2003), (Mei et 
al., 2002)

PPAR-γ Mid Preadipocyte 
differentiation, 
activates Glut 4

(Kersten et al., 2000)
(Yamamoto et al., 2002)
(Sorisky, 1999)

CEBP-α Mid Binds promoter region 
of leptin and AP2, 
inhibits proliferation

(Lee et al., 1999)
(Sorisky, 1999)

Adipsin Late Terminal 
differentiation

(Diamond, 2002)

AP2 Late Intracellular fatty acid 
binding protein, lipid 
shuttle

(Hansen et al., 1998)
(Han et al., 2002)

GLUT-4 Late Glucose transport (Sorisky, 1999)

Leptin Late Terminal 
differentiation

(Diamond, 2002)

GPDH Late Triacylglycerol 
accumulation

(Ailhaud, 1997)
(Sorisky, 1999)

Α2-adrenoceptor Late Anti-lipolytic (Saulnier-Blache et al., 
1991)

HSL Late Triacylglycerol release (Sorisky, 1999)

Table 6: Markers expressed during preadipocyte/adipofibroblast differentiation into an 
adipocyte (after (Kokta et al., 2004) reproduced with permission).
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of action is mainly through the Type 1 receptor or the insulin receptor 
pathway (Smith et al., 1988). It was also demonstrated (Jia and Heersche, 
2000) that dexamethasone stimulated the proliferation of preadipocytes 
in the presence of IGF, but dexamethasone or IGFs alone were unable to 
stimulate differentiation, suggesting that both glucocorticoids and IGFs 
may be required for differentiation in vitro, and the IGF responsiveness of 
adipocyte progenitors is a result of dexamethasone stimulation. Consistent 
with the data reported in muscle (Boney et al., 2000), IGF-1 stimulates 
both the proliferation and differentiation of preadipocytes via the IGF-
1 receptor which ultimately leads to activation of mitogen activated 
protein kinase (MAP-K). MAP-K inhibition stimulates preadipocyte 
differentiation, and there is a decrease in MAP-K in cells in the latter stages 
of differentiation, similar to what is observed in muscle. The loss of MAP-K 
activity in differentiating cells was a result of the loss of Shc and not IRS-
1. Consequently, it was concluded that the IGF-1 signaling switch from 
proliferation to differentiation is a result of the switch from Shc to IRS-1 
mediated signaling. It could be noted, however, that the aforementioned 
studies were performed in 3T3-L1 cell lines which may behave differently 
from primary cell lines (Boone et al., 1999).

Catabolic Processes that Mobilize Lipid and Activate Lipolysis

Glucagon 

Glucagon is the major stimulator of lipolysis in the chicken. Administration 
of glucagon is followed by large increases in circulating concentrations 
of free fatty acids (Heald et al., 1965) with a 3.4 fold increase reported 
(Braganza et al., 1973). Glucagon infusion to young turkeys is followed 
by increases in circulating concentrations of NEFA (Kurima et al., 1994b). 
Glucagon increased glycerol release from chicken adipose tissue in vitro 
(Goodridge, 1968a; Langslow and Hales, 1969) with an ED50 0.7 ng glucagon 
ml–1 (Oscar, 1991). There was also increased sensitivity to glucagon in 
late embryonic and neonatal development in chicks (Goodridge, 1968a). 
However, glucagon is without effect on lipolysis in domesticated mammals 
including cattle (Etherton et al., 1977), dogs (Prigge and Grande, 1971), 
pigs (Mersmann et al., 1976; Mersmann, 1986), or sheep (Etherton et al., 
1977). Glucagon down regulated glucagon receptors with pre-incubation 
of chicken adipocytes with glucagon reducing both glucagon binding and 
lipolytic responsiveness to glucagon (Oscar, 1996a). There was, however, 
no relationship between circulating concentration of glucagon and adipose 
tissue weight (Sun et al., 2006).

Glucagon decreased lipogenesis or synthesis of fatty acid from 14C 
Acetate by chick hepatocytes (Goodridge, 1973). Moreover in the presence of 
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glucagon, there were lower activities of both fatty acid synthetase and malic 
enzyme in chick hepatocytes incubated in the presence of T3 (Goodridge 
et al., 1974). In vivo glucagon decreased the expression of malic enzyme in 
chicken liver (Chendrimada et al., 2006). In addition, glucagon decreased 
stearoyl-CoA desaturase activity and expression in hepatocytes (Lefevre 
et al., 1999).

Norepinephrine and Epinephrine (Catecholamines)

Norepinephrine (NE) and/or epinephrine (E) are potent stimulator 
of lipolysis in multiple mammals including dogs (Grund et al., 1975; 
Connolly et al., 1991; Steiner et al., 1991), guinea pigs (Van den Bergh et 
al., 1992), horses (Breidenbach et al., 1999), pigs (Helmrath and Bieber, 
1975; Mersmann et al., 1976; Hu et al., 1987) and sheep and cattle (Etherton  
et al., 1977; Smith and McNamara, 1989). The ability of epinephrine, albeit 
low, to increase lipolysis is not seen in the chicken embryo but is present 
following hatching (Langslow, 1972).

Insulin and Lipolysis

Insulin inhibits glucagon stimulated lipolysis in adipose tissue in vitro 
from rats but not rabbits (Prigge and Grande, 1971). In livestock mammals, 
lipolysis is inhibited by insulin. Circulating concentrations of NEFA are 
decreased with insulin infusion (cattle: Dunshea et al., 1995; pigs: Wray-
Cahen et al., 1995; sheep: Vernon et al., 1990). Insulin decreases expression of 
triglyceride lipase (pig preadipocytes: Deiuliis et al., 2008). Insulin inhibits 
isoproterenol induced lipolysis by adipocytes in vitro (pig: Mills, 1999; 
Ramsay, 2001). Surprisingly, insulin increased basal and beta-adrenergic 
agonist stimulated lipolysis in sheep adipose explants after exposure for 
48 hours (Watt et al., 1991).

In chickens, in vitro insulin has no effect on basal or glucagon stimulated 
lipolysis (Goodridge, 1968a; Langslow and Hales, 1969; Langslow, 1971; 
McCumbee and Hazelwood, 1978). Moreover, in chickens, administration 
of insulin is followed by increased circulating concentrations of fatty acids 
(Heald et al., 1965); suggesting that insulin has a lipolytic effect. Equally, this 
may be explicable by insulin increasing secretion of glucagon. Interestingly, 
administration of antisera to insulin is followed by increased plasma 
concentrations of NEFA. This may suggest that insulin has an anti-lipolytic 
role in chickens (Table 7).

However, the increase in circulating concentrations of free fatty acids 
may also be explicable to the increase in circulating concentrations of 
glucagon (Table 8) (Dupont et al., 2008).
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Insulin is anti-lipolytic in fish. This is supported by studies with the 
administration of insulin to rainbow trout leading to reductions in both 
circulating concentrations of NEFA and hepatic triacylglycerol lipase activity 
(Harmon and Sheridan, 1992). 

Chronic infusion of insulin to pigs appeared to have little effect on NEFA 
uptake/utilization by the hind limb (pig: Wray-Cahen et al., 1995). However, 
it has more recently become clear that there are multiple interactions 
between the hormones leptin and insulin in regulation of substrate 
utilization, specifically regulation of lipids (fatty acids) and glucose.

Insulin-Leptin Interactions

In studies of energy partitioning in muscle, it appears that some actions 
of the hormones leptin and insulin may be antagonistic as insulin inhibits 
oxidation of free fatty acids and leptin appears to suppress this insulin effect 
(Figure 1; Welch et al., 2012) (Muoio et al., 1997; Bryson et al., 1999; Muoio 
et al., 1999; Ceddia et al., 2001).

Evidence for the intersection of the leptin and insulin pathways is also 
supported as an increase in fatty acid oxidation in muscle (associated with 
insulin resistance) appears to be linked to an increase in diacylglycerol 
synthesis and activation of protein kinase C (Griffin et al., 1999; Boden  
et al., 2001; Yu et al., 2001); a reduction in insulin-stimulated IRS-1-
associated PI3-kinase activity, a blunting of insulin-stimulated IRS-1 
tyrosine phosphorylation (Griffin et al., 1999); and inhibition of glucose 
transport and glucose phosphorylation (Roden et al., 1996). The effects 
of leptin treatment on muscle may be partially attenuated by a synthetic 

Table 7: Effect of antisera to insulin on circulating concentrations of NEFA in chickens.

 Plasma concentrations of NEFA (mg dl–1)
Time hours Control  Antisera to insulin
1 7.6 ± 0.3  *   9.6 ± 0.6
5 7.3 ± 0.3 * 11.6 ± 0.6

(Dupont et al., 2008). 
* indicates difference p < 0.05.

Table 8: Effect of antisera to insulin on circulating concentrations of glucagon in chickens.

 Plasma concentrations of glucagon (ng ml1)
Time hours Control  Antisera to insulin
1 0.12 ± 0.05 * 0.39 ± 0.20
5 0.05 ± 0.02 * 1.08 ± 0.18

(Dupont et al., 2008).  
* indicates difference p < 0.05.
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blockade of PI3-kinase activity (Muoio et al., 1999). Leptin also directly 
stimulates fatty-acid oxidation in muscle by activating the 5’-AMP-activated 
protein kinase (AMPK), an enzyme that phosphorylates and subsequently 
inactivates acetyl CoA carboxylase (Minokoshi et al., 2002). A paradigm 
for the role of leptin in the periphery and the interaction of the leptin and 
insulin signaling axes has been suggested. Solinas et al. (2004) propose that 
leptin may stimulate thermogenesis in skeletal muscle via a mechanism 
independent of decoupling of beta oxidation from ATP synthesis (through 
uncoupling proteins). In this scenario, leptin may induce a futile cycling 

Figure 1: A brief overview of the pathways and processes that link muscle and adipose tissues 
across processes and pathways that regulate energy metabolism. Note: The pathways depicted 
are shown in the case of positive energy balance. The factors involved include growth hormone 
(GH), insulin-like growth factor-1 (IGF-1), insulin, leptin and glucocorticoids. Figure Key: 
the main tissues of focus are shown along with tissue-specific processes (grey boxes). Broad, 
grey arrows link tissues to endocrine factors and endocrine feed-back loops. Heavy, black 
arrows link endocrine signals to tissue-specific processes. Black arrows within process boxes 
indicate either up-regulation or down-regulation responses. Within muscle, some additional 
processes are depicted. The crossed arrows indicate the competing interactions of insulin and 
leptin that stimulate glucose oxidation and fatty acid oxidation, respectively. Interactions of 
these pathways can repartition oxidation between these two substrates. Each pathway also 
may inhibit the action of the other (see text for a more detailed description). The broad white 
arrow indicates that stimulation of locally produced IGF-1 and IGF binding proteins (IGFBPs) 
results in autocrine/paracrine signaling that also regulates anabolic processes in muscle. 

(Reproduced with permission from Welch et al., 2012.)



Hormones and energy metabolism 183

between de novo lipogenesis and lipid oxidation, a process also requiring 
glucose and thus interdependence on insulin signaling. It is proposed that 
AMPK in response to leptin and PI3-kinase in response to insulin play 
pivotal roles in this process. Thus, this appears to be a potential mechanism 
that underlies individual variation in energetic efficiency.

The interactions between leptin and insulin signaling pathways are 
likely to be both tissue-specific and reflect physiological demand (Kim 
et al., 2000; Szanto and Kahn, 2000; Margetic et al., 2002; Kokta et al., 
2004; McClelland et al., 2004). Studies in liver or hepatoma cells have 
demonstrated interaction between Janus kinases (JAKs) and IRS-1 with 
apparent downstream effects on signaling via the signal transducer and 
activator of transcription (STAT) (Carvalheira et al., 2003; Kuwahara et al., 
2003) also observed in the hypothalamus (Carvalheira et al., 2001). Other 
studies have described effects of leptin on the IRS—PI3-kinase signaling 
pathway (Szanto and Kahn, 2000; Carvalheira et al., 2003), also apparent 
in hypothalamus (Niswender et al., 2001). Leptin may also interact with 
insulin signaling via the mitogen-activated protein kinase (MAPK) pathway  
(Kim et al., 2000; Hill et al., 2004; Strat et al., 2005). Thus, it appears that leptin 
and insulin signaling may intersect at multiple points in each pathway.

Leptin and Lipid Metabolism

Leptin is secreted by adipose tissue with its expression is influenced 
by hormones including GH (Houseknecht et al., 2000). Leptin has been 
demonstrated to influence lipid metabolism in pigs. For instance, leptin 
stimulates lipolysis by porcine adipocytes in vitro (Ramsay, 2001) and 
increases expression of triglyceride lipase in adipose tissue (Li et al., 2010). 
While, leptin has no effect on plasma concentrations of NEFA but there were 
increased plasma concentrations of NEFA compared to pair-fed controls 
(Ajuwon et al., 2003). Leptin has no effect on de novo lipogenesis (fatty acid 
synthesis) in vitro but decreased incorporation (esterification) of palmitate 
into fat (pigs: Ramsay, 2003, 2004). Leptin decreases glucose incorporation 
into triglyceride and glucose oxidation (pig: Ramsay, 2003, 2004). Leptin has 
been reported to increase proliferation of porcine pre-adipocytes (Ramsay, 
2005). There is no discernible effect of leptin on adipocyte GPDH and 
lipoprotein lipase (LPL) activities (Ramsay, 2005).

In vivo exogenous leptin was demonstrated to increase hepatic 
expression of fatty acid synthase in chickens (Dridi et al., 2005). Earlier 
work on the effects of leptin in chickens were subject to doubt based on the 
concerns on the existence of leptin in birds (Sharp et al., 2008). However, 
leptin has now been definitively characterized in birds (Friedman-Einat  
et al., 2014).
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Glucocorticoids and Lipid Metabolism 

Administration of glucocorticoids increases adiposity in chickens (Bartov, 
1985; Buyse et al., 1987). In vivo, administration of glucocorticoids increases 
circulating concentrations of NEFA (Hamano, 2006; O’Neill and Langslow, 
1978). Dexamethasone also increases plasma concentrations of insulin 
together with elevated malic enzyme (ME) and fatty acid synthetase (FAS) 
activities and expression of acetyl-CoA carboxylase (ACC) and FAS (in 
the fasted state) in the liver and hence lipogenesis (Cai et al., 2009, 2011).  
In vivo administration of DEX depressed expression of an enzyme involved 
in fatty acid uptake, lipoprotein lipase (LPL) and oxidation, namely, carnitine 
palmitoyl transferase1 (L-CPT1), long-chain acyl-CoA dehydrogenase 
(LCAD) and AMP-activated protein kinase alpha 2 in one skeletal muscle, 
M. biceps femoris, but increases expression of LCAD in another skeletal 
muscle, M. pectoralis major (Wang et al., 2010).

Dexamethasone administration to chickens in vivo was followed by 
increased expression of adipose triglyceride lipase in abdominal and 
sub-cutaneous adipose tissue (Serr et al., 2011). Moreover, circulating 
concentrations of NEFA rose after administration of dexamethasone (Jiang 
et al., 2008; Serr et al., 2011).

ActH and Lipid Metabolism

There is evidence that ACTH can directly stimulate lipolysis in some but 
not all species. For instance, ACTH stimulates in vitro lipolysis in chickens 
(Langslow and Hales, 1969) and some mammals: guinea pig, hamster, 
mouse, rat, and rabbit (Ng, 1990; Van den Bergh et al., 1992) and in the 
pig in the presence of theophylline (Mersmann, 1986). In contrast, ACTH 
does not affect lipolysis by primate adipocytes [marmoset (Callithrix 
jacchus), baboon (Papio papio), macaque (Macaca fascicularis) and human] 
(Bousquet-Mélou et al., 1995). Moreover, ACTH stimulated lipolysis is 
inhibited by somatostatin in vitro with chicken adipocytes (Strosser et al., 
1983). Moreover, administration of ACTH is followed by increases in the 
circulating concentrations of fatty acids (Heald et al., 1965). This does not 
necessarily demonstrate that ACTH or ACTH of pituitary origin plays a 
physiological role in the control of lipolysis.

POMC expression has been reported in chicken adipose tissue (Takeuchi 
et al., 1999). There is expression of members of melanocortin receptor (MC-R) 
family namely MC4-R and MC5-R in chicken adipose tissue (Takeuchi and 
Takahashi, 1998). Moreover, the melanocortin receptor antagonist, agouti-
related protein (AGRP) is expressed in chicken adipose tissue (Takeuchi 
et al., 2000).
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Growth Hormone and Lipid Metabolism

Chronic infusion of GH alone to pigs elevated circulating concentrations of 
NEFA but when GH infusion was combined with insulin no such change 
was seen (Wray-Cahen et al., 1995). 

Growth Hormone appears to stimulate lipolysis under some 
circumstances. GH exerts a lipolytic effect in the presence of theophylline 
in pig adipose tissue in vitro (Mersmann, 1986). Prolonged exposure (48 
hours) of sheep adipose explants with insulin or GH increased basal and 
beta-adrenergic agonist stimulated lipolysis in vitro (Watt et al., 1991). The 
ability of adenosine to inhibit lipolysis is reduced by co-incubation with GH 
by cattle adipose tissue in vitro (Lanna and Bauman, 1999). GH stimulates 
lipolysis by adipose explants (chicken: Harvey et al., 1977; Campbell 
and Scanes, 1985) with the effect blocked by a GH antagonist (Campbell  
et al., 1993). While glucagon can stimulate lipolysis in gilthead seabream 
adipocytes, GH has a greater effect (Albalat et al., 2005a). The lipolytic effects 
of GH are illustrated by changes in NEFA uptake by pig hind-limbs (Table 9).

In contrast, pre-treatment of chicken adipocytes with GH decreases 
basal and glucagon-induced lipolysis (Harden and Oscar, 1993). Moreover, 
GH inhibits glucagon stimulated lipolysis (chicken: Campbell and Scanes, 
1987).

Growth Hormone inhibits insulin stimulated lipogenesis in cattle 
(Etherton et al., 1987), and pigs (Walton and Etherton, 1986; Walton et al., 
1986). In vivo in pigs administration of GH is followed by decreased hepatic 
expression of fatty acid synthase (Donkin et al., 1996).

other Hormones and Lipid Metabolism

Adenosine

Adenosine can inhibit lipolysis as supported by the following. An adenosine 
agonist inhibited isoproterenol stimulated lipolysis by bovine adipose tissue 

Table 9: Effect of Insulin and/or GH on uptake of NEFA by a Hind-limb of Pigs (Adapted 
from Wray-Cahen et al., 1995).

Treatment  NEFA uptake (umoles min–1)
Control  6.0
Insulin (lowx)  6.7
Insulin (highy)  5.3 
GHz –2.1
GH + Insulin (low) –2.1
GH + Insulin (high)  5.3

x 14 ng kg–1 min–1, y 360 ng kg–1 min–1, z 120 ug kg–1 min–1 for 7 days.
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in vitro (Lanna and Bauman, 1999) and in pig adipose tissue in vitro (Mills, 
1999). Adenosine increased and adenosine deaminase decreased lipogenesis 
in pig adipose tissue in vitro (Mills, 1999). Adenosine also inhibited 
lipolysis in situ (Sollevi and Fredholm, 1981). Moreover, administration of 
an adenosine agonist depressed lipolysis in dogs in vivo (Mittelman and 
Bergman, 2000). However, while administration of adenosine deaminase 
increased vascular resistance in adipose tissue, it failed to influence lipolysis 
(Martin and Bockman, 1986). 

Atrial Natriuretic Peptide (ANP) or Brain Natriuretic Peptide (BNP) 

These have been shown capable of stimulating lipolysis in vitro by primate 
(human and macaque) adipose tissue via a guanylate cyclase/cGMP 
mechanism. However, ANP is without effect in rodents (hamster, mouse 
and rat) and other mammals (dog and rabbit) (Sengenès et al., 2002). ANP 
also increases intracellular cGMP and lipolysis in rat adipocytes (Nishikimi  
et al., 2009) with cGMP inhibiting cAMP phosphodiesterase in rat adipocytes 
(Smith et al., 1991). There is no information on the effects of either ANP or 
BNP in birds or lower vertebrates. 

Gut Hormones and Lipolysis 

“Enteroglucagon”/gut glucagon (oxyntomodulin and glicentin) had no effects on 
lipolysis in vitro in chicken adipocytes (glycerol release—Langslow, 1973); 
or cAMP formation (Kitabgi et al., 1976). Similarly, vasoactive intestinal 
peptide (VIP) or secretin had little or no effect on lipolysis in these studies.

Ghrelin

There is a single report that hepatic expression of fatty acid synthase 
is depressed following administration of ghrelin (Buyse et al., 2009). 
Interestingly, chicken adipose tissue expresses both ghrelin and the ghrelin 
receptor, growth hormone secretagogue receptor 1a (GHS-R1a) (Nie et al., 
2009) as does the liver (Chen et al., 2007). Evidence that the latter is related 
to the control of metabolism comes from the changes in GHS-R1a expression 
during fasting (Chen et al., 2007).

Neuropeptide Y Gene Family Peptides and Lipid Metabolism 

The Neuropeptide Y (NPY) family of peptides consists of NPY, pancreatic 
polypeptide (PP) and peptide YY (PYY) (Cerdá-Reverter and Larhammar, 
2000). These can influence metabolism. For instance, PP inhibits glucagon 
stimulated lipolysis and cAMP formation by chicken adipocytes 
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(McCumbee and Hazelwood, 1977, 1978). However, pre-treatment with 
PP greatly increases the basal rate of lipolysis (Oscar, 1993). Moreover, 
peptide YY and to a less extent NPY inhibited beta adrenergic stimulated 
lipolysis and lipolysis in the presence of ADA acting via a Gi protein and 
reduction in cAMP by dog adipocytes (Valet et al., 1990; Castan et al., 
1992). In addition to effects on lipolysis, PP binds to the small intestine, 
spleen, bone marrow, proventriculus, liver and brain (chicken: Kimmel 
and Pollock, 1981; Adamo and Hazelwood, 1990). It is conceivable that PP 
influences hepatic metabolism. This is consistent with the observation that 
metabolic state influences PP secretion. For instance, fasting is accompanied 
by decreased plasma concentrations of PP (Johnson and Hazelwood, 1982). 
Alternatively, it is at least as persuasively argued that PP is acting in gastro-
intestinal functioning.

Somatostatin and Lipid Metabolism 

There is strong evidence from in vitro and in vivo studies that somatostatin 
(SRIF) inhibits lipolysis in poultry. For instance, SRIF depresses both 
glucagon and ACTH stimulated lipolysis by chicken adipocytes in vitro 
(Strosser et al., 1983). In contrast, prolonged exposure to somatostatin  
in vitro is followed by increased basal lipolysis (Oscar, 1996b). Infusion of 
somatostatin decreases circulating concentrations of free fatty acids (NEFA) 
in fed or fasted turkeys (Kurima et al., 1994a,b). Moreover, circulating 
concentrations of glucose/free fatty acids are increased in young chickens 
following the administration of antiserum to somatostatin (anti-SRIF) (Hall 
et al., 1986). It is not clear whether some of this anti-lipolytic effect is via 
increases in CORT secretion (Cheung et al., 1988) or shifts in the secretion 
of pancreatic hormones or of growth hormone. 

In mammals, somatostatin has no effect on lipolysis in some mammals 
(guinea pig, hamster, mouse, rat and rabbit) adipocytes (Ng, 1990) but 
infusion of somatostatin decreased circulating concentrations of NEFA in 
dogs (Hendrick et al., 1987). In contrast, somatostatin stimulates fatty acid 
release from and triacylglycerol lipase activity in coho salmon liver slices 
in vitro (Sheridan and Bern, 1986). 

Thyroid Hormones and Lipid Metabolism 

Thyroid hormones influence both lipolysis and lipogenesis. There are 
reports that triiodothyronine T3 influences lipolysis in chicken adipocytes 
incubated in vitro. Pre-incubation of chicken with T3 increased both basal 
and glucagon stimulated lipolysis (Harden and Oscar, 1993; Suniga and 
Oscar, 1994) but somewhat attenuated somatostatin inhibition of lipolysis 
(Suniga and Oscar, 1994). Hepatocytes incubated with T3 exhibit increases in 
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fatty acid synthesis (chicken: Goodridge et al., 1974) with the malic enzyme 
having a T3 response element (Hodnett et al., 1996).

Evolutionary considerations of the Hormonal control  
of Lipolysis

It is proposed that glucagon is the major ancestral lipolytic hormone 
in vertebrates but superseded by epinephrine and nor-epinephrine in 
mammals. 

Glucagon 

There are numerous examples of species with lipolytic responses to 
glucagon throughout most of the Vertebrata, namely representatives of the 
Superclass Osteichthyes and the Tetrapoda (classification based on the Tree 
of Life). Glucagon stimulates lipolysis in vitro in the following species:

Fish including gilthead seabream (Sparus aurata) (Albalat et al., 2005a) 
and rainbow trout (Oncorhynchus mykiss) (Harmon and Sheridan, 1992; 
Albalat et al., 2005b) but glucagon is without effect in one fish (Hoplias 
malabaricus) or a toad (Bufo paracnemis) (Migliorini et al., 1992), reptiles 
- snake (Philodryas patagoniensis) (Migliorini et al., 1992); birds including 
chickens (e.g., Goodridge, 1968a; Langslow and Hales, 1969), ducks, geese, 
and owls (Prigge and Grande, 1971); and in mammals (see below). 

Generally, glucagon is without a direct effect on lipolysis in mammals 
with glucagon failing to influence lipolysis with adipose tissue in vitro from 
the following mammalian species (cattle: Etherton et al., 1977; dog: Prigge 
and Grande, 1971; pig: Mersmann et al., 1976; Mersmann, 1986; sheep: 
Etherton et al., 1977). However, it should be noted all the studies were from 
domestic animals. Glucagon stimulation of lipolysis by human adipose 
tissue has been reported in some studies (e.g., Richter et al., 1989) but not 
others (e.g., Bertin et al., 2001). In contrast, glucagon stimulates lipolysis 
with adipose tissue in vitro in some mammals (rabbit: Prigge and Grande, 
1971; rat: Prigge and Grande, 1971). Moreover, glucagon administration 
is followed by increased plasma concentrations of fatty acids in northern 
elephant seals (Crocker et al., 2014) and also in humans when insulin 
secretion is suppressed (Gerich et al., 1976).

Norepinephrine and Epinephrine (Catecholamines)

Norepinephrine is a potent stimulator of lipolysis in multiple mammalian 
orders including: In vitro, erissodactyla—ponies but not horses (Breidenbach 
et al., 1999) and in horses in the presence of adenosine deaminase (ADA) or 
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8-phenyltheophylline stimulated lipolysis in adipose tissue (Breidenbach  
et al., 1998, 1999); in primates including marmosets (Callithrix jacchus), 
baboons (Papio papio), macaques (Macaca fascicularis) and in humans 
(Bousquet-Mélou et al., 1995); as well as in rodents and guinea pigs (Cavia 
porcellus) (Van den Bergh et al., 1992).

Epinephrine is a potent stimulator of lipolysis in multiple mammalian 
orders including:

In vitro, Artiodactyla—pigs (Mersmann et al., 1976), sheep and cattle adipose 
tissue in vitro (Etherton et al., 1977); in dogs (Prigge and Grande, 1971); 
and in primates including marmosets (Callithrix jacchus), baboons (Papio 
papio), macaques (Macaca fascicularis) with beta adrenergic agonists 1, 2 
and 3 mimicking the effects of E or NE (Bousquet-Mélou et al., 1994); in 
rat (Prigge and Grande, 1971), but not in the Lagomorpha—rabbit (Prigge 
and Grande, 1971).

Moreover, epinephrine increases lipolysis in vitro in some birds 
(goose and owl) (Prigge and Grande, 1971) and to a very limited extent 
in chickens (Langslow and Hales, 1969) but not in the duck (Prigge and 
Grande, 1971). In lower vertebrates, NE or E are either without effect or 
inhibit lipolysis. Catecholamines did not influence lipolysis in vitro in a 
fish (Hoplias malabaricus), a toad (Bufo paracnemis) and a snake (Philodryas 
patagoniensis) (Migliorini et al., 1992). At low concentrations, epinephrine 
depressed lipolysis but at higher concentrations E increased lipolysis by 
sea turtle adipose tissue (Hamann et al., 2003). Surprisingly, in fish, NE 
decreases lipolysis. For instance, in vitro lipolysis in tilapia adipocytes is 
decreased by either NE or the β-adrenergic agonist, isoproterenol (Vianen 
et al., 2002) suggesting an effect via β-adrenergic receptors. Similarly, in vivo 
NE depresses circulating concentrations of glycerol and glycerol appearance 
rate in rainbow trout (Magnoni et al., 2008). In contrast, E elevates circulating 
concentrations of glycerol and glycerol appearance rate in rainbow trout 
(Magnoni et al., 2008).

An overview of the Importance of Lipids in the context of 
Animal Production

Lipids, Livestock and Meat Production

We now take a step back from the complex regulatory processes that 
modulate energy storage and utilization to introduce some concepts 
around broader animal and meat production that are of direct relevance 
to the regulation of energy metabolism. Of course, understanding of the 
above processes is fundamental to enable science to guide broader animal 
management scenarios.
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As noted above, lipid storage is energetically favorable for the animal, 
but there is also a cost. We have explained that lipid storage occurs in 
times when animals are on a high plane of nutrition. High quality feeds 
are expensive and thus, deposition of fat in meat animals is costly to the 
producer. As a specific example of lipid storage and particular use of specific 
lipid storage depots, we will explore the metabolic costs and regulation of 
deposition of fat as marbling in beef. Marbling (due to intramuscular fat 
deposition) is highly prized and is an indicator of quality and specifically, 
flavor of beef. However, there is a high cost to depositing this lipid. 

Energetic Costs of Marbled Beef 

Considerable energy and investment in feed is expended to add adipose 
(fat) tissue to animals that are destined for slaughter. Feedlot cattle are often 
feed high-grain finishing diets that enhance marbling. However, there is a 
substantial cost in providing these diets on a large scale. 

Role of Fat Depots in Fat Metabolism 

Adipose tissue provides an efficient, long-term fuel store with the ability to 
mobilize during periods of nutritional deficiency. Thus, release of fatty acids 
from stored lipid provides an energy source for oxidation within organs in 
need (Trayhurn and Beattie, 2001). Each depot of adipose tissue differs in the 
fine regulation of energy storage and utilization. Of preadipocytes isolated 
from different fat depots, the omental depot has a higher lipid flux than the 
subcutaneous depot. The rate of triglyceride mobilization is also greater 
within visceral as opposed to omental fat depots. Furthermore, omental 
preadipocytes have a higher glucocorticoid receptor density, lipoprotein 
lipase activity, adenylyl cyclase activity, and apoptotic properties than 
subcutaneous adipose tissue (Trayhurn and Beattie, 2001).

Subcutaneous adipocytes have been shown to have higher levels of 
GLUT 4, glycogen synthase, and insulin receptors, as well as a higher rate of 
differentiation when compared to omental adipocytes (Niesler et al., 2001). 
These authors also reported that omental cells expressed higher levels of 
Cellular Inhibitor of Apoptosis Protein (cIAP), an anti-apoptotic protein, 
than subcutaneous adipocytes. This suggests that cells from different depots 
show inherent differences that account for the observed physiological 
variation between adipocytes isolated from different locations (Niesler  
et al., 2001).

Intramuscular fat deposition is regulated by different factors than 
those regulating deposition in other tissue depots. Thus there are metabolic 
differences between intramuscular and subcutaneous fat depots (Miller 
et al., 1991). Both this study and others (May et al., 1994; Eguinoa et al., 
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2003) reported that in cattle, intramuscular adipocytes are smaller than 
subcutaneous fat cells. Additionally, activities of the glycolytic enzymes 
hexokinase and phosphofructokinase were higher in intramuscular depots. 
Subcutaneous fat depots had higher levels of the lipogenic enzymes 
NADP-malate dehydrogenase, 6-phosphogluconate dehydrogenase, and 
glucose 6-phosphate dehydrogenase. This indicates that different adipose 
depots have unique roles in and contributions to overall lipid metabolism. 
Furthermore, breed also appears to be a factor in the lipogenic activity of 
the tissue depots (Miller et al., 1991; May et al., 1994). 

Intermuscular fat depots have similar characteristics to intramuscular 
fat depots. Eguinoa et al. (2003) reported that in cattle, the intermuscular 
fat depot had the smallest adipocyte size when compared to omental, peri-
renal, and subcutaneous depots. The intermuscular depot additionally had 
a lower level of lipogenic enzyme activity than other depots, as was the case 
in intramuscular fat depots. However, when adjusting for adipocyte size, 
subcutaneous and intermuscular fat depots had higher enzyme activity than 
the other depots. This indicates a potential role of other factors such as blood 
flow and lipolytic activity as determinants of depot differences observed.

Vasculature development precedes adipose tissue growth and adipose 
tissue has the ability to grow throughout the lifetime of the animal, therefore 
Hutley et al. (2001) hypothesized that microvascular endothelial cells may 
secrete location specific factors that regulate adipose tissue growth. These 
factors may play a role in depot differences seen in adipose tissue. These 
researchers also found that endothelial cells stimulated preadipocyte 
proliferation, but there were negligible differences in differentiation 
observed between different depots (Hutley et al., 2001). 

A comparison of adipogenic factors from cells isolated from 
subcutaneous abdominal, omental, and mesenteric fat depots (Montague 
et al., 1997; Van Harmelen et al., 2002) showed that subcutaneous 
preadipocytes developed the most, mesenteric cells were intermediate, and 
omental cells had the lowest levels of lipid, GDPH activity, and adipocyte 
fatty acid binding protein (aP2). Levels of the transcription factors PPAR-γ 
and C/EBP-α followed the same order of expression. There appears to be 
higher leptin mRNA levels in subcutaneous than omental fat depots, but 
this may be due to adipocyte volume, as it has been reported that leptin is 
correlated to adipocyte volume, and subcutaneous adipocytes are larger 
than omental adipocytes (Zhang et al., 2001). 

This variation in fat depot metabolism and adipocyte size and 
physiological dynamics indicate that as animals vary in the relative 
proportions of fat that is accumulated across different depots, the energetic 
dynamics of their overall metabolism will vary. Thus, variation in fat depots 
is a potential difference at tissue level that can contribute to variation in 
maintenance requirements and energetic efficiency.
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In addition, fat deposition is not uniform; therefore there is variation of 
adipocyte growth throughout animal development. During normal growth 
of beef cattle, omental fat reaches its maximal growth rate first, followed 
by intermuscular and then subcutaneous fat. Intramuscular fat depots 
grow during the later maturation stage of animals and are responsible for 
the characteristic marbling associated in beef carcasses. Intramuscular fat 
is highly valued by producers and the wider industry as it provides an 
excellent indicator for meat palatability. Thus, high intramuscular fat levels 
indicate a high quality product. As noted above, there is a considerable 
energetic price associated with producing a high quality product with high 
intramuscular fat level.

An overview of the Energetics of Protein Metabolism

In the above sections, we have considered metabolism of molecules that 
are primarily utilized as energy substrates: carbohydrates and lipids. The 
next category of molecules we will consider in the context of metabolism 
are proteins. Proteins form the structural basis of organization at the 
cellular and molecular levels. They can be used as energy substrates, more 
so in times when animals are not well-fed. However, protein turnover is a 
fundamental element of growth and replacement of microstructure, and is a 
strong contributor to basal metabolism. Thus, although the net contribution 
of protein to energy metabolism can be small (especially when animals have 
available abundant and high quality feeds), we note that protein turnover 
is a continuous process of protein degradation and protein accretion, that 
can be tuned and directed to shuttle protein towards energy metabolism 
when needed.

In the following discussion, we have presented the relative contribution 
of protein to energy metabolism in the context of its efficient use as an 
energy substrate.

The energetic cost of deposition of a unit of fat is much greater than 
the cost of an equivalent unit of muscle. Deposition of similar weight lean 
tissue and fat has different energy expenditure values (Herd and Arthur, 
2009). However, there is a greater amount of variation of protein turnover 
in lean muscle gain when compared to adipose, and during normal growth 
and development. Over time, muscle will use a larger amount of energy 
than will an equivalent unit of fat. Thus, there are both energy storage and 
energy turnover issues to consider in terms of efficient use of energy inputs, 
be they sourced from proteins, carbohydrates or lipids.

The feed efficiency literature provides some insights into relative 
energetic efficiency of fat versus protein. We use the example of the efficiency 
measure termed residual feed intake (RFI). It has been shown by several 
studies that RFI-inefficient cattle are fatter and that more RFI-efficient 
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cattle are leaner (Carstens et al., 2002; Nkrumah et al., 2007). In fact, some 
authors who study RFI also include a correction for body fat in the model 
that predicts feed intake (Schenkel et al., 2004; Baker et al., 2006; Ahola  
et al., 2011), as it is widely understood that at least 5% of the variation in 
RFI is due to differences in body composition as described by Richardson 
and Herd (2004). Relative muscle mass and total proportion of body protein 
is relatively increased RFI-efficient animals. Basarab et al. (2003), found a 
modest correlation with dissectible carcass lean (r = –0.17). 

A Molecular Basis for Regulation of Protein Metabolism— 
Context of Efficiency Structural Organization and Fiber type 
Composition of Muscle

Within the mammalian body, there are three types of muscle tissue: cardiac, 
skeletal, and smooth. When identifying underlying mechanisms associated 
with energetics of protein utilization, anatomical structure and physiological 
function can provide insight. 

Great variation in protein composition of skeletal muscle tissue exists 
both within an individual muscle tissue and among all muscle tissues of the 
mammalian body. Muscle function and size are important factors involved 
in the variation of composition; however, muscle fiber type is considered a 
major contributor to variation. There are three major types of muscle fibers: 
type I, type IIa, and type IIb. 

Ultimately it is this composition that dictates overall performance 
and energy utilization characteristics of the muscle. For example, 
muscles used primarily for posture (i.e., longissiumus dorsi) will contain a  
different combination of fibers than those used for force (i.e., biceps 
femoris). Ono et al. (1995) reported that posture is maintained by deep 
muscles expressing a greater proportion of type I fibers than those located 
superficially and involved in rapid movements. Furthermore, each fiber type 
displays characteristic biochemical and mechanical properties, allowing the 
muscle to perform certain tasks. Type I fibers (known as red) are slow-twitch, 
perform oxidative metabolism, and contract slowly. Type II fibers (known 
as white) are fast-twitch, perform anaerobic glycolysis, and contract quickly. 
Type II fibers are further categorized into two groups: type IIa and type IIb. 
Type IIa fibers have an intermediate capacity for oxidative metabolism when 
compared to type I and type IIb fibers, with type I fibers being primarily 
oxidative and type IIb fibers being primarily glycolytic (Bailey, 2004). 

The variation in muscle composition is influenced by several 
environmental and genetic factors, such as species, breed, sex, nutrition, 
and gene expression. Muscle weight is related to the total number of 
muscle fibers, cross-sectional area of fibers, and fiber length (Lefaucheur 
and Gerrard, 2000). The total number of fibers is a determining factor of 
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muscle growth capacity, which is a characteristic predetermined before birth 
in most meat-producing farm animals (see review in Picard et al. (2002)). 

Glycolytic fibers (type IIb) often exhibit a greater cross-sectional area 
than that of oxidative fibers (type I). Theoretically, an increase in glycolytic 
fibers could result in an increase in muscle weight due to the increase in 
muscle mass. However, this is a relationship that is yet to be scientifically 
understood (Lefaucheur and Gerrard, 2000). According to Harrison et al. 
(1996), energy expenditure per unit of tension developed is lower in type 
I fibers (oxidative) than in type IIb fibers (glycolytic). Even though type I 
fibers are energetically more efficient, an increase in the proportion of type 
IIb fibers has the potential to improve protein mass (muscle weight). Thus, 
beef cattle exhibiting improved energetic efficiency could potentially have 
similar weight gains due to a greater proportion of type IIb fibers (glycolytic) 
being expressed, while consuming less energy. In this scenario, efficient 
animals are able to produce weight gain without increased feed intake. For 
individual animals whose muscles contain a relatively greater proportion 
of type IIb fibers compared to type I fibers, especially in those muscles used 
for movement instead of posture, it is this difference in muscle fiber type 
that may contribute to the variation in metabolic and energetic efficiency. 

A Molecular Basis for Regulation of Protein Metabolism— 
Context of Efficiency: Energy Consumption and Metabolic  
Pathways of Muscle

On average skeletal muscle accounts for approximately 40–45% of the total 
body mass of vertebrates, regardless of their body size (Blaxter, 1989). When 
considering the whole animal, skeletal muscle can contribute approximately 
60% or more to systemic metabolism. In comparing metabolic activity of 
other bodily tissues, skeletal muscle is one of the most energy-consuming 
tissues. When active, muscle must be supplied with energy-rich substrates 
that can accommodate the needs of the resulting increased metabolism.  
We provide here a brief summary of muscle substrates and their utilization 
by muscle. 

Muscle as an Energetically Dynamic Tissue. Skeletal muscle is a unique 
tissue in that it has adaptive capabilities which allow it to alter composition 
and function in response to different physiological conditions. There are 
two main adaptations or changes that will be discussed in this section:  
(1) metabolic plasticity and (2) muscle fiber plasticity (anabolic growth 
mainly regulated via the insulin-like growth factor-1 (IGF-I) axis). Each 
of these changes affects protein turnover and energy substrate utilization 
and can dramatically affect processes occurring within skeletal muscle.  
As a result, function and structure of the muscle can become altered.  
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More importantly, due to the role of skeletal muscle in terms of the product 
(that becomes meat), it is critical that we understand how each of these 
conditions affect not only skeletal muscle at the tissue level, but also how it 
contributes to the overall growth of an animal. In addition, understanding 
how it might affect energetic (and feed) inputs required to grow the muscle 
or sustain it in its remodeled form is equally as important.

One of the most important alterations concerning metabolic plasticity 
is that of mitochondrial biogenesis. Mitochondrial biogenesis consists of 
two types of inclusive alterations within the muscle cell. First, there is 
a change in mitochondrial content per gram of tissue, and/or, second, 
there is a change in the mitochondrial composition (see review in Hood  
et al. (2006)). These alterations are highly specific and occur in response to 
particular types of exercise (i.e., resistance vs. endurance), with changes 
exhibited most evidently in low-oxidative, white muscle (type IIb) fibers 
(Hoppeler, 1986). In order to initiate mitochondrial biogenesis in skeletal 
muscle, a series of signaling events must occur, which include elevation 
of intracellular calcium (Ca2+) and activation of Ca2+-sensitive signaling 
molecules, activation of gene transcription that encodes mitochondrial 
proteins, messenger ribonucleic acid (mRNA) translation into protein, and 
protein structure assembly (Hood, 2001). The consequences of mitochondrial 
biogenesis are metabolically beneficial for skeletal muscle at the cellular 
level. Since skeletal muscle is such an energy-demanding tissue, an increase 
in the number of mitochondria will allow for cellular metabolic preference 
to utilize high-energy lipid substrates instead of carbohydrates (i.e., glucose 
and glycogen). Ultimately, this preference will sustain glycogen stores 
within muscle, reduce the formation of lactic acid (due to an increase in 
aerobic capabilities), and reduce muscle fatigue (Hood et al., 2006). Skeletal 
muscles with a high capacity for lipid oxidation will ultimately exhibit 
greater efficiency for the mobilization of adipose (fat) storage and have an 
increased endurance rate. In terms of fiber type, type I fibers are oxidative, 
allowing for sustained endurance over longer periods of time in comparison 
to that of type II fibers. 

conclusions

In this chapter, we have provided an overview of the hormonal control of 
energy substrate utilization and energy metabolism in domestic animals.  
In considering the metabolism of energy substrates, beginning with glucose, 
we have described species similarities and differences in the regulation 
and utilization of glucose (and other carbohydrate energy sources) 
via the hormones insulin, the catecholamines, glucocorticoids, growth 
hormone and adiponectin. We have considered the hormones that regulate 
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partitioning of energy substrate utilization between carbohydrates and 
lipids; the implications for substrate switching on energetic efficiency and 
then moved to a discussion of the hormones that regulate lipid metabolism 
across domestic animal species; including a discussion of the evolution 
of regulation of lipid metabolism. Interactions between regulators such 
as leptin and insulin and the roles of glucocorticoids, ACTH and growth 
hormone have been considered in the context of lipid utilization. Finally, 
we have considered proteins in the context of energy substrate utilization, 
including a discussion of how differential utilization of protein for energy 
substrates may effect overall animal efficiency. 

Thus, we have addressed the utilization of the three major classes of 
macromolecules as energy substrates across a range of species of domestic 
animals. Much new knowledge of variation across species is being facilitated 
by both specialist study of regulatory pathways, and broader approaches 
under the banners of metabolomics, nutrigenomics, proteomics, etc. 
(Brameld and Parr, 2016; Carrillo et al., 2016). As new “omics” tools are 
evolving, our ability to integrate knowledge from multiple animal species 
will also be enhanced. Detailed knowledge of specific pathway—substrate 
interaction presented in this chapter can inform design of studies that utilize 
the new technologies. The combination of elements from each of these 
approaches sets the scene for exciting new discoveries in the years ahead.

Keywords: Hormonal regulation, metabolism, adipocytes, adipogenesis, 
lipogenesis, lipolysis, muscle, anabolism, catabolism
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Chapter-8

Reproduction in Poultry
An Overview

Murray R. Bakst

IntroductIon

This brief overview will provide to the reader a fundamental understanding 
of the anatomy and physiology of reproduction in birds, with a strong 
emphasis on poultry. An attempt was made to cite the most recent 
publications describing male and female reproductive functions while 
including more comprehensive reviews for those who wish to delve more 
deeply into a particular subject area.

Structure and Function of the Male reproductive System

As with all vertebrates, the reproductive system in male birds consist of 
paired testes that produce sperm and a duct system, in birds referred to as 
the excurrent ducts, that transports the sperm to a copulatory apparatus 
found on the ventral floor of the cloaca for transfer to the female at 
copulation (Figure 1). From a reproductive perspective, fundamental 
differences exist between male livestock and male poultry (in this chapter, 
poultry will only include domesticated chickens and turkeys). Roosters 
and toms possess internal testes characterized by an accelerated rate of 
spermatogenesis, have no accessory sex glands associated with their 
excurrent ducts, engage in numerous copulations with hens in the absence 
of an estrus (no synchronization of ovulation and copulation), and semen 
transfer at copulation is accomplished with a non-intromittent (non-
penetrating) phallus formed on the ventral floor of their cloacae.
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Spermatogenesis

Located at the anterior ends of the kidneys, the paired testicles are suspended 
from the dorsal wall of the abdominal cavity. Sperm are produced by the 
seminiferous epithelium lining the lumen of the seminiferous tubules (Figure 2).  
The highly convoluted and anastomosing seminiferous tubules fills most 
of the volume of the testes. Located in the space between the seminiferous 
tubules, referred to as the interstitial space, are connective tissue cells 
and fibers, blood vessels, nerves, and the Leydig cells responsible for 
androgen production. Two cell types comprise the seminiferous epithelium, 
the Sertoli cell, which is a somatic cell, and the germ cells (Figure 2). 
The difference between somatic cells throughout the body and germ cells 
localized to the seminiferous epithelium is that only germ cells undergo 
meiosis. Collectively, the germ cell population represents the sequential 
transformation of the round-ovoid spermatogonium to the morphologically 
mature sperm. For more detailed and comprehensive reviews of avian 
spermatogenesis, see Jones and Lin (1992) and Aire (2007). 

Germ cells are intimately associated with the Sertoli cells that line the 
lumen of the seminiferous tubules. Sertoli cells are elongated and extend 
from the basement membrane of the seminiferous epithelium to the lumen 
of the seminiferous tubule. Also referred to as sustentacular cells, Sertoli 
cells not only serve as scaffolding for the morphing germ cells, but provide 
nutrients and the cell signals regulating spermatogenesis. In addition, in 
its basal region, tight Sertoli cell-to-cell junctions form what is referred to 
as the blood testes barrier. The blood-testes barrier limits blood and lymph 

Figure 1: A relatively small epididymal region is barely observed in the hilar portion of this 
turkey testis. The densely coiled ductus (d.) deferens is the primary sperm storage site in the 
male tract. The wart-like, reddish papilla at the distal end of the d. deferens projects into the 

cloaca’s urodeum (bar = 10 mm).
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products from entering the adluminal compartment of the seminiferous 
tubule thus creating a unique environment for the spermatocytes and 
spermatids to morphologically mature. 

Except for the kinetics (rate of germ cell divisions) of the germ cells 
comprising the seminiferous epithelium, spermatogenesis in male livestock 
and poultry is basically quite similar. Spermatogonia are aligned on the 
inside wall of the seminiferous tubules (Figure 2). Based on their structural 
characteristics, spermatogonia are divided into four subpopulations of 
cells: Dark type A (Ad); Pale type B1 (Ap1); Pale type B2 (Ap2); and, Type B 
spermatogonia (Lin and Jones, 1992). The Ad are the spermatogonial stem 
cells (SSC) that not only is self-renewing, forming another Ad with each 
mitotic division, but also gives rise to a single Ap1 spermatogonia that 
undergoes two additional divisions to form two Ap2 spermatogonia and 
then four Type B spermatogonia. It is worth noting that partly because of 
the technical difficulties of accessing the germinal disc on the surface of an 
ovulated ovum immediately after ovulation for the production of transgenic 
poultry, there has been considerable interest in the isolation, culture, in vitro 
propagation, and transfection of the avian SSC. Such transfected SSC can 
be transferred into sterilized recipient testes, repopulate the seminiferous 
epithelium and eventually produce sperm carrying the transgene. It also 

Figure 2: A cross section of a seminiferous tubule with germ cells in the different stages of 
differentiation is observed. The smaller denser cells lining the periphery of the seminiferous 
tubule are the spermatogonia. The larger diameter cells internal to the spermatogonia are the 
spermatocytes while the round spermatids possess the smallest nuclei, the narrow condensing 
nuclei of the elongating are highly distinguishable. The rust colored reaction product (wheat 

germ agglutinin) highlights Sertoli cell cytoplasm (bar = 10 μm). 
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should be noted that little is known regarding the molecular signaling and 
control mechanisms of germ cell differentiation in birds. In contrast, control 
mechanism leading to the differentiation of mammalian spermatogonia has 
received far more attention (Busada and Geyer, 2016). 

Type B spermatogonia give rise to primary spermatocytes, which 
marks the meiotic phase of spermatogenesis. Primary spermatocytes are 
characterized by their large nuclei with chromosomes in various states of 
condensation and arrangements during first meiotic prophase [see reviews 
by Jones and Lin (1992) and Aire (2007) for more details]. As a result the 
original 2n number (diploid) of chromosomes in primary spermatocytes 
is reduced to 1n number (haploid) of chromosomes that characterize the 
secondary spermatocytes. The secondary spermatocytes rapidly give rise 
to the round spermatids marking the beginning of spermiogenesis.

Spermiogenesis is that phase of spermatogenesis when the round 
spermatids are structurally reorganized into the characteristic filiform shape 
of poultry sperm. Aire (2007) summarized the steps of spermiogenesis 
comparing what had been observed both in passerine and non-passerine 
species. The transformation of the round spermatid to an elongated 
spermatid to a morphologically mature sperm is characterized by the 
following significant events: a loss of cytoplasm; condensation and reshaping 
of the nucleus with concurrent replacement of the nuclear histones with 
protamines (thought to better stabilize sperm DNA); formation of the sperm 
tail (similar in structure to a cilium); the migration of mitochondria to form 
the sperm midpiece; and, the formation of the acrosome and perforatorium 
located at the anterior end of the sperm head. Unlike testicular sperm from 
livestock, a small percentage of morphologically mature testicular sperm 
from chickens are capable of progressive motility and capable of fertilizing 
an ovum in vitro. 

Morphologically mature sperm released from the seminiferous 
epithelium (spermiation), are filiform shaped, enveloped by a plasmalemma, 
and are subdivided into the head, which includes the acrosome, 
perforatorium, and nucleus, and the tail consisting of the neck, midpiece, 
and principal piece (Figures 3 and 4). Situated at the anterior tip of the 
sperm head, the cone-shaped acrosome contains a hydrolytic enzyme 
(acrosin) that digests a path through the inner perivitelline layer (IPL), 
an acellular investment around the ovum at ovulation. Capped by the 
acrosome, the lanceolate-shaped perforatorium is tightly situated between 
the acrosome and a concavity in the cranial end of the nucleus. Given its 
persistent association with the nucleus in damaged frozen-thawed poultry 
sperm, it is assumed that the perforatorium affords some protection to the 
sperm nucleus during its transit through the hydrolyzed IPL. The elongated 
haploid sperm nucleus consists of tightly condensed chromation and at its 
distal end articulates with the beginning of the tail at the sperm neck. In 
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Figure 3: Dispersing the seminiferous epithelium and staining the nuclei with a nuclear 
fluorescence dye (bisbenzimide) highlights the shape and chromatin content of the nuclei. 
Small, round nuclei and the condensed elongated nuclei are the round and elongated 
spermatids, respectively. The larger nuclei across the middle are the spermatocytes. A single 
spermatogonium nucleus (arrow) and a single Sertoli cell nucleus (arrowhead) are also 

observed (bar = 10 μm).

Figure 4: Poultry sperm are filiformed shaped with the head region being about 0.5 μm wide. 
The nuclear fluorescent dye highlights the sperm nuclei and contrasts with the acrosome 
at the anterior tip of the sperm and the midpiece, just distal to nucleus. The mitochondrial 
comprising the midpiece of one sperm are abnormally swollen and have a cobblestone like 

appearance. The tail is unremarkable (bar = 10 μm).
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chicken and turkey sperm, the neck consists of a short proximal centriole 
oriented perpendicular to the long axis of the sperm and an elongated 
distal centriole aligned with the sperm’s long axis. The sperm midpiece 
is characterized by a mitochondrial sheath that surrounds the neck’s 
distal centriole and extends distally to the annulus. This narrow band-like 
constriction separates the midpiece from the principal piece band, the 
sperm tail. The principal piece is the longest part of the sperm and contains 
the axoneme, a collection of longitudinally oriented microtubules arrange 
with a central pair of doublet microtubules surrounded circumferentially 
by nine additional pairs of doublet microtubules (designated as a 9 + 2 
configuration). Associated with the axoneme doublets are protein complexes 
responsible for the tail beat motion. 

Excurrent Duct System and Cloaca

Morphologically mature sperm are liberated from the seminiferous 
epithelium (referred to as spermiation) and transported in testicular 
fluid through the seminiferous tubules to the rete testes. The rete testes 
are characterized by intra- and extra-testicular ducts and lacunae that 
collectively serve as a conduit between the seminiferous tubules and the 
excurrent duct system. The excurrent duct of male poultry consists of two 
segments: the epididymal region and the ductus (d.) deferens (Figure 1). 
Except for a short stem leading to the ductus deferens, the epididymal 
region is attached to the concave, medial surface (hilus) of the testis. The 
d. deferens extends parallel and adjacent to the ureters and terminates in 
the central compartment (urodeum) of the cloacal (Figure 5) as wart-like 
projections, the papillae. 

Sperm are transported from the rete testis to the epididymal efferent 
ductules. Based on histological differences, the efferent ductules are 
subdivided into the more voluminous proximal efferent ducts and the 
less voluminous distal efferent ducts. From the efferent ducts, sperm are 
transported through the collecting ductules which collectively feed into 
the d. epididymides. Functionally, epididymal region, particularly the 
proximal efferent ducts, is involved in fluid re-absorption, thus increasing 
the concentration of sperm entering the d. deferens. Functional maturation 
of sperm in transit through the epididymal region is expressed as increases 
in both the mean sperm swimming velocity and the percentage of motile 
sperm (Nixon et al., 2014). These authors attributed the augmentation of 
sperm motility characteristics in the epididymal region to a secreted protein 
identified as hemogloblin. The d. deferens is the primary sperm storage 
region of the excurrent ducts: its role in post-testicular sperm maturation 
remains unclear.
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The cloaca serves as the common opening for the deposition of excretory 
and digestive wastes and the reproductive tracts in both the male and 
female birds (Figure 5). It is divided into three compartments: the cranial 
compartment, the coprodeum, which is an extension of the large intestine; 
the central compartment, the urodeum, where the excretory ducts (ureters), 
vagina, and the d. deferens terminate and release their contents; and the 
caudal compartment, the proctodeum. The dorsal roof of the proctodeum 
and the ventral floor of the proctodeum, which in the male forms the phallus, 
are bound externally by the dorsal and ventral lips of the cloaca (Figure 6). 
When the dorsal and ventral lips are parted, the opening of the cloaca (the 
vent) is apparent. 

Ejaculation is in response to visual and behavioral cues during courtship 
behavior or manual stimulation of the abdominal/cloacal region in order 
to collect semen for artificial insemination (Burrows and Quinn, 1939). 
While the phallus non-protrudens is not an intromittent organ in poultry, 

Figure 5: A longitudinal view of the cloaca from the cloacal lips through the coprodeum (C), 
the most cranial compartment of the cloaca and the most distal portion of gut. The slit-like 
proctodeum is separated from the underlying urodeum by the uroproctodeal fold (P). A 
wart-like papilla can be seen inside the urodeal cavity. The coprodeum is separated from the 

urodeum by the urocoprodeal fold (U) (bar = 10 mm).
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ejaculation is immediately preceded by phallic tumescence. Tumescence 
is result of the engorgement of lymph vessels and channels with a blood 
derived lymph-like fluid that originate from the vascular bodies, paired 
structures located in the connective tissue where the ureters and d. 
deferens enter interior wall of the cloaca (Knight et al., 1984). Upon sexual 
stimulation, blood hydrostatic pressure increases within the dense capillary 
network characterizing the vascular bodies. These capillaries are lined with 
a fenestrated endothelium, facilitating the rapid transfer of blood-derived 
fluid and proteins from the capillaries into the interstitial spaces. The fluid 
collects in the lymph vessels and ducts in the vascular body that continue 
into the phallus producing a transient tumescence. After ejaculation the 
fluid flows back toward the vascular body to eventually drain into the 
circulatory system. 

With the possible exception of the foam gland found in the roof of 
the quail proctodeum, there are no accessory sex glands associated with 
the reproductive tract of male birds. However, at the time of ejaculation 
poultry semen is diluted with a variable volume of transparent-fluid. 

Figure 6: This tumescent turkey phallus is glistening due to transparent fluid, a vascular 
transudate responsible the tumescence. The phallus is part of the floor of the protodeum 
with the two lateral lymph folds merging medially and giving rise to the more bulbous pair 
of lateral phallic bodies that overhang, the ventral lip of the cloaca. By parting the cloacal 

(venting) the uroproctodeal fold is observed (bar = 10 mm).
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Transparent-fluid is likely the same fluid responsible for phallic tumescence 
and originates as a transudate from both the phallus and floor of the 
proctodeum during tumescence (Figure 6). While phallic tumescence is a 
neural reflex initiated by visual and behavioral cues or manual stimulation, 
actual ejaculation during manual semen collection is achieved by squeezing 
the abdominal region surrounding the cloaca during phallic tumescence 
(referred to as a cloacal stroke). The semen collector should perform no more 
than two cloacal strokes during each collection. The reasons for this is that 
nearly 80% of the sperm reserve in the d. deferens has been collected and 
additional cloacal strokes may lead to the contamination of the collected 
semen with excretory debris or excessive transparent fluid.

Structure and Function of the Female Reproductive System

When the chicken and turkey hen reach about 20 and 26 wk of age, 
respectively, maintained on an appropriate nutritional plane, and are 
exposed to more than 12 hr of light (photostimulation), the left ovary and 
oviduct will begin to mature and reach functional maturation in about 2 wk 
(Figure 7). Maturation of the ovary and oviduct result from the interplay 

Figure 7:  The ovary and oviduct of the turkey hen in egg production occupy a significant 
portion of the abdominal cavity. The ovarian follicular hierarchy (larger to smaller follicular 
oocytes) is observed with two post-ovulatory follicular shealths (white triangle). The fimbriated 
region was laid over the F1 follicle. A shell-membrane bound egg mass is in the uterus and 
the abdominal fat pad is masking the coiled vagina bound in connective tissue (bar = 3.5 cm).
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between both the gonadotrophic and endocrine hormones [see Johnson 
(2000, 2014) for comprehensive reviews]. 

The hen’s ovary is attached to dorsal wall of the abdominal cavity near 
the cranial end of the left kidney. Anatomically and functionally the ovary 
is divided into the cortical region, where all the oocytes are localized, and 
the medullary region, consisting of connective tissues, vascular systems, 
and nerves that support rapid follicular maturation during egg production. 
In the hen in egg production, there is a hierarchy of maturing yellow yolk 
follicular oocytes with the largest, and next to ovulate, designated as F1, 
the second largest being F2, continuing to where the follicular oocytes are 
about 1 cm in diameter. Collectively, these follicles are in the rapid growth 
phase of oocyte maturation accumulating yolk proteins (vitellogenin) and 
lipoproteins that, under the regulation of the estradiol, are synthesized in 
the liver and transported to the ovary via the vascular system. 

During the rapid growth phase, follicular oocytes are suspended from 
the ovary by the stalk-like pedicule. Histologically, the pedicule appears 
to be an extension of the medullary region of the ovary containing blood 
and lymph vessels, nerves, and bundles of smooth muscles cells. Follicular 
oocytes are composed of concentric cell layers referred to as the follicular 
sheath. The external layer of the pedicule is a continuation of the germinal 
epithelium which covers ovary’s surface. Small, white yolk follicles (less 
than 2 mm in diameter) visible on the ovary’s surface also populate the 
pedicle. Subjacent to the germinal epithelium is a superficial layer (tunica) 
characterized by connective tissue and large venous blood vessels. Internal 
to and seemingly continuous with the tunica is the theca external formed 
by concentric layers of connective tissue and smooth muscle cells. Also 
observed are clusters of steroid hormone producing cells referred to as the 
theca gland cells. The thecal gland cells synthesize most of the circulating 
estradiol. The theca interna is more vascularized and its connective tissue 
and smooth muscle cell layers less densely arranged than that of the theca 
externa. 

Internal to the thecal layers is the granulosa cell layer. During the 
rapid growth phase, the granulosa consists of a single layer of cuboidal to 
columnar cells enveloping the oocyte’s surface. The granulosa cell layer is 
characterized by relatively large intercellular spaces. Such spaces facilitate 
the movement of vitellogenin and lipoproteins derived from thecal layer’s 
vasculature to zona radiata, the gap between the granulosa cells and the 
oolemma, the oocyte’s plasma membrane. Originating from the lateral and 
apical surfaces of the granulose cells are long cytoplasmic processes that 
interconnect adjacent granulosa cells with each other and traverse the zona 
radiata to interact with the oolemma. Small vesicles, transosomes, observed 
in granulosa cells and characterized by a dense rim around its outer face, 
are transported across the zona radiata to the oocyte. Whether transosomes 
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are vehicles transporting RNA into maturing oocyte has not be definitively 
determined. However, RNA does accumulate in the oocytes during the rapid 
growth phase (Olszanska and Stepinska, 2008). The presence of junctional 
complexes where cytoplasmic processes terminate on another granulose 
cell plasma membrane or the oolemma suggests cell-to-cell communication, 
possibly affording a coordinated response to hormonal signaling. 

Early in the rapid growth phase of follicular development, granulosa 
cells begin to synthesize the proteinaceous rod-like fibers that will 
eventually intermesh to form the inner perivitelline layer (IPL), an 
investment that anatomically corresponds to the zona pellucida of the 
mammalian oocyte. The IPL is an acellular investment about 2 μm thick 
surrounding the oocyte, except overlying the germinal disc where it is 
about 1.5 μm thick. The interstices between the IPL fibers are occupied by 
an amorphous ground substance. The granulosa cell cytoplasmic processes 
radiate through the developing IPL before reaching the zona radiata and 
oolemma. Unfortunately, the nomenclature describing the investments of 
the oocyte prior to ovulation and the ovum after its transport through the 
infundibulum is not consistent and has led to confusion. It is suggested 
that the oocyte’s plasma membrane, the primary investment of the oocyte, 
be referred to as the oolemma, as the term ‘vitelline membrane’ originally 
intended by Wyburn et al. (1965) to denote the oolemma has often been 
used to describe the oolemma and IPL complex. The term ‘perivitelline 
membrane’ is a misnomer because, as described above, the IPL is a fibrous 
reticulum formed by the granulosa during the oocytes rapid growth phase, 
and not a plasma membrane. Since the IPL is elaborated by the granulosa 
cells, this is considered a secondary investment. Following ovulation, the 
tertiary layer, the outer perivitelline layer (OPL), forms around the ovum 
as a result of the secretion of albumen proteins secreted by the subepithelial 
tubular glands of the mid to distal infundibulum and proximal magnum 
as the ovum traverses these segments. 

Another conspicuous feature of the follicular oocyte during the rapid 
growth phase is the stigma, a narrow, almost clear band due to the absence 
of medium to large blood vessels and the presence of a more attenuated 
thecal layer (Figure 7). The stigma generally curves around the pole opposite 
the pedicle and is the site where the follicular sheath spits at ovulation 
releasing the ovum. At ovulation, the ovum is surrounded only by the IPL. 
The granulosa cells are retained by the post-ovulatory follicular sheath that 
gradually atrophies over the next few days. Unlike mammals, there is no 
corpus luteum formation.  

In the preovulatory oocyte, the germinal disc is a 3 mm diameter disc 
subjacent to the oolemma. It whitish color is due to the aggregation of white 
yolk spheres and cell organelles including the germinal vesicle, the haploid 
nucleus. The germinal vesicle is a fluid filled sphere located in the center of 
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the germinal disc and is barely visible to the eye as a black dot. Dispersed 
chromosomes are suspended in the fluid component of the germinal vesicle 
that throughout follicular maturation was arrested in the first prophase 
stage of meiosis. About 4–6 hr prior to ovulation, the F1 follicle responds to 
peaking levels of luteining hormone (LH) by coordinated retraction of the 
granulosa cell cytoplasmic processes from adjacent cells and the oolemma 
and by the initiation of germinal vesicle breakdown and resumption of 
meiosis. By the time the ovulated ovum reaches the site of fertilization in 
the oviduct, the infundibulum, the haploid nucleus is in the metaphase 
stage of the 2nd meiotic division.

Fertilization

Fertilization in poultry is complex, multi-step process limited to the 
germinal disc region (see Stepinska and Bakst, 2007 for review). While the 
molecular interactions between sperm and the IPL have been summarized 
(Nishio et al., 2014; Ichikawa et al., 2016) similar information regarding 
the events leading to the initial cleavage division is not available. Briefly, 
fertilization begins when one or more sperm bind to sperm-specific ZP 
receptors associated with the IPL overlying the germinal disc (Figures 8, 9). 
This initiates a breakdown of the acrosome and the release of acrosin, an 
enzyme that hydrolyzes the fibers of the thus forming a path or hole for 
the sperm to reach the oolemma (Figure 10). A staining technique [for 
procedure see Bramwell and Donoghue (2010)] to visualize sperm-holes 
in the IPL overlying the germinal disc in the laid egg (Figure 11) is used 
by both poultry scientists and commercial breeding farms personnel to 

Figure 8: At ovulation the ovum is enveloped by the inner perivitelline layer. This acellular 
investment is composed of fibers and a ground substance filling between the fibers. Sperm 
must hydrolyze the IPL overlying the germinal disc to fertilize the ovum. A sperm stained 

with a nuclear fluorescence dye is observed on the IPL surface (bar = 20 μm). 
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Figure 9: A scanning electron micrograph showing what is observed in Figure 8 but at a higher 
resolution. Remnant cytoplasmic processes (arrow) lay across the surface of the IPL (bar = 1 μm). 

Figure 10: Sperm interacting with receptors on the surface of the IPL undergo an acrosome 
reaction, acrosin is released, and the fibers of the IPL are hydrolyzed. The IPL fibers breakdown 
to microfibrils creating a path for the sperm. Cross sections of microvilli are observed in the 
right side of the image indicating that the IPL was removed from the germinal disc region 

(bar = 0.5 μm). 
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determine true fertility and to estimate how many sperm interact with the 
germinal disc region at the time of fertilization. 

At ovulation, the oolemma enveloping the ovum is discontinuous and 
relatively featureless except at the germinal vesicle. Here the oolemma 
is characterized by a dense array of microvilli and other cytoplasmic 
elaborations. Sperm passing through the IPL contact the oolemma 
microvilli that appear to embrace and subsequently internalize the sperm 
into the germinal disc. Perry (1987) observed the following sequence of 
nuclear events following sperm incorporation into the ovum: less than  
1 hr after ovulation sperm nuclei decondensed and formed pronuclei; by 
3 hr, pronuclei throughout the germinal disc had enlarged; at the same 
time, in the center of the germinal disc were a pair of apposed pronuclei, 
presumably the haploid male and female pronuclei; 4 hr after ovulation, 
mitotic figures were observed in the center of the germinal disc and assumed 
to be the zygote. One assumes that the diploid number of chromosomes 
was reconstituted, a process known as syngamy, between 3 and 4 hr 
after oviposition. It has been suggested that the supernumerary sperm in 
germinal disc are degraded by DNases (Olszanska and Stepinska, 2008). 

Figure 11: The outer perivitelline layer (OPL) is deposited around the ovum in the distal 
infundibulum and proximal magnum. The OPL servers as block to pathological polyspermy 
by trapping sperm between the layers of the fibrous albumen proteins. A tangential section of 
the sperm midpiece and several cross sections of sperm are observed in the OPL. The fibers 

of the IPL remain intact (bar = 1.5 μm). 
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Polyspermy, more than one sperm penetrating the IPL and entering 
the ovum is normal in birds. Given the mass of the germinal disc, multiple 
sperm entry into the germinal disc may be necessary to facilitate activation 
of maternal RNAs initiating development. However, while uncommon, a 
single sperm penetration site in isolated IPL’s overlying the germinal disc 
have been observed in fertilized ova (unpublished observation) supporting 
the suggestion that polyspermic fertilization may not be obligatory in birds 
(Stepinska and Bakst, 2007). 

While one sperm or hundreds of sperm penetrating the IPL may result in 
fertilization, there is some maximum number of sperm interacting with the 
ovum that will lead to pathological polyspermy. Pathological polyspermy 
can be due to the destruction of the germinal disc by the excessive hydrolytic 
activity of the sperm or early embryonic mortality. Unless there is an 
aberration in the oviductal sperm transport or sperm storage mechanisms, 
pathological polyspermy is likely rare following natural mating. In contrast, 
when a hen is artificially or surgically inseminated anterior to the vagina, 
large numbers of sperm are transported directly to the infundibulum. This 
by-passes both the vagina, where there is a selective reduction in sperm 
numbers and the uterovaginal junction (UVJ) where ‘selected’ sperm are 
sequestered in sperm storage tubules (SSTs) to be release over the daily 
ovulatory cycle. In the routine artificial insemination of commercial turkey 
hens, pathological polyspermy may be observed if the hen is inseminated 
shortly after oviposition. At this time the vagina is more flaccid due to 
the recent passage of the egg mass. If not carefully vagina is not carefully 
everted for proper placement of the insemination straw, the distal end of 
the vagina may project into the cloaca (insemination crews refer to this type 
of vaginal eversion as a “rose” due to the appearance of the exteriorized 
vaginal mucosa). With such an eversion, semen in the insemination straw 
semen may be deposited in the anterior end of the vagina (UVJ) or uterus 
thus by-passing the vagina. Abnormally large numbers of sperms engorge 
the infundibular sperm storage sites and subsequently interact with the 
ovulated ovum. Pathological polyspermy may also be observed when co-
incubating a freshly ovulated ovum with sperm (Howarth and Digby, 1973). 

Unlike mammalian ova where cortical granules are released from the 
ovum with the initial sperm penetration blocking further sperm penetration, 
the block to pathological polyspermy in hens is the OPL (see previous 
section). That sperm have been observed embedded at varying levels of 
this tertiary investment suggests that the fibrous proteins act as a physical 
barrier to sperm reaching the IPL (Figure 12). Therefore, to reach the surface 
of the IPL prior to OPL accretion, sperm must be in the luminal mucosa of 
the fimbriated region of the infundibulum, which lacks the sub-epithelial 
tubular glands in the distal half of the infundibulum that synthesize the 
albumen proteins forming the OPL. It is assumed that sperm are on the 
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surface mucosa of the fimbria and may be transferred to the surface of the 
ovum either during the retrieval of the ovulated ovum or as the ovum enters 
the slit-like opening (ostium) of the infundibulum. 

A question that remains unanswered is how sperm preferentially 
localize on the IPL overlying the germinal disc. Possibly a chemotaxic 
mechanism (Howarth and Digby, 1973) attracts sperm to the germinal 
disc where associated sperm receptors (Bakst and Howarth, 1977) bind 
the sperm to the IPL overlying the germinal disc. Whether chemotaxis is 
responsible for attracting sperm to the germinal disc is still not known. 
However, Nishio et al. (2014) suggested that an abundance of ZP2 at the 
germinal disc region may be the basis for preferential sperm attachment to 
the IPL and the initiation of the acrosome reaction. 

Oviduct

The hen’s oviduct is a remarkable organ not only for its assembly-line like 
formation of the laid egg but its more subtle functions in the fertilization 
process and sustained fertility. (Fertilization, as described in the previous 
section, should not be confused with fertility, which is the ratio of the 
number of eggs fertilized to the number of eggs laid.) The interest in the 
hen’s oviduct goes beyond that of egg production: the oviduct has served for 
decades as a model system for studies addressing the cellular and molecular 
mechanisms of steroid hormones on cell differentiation, particularly in the 
magnum, the albumen producing segment of the oviduct. The primary 

Figure 12: If the excised vagina and uterus are fixed as one segment and the connective tissue 
dissected away, it is apparent that the vagina is a highly coiled segment with the UVJ (arrow) 

actually coiled and attached on the uterine wall (bar = 10 mm). 
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focus of this section will be on the roles of the oviduct in sperm selection, 
sperm storage, and sustained fertility. 

Anatomically, the oviduct is divided into five functionally segments 
(Jacobs and Bakst, 2007). The most cranial segment, the infundibulum, is 
the adjacent to the ovary and has two regions. The fimbriated region, often 
referred to as the funnel, is thin walled and lacks sub-epithelial tubular 
glands. Its function in the process of fertilization was addressed in the 
previous section. The funnel portion gradually tapers to form the tubular 
neck region of infundibulum. Here sub-epithelial tubular glands begin to 
differentiate as invaginations of the surface epithelium and progressively 
become more densely distributed in the distal infundibulum. Functionally, 
the OPL restricts further sperm interaction with the IPL and also serves as 
a barrier preventing bacteria from reaching the ovum. 

While the infundibulum is considered a secondary sperm storage site 
(Bakst et al., 1994), its role in oviductal sperm storage is not comparable 
to that of the primary site, the UVJ-SSTs (Bakst, 2003). Reference to the 
infundibulum as a secondary sperm storage site is based on the observations 
that sperm released from the UVJ-SSTs during the daily ovulatory cycle 
ascend the oviduct and are then stored in the distal infundibulum. Sperm 
must also reach the fimbriated region of the infundibulum to interact with 
the IPL enveloping the ovulated ovum. Other sperm are temporarily stored 
in the lumina of sub-epithelial tubular glands and between apposed folds 
comprising infundibular mucosa. When the ovulated ovum reaches the 
distal infundibulum it distends the luminal mucosal as well as induces 
the release of the secretory material accrued by the epithelial cells forming 
the sub-epithelial glands. It is during this secretory activity induced by the 
passage of the ovum that sperm residing within the sub-epithelial glands 
are transported out along with the albumen-like proteins and most likely 
constitute the population of sperm embedded in the OPL. 

As the density of the sub-epithelial tubular glands in the distal 
infundibulum continues to increase, the muscoal folds visibly increase 
in height and width and gradually become indistinguishable from the 
mucosal folds of the magnum. The magnal sub-epithelial tubular glands 
synthesize and secrete the albumen that accumulates around the yolk 
during its transport toward the uterus. The sub-epithelial tubular glands 
in the isthmus mucosa synthesize and secrete the proteins that form the 
shell membrane enveloping the albumen and ovum, collectively referred 
to as the oviductal egg mass (not to be confused with the laid egg). How 
active secretion of both the albumen and the shell membrane proteins 
and other components impact abovarian transport has been the subject of 
limited speculation. However, with the increasing mass of the egg mass and 
the consistency and composition of the albumen in particular, it has been 
assumed that such physical barriers may impede the transport of sperm to 
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the infundibulum (Bakst et al., 1994). Birkhead and Brillard (2007) provide a 
comprehensive review of the barriers sperm confront in the oviduct leading 
up to fertilization. 

With completion of the shell membrane, the egg mass progresses from 
the isthmus to the tubular red region of the uterus, then proceeds to the 
uterine pouch where it resides until completion of eggshell formation. In the 
past decade, there has been a resurgence of interest not only in the cellular 
but the molecular mechanisms orchestrating eggshell formation. This is 
summarized by Brionne et al. (2014) and Marie et al. (2015). Brionne et al. 
(2014) stated that all the precursors required for shell formation are secreted 
by the uterine mucosa over the 20 hr period the egg mass is in the uterus 
including large amounts of calcium and bicarbonate. During the period of 
shell formation two other events relative to fertile egg production are also 
in progress. First, the fertilized germinal disc, which began cleavage in the 
isthmus, continues to develop in the uterus and at oviposition consists of a 
50,000 to 80,000 cell blastoderm. Second, the egg mass in the uterine pouch 
distends the uterine as well as the UVJ mucosa, causing the later to become 
becoming contiguous with the uterine mucosa (Bakst and Akuffo, 2009). 
Thus, sperm released from the SSTs are immediately exposed the calcium 
and bicarbonate rich fluids in the uterine lumen presumably potentiating 
sperm motility at the time of transport to the infundibulum. 

At the completion of shell formation the egg mass is pushed into the 
vagina and quickly expelled, a process known as oviposition. Oviposition 
is a coordinated response to the contractions of the smooth muscle layers 
of the uterus and vagina that are primarily regulated by arginine vasotocin 
and the neurotransmitter galanin (Li et al., 1996). Although speculated upon 
since the discovery of the UVJ SSTs in the 1960s, there remains no consensus 
regarding the influence of oviposition on sperm release from the SSTs (Bakst 
et al., 1994; Bakst, 2011). While there is no muscular sphincter restraining 
the uterine egg mass from entering the vagina during shell formation, the 
cranial portion of the vagina is tightly coiled and/or folded and bound to the 
distal third of the uterus by the connective tissue envelop (see next section). 
At oviposition, hormonal induced uterine smooth muscle contractions and, 
one assumes, a relaxation of the connective tissues enveloping the UVJ and 
vagina, pushes the egg mass into the cranial vaginal orifice for expulsion.

Role of Vagina in Sustained Fertility

The vagina is more than just a conduit for the hard shelled egg at oviposition. 
Its roles in sperm selection and transport from the site of semen transfer to 
the UVJ and sperm storage in the SSTs are integral to the maintenance of 
sustained fertility in domestic and nondomestic birds laying one or more 
clutches of eggs. When the abdominal cavity of a hen in egg production is 
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observed the caudal end of the uterus appears to be continuous with a short 
mass of connective tissue that merges with the cloacal region (Figure 7). If the 
uterus-connective tissue mass-cloaca is isolated as a single segment, placed 
in fixative, and then dissected free of the cloacal tissue and the connective 
tissue surrounding the caudal end of the uterus and the vagina, the coiled 
configuration of the vagina is apparent (Bakst and Akuffo, 2009) (Figure 13).  
However, if the same segment is unfixed and then dissected out, the 
turkey vagina will be straight and about 8 cm long (Figure 14). When cut 
longitudinally from the cloacal orifice to the caudal end of the uterus, the 
straight parallel primary mucosal folds of the vaginal mucosa are observed. 
At the anterior 2 cm of the vagina, which is the UVJ, the parallel folds are 
slightly less voluminous than the remainder of the vagina. The mucosal 
folds of the UVJ gradually transition to more wavy folds prior to morphing 
into the irregular folds of the uterine mucosa.

In the light of more recent observations regarding oviductal sperm 
motility and sperm storage in- and release from the SSTs (Sasanami et al., 
2013), a more comprehensive description of the fate of sperm in the hen’s 
oviduct than previously reported (Bakst, 2011) is warranted. Following 
semen transfer to the distal vagina either by natural mating or artificial 
insemination (AI), a small number of sperm (no more than 5 million under 
optimal conditions in the turkey following AI) are transported to UVJ to 
enter the SSTs by a combination of their intrinsic mobility (measured as the 
capacity to move through a viscous medium at 40C; Froman et al., 1999) and 

Figure 13: If the excised vagina and uterus are dissected free of connective tissue without 
fixation, the vagina is straight and about 9 cm long. The UVJ appears to be slightly dilated 

compared to the remainder of the vagina. (bar = 20 mm). 
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cilia beat activity (Bakst, 2011). Based on histology of the vaginal mucosal 
folds following AI, adovarian sperm transport is most likely between 
apposed folds as sperm in the central lumen have been observed trapped 
in a fibrous secretory material, particularly in the distal vagina. 

Holt and Fazeli (2015) in a comparative review of sperm storage 
in vertebrate females recognized that ejaculated semen consists of 
subpopulations of sperm that may exhibit variation in sperm morphology 
and responsiveness to signaling molecules. This concept certainly applies to 
poultry with respect to sperm motility characteristics. Individual ejaculates 
from toms and roosters possess sperm exhibiting different mobility rates 
and those males with the highest sperm mobility scores produce the most 
offspring (Froman et al., 2006). The subpopulation of sperm reaching the 
SSTs are characterized by having a high rate of mobility (Froman et al., 2006) 
and possessing specific glycoconjugates associates with the plasmalemmal 
surface (Steele and Wishart, 1996; Wishart and Horrocks, 2000; Pelaez and 
Long, 2008). The failure of sperm from other species to be transported to 

Figure 14: Sperm (predominantly cross sections of sperm nuclei and midpieces) are closely 
associated with the microvilli from the apical surface of the SST epithelium. The tips of some 
of the microvilli have formed microvillous blebs that pinch off and become closely associated 

with the sperm (bar = 1 μm). 
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the UVJ following insemination is most likely due the non-recognition 
of the surface glycoconjugates (Steele and Wishart, 1992) by the vagina. 
However, when co-incubated with UVJ explants containing SSTs, Steele 
and Wishart (1992) observed such hetereologous sperm within the SSTs. 
Other factors also influence successful sperm transport to the UVJ including 
the stage of the ovulatory cycle at the time of semen transfer (important 
when performing AI) and the timing of the AI relative to the onset of egg 
production. Optimal fertility in commercial turkey hens is realized when the 
initial inseminations are performed prior to the onset of egg production. This 
is common to most birds studied following copulation as well (Hemmings 
et al., 2015). Interestingly, it has been suggested that following mating the 
red junglefowl hen may select sperm from males with a dissimilar major 
histocompatibility complex (Løvlie et al., 2013) that would, in effect, 
minimize inbreeding. This process of post-mating sperm selection by the 
female is referred to as cryptic female choice and has been reported both 
in invertebrate and vertebrate females (Eberhard, 1996).

How sperm survive within the SSTs has been the object of much 
speculation since their discovery in the 1960s (Bakst et al., 1994; Sasanami 
et al., 2013). Although a foreign body in the hen, there is no evidence of an 
immunological response initiated by the vaginal mucosa to the sperm in the 
SSTs in healthy hens. Das et al. (2008) summarized evidence that the SSTs 
are immuno-privileged sites for sperm and that this immune-suppression is 
mediated by transforming growth factor-β (TGFβ). Specifically, expression 
of TGFβ increased only with the presence of sperm in the SSTs and that 
TGFβ suppresses local T and B cell immune-responses to sperm (Das et al., 
2006). In addition to immune-suppression, it has long been suggested that 
certain sperm functions need to be reversible suppressed (sperm metabolism 
and motility) or stabilized (sperm plasmalemma and acrosome) (Bakst  
et al., 1994) for successful sperm storage. Using Japanese quail, Matsuzaki 
et al. (2015) provided evidence that low oxygen levels and high lactic acid 
concentrations suppressed sperm motility both in the SSTs and under in vitro 
conditions. These authors also suggested that the suppressed sperm motility 
resulted in lower ATP consumption and subsequently reduced formation 
of reaction oxygen species. This is intriguing since the major impediment 
to successful semen storage in vitro, where sperm are actively motile, is 
lipid peroxidation. Referencing other work (Ito et al., 2011), Matsuzaki  
et al. (2015) indicated that the quiescent sperm in the SSTs of Japanese quail 
are expelled from the SSTs by a progesterone triggered mechanism. This 
mechanism may be due to a progesterone-induced, coordinated contraction 
of the prominent actin band observed in the apical tight junction zone 
subjacent to the apical microvilli in SST epithelial cells (Freedman et al., 
2001). While progesterone may initiate the expulsion of sperm from the SSTs, 
progesterone has little impact on sperm motility (author’s observations). 
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In the SSTs, lactic acid appears to render sperm quiescent. However, when 
sperm are released into the UVJ, it appears that heat shock protein 70 
(HSP70), which is expressed by the UVJ in Japanese quail, may augment 
sperm motility in the UVJ lumen for transport to the infundibulum, where 
HSP70 is also expressed (Hiyama et al., 2014).

In contrast to the observations observed in the Japanese quail, Froman 
(2003) proposed that sperm in the SST lumen swim against a current 
generated by the SST toward the UVJ. As long as the sperm velocity is at 
least as great as the current passing through the SST, the sperm are retained 
in the SST lumen. Only when the sperm swimming velocity drops below the 
velocity of the SST fluid do sperm escape into the UVJ lumen. Furthermore, 
Froman et al. (2011) indicated that chicken sperm rely on endogenous fatty 
acids to enter the SSTs and on the exogenous lipids released from the SST 
epithelium to survive within the SST. The source of the exogenous lipids 
along with proteins and signaling molecules appear to be microvillous 
blebs (MvB) released from the microvilli forming the apical border of the 
SST epithelial cells (Bakst and Bauchan, 2015) (Figure 14). These authors 
suggested that the MvBs were a variant of the shedding vesicles released 
by the luminal epithelium lining the mammalian epididymis and prostate 
gland (known as epididymosomes and prostasomes, respectively) that 
have been shown contribute to post-testicular sperm maturation, sperm 
membrane modifications, protection sperm against oxidative stress, sperm 
capacitation and decapacitation, and other sperm functions (see review by 
Sullivan and Saez, 2013).

In the turkey with an egg mass in the uterus, the UVJ folds containing 
SSTs are contiguous with the uterine folds (Bakst, 2011) (Figure 15). It is 
likely that during their storage in the SSTs, intracellular sperm calcium 
concentrations are reduced thus contributing to the sperm’s quiescent in 
the SSTs (see above). In contrast, sperm released from the SSTs during that 
extended period of the daily ovulatory cycle when the uterus contains an 
egg mass would be exposed to the calcium-rich uterine fluids. It has been 
shown repeatedly that calcium augments chicken and turkey sperm motility 
in vitro and that calcium acts as an activator of sperm function prior to 
fertilization in mammals. If HSP70 augments chicken and turkey motility as 
it does in Japanese quail, what is the role of the calcium rich environment in 
the uterine, more vigorous motility? Regardless, sperm motility is activated 
upon release from the SSTs for transport to the infundibulum. 

It is likely that the sperm exiting the SSTs have been modified at both 
the cellular and molecular level during their residence in the SSTs. A select 
population of actively motile sperm enter the SSTs and are reversibly 
rendered quiescent during storage in the SSTs. Upon their egress from the 
SST into the UVJ and uterine lumina sperm regain their active motility. This 
sequence is reminiscent of mammalian sperm following semen transfer 
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where a select population of motile sperm reach isthmus, associate with 
its epithelial cells and become quiescent, and then are released after some 
time period in an activated state. However, unlike avian sperm that ascend 
to the infundibular secondary sperm storage sites, activated mammalian 
sperm ascend to the site of fertilization in near synchrony with impending 
ovulation. It is a matter of time before we better understand the cellular and 
molecular events that transpire and influence sperm storage in the SSTs. It 
is likely that the plasmalemma of sperm within the SST lumen is modified 
to accommodate storage for days and weeks. If at the time of release from 
the SSTs sperm motility is active, do the sperm becomes quiescent again in 
the infundibular sperm storage sites, and then activates them once again 
at the time of ovulation. This is feasible as calcium has been detected in 
the fluid removed from the ovarian pocket around the time of ovulation 
(Ashizawa and Wishart, 1992).

Keywords: spermatogenesis, sperm maturation, ovary, oviduct, oviductal 
sperm storage, fertilization

Figure 15: The vagina and uterus containing a hard-shelled egg mass was excised and fixed. 
When cut transversely, the egg mass removed, the UVJ mucosa (white rounding area) is 
contiguous with the uterine mucosa lining the uterine pouch. This indicates that sperm exiting 
the SSTs are immediately exposed to the calcium rich uterine fluid, thus augmenting sperm 

motility (bar = 10 mm). 
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Chapter-9

Effects of Stress on Growth  
and Development

From Domestication to Factory Farming

W.M. Rauw* and L. Gomez Raya

IntroductIon

This chapter presents an overview of the pathways through which stress 
may affect growth and development. We begin by going back in time to 
the moment that men started “one of the greatest biological experiments” 
(Belyaev, 1979): the domestication of animals. Domestication meant artificial 
selection for tame behavior with pronounced consequences for the growth 
and development of the stress response and the phenotype. A reduction in 
aggressive behavior, fear, and the removal of resource demanding factors 
that were no longer needed in the captive environment, such as searching for 
food, must have resulted in food resources that became now available for use 
by other processes. Subsequent selection for growth and other production 
traits resulted in an unprecedented increase in production levels of livestock 
species. However, we can expect domesticated species to be again limited 
by their environment such that increased energy demand through the 
activation of the stress response is expected to trade-off with growth; several 
examples are given. In the last few decades it has become documented 
that stress may not just have pronounced effects on the development and 
stress response of the individual, but also on its descendants through 
the effects of epigenetic modifications and telomere length. Prolonged or 
severe activation of the stress response negatively affects animal welfare 
and livestock production, and should therefore be avoided. 
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domestication: Selection for a reduced Stress response

Most of the modern livestock species have their origin in the domestication 
of their respective ancestors several thousands of years ago. Domestication 
has been described as a process of “the capture and taming by man of animals 
of a species with particular behavioral characteristics, their removal from 
their natural living area and breeding community, and their maintenance 
under controlled breeding conditions for mutual benefits” (Bökönyi, 1986). 
During the initial phase of domestication, phenotypic traits were selected 
that facilitated the process of domestication itself, whereas once populations 
became established, a relaxation of natural selective pressure allowed for 
the appearance of mutations that could subsequently be selected for, both 
intentionally and unintentionally (Larson and Fuller, 2014). As Darwin 
(1883) writes: “Although man does not cause variability and cannot prevent 
it, he can select, preserve, and accumulate the variations given to him by 
the hand of nature almost in any way which he chooses; and thus he can 
certainly produce a great result. (…) Man may select and preserve each 
successive variation, with the distinct intention of improving and altering 
a breed, in accordance with a preconceived idea; and by thus adding up 
variations, often so slight as to be imperceptible by an uneducated eye, he 
has effected wonderful changes and improvements. (…) [D]omesticated 
breeds show adaptation to his wants and pleasures (…) [they are] modified 
not for their own benefit, but for that of man”. A consequence of preserving 
and separating animals displaying pronounced deviations of (natural) 
structures was not only a much greater phenotypic variability but also a 
higher frequency of monstrosities observed under domestication than in 
nature (Darwin, 1883). In other words, man can preserve and further select 
the variants that otherwise have no chance of survival. 

In an attempt to explain this phenomenon of increased phenotypic 
variation in domesticated animals, Belyaev (1979) discussed what he termed 
“destabilizing selection” as opposed to “stabilizing selection” that was 
proposed earlier by Schmalhausen in 1949 explaining the process that would 
result in genotypes that are less sensitive or “canalyzed” to environmental 
fluctuations (Rauw and Gomez Raya, 2015). Under destabilizing selection, 
new stressful factors or usual stresses that increase in strength result in 
changes in the regulation of genes (timing and amount of gene expression), 
and break up previously integrated ontogenetic systems leading to multiple 
phenotypic effects (Belyaev, 1979; Trut, 1998). These disruptions open the 
box of the accumulated selectively neutral underlying genetic variation 
and mutation accumulation that was hitherto absorbed in the canalyzed 
phenotypes. Subsequently, artificial selection, by increasing the mean 
values of selected traits results in further loss of coadaptation of the system  
(Trut, 1988). 
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However, although phenotypic variation under domestication is 
greater than that observed in nature, this variation is homologous with 
respect to many phenotypic features in different domesticated species. 
This “domestication syndrome” was well acknowledged by Vavilov in 
an extensive work published in 1922: “One can observe some regularities 
in their varietal diversity, in spite of their enormous polymorphism”. 
Phenotypic regularities include neoteny, loss of strict seasonal patterns of 
reproduction, increased fertility, variations in coat color and texture, docility, 
alterations in skull shape, and floppy ears; domesticated birds and even fish 
share some components of this spectrum of traits (Belyaev, 1979; Larson and 
Fuller, 2014; Wilkins et al., 2014). Based on this observation, Dmitry Belyaev 
formulated the hypothesis that the homologous variation is a consequence 
of selection for the domesticated type of behavior at the very beginning of 
selection (Belyaev, 1979). According to his hypothesis, the main criterion 
for domestication was the ability of animals not to be afraid of man. To test 
this hypothesis he started a selection experiment in silver foxes selecting for 
a low expression of the defense behavior towards man, or tamability. This 
resulted in a population of foxes that were not only not afraid of people, 
they tried actively to attract attention by wagging their tails and reacted 
positively to human contact by licking their hands and faces. And indeed, as 
hypothesized, they showed homologous variation in several characteristics 
as a correlated effect to changes in behavior: extra-seasonal activation of 
reproductive function, prolongation of the reproductive season, increased 
fertility in females, an increase in the time of moulting, and an increased 
frequency of newly appearing morphological traits such as floppy ears, 
piebaldness, and short and curly tails (Belyaev, 1979). 

Further experiments showed that selection for tame behavior had 
brought about important changes in both the central and the peripheral 
mechanisms of the neuro-endocrine control of ontogeny. An important 
observation in the neuro-endocrine response to domestication is a reduced 
size and function of the adrenal glands that are responsible for fear, stress 
and adaptation. In the tame silver foxes, in generation 45, basal and stress-
induced blood cortisol levels were three- to fivefold lower than in farm-
bred foxes (Trut et al., 2009). This decrease in the functional state of the 
hypothalamic-pituitary-adrenal (HPA) axis results in a relatively immature 
emotional response to social threat. In addition, the delayed adrenal gland 
maturation extends the socialization window allowing human caretakers to 
be recognized as low-threat stimuli before the HPA-axis is mature (Wilkins 
et al., 2014). Wilkins et al. (2014) posit that adrenal hypofunction results from 
a developmental reduction in neural crest input, which in turn may result 
from multiple genetic changes of moderate, quantitative effect. Indeed most 
(but not all) of the modified traits included in the domestication syndrome 
can be explained as direct consequences of such deficiencies. For example, 
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a diminished function of the hypothalamic-pituitary-gonadal axis may be 
responsible for accelerated reproductive maturation and reduced interbirth 
intervals (Wilkins et al., 2014). In addition, selection for reduced wariness 
and low reactivity to external stimuli has had a significant impact on the 
size, organization and function of the brains of domesticated animals, and 
this may be an indirect result of modified cranial neural crest cells (Zeder, 
2012; Wilkins et al., 2014). In particular, a profound reduction in the size 
of structures within the limbic system can be tied to raising the behavioral 
thresholds for aggression, fight, and flight (Zeder, 2012). 

Since activity levels, aggression, and boldness all appear to be 
systematically reduced during the process of domestication, it can be 
hypothesized that domestication resulted in the selection of an entire suit 
of behaviors, referred to as “personality”. Animal personality expresses 
itself as a coping strategy that is consistent across contexts by suites of 
correlated behaviors or “behavioral types” (Koolhaas et al., 1999; Sih  
et al., 2004). Coping styles are closely related to individual fitness, since 
they form general adaptive response patterns in reaction to everyday 
challenges and stress. As opposed to reactive (passive, shy) animals, 
proactive (active, bold) animals attack or flee from an opponent, are 
aggressive, fast exploring, impulsive, actively manipulate events, score 
high in frustration tests, and are risk takers and novelty seekers (Benus, 
1988; Coppens et al., 2010). In non-social situations, proactive copers are less 
affected by changes in the environment; their behavior is more intrinsically 
organized (‘brain-engrained’) and they tend to develop routine behavior. 
In contrast, reactive copers are more guided by external stimuli and hence 
their behavior is more flexible and adaptable (Benus, 1988; Coppens  
et al., 2010). In humans, Folkman and Lazarus (1980) called this ‘problem’ 
focused coping, i.e., to actively attempt to remove the source of stress or 
remove oneself from the source of stress, versus ‘emotion focused’ coping, 
i.e., to reduce the emotional impact of stress. Since nature has not favored 
any coping strategy in particular, both strategies may have benefits and 
should be considered as alternative strategies to cope with environmental 
demands: relying on previous experience is fast, but may be inaccurate 
in new situations, therefore, proactive animals may thrive better in stable 
environmental conditions, whereas reactive individuals may do better 
under variable and unpredictable environmental conditions (Benus et al., 
1991; Coppens et al., 2010). Coping strategies are also shown to differ in the 
animal’s physiological response to stress: the response of proactive animals 
is dominated by an enhanced sympathetic and (nor-) adrenergic response, 
whereas that of reactive animals is dominated by enhanced parasympathetic 
activation and a high HPA response (Carere et al., 2010). Although these 
differences are quite consistently observed in different species, the animals 
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with different coping strategies do not always show this typical stress 
response (Herborn et al., 2011). 

Proactive mice and rats have furthermore been shown to have lower 
levels of release of serotonin than reactive animals, which has been 
associated with an increase in aggression and impulsive behavior at the 
level of the prefrontal cortex (Coppens et al., 2010). A brain circuit in which 
serotonin neurons moderate coping behavior was recently presented by 
Puglisi-Allegra and Andolina (2015). Indeed, selection for tameness in silver 
foxes (Popova et al., 1991a) and low aggressiveness to man in Norway rats 
(Popova et al., 1991b) has resulted in animals that show a higher serotonin 
neurotransmitter level in the midbrain and hypothalamus, and selection 
for low fear of humans in Junglefowl (Agnvall et al., 2015) resulted in males 
that had higher plasma levels of serotonin. This suggests that the brain 
serotonergic system is involved in the mechanism of domestication, and that 
selection may have been for docile, reactive behavioral suits of personalities. 
Whereas reactive personalities are often found to have an increased HPA-
reactivity to stress, domestication meant selection for tameness, i.e., a 
combination of low aggression and low fearfulness. This must indicate 
that the behavioral and the physiological profile of personalities are indeed 
not necessarily correlated. The behavioral and physiological profile of 
domesticated animals must have influenced their ability to adapt to the 
new, captive environment.

Life History Strategies and resource Allocation theory

Wolf et al. (2007) showed that personalities are related to risk-taking 
behavior and expected future fitness. Indeed, a meta-analysis performed by 
Smith and Blumstein (2008) showed that bolder individuals have increased 
reproductive success, but this incurs a survival cost such that shy individuals 
that have reduced short-term reproductive success but live longer may have 
the same overall fitness as bold individuals. Careau et al. (2010) found that 
docile dogs live longer than bold ones; in addition, aggressive breeds have 
higher energy needs than unaggressive ones. Because activity, exploration, 
boldness and aggression are energetically costly, they are part of the life 
history strategy and can be expected to trade off against other life history 
traits such as growth, reproduction, and immune function (Careau et al., 
2008; Rauw, 2012).

As described by Glazier (2009b) trade-offs between life functions 
may result from the allocation of limited resources, ecological constraints, 
opposite independent effects of an environmental factor, morphological 
constraints, physiological limits, functional conflicts, multiple trait 
interactions, physiological regulation, genetic regulation and conflicts 
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over gene expression. Trade-offs resulting from the allocation of limited 
resources amongst growth, reproduction, maintenance and storage is a 
fundamental assumption of life history (Stearns, 1989). The life-history 
trajectory of an individual or population follows from its resource 
investment choices over its lifetime: fitness is a function of the life history. Its 
optimization must always be considered from the perspective of the entire 
lifespan; different actions cannot be considered in isolation (McNamara  
et al., 2001; Kozlowski, 2006). Maintenance is essential for survival, growth 
is the construction of the body’s machinery and enhances both survival 
and reproductive ability, reproduction directly relates to fitness though 
the production of offspring, and storage is a buffer against predictable and 
unpredictable challenges, or resources for future reproduction. Because 
these processes are costly, the investment follows a cost-profit function 
that changes during the lifetime and may differ for each organism, species, 
sex and individual (Gadgil and Bossert, 1970; Glazier, 2009a). Allocation 
models around life history theory aim to find the optimal proportions of 
the resources allocated into different processes (Kozlowski, 2006). It can 
be theorized that as the life-history traits that underlie the fitness function 
change during the lifetime, so will the priorities for allocation of resources 
to those variables change, and consequently also the optimal allocation 
pattern. Dynamic modelling of allocation patterns of assimilated resources 
optimally allocated to several body subsystems is extensively described by 
Perrin and Sibly (1993) and McNamara et al. (2001). 

Whereas in nature it is generally assumed that trade offs occur 
between life history (i.e., fitness) traits that compete for limited resources, 
in livestock production the production goal is not necessarily to improve 
overall fitness. Instead, natural selection is now redefined to the traits 
that are included in the breeding goal which is particularly aimed at 
increasing the levels of output traits (growth, milk, eggs, wool). Resource 
allocation models that are designed to predict nutrient partitioning to 
different life functions and its consequences on health, reproduction and 
longevity in livestock production are developed and reviewed by Friggens 
et al. (2013). Although the captive environment during the first phases of 
domestication must have introduced new stressors, it can be assumed that 
several important resource demanding processes were removed, such as 
the need to be wary of predators and to search for food, which meant that 
those resources now became available for use by other purposes (Beilharz 
et al., 1993). In addition, the decrease in aggressive behavior by selection 
for tameness may have further released available resources (Careau et al., 
2008). As a consequence, after animals became domesticated, they could 
now be further selected for objectives specifically involving performance, 
such as growth, milk yield, egg production, wool production, superior feed 
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efficiency and low fatness. This resulted in an unprecedented increase in 
production levels in every livestock species (Rauw et al., 1998). However, 
we can assume that production has increased to such levels that resources 
in farm environments have again become limited, and that any further use 
of resources to support an increase in production must necessarily result 
in trade-offs with other life functions (Beilharz, 1998). This is supported 
by the observation that improved production in livestock species in many 
cases results in behavioral, physiological and immunological problems 
(Rauw et al., 1998). 

From the resource allocation models it can be predicted that resources 
needed to respond to stress will trade-off with those needed for growth and 
development. In order to describe these effects from a resource allocation 
perspective, it is of interest to first consider the resource demand of these 
processes individually. This is the aim of the following sections. We will 
then present a brief overview of how stress is shown to affect growth and 
development in domesticated livestock species. 

resource Allocation and trade-offs

Growth and Development and its Resource Demands

In 1908, Robertson proposed that growth followed from some sort of 
master chemical autocatalytic reaction. He developed the logistic growth 
function, based on an earlier model developed for chemical acid-cathalized 
reactions (in Parks, 1982). A few years later, Thompson (1917) opposed 
that the analogy with a chemical reaction was a physico-chemical one, 
since a chemical reaction results in chemical equilibrium, whereas organic 
growth results in a very different kind of equilibrium due to the gradual 
differentiation of the organism into parts. Instead he proposed the analogy 
was a mathematical one, where growth follows from the action of physical 
forces. He wrote, “it is in obedience to the laws of physics that [the cells 
and tissues during growth] have been moved, moulded and conformed. 
(…) Their problems of form are in the first instance mathematical problems, 
their problems of growth are essentially physical problems”. He defined 
growth as the complex and slow process “resulting from chemical, osmotic 
and other forces, by which material is introduced into the organism 
and transferred from one part to another”. The changes of form during 
development results from the observation that every growing organism, and 
every part thereof, has its own specific rate of growth. These specific growth 
rates change with time such that the “curve of growth” has a characteristic 
curvature. This occurs in such an orderly way, he thought, that growth 
tends to follow a smooth, beautifully regular S-shaped line, with a point 
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of inflection, and giving a bell-shaped derivative of time increments from 
minimal to maximal growth rate and back again. Growth could be described 
as a ‘time-energy’ diagram resulting from the absorption of energy beyond 
maintenance until the individual accumulates no longer. He proposed that 
it may be “fallacious to measure all [living organisms] alike by the common 
timepiece of the sun”, instead, he suggested, life has a varying time-scale 
of its own. Indeed, when comparing growth curves of different species, 
many of the S-shaped curves look very similar but at a different time scale. 
In 1964, Taylor developed the concept of one uniform time-scaling unit for 
maturation intervals and generalized this in 1980 with the genetic size-
scaling theory, i.e., a set of scaling rules which relate all traits associated 
with growth and metabolism to a single genetic size factor (mature body 
weight, A) that can be used as a quantitative description of the growth and 
development of a typical mammal. His methods are extensively described 
in Taylor (2009).

Several different mathematical descriptions of growth as the change of 
size, live weight or biomass with time have been proposed. These models 
generally are sigmoid-shaped and include the mathematical property of 
an asymptote to mature weight (A) such that the degree of maturity is 
a proportion thereof (BW/A). The sigmoid shape changes from curving 
upwards to curving downwards at a certain age t’ and body weight BW’, 
and growth rate is maximum at this inflection point (Parks, 1982). Notable 
growth functions following these properties are those developed by 
Gompertz in 1825 (but later used to describe growth), Robertson (the logistic 
function) in 1908, Brody in 1937, Von Bertalanffy in 1938, and Richards in 
1959 (in Parks, 1982; Höök et al., 2011). In addition, the multiphasic growth 
model proposed by Koops (1986) implements the notion that parts of the 
body grow in different phases at different rates and mature at different time 
points. Models describing changes in the general composition of the body 
with the progression of live weight and time are furthermore particularly 
well described for pigs by Kyriazakis and Whittemore (2006).

However, what all these widely used ‘output-only’ growth functions 
lack, Parks (1982) complained, was any consideration for the input and 
allocation of food resources. He writes: “There is a strong reliance on the 
assumption that the energy and the raw materials of growth are never 
limiting, therefore negating the need for explicit expression of the source 
of the nutrients”. A very early attempt of describing the dynamic process 
of growth as a function of energy input is given by Hatai (1911). He 
described growth as an increase in volume and weight until attainment 
of an inherited, intrinsic, mature size that is accomplished by means of 
interaction with external agencies. This inherited character of mature size, 
which differs between species, the author hypothesized, must result from 
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a certain amount of ‘potential growth energy’ that is stored within the 
fertilized ovum before any growth takes place. As growth proceeds and 
the individual thus gains weight, growth energy diminishes gradually at 
a fixed rate, until its value is either zero or negligibly small. Hatai (1911) 
showed that this occurs following Maupertius’ law of least action, i.e., at 
a maximum rate and most economically with the least loss of energy. He 
thus proposed the following provisional definition of growth: “An organism 
during growth tends to form the greatest amount of mass with least loss of 
growing capacity”. Although Hatai’s notion of ‘growth energy’ was a naïve 
conception of the relationship between energy and growth, at least it did 
not forget or neglect the energetic aspect of growth. Parks (1982) developed 
a model that described growth of animals as input-output systems where 
growth is described as a function of feed intake, such as that applied in 
the work of Whitehead and Parks (1988). Models predicting growth from 
parameters that relate resource intake and partitioning to maintenance and 
potential deposition of body protein and lipid were developed by Knap  
et al. (2003) for pigs. As Whittemore (2009) proposes, it may be argued that 
the individual passively adapts to the availability of nutrient resources, 
however, it can also be hypothesized that growth as a function of food 
resource acquisition and allocation may be viewed as a result of active 
decisions aimed towards the retention in the body of protein mass, lipid 
mass, water mass, and mineral mass, and the satisfaction of the processes of 
maintenance of body functions and productive activity. This hypothesis is 
supported by Emmans (1987): an animal actively eats to attain its potential 
growth rate and desired fatness. Pigs know what and how much to eat to 
make correct dietary choices when given a choice that will meet their protein 
requirements for growth (Kyriazakis et al., 1991).

In a life history resource allocation model it is usually assumed that 
maintenance costs are paid first, and that growth results from the allocation 
of surplus energy to increase in size (Kozlowski, 2006; Glazier, 2009a). 
When food is limited, maintenance (survival or longevity) is usually given 
precedence over growth, as indicated by the stress-related reduction in 
growth and subsequent compensatory growth when resources again become 
available and are again allocated to this process. The following section will 
give an overview of the very well described theories on resource allocation 
to the stress response and the origin of its trade-off with other life functions.

The Stress Response and its Resource Demands: Allostatic (over)load

Moberg (2000) developed a resource allocation model describing trade-
offs between stress and other biological functions. The model suggests 
the existence of a reserve budget that can be used to deal with stress.  
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The biological cost of stress depends on the duration (acute vs. chronic) and 
on the severity of the stressor, and on the number of stressors (or repeated 
exposure to the same stressor). When the cost can be met by the reserve, 
stress has no impact on other biological functions, however, when the costs 
are larger than those available in the reserve, resources must be reallocated 
away from other biological functions which now become impaired.  
The animal enters a prepathological-pathological state and experiences 
distress, until the animal is able to replenish its biological resources (Moberg, 
2000; McNamara and Buchanan, 2005). 

Stress occurs when a discrepancy between a homeostatic setpoint and 
the actual level of a variable elicits compensatory responses to decrease the 
discrepancy. Homeostasis, as coined by Cannon in 1932 and referring to the 
steady-state of the ‘milieu intérieur’, in reality depends on a tremendous 
array of homeostatic systems or ‘homeostats’ that monitor variables and 
detect deviations from a set of steady-states (Goldstein, 2003). Whereas the 
principle of homeostasis concentrates around the constancy of the internal 
environment around a more or less invariable set point, organisms must 
also be able to (temporarily) change defended homeostatic levels when 
this is needed to adjust to a new or variable environment. Such newly 
(temporarily) defended levels are influenced by learning, experience, and 
anticipatory responding, i.e., they are feed-forward regulation mechanisms 
that function in addition to homeostatic negative feedback mechanisms 
(Korte, 2001; Ramsay and Woods, 2014). The regulation around this steady-
state is the essence of ‘allostasis’, which means “maintaining stability 
through change” (Sterling and Eyer, 1988; Goldstein, 2003). The triggering 
of mediators of allostasis form a non-linear complex network and vary 
with age, gender, genotype, social status, health, body condition, the 
environment, etc. (McEwen and Wingfield, 2010). 

The concept of allostasis is deeply integrated into the concept of life 
history theory and resource allocation. Central to the model is the concept 
of energy; energy demanded by the mediators determine ‘allostatic 
load’ which is a function of the metabolic demand of daily and seasonal 
routines and unpredictable perturbations of the environment. As ‘reserve’ 
in Moberg’s (2000) model, Romero et al. (2009) in their Reactive Scope 
Model use the metaphor ‘financial savings’ for the amount of energy that 
is available to deal with everyday challenges and allostatic load, a financial 
buffer that may change with time. Different homeostats and their mediators 
may be activated intermittently, frequently, or continuously, but it is when 
the system is inefficient and results in wear-and-tear that ‘allostatic load’ 
turns into ‘allostatic overload’. Or using Romero et al.’s (2009) metaphor: 
the individual will require more money than is currently in its financial 
savings. Prolonged overload resulting from chronic or repeated stress will 
leave no margin for responding to additional challenges, no opportunity 
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for relaxation, and no capacity for more responsiveness, and will eventually 
lead to dysregulation amongst mediators, homeostatic failure, breakdown, 
and pathophysiology (Koob and Le Moal, 2001; Romero et al., 2009; McEwen 
and Wingfield, 2010). Eventually, the final manifestations of failure of 
allostasis is aging, senescence and death (Rattan, 2006). Romero et al. (2009) 
suggest that it may not always be possible to return to the original level. 
Prolonged allostatic load, away from adaptive levels, may result in the 
establishment of new, maladaptive set points (Koob and Le Moal, 2001). 
Allostatic overload has also been thought to result in the accumulated 
exposure to oxidative damage to proteins, lipids, and nucleic acids caused 
by reactive oxygen species, resulting in the acceleration of the aging process 
(Selman et al., 2012). Allocation of resources to the functions of the stress 
response is regulated by the demand of the respective functions which 
is achieved through neural or hormonal communication with the organs 
involved (Råberg et al., 1998). These allostatic mediators can be assessed 
in animals to investigate allostatic load. 

The Components of the Stress Response

“Stressors, like beauty, lie in the eye of the beholder”, indeed, it is only 
when a potential threat of disruption of homeostasis is perceived that 
a multiaxial stress response is initiated (Everly and Lating, 2013). What 
follows is activation of the autonomic nervous system response and the 
neuroendocrine response. Nervous system activation is the most direct and 
quickest of all pathways and includes the sympathetic and parasympathetic 
branches that are activated by the hypothalamus, in addition, a multitude 
of hormones are involved in the stress response, involving virtually every 
endocrine system. 

One of the best known responses involves the hypothalamic-
pituitary-adrenal (HPA) axis (Matteri et al., 2000). In response to stress, 
hypophysiotropic neurons located in the hypothalamus synthesize and 
secrete corticotropin-releasing factor, which is released into hypophysial 
portal vessels, binds to its receptor in the anterior pituitary gland, induces 
the release of adrenocorticotropic hormone (ACTH) into the systemic 
circulation, which stimulates the synthesis and secretion of glucocorticoids 
in the adrenal cortex. They regulate physiological changes through 
ubiquitously distributed intracellular receptors found in every nucleated cell 
(Miller and O’Callaghan, 2002; Smith and Vale, 2006). Glucocorticoids (either 
cortisol or corticosterone) may bind to two dramatically different receptors 
that differ in their neuroanatomical distribution, but also in their affinity and 
binding capacity: the high-affinity mineralocorticoid receptor (MR), which is 
almost saturated under basal conditions, and the low-affinity glucocorticoid 
receptor (GR), which becomes occupied only during stress and at the 
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circadian peak (Korte, 2001). Homeostatic equilibrium is maintained via 
these two receptor types. Chronical dysregulation of the MR/GR balance 
through stress may result in maladaptive corticosteroid responses with 
elevated baseline plasma corticosteroid levels and levels that remain high 
longer after peak stress (Korte, 2001). Glucocorticoids eventually inhibit the 
production of corticotropin-releasing factor through a feed-back mechanism 
(Miller and O’Callaghan, 2002). They are involved in the development 
of the brain, lungs, and other organ systems, in the potentiation of fear, 
in learning and memory consolidation, in osmoregulation, and they are 
metabolic hormones that respond to energetic needs resulting from resource 
limitation or increased resource demands (Bonier et al., 2009; Denver, 2009). 
Glucocorticoid-induced physiological changes include gluconeogenesis 
by stimulating the liver to convert fat and protein to glucose for energy 
providing the fuel necessary for the increased metabolic demands of an 
emergency situation, and the stimulation of feeding behavior following 
a stress response to replenish depleted energy stores (Matteri et al., 2000; 
Miller and O’Callaghan, 2002; Denver, 2009). Glucocorticoids are largely 
immunosuppressive which could be an adaptive mechanism to reallocate 
resources from the maintenance cost, to avoid the cost of mounting an 
immune response, or both (Råberg et al., 1998). Kadarmideen and Janss 
(2007) estimated that cortisol is highly genetically determined with 
heritabilities of 0.40 to 0.70. 

When investigated, glucocorticoids are generally measured in two 
contexts: as (chronic) baseline activity, and as peak activity in (acute) 
response to stress-induced situations which occurs some minutes after the 
stressful event. Baseline concentrations are related to an organism’s energetic 
state that corresponds to variation in energetic demand varying during the 
animal’s life cycle (Crespi et al., 2013). In addition, there is evidence that 
up-regulation of HPA-axis activity is implicated in mediating the physiology 
and behavior underlying transitions between life-history stages, such as 
growth and reproduction, acting as a modulator of developmental plasticity 
in vertebrates. Crespi et al. (2013) thus proposes that the function of the 
HPA-axis can be described in three tiers: (1) as a primary mediator of energy 
balance homeostasis, (2) as a master organizer of life-history transitions, and 
(3) as an integral responder to stressors. Although it is generally assumed 
that animals when measured under the same circumstance that show higher 
baseline levels of glucocorticoids are in worse condition and have reduced 
relative fitness, baseline circulating glucocorticoids and HPA-activity appear 
to have a non-linear relationship with reproduction, fitness and survival and 
may depend on the specific life-history context in which they are measured 
(Bonier et al., 2009; Crespi et al., 2013). 

Stress also activates distinct peripheral catecholamine systems, each with 
different effectors, regulation, and roles: the sympathetic nervous system 
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(SNS), the adrenomedullary hormonal system, and the DOPA-dopamine 
autocrine/paracrine system (Goldstein, 2009). The main neurotransmitter in 
sympathetic nervous system regulation is norepinephrine (noradrenaline), 
which derives from sympathetic nerve endings, organs, and glands, 
and affects the function of virtually all body organs (Goldstein, 2010). 
It is responsible for tonic and reflexive changes in cardiovascular tone, 
maintaining appropriate blood flow to the brain, body temperature, and 
delivery of metabolic fuel to body organs. Although it was thought that the 
SNS system was active only in emergencies, norepinephrine plasma levels 
are detectable even under resting conditions, with a continuous drainage 
to most organs (Goldstein, 2003). 

Goldstein (2008) describes the adrenal medulla as the filling of the 
“adrenal bonbon” to which the aforementioned glucocorticoid-producing 
cortex is the outer layer. The main hormone of the adrenomedullary 
hormonal system is epinephrine (adrenaline), which is a key determinant 
of responses to metabolic or global challenges to homeostasis and emotional 
distress (Goldstein, 2008). It can markedly increase blood glucose levels 
through stimulation of gluconeogenesis, lipolysis, hepatic glycogenolysis 
and decreasing peripheral glucose uptake, and raise body temperature 
and increase heart rate and cardiac output for a vigorous ‘fight or flight’ 
response (Matteri et al., 2000; Wurtman, 2002). The cortex and the medulla, 
which have very different embryological origins, are arranged such that the 
medulla is bathed in very high levels of steroids, such as glucocorticoids 
(Goldstein, 2008). Indeed, glucocorticoid secreted in the cortex contributes 
importantly to the control of epinephrine synthesis, thereby affecting its 
secretion (Wurtman, 2002; Goldstein, 2008). 

Just as the sympathetic branch of the nervous system is associated with 
energy expenditure, the parasympathetic branch generally promotes actions 
of opposite nature, i.e., energy conservation, relaxation, and restorative 
functioning through the release of acetylcholine, which decreases heart 
rate, ventilation, muscle tension, and several other functions (Everly, 2013). 
Both systems control skeletal and smooth muscles of the vasculature, heart, 
gut, and other organs in coordination with the endocrine and behavioral 
aspects of the stress response (Denver, 2009). Although both systems are 
partially active at all times, since they act as the accelerator and break to 
the processes they affect they are mutually exclusive such that they cannot 
dominate their activity at the same time (Everly and Lating, 2013; Everly, 
2013). Parasympathetic tempering of the excitation of the sympathetic 
branch helps control the duration of the autonomic response (Ulrich-Lai 
and Herman, 2009). 

The multi-axial stress response further includes activation of the 
somatotrophic axis, the lactotrophic axis, the gonadotrophic axis, and the 
thyrothrophic axis, as reviewed by Matteri et al. (2000).
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Trade-offs between Stress and Growth in Livestock Production

The influence of a diverse array of stressors on livestock growth, in 
particularly as measured by the release of glucocorticoids, has been 
described in the literature. For example, in pigs, in the study of Hemsworth 
et al. (1981, 1987), an unpleasant handling treatment resulted in higher 
corticosteroid concentrations, a slower growth rate, and a reduced feed 
efficiency in juvenile females resulting from both acute and chronic stress. 
Four-hour shipping of pigs resulted in elevated plasma cortisol compared 
with resident control pigs and a 5.1% reduction in body weight; pigs 
that had higher plasma cortisol levels lost more body weight (r = –0.34; 
McGlone et al., 1993). Pigs housed in a commercial environment had 
a slower growth rate during the rearing and finishing period and had 
higher cortisol concentration of saliva after weaning than those raised in a 
specific-stress-free environment where pigs were not mixed or transported 
(Ekkel et al., 1995). Subjecting pigs to high cycling temperature, restricted 
space allowance, or regrouping reduced growth rates by 10, 16, and 11%, 
respectively, whereas a combination of the three stressors resulted in a 31% 
reduction (Hyun et al., 1998). Average daily gain and average daily food 
intake were reduced by an additive interaction between high stocking 
density and regrouping in growing pigs in the study of Leek et al. (2004). 
Pigs housed in a dirty environment with significantly elevated ammonia, 
carbon dioxide and dust levels had reduced feed intake and lower growth 
rates than those housed in a clean environment (Lee et al., 2005). Sutherland  
et al. (2006) showed that pigs subjected to a chronic stressor had lower 
growth rates than control pigs. 

In bull calves, castration increased plasma cortisol concentration and 
decreased growth rate and feed intake in the study of Fisher et al. (1996, 
1997). Brahman calves who had higher serum concentrations of cortisol 
upon exiting a working chute had lower body weight gains in the study 
of Burdick et al. (2009). Fell et al. (1999) showed that nervous cattle had 
significantly higher cortisol levels at weaning and at the feedlot and had 
significantly lower daily gains. Turner et al. (2014) showed that a calm 
response in a crush score test was associated with a greater average daily 
gain during fattening, whereas a calm response during an isolation test 
was associated with a greater average daily gain and cold carcass weight 
in Limousin and Aberdeen crossbred beef cattle.

In chickens, McFarlane et al. (1989) observed that animals subjected to 
multiple stressors, including aerial ammonia, beak trimming, coccidosis 
infection, intermittent electric shock, heat stress, and continuous noise, 
had lower weight gain, increased coefficient of interindividual variation in 
gain, and decreased feed intake and feed conversion efficiency. Chickens 
responded to each stressor in the same way regardless of whether a stressor 
occurred singly or concurrently with up to five others. Layer chickens 
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housed in groups of five per cage had significantly lower growth rates and 
higher plasma corticosterone levels than single housed layers in the study 
of Onbaşilar and Aksoy (2005). A 12 h light/12 h dark light regime in broiler 
chickens resulted in increased plasma corticosterone concentration and 
suppressed body weight by 10% compared to the control in the study of 
Abbas et al. (2008). Artificial administration of corticosteroids or ACTH in 
chickens resulted in a sharp reduction in body weight gain in several studies 
(Virden and Kidd, 2009; Scanes and Braun, 2013). Conversely, white leghorn 
chickens genetically selected for high group productivity and survivability 
showed lower levels of plasma dopamine and corticosterone in response to 
social stress than animals selected for low productivity and survivability, 
suggesting that selection for high productivity resulted in animals with a 
better coping capability to social stress (Cheng et al., 2002).

Probably the best described stressor and its effect on growth and 
other production traits is heat stress, which results in an activation 
of the hypothalamic-pituitary-adrenal axis and an increase in plasma 
glucocorticoid concentrations. A reduction in feed intake explains a major 
part of the performance decreases in growing animals, however in addition, 
heat stress markedly alters the hierarchy of tissue synthesis (Baumgard 
and Rhoads, 2013). Extreme heat results in allostatic overload and failure 
of homeostasis, resulting in reduced productivity or even death. The 
effects of heat stress on livestock growth have been reviewed by several 
authors (e.g., Fuquay, 1981; Baumgard and Rhoads, 2013), and specifically 
in cattle (Blackshaw and Blackshaw, 1994), buffalos (Marai and Haeeb, 
2010), pigs (Ross et al., 2015), sheep (Marai et al., 2007), and poultry (Lara 
and Rostagno, 2013). 

transgenerational Effects of Stress: Epigenetics and  
telomere Length

In the last few decades, in particular in human research and in animal 
models, it has become documented that early life severe allostatic overload, 
through maladaptive overstimulation of the stress response, can have 
pronounced consequences for later-life stress response activity, growth and 
development. In addition, this may severely affect the individual as well as 
the offspring in subsequent generations. The consequences of early life stress 
on later life is particularly pronounced when stress occurs during perinatal 
life, which is a period of increased brain sensitivity and plasticity, and 
permanent organization or imprinting of physiological systems which serve 
for the adaptation of the individual after birth (Darnaudéry and Maccari, 
2007; Lupien et al., 2009). As a consequence, early life experiences may 
have effects that persist beyond the period of stress exposure. In addition to 
prenatal or early postnatal life stages, also the adolescent (pubertal) period 
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is a critical phase in which the body, including the brain, is reshaped by 
hormones. Stressors experienced during this period also may have life-long 
effects, including neural remodeling, impaired learning and memory, and 
altered emotional behaviors (Crews and Gore, 2014). 

These effects are found to be mediated by epigenetic mechanisms that 
respond dynamically to environmental cues. ‘Epigenetic’ means “over 
or above” genetic, because changes are not mediated though changes 
in the DNA sequence, but through modification of the DNA structure 
and histones such that DNA sequence transcription and expression are 
modulated (Champagne, 2010). A critical epigenetic mechanism involves 
the methylation of DNA at the 5’-position of cytosine. When this occurs in 
the proximity of a gene, this often reduces or silences its expression. Other 
epigenetic mechanisms involve alteration of chromatin packaging via 
histone modifications or variants, which influences how tightly chromatin is 
packaged, and consequently gene accessibility and expression. In addition, 
as proposed by McGowan and Szyf (2010), chromatin configuration by 
chromatin-modifying enzymes gates the accessibility of genes to DNA 
methylation and demethylation reactions. A third form of epigenetic 
regulation affects gene expression after transcription through small non-
coding RNA molecules (Sibille et al., 2012; Rozek et al., 2014).

In humans, later life risk of physical and psychiatric disease resulting 
from in utero exposure to drugs, nutrient restriction, and maternal 
psychosocial stress has been well documented (Champagne, 2010). Maccari 
et al. (2003) indicate that prenatal (maternal) restraint stress in rats induces 
higher levels of anxiety, drug addiction, emotionality, depressive-like 
behaviors, memory impairment, HPA-axis hyperactivity resulting in 
an increased stress response, and circadian and sleep functions in adult 
offspring. It was shown that hyperactivity of the HPA axis in adult offspring 
was directly related to the high levels of maternal corticosterone secretion 
during restraint. Meaney and Szyf (2005) showed that parental care during 
early postnatal development in rats affects the epigenetic status of the 
glucocorticoid receptor gene promotor and consequently the stress response 
of offspring throughout their lives. Kinnally et al. (2011) showed that female 
bonnet macaques that had higher average DNA methylation resulting from 
stress early in life exhibited the greatest behavioral reactivity to stress as 
adults. Their results showed that not only DNA methylation of candidate 
genes but also of whole genomes may be a risk factor to individuals that 
experience early life stress. In humans, a number of epigenetic modifications 
have been recognized that influence brain development and growth 
patterns, leading to altered development and disease states (Hussain, 2012; 
Bale, 2015). 

Epigenetic modifications have also been shown to affect telomere 
length. Telomeres are composed of tandem repeats of DNA at the ends 



Effects of Stress on Growth and Development 257

of chromosomes that protect them from degradation and uncontrolled 
cellular division. Proper functioning requires a minimum length of repeats 
since critically short telomeres become senescent. However, cell division 
and oxidative stress results in telomere shortening. This shortening is 
compensated by the ribonucleoprotein telomerase, which adds new repeats 
onto the chromosome ends after each cell division of germ line and stem 
cells. However, this protein complex is generally inactive in somatic cells, 
resulting in progressive telomere erosion with age in most tissues (Blasco, 
2007; Asok et al., 2013; Sanders and Newman, 2013). In vertebrates, 
telomeres do not contain genes, whereas subtelomeric regions located 
adjacent to telomeres contain a low density of genes. Recent studies indicate 
that epigenetic histone modifications of telomeric chromatin and DNA 
methylation of subtelomeric DNA are related to telomere-length integrity 
and deregulation (Blasco, 2007). 

Telomere shortening, like epigenetic modifications, can result from 
physical or psychological stress, and an increased number of adverse 
experiences or a greater duration of stress appears to be associated with 
accelerated telomere shortening (Price et al., 2013; Asok et al., 2013). 
Dysregulation of the HPA axis, resulting in increased circulating levels of 
glucocorticoids and an increased exposure to oxidative stress, may represent 
one mechanism through which stress leads to telomere shortening (Epel  
et al., 2004; Asok et al., 2013). Since telomeres do not appear to have evolved 
to ‘healthier’ longer lengths, Eisenberg (2011) proposed that there must be 
a trade-off with maintenance requirements. His “thrifty telomere model” 
proposes that telomere length in itself serves to regulate maintenance efforts 
through costs and trade-offs of cellular proliferation and maintenance of 
the soma. Shorter telomeres are likely to cause a decrease in maintenance 
requirements, therefore, telomere function is a life history marker that 
trades-off with resources that are demanded for growth and reproduction. 
In humans telomere erosion has been linked to cardiovascular diseases, 
hypertension, cancer, diabetes, stroke, and autoimmune disease (Price  
et al., 2013). 

Epigenetic modification in response to stress may be expressed spanning 
three generations when it affects the gestating female, her fetus, and the 
fetal (maternal or paternal) germline. However, in addition to genomic 
imprinting, epigenetic modifications may result in transgenerational 
inheritance by the next generation in the absence of direct environmental 
influences (Tollefsbol, 2014). In human studies, also telomere length was 
found to have a high and very consistent heritability (Broer et al., 2013), 
in addition, Haussmann and Heidinger (2015) laid out evidence, similar 
to that available for epigenetic modifications, that exposure to stressors 
in the parental generation influences telomere dynamics in offspring and 
potentially subsequent generations. 
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As Rutherford et al. (2012) indicate, also in livestock a number of 
experimental studies have shown that prenatal or early life experiences 
can have a substantial impact on health, productivity, and the way the 
individual copes with their social and physical environment later in life.

conclusions

Stress is part of life, there is no way to prevent stressful events from 
occurring ever, however, every life form is equipped with mechanisms that 
detect stress and react upon it in order to minimize its impact. Although 
the captive environment during domestication introduced new stressors, 
to a more or lesser extent it reduced the influence of others that were no 
longer needed in captivity, such as the need to search for food, deal with 
food insecurity, fight off predators, finding shelter, protect offspring, etc.  
At the same time, successful adaptation depended on the similarities between 
the natural habitat and the captive environment (space allowance, presence 
or absence of key stimuli, food regime, and social environment) allowing 
for the development and expression of species-typical behavioral patterns 
(Price, 1999). The captive environment meant usually a comparatively 
small-scaled habitat that provided a high level of environmental stability 
by shielding animals from risk conditions and providing a rather constant 
group composition and nutritional supply, but which also meant grouping 
individuals in unnaturally high numbers or unnatural social composition 
(Brust and Guenther, 2015). Importantly, there is little to no evidence that 
domestication has resulted in the loss of behaviors or the addition of new 
behaviors, instead that differences are quantitative in character, affecting 
the relative expression in frequency or magnitude. This is important since 
animals in captivity may still feel the need to perform behavior even 
though it is no longer necessary for survival, such that the inability to 
fulfill this need may result in frustration stress (Duncan, 1998; Bracke and 
Hopster, 2006). Differences between the natural ‘needs’ and the commercial 
livestock production environment have become particularly large with 
the introduction of ‘factory farming’ as so effectively well described by 
Harrison (1964) in her book “Animal Machines: the New Factory Farming 
Industry”. This initiated such a social debate that it resulted a year later in 
the Brambell Report, which specified the five freedoms: farm animals should 
have the freedom to stand up, lie down, turn around, groom themselves 
and stretch their limbs. This changing attitude towards livestock animals 
in society, in combination with modern livestock production systems that 
presented livestock with a large number of stressors that are oftentimes 
chronic in nature, resulted in a discussion about animal welfare issues that 
is very lively today (Rauw, 2015). 
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Stress is not inherently bad. Indeed, not only too much stress, but 
also too little is undesirable, because a certain degree of ‘optimal’ stress is 
essential for maintaining normal biological functioning (Zulkifli and Siegel, 
1995). Indeed, apart from the negative effects of prolonged overexpression 
of the HPA axis, corticosteroids have positive effects on traits related to 
robustness and adaptation, and it has even been suggested that one strategy 
to improve robustness in livestock is to select animals with higher HPA 
activity (Mormède et al., 2011). In addition, there are ethical considerations 
involved when animals would be selected that are less responsive with 
fewer desires or reduced sentience (D’Eath et al., 2010). Because modern, 
very high producing livestock are found to be more at risk for behavioral, 
physiological and immunological problems, we may expect that their 
buffer to respond to additional resource demands is limited. Selection for 
increased growth and other production traits may reduce this ability to 
adequately respond to unexpected stresses and challenges even further, in 
addition, any demand of resources necessary to deal with stress must result 
in reduced growth and development. Therefore, livestock production needs 
to focus on breeding robust, adapted, and healthy animals. The demands 
from society regarding animal production will be satisfied when high levels 
of production are combined with proper animal welfare, thus selecting for 
optimum rather than maximum levels of production.

Keywords: Growth, development, domestication, artificial selection, 
behavior, phenotype, aggressive behavior, fear, energy demand, epigenetic 
modification, telomere length, stress response, animal welfare
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IntroductIon

The word stress (meaning “hardship” or “adversity”) is thought to have 
entered the English language in about the year 1300 as a shortening of the 
word ‘distress’ (Online Etymology Dictionary, 2015). In turn, the word 
‘distress’ derives from the French word ‘estrice’ (meaning “narrowness” or 
“oppression”) and this in turn from the Latin “strictus” (meaning “drawn 
tight”). By the middle of 16th century, the word stress had come to mean a 
physical strain on an object and in the 19th century as a concept in mechanics 
(Online Etymology Dictionary, 2015). Hans Selye (1936) advanced the 
physiological model of stress—the “General Adaptation Syndrome”. This was 
extended to stress evokes increased secretion of glucocorticoid hormones 
from the adrenal cortex (Sapolsky et al., 2000).

Production Responses to Stress

In a thoughtful review, Temple Grandin (1997) discussed assessment of 
stress in cattle related to some production practices. Stress is accompanied 
by reductions important production indices in the following:

• Growth	rate	(transient	or	long-term)
• Production	of	the	following:

• Milk	(cattle,	goats	and	sheep)
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	 •	 Eggs	(chickens	with	ducks	and	geese	important	in	China)
	 •	 Wool	(sheep)
	 •	 Feed	intake	(and	hence	feed:	gain	another	production	index)

Growth rate and other production indices have multiple causalities 
and	might	even	be	considered	as	being	non-specific.	For	instance,	growth	
rate is influenced by food intake, nutritional status, toxicants, pathogenic 
diseases and parasites in addition to stress with the concomitant elevated 
glucocorticoids also depressing growth (discussed below). For instance, 
following castration, lambs exhibit weight loss and have increased 
circulating concentrations of cortisol (F) (Paull et al., 2008). There are 
examples of the effects of stress on milk, egg and wool production.  
For example, wool production is depressed by nutritional deprivation 
(e.g., Naqvi and Rai, 1990; Oliver and Oliver, 2010) and heat stress  
(Thwaites, 1968). 
Production stress might be expressed in the following equation.

Equation 1
Decrease in production parameter = Index of nutritional restriction 
 + Index of infectious disease 
 + Index of STRESS 
 + Index of other factors, etc.

It should be noted that stresses frequently depress feed intake. There is 
reduced feed intake in pigs exposed to elevated environmental temperatures 
(e.g., Spencer et al., 2003). While, the stress undoubtedly results in multiple 
physiological effects, Occam’s razor would indicate feed intake would be one 
of the major mediators of the effect of the stress. It is therefore recommended 
that	pair-fed	controls	be	included	in	studies	of	stress.	

Biological Responses to Stress

The biology of the responses of livestock and poultry to stress is addressed 
below.	 The	 first	 response	 to	 stress	 that	 will	 be	 considered	 will	 be	 the	
hypothalamo-pituitary-adrenocortical	 (HPA) axis and the secretion of 
glucocorticoids—F in livestock and corticosterone (CORT) in poultry  
(see section 2). Equation 2 encapsulates the model of stress with stress 
increasing F or CORT secretion and circulating concentrations of F or CORT 
reflecting the level of stress.

Equation 2 
Stress = Constant x Integrated plasma (or urinary) concentrations of 
glucocorticoids 

Unfortunately, plasma concentrations of cortisol are reported usually 
at one to three time points. It is possible that F in hair or CORT in feathers 
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readily provide a measure of integrated plasma (or urinary) concentrations 
of glucocorticoids. The glucocorticoids act on metabolism, growth and 
immune function and thereby mediate the response to the stress by:

	 •	 Counter-acting	the	adverse	effects	of	stress
	 •	 Preventing	the	over-reaction	to	the	stressor	(e.g.,	reviewed:	Sapolsky	

et al., 2000)

It is possible that there are other effects of glucocorticoids. 
Other indices of stresses employed in livestock and poultry include 

the following: 

	 •	 Behavioral	indices	including	tonic	immobility	(chickens:	Cunningham	
et al., 1988) and other abnormal behaviors

	 •	 Central	nervous	indices	including	E,	NE,	DA	and	5HT	concentrations	
in regions of the brain (Cheng and Fahey, 2009)

	 •	 Hypothalamo-Pituitary-Adrenocortical	(HPA)	Axis	activation:
	 •	 Circulating	concentrations	of	cortisol	(F)	[or	corticosterone	(CORT)	

in poultry] and adrenocorticotropic hormone (ACTH)
	 •	 Urinary/fecal/hair/feathers	concentrations	of	F	or	CORT
	 •	 Expression	of	enzymes	that	synthesize	glucocorticoids	and/or	the	

precursors	of	ACTH,	i.e.,	pro-opiomelanocortin	(POMC)
	 •	 Adrenal	medulla	activity	together	with	sympathetic	activity	release	of	

catecholamines. Indices including: 
	 •	 Circulating	concentrations	of	epinephrine	(E),	norepinephrine	(NE),	

dopamine (DA) or serotonin (5HT) in the blood (e.g., Yan et al., 2014)
	 •	 Urinary	 concentrations	 of	 metabolites	 of	 E	 and	 NE	 (Hay	 and	

Mormède,	1998)
	 •	 Tyrosine	hydroxylase	activity	(EC	1.14.16.2)	in	the	adrenal	medulla	

(Chobotská et al., 1998) 
	 •	 Chromogranin	 concentrations	 in	 the	 saliva	 (Ott	 et	 al.,	 2014);	

chromogranin being a peptide produced by the adrenal medulla
	 •	 Sympathetic	 innervation	 of	 the	 heart	 indices	 including	 heart	 rate,	

ventricular ectopic beats, heart weight (e.g., chickens: Cunningham  
et al., 1988) and other heart related variables together with respiration 
rate 

	 •	 Leukocyte	parameters
	 •	 Numbers/concentration	in	the	blood
	 •	 Neutrophil:	lymphocyte	ratio	(N:L)	in	mammals	[or	the	equivalent	

in	poultry	-	heterophil:lymphocyte	ratio	(H:L)]
	 •	 Other	indices	including	circulating	concentrations	of	hormones	[e.g.,	

thyroid hormones: Spencer, 1994 and growth hormone (GH)], of 
cytokines or of intermediary metabolites (glucose and lactate) or of 
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potassium or hematocrit (Neubert et al., 1996; Peeters et al., 2005) and 
concentrations of haptoglobin in plasma (Paull et al., 2008) and saliva 
(Ott et al., 2014)

Rarely are more than two indices measured. 

What is Stress? 

On an anthropomorphic basis, it would seem that stress is unpleasant 
stimulus. This certainly goes along with the origin of the word coming 
from mechanics. Examples of types of stresses examined in studies with 
livestock	are	summarized	in	Table	1.	What	is	missing	is	the	breaking	the	
circle of stress increases F or CORT (or other indicator of stress) and level 
of	F	or	CORT	indicating	stress.	Moreover,	there	is	a	danger	of	selectivity	
of the literature. The effects of adverse stimuli on indicators of stress are 
reported but the effects of benign stimulator are frequently neglected. For 
example, ether elevates circulating concentrations of CORT in chickens (see 
below). Further, it would seem that the corollary of maximal production is 
the	absence	of	stress.	However,	there	is	likely	to	be	a	cut-off	with	some	low	
level	of	stress	not	influencing	production	and/or	recovery	following	stress.	

Hypothalamo-Pituitary-Adrenocortical (HPA) Axis

Overview

The predominant control of F or CORT release from the adrenal cortical cells 
is	the	brain	and,	specifically,	the	hypothalamus	with	release	of	corticotropin 
release hormone (CRH) into the hypophyseal portal vessels. The release 
of adrenocorticotropic hormone (ACTH) from the corticotropes in the 
anterior pituitary gland is stimulated by CRH, together with vasopressin, 
in mammals or arginine vasotocin in poultry. Production of F or CORT 
is stimulated by ACTH. Secretion of CRH and AVP is regulated by 
noradrenergic and NPY neural pathways (Turner et al., 2002a). The HPA 
axis in livestock and poultry is discussed below (also see Figure 1). There 
are	shifts	in	the	hypothalamic-pituitary-adrenal	(HPA)	axis	during	late	fetal	
development	with	increases	in	POMC	expression	but	decreases	in	pituitary	
responsiveness to CRH (Lü et al., 1994).

Corticotropin Release Hormone (CRH) 

CRH was	first	characterized	from	pig	hypothalami	(Patthy	et	al.,	1985).	The	
ability of CRH to stimulate ACTH release in livestock and poultry has been 
as demonstrated in pigs by, for instance, following intracerebroventricular 
injection (Johnson et al., 1994) and studies with chicken anterior pituitary 
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Table 1: Stresses in livestock.

A. Production stresses 

 i. Branding	(freeze	or	hot	iron)	(cattle:	Lay	et	al.,	1992a,b)

 ii. Castration (sheep: Mellor	and Murray,	1989a; horses: Ayala et al., 2012) 

 iii. Crowding/space	(chickens:	Cunningham et al., 1988; pigs:	Khafipour	et	al.,	2014)

 iv. Dehorning (cattle: Laden et al., 1985; Wohlt et al., 1994; Sutherland et al., 2002)

 v. Early weaning stress (pigs: Smith et al., 2010) 

 vi. Machine	milking	(Tancin et al., 2000)

 vii. Maternal	deprivation	(pigs:	Schwerin	et	al.,	2005) 

 viii. Perch availability (laying hens: Yan et al., 2014)

 ix. Restraint, e.g., snare of pigs (Ciepielewski et al., 2013) 

 x. Social or peck order (chickens: Cunningham et al., 1988)

 xi. Tail docking (sheep: Mellor	and Murray,	1989a)

 xii. Training (horses: McCarthy	et	al.,	1991)

	 xiii.	 Transportation	stress	(horses:	Oikawa	et	al.,	2004;	pigs:	Dalin	et	al.,	1993a;	McGlone	 
et al., 1993)

 xiv. Weaning (cattle: Lefcourt and Elsasser, 1995)

B.	Simulated	Production/Stresses

 i. Vibration (Perremans et al., 2001)

 ii. Simulated loading (Spencer, 1994)

 iii. Enterotoxigenic E. coli challenge (pigs:	Khafipour	et	al.,	2014)	

 iv. Lipopolysaccharide (LPS) challenge (Collier et al., 2011)

 v. Immobilization	(stress)

C. Diseases

 i. Acute abdomen syndrome (horses: Ayala et al., 2012)

 ii. Laminitis (horses: Ayala et al., 2012) 

D. Environmental stresses

 i. Cold (Liu et al., 2014)

 ii. Heat (Liu et al., 2014)

E. Social stresses

 i. Social stress (mixing unfamiliar	conspecifics (pigs: de Groot et al., 2001; Rutherford 
et al., 2014)

F. Other stresses

 i. Audiovisual stress (Turner et al., 2002a)

 ii. Anesthesia (pigs: Kostopanagiotou et al., 2010)

 iii. Epidural blockade (Apple et al., 1995). 

 v. Exercise on treadmill (D’Allaire and DeRoth, 1986)

	 vi.	 Feed	deprivation	followed	by	feed	being	out-of-reach	(Velie	et	al.,	2012)

Table 1 cont....
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cells in vitro (Carsia et al., 1986). In addition, CRH increases the expression 
of	the	precursor	for	ACTH,	pro-opiomelanocortin	(POMC),	in	corticotropes	
(chicken:	Kang	and	Kuenzel,	2014).

CRH	is	synthesized	in	cell	bodies	in	the	paraventricular	nucleus	(PVN)	
and released into hypophyseal portal blood vessels in the median eminence. 
This concept is supported, for instance, by the report that release of ACTH 
is suppressed following PVN lesioning (sheep fetus: Bell et al., 2005). There 
are	also	inputs	from	the	hippocampus	(reviewed	Massart	et	al.,	2012)	with	
CRH expressed in the hippocampus and expression increased following 
central administration of CRH (pig: Vellucci and Parrott, 2000a,b). 

Biogenic Amines and CRH Release

There is noradrenergic stimulation of the release of CRH as supported by 
the ability of NE when administered into the 3rd ventricle to increases 
circulating concentrations of F (cattle: Sutoh et al., 2016). Isolation stress is 
followed by hypothalamic release of NE (sheep: Hasiec et al., 2014). The 
effect of NE is prevented by the concomitant intravenous administration 
of tryptophan supporting a serotonergic input (cattle: Sutoh et al., 2016). 
In addition, there is evidence that the HPA is inhibited by derivative of DA 
(1-metyl-6,7-dihydroxy-1,2,3,4-tetrahydroisoquinoline	or	salsolinol)	with	
the DA metabolite reducing both ACTH and F responses to stress (sheep: 
Hasiec et al., 2014, 2015). 

 vii. Halothane (pigs: Neubert et al., 1996) 

 viii. Hypoxia (fetal lambs: Ducsay et al., 2009)

 ix. Hypotension following phenylephrine (O’Connor et al., 2005) 

	 xi.	 Military	and	police	devices	that	incapacitate	by	electromuscular	disruption/
incapacitation (Werner et al., 2012)

...Table 1 cont.

Species Change Reference

Cattle + + Brethour, 1972; Gottardo et al., 2008

Pig -/+? -	Chapple	et	al.,	1989a,b;	Gaines	et	al.,	2004;	Lopes	
et al., 2004
+	Carroll,	2001;	Seaman-Bridges	et	al.,	2003

Sheep -/+? -	Spurlock	and	Clegg,	1962;	Jobe	et	al.,	1998
+ Spurlock and Clegg, 1962

Horse - - -	Glade	et	al.,	1981

Chicken - - -	Donker	and	Beuving,	1989;	Post	et	al.,	2003;	
Zulkifli et al., 2014

Table 2: Effect of glucocorticoids on growth in livestock and poultry.  
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Figure 1A: Structure of neurohypophyseal hormones in domestic animals. These neuropeptides 
stimulate the  corticotrophin cells in the anterior pituitary gland to release ACTH.

Figure 1B:	The	hypothalami-pituitary-adrenal	axis.	CRH	is	Corticotropin	releasing	hormone	
(CRH) or Corticoliberin. AVP is arginine vasopressin; LVP is lysine vasopressin and AVT is 

arginine vasotocin.
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CRH Binding Protein (CRH-BP) 

A	CRH	binding	protein	(CRH-BP)	for	CRH	have	been	characterized	(sheep:	
Behan	et	al.,	1996).	The	activity	of	CRH	is	reduced	when	bound	to	CRH-BP	
(reviewed	Seasholtz	et	al.,	2002).	The	level	of	CRH-BP	is	higher	in	broiler	
(heavy/meat-type)	than	layer	(light)	type	chickens	(Khan	et	al.,	2015).

Other Roles of CRH

There are effects of CRH on behavior and physiological processes. For 
instance, following administration of CRH into the brain, the pigs become 
excited and active (Parrott et al., 2000). Associated with early weaning in 
pigs, CRH has been reported to have direct stress related effects on jejunal 
functioning (pig: Smith et al., 2010).

Other Neuropeptides/hormones Modulating ACTH Release

Posterior Pituitary Hormones Modulating ACTH Release 

Posterior pituitary hormones influence ACTH release and synthesis.  
In sheep, arginine vasopressin (AVP) stimulated both ACTH release and 
POMC	expression	in	anterior	pituitary	cells	in vitro (van de Pavert et al., 
1997). The homologue of AVP in pigs is lysine vasopressin (LVP). Challenges 
with either CRH or LVP increases plasma concentrations of ACTH and 
cortisol in pigs (Janssens et al., 1995). LVP has been demonstrated to 
potentiate the effect of CRH on ACTH release from porcine anterior pituitary 
cells but has no effect per se	on	ACTH	release	(Abraham	and	Minton,	1996).	
The	effect	of	LVP	is	via	a	protein	kinase	C	mechanism	(Abraham	and	Minton,	
1996). For instance, when CRH sensitive cells are eliminated, ACTH release 
is stimulated by phorbol esters, activators of the protein kinase C signal 
transduction (van de Pavert et al., 1997). The homologue of AVP in chickens, 
arginine	vasotocin	(AVT)	also	influences	ACTH	release/synthesis	by	the	
chicken corticotropes. AVT in the presence of CRH increases expression of 
POMC	in	the	chicken	anterior	pituitary	cells	(Kang	and	Kuenzel,	2014).	The	
effect of AVT is mediated via the VT2 receptor (VT2R) (Sharma et al., 2009); 
the equivalent of mammalian vasopressin V1b receptor (V1bR). 

Other Hormones Stimulating ACTH Release

Other hormones are capable of influencing ACTH release directly. Although 
the	 physiological	 significance	 of	 these	 is	 not	 established.	 Parathyroid	
hormone-related	 peptide	 (PTHrP)	 stimulates	ACTH	 release	 (Nakayama	 
et al., 2011a). While, calcitonin also augments release of ACTH in the 
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presence of CRH from the chicken anterior pituitary gland (Nakayama  
et al., 2011b). There is evidence that somatostatin (SRIF) exerts a negative 
effect directly or indirectly on CORT secretion with administration of 
antisera to SRIF increasing CORT secretion in young chickens (Cheung 
et	al.,	1988a).	Moreover,	growth	hormone	increases	circulating	concentrations	
of CORT in chickens (Cheng et al., 1988b). It might be presumed that this 
effect is mediated at the corticotropes with SRIF inhibiting ACTH release. 
This has not been examined. 

There	are	also	neuropeptides/hormones	that	influence	ACTH	secretion	
likely acting at the hypothalamic level. For instance, intracerebroventricular 
(icv) administration of urotensin II increases circulating concentrations of 
ACTH (Watson et al., 2003). Opioid receptors are involved in the ACTH 
responses to stress based on the greater ACTH response in the presence of 
naloxone (pigs: Ciepielewski et al., 2013); naloxone increasing circulating 
concentrations of β endorphin, ACTH and cortisol in pigs (Ciepielewski  
et al., 2013). It would appear that opioid receptor ligands (possibly endorphin) 
influence ACTH release presumably acting at the hypothalamic level. 

Adrenocorticotropic Hormone (ACTH)

Pro-opiomelanocortin (POMC) 

POMC	 is	 the	 precursor	 of	ACTH,	 α-,	 β-	 and	 γ-(melanocyte	 stimulating	
hormone)	MSH	and	β-endorphin	(see	Figure	2).	The	structure	of	POMC	has	
been	established	[e.g.,	cattle	(Nakanishi	et	al.,	1979)	and	chickens	(Takeuchi	
et	al.,	1999)].	POMC	is	processed	by	prohormone	convertase	(PC)	(Figure	2)	

Figure 2:	Pro-opiomelanocorticotropin	(POMC)	is	processed	to	Adrenocorticotropin	(ACTH),	
MSH	(Melanocyte	stimulating	hormone)	and	β Endorphin.
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with both PC1 and 2 found in the anterior pituitary gland (pig: Seidah et al., 
1992; sheep: Bell et al., 1998; Holloway et al., 2001; chicken: Ling et al., 2004).

POMC	is	expressed	in	the	anterior	pituitary	gland	(chicken:	Sharma	
et	al.,	2009;	Kang	and	Kuenzel,	2014).	POMC	is	expressed	in	other	tissues.	
For	instance,	in	chickens,	POMC	but	also	in	the	adipose	tissue,	adrenals,	
brain (Takeuchi et al., 1999), feather follicles (Yoshihara et al., 2011), gonads 
(Takeuchi	et	al.,	1999),	and	immune	tissues-bursa	Fabricius	and	thymus	
(Franchini and Ottaviana, 1999).

Melanocortin Receptors (MCR)

There	are	at	least	five	melanocortin receptors	(MCR)	genes.	The	receptor	
in the adrenal cortex that binds ACTH is MC2R	(EST	characterized	-	cattle:	
NCBI	Reference	Sequence:	XM_005892355.1;	chicken:	Barlock	et	al.,	2014;	
pig:	NCBI	Reference	Sequence:	NM_001123137.1).

Stress Related Effects of ACTH not Mediated by Glucocorticoids

There are effects of ACTH not mediated via F or CORT. ACTH increases the 
adherence of Escherichia coli O157:H7 to pig colonic mucosa. This is thought 
to	be	via	binding	to	MCR	on	the	enteric	nerves	(Schreiber	and	Brown,	2005).

Negative Feedback and the HPA Axis

Glucocorticoids exert a negative feedback effect on the hypothalamus 
and corticotropes in the anterior pituitary gland decreasing release of 
respectively CRH and ACTH. This is supported by the precipitous decline 
in circulating concentrations of ACTH together with circulating and urinary 
concentrations of F in pigs receiving dexamethasone administration (Hay 
et	al.,	2000;	Lopes	et	al.,	2004).	CORT	decreases	expression	of	POMC	in	the	
presence of CRH together with AVT by the chicken anterior pituitary cells 
(Kang	and	Kuenzel,	2014).	The	glucocorticoid	dexamethasone	decreased	
the expression of VP but not CRH in the hypothalamus (pig: Vellucci and 
Parrott, 2000a). 

Glucocorticoids act at the levels of both the hypothalamus and anterior 
pituitary	gland	in	a	negative	feedback	manner	to	reduce	CRH	and	POMC	
expression. CORT reduces CRH expression in chickens in vivo but did 
not	 influence	 POMC	 expression	 (Vandenborne	 et	 al.,	 2005).	 In	 contrast,	
CORT	reduces	POMC	expression	 in	 the	chicken	pituitary	gland	 in vitro 
(Vandenborne	et	al.,	2005;	Kang	and	Kuenzel,	2014).	Moreover,	CORT	did	
not	 influence	 CRF-R1	 expression	 (Vandenborne	 et	 al.,	 2005).	 There	 are	
positive effects of glucocorticoids at the hypothalamic and pituitary levels. 
Corticosterone reverses the decrease in expression of VT2R and VT4R in 
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the presence of CRH and AVT in vitro (chicken:	Kang	and	Kuenzel,	2014).	
Corticosterone	 at	 high	 concentrations	 increases	 the	 expression	 of	 CRH-
2R	and	reduces	that	of	CRH-1R	in	the	presence	of	CRH	and	AVT	in vitro 
(chicken:	Kang	and	Kuenzel,	2014).	Expression	of	CRH-1R	is	reduced	that	
of	CRH-2R	is	increased	in	the	presence	of	CRH	and	AVT	in vitro (chicken: 
Kang	and	Kuenzel,	2014).

There is also evidence for negative feedback from ACTH. Circulating 
concentrations	of	F	are	somewhat	depressed	in	pigs	immunized	against	
ACTH conjugated to ovalbumin (Lee et al., 2005). In contrast, circulating 
concentrations	of	beta-endorphin,	another	product	of	POMC,	were	elevated	
(Lee et al., 2005) suggesting a homeostatic mechanism with increased release 
of ACTH.

Cortical Hormones

The	adrenal	cortex	synthesizes	F	and	CORT	(discussed	below)	 together	
with multiple peptides. For instance, adrenocortical cells produce opioid 
precursors—proenkephalin,	POMC	and	prodynorphin	(pig:	Krazinski	et	
al., 2011). The expression of prodynorphin by porcine adrenocortical cells is 
increased	by	angiotensin-II	and	decreased	by	ACTH	(Krazinski	et	al.,	2011).	
Angiotensin-II	decreases	expression	of	POMC	in	porcine	adrenocortical	
cells	(Krazinski	et	al.,	2011).

Glucocorticoids in Livestock and Poultry

The major adrenal glucocorticoid in livestock is cortisol (F). Surprisingly 
given that the major glucocorticoid in horses is F, circulating concentrations 
of CORT are reported to be elevated by transportation stress in horses 
(Oikawa et al., 2004). The major adrenal glucocorticoid in birds is CORT 
with some F being produced albeit, at a very low levels except in the embryo 
(deRoos	and	deRoos,	1964;	Hall	and	Koritz,	1966;	Kalliecharan	and	Hall,	
1974, 1977; Tanabe et al., 1986; reviewed: Carsia, 2015). This is supported 
by for instance, chicken adrenal cells releasing 115 fold more CORT than 
F (Carsia et al., 1987a).

Synthesis of Glucocorticoids in Livestock and Poultry

The	synthesis	of	glucocorticoids	in	adrenal	cortical	cells	is	summarized	in	
Figure 3. In mammals, the major site of synthesis of F is the zona fasciculata 
within the adrenal cortex (Robinson et al., 1983; Perry et al., 1992). The 
avian	adrenal	differs	from	that	of	mammals	with	chromaffin	and	cortical	
cells	 intermingled	 (reviewed:	 Carsia,	 2015).	 Sub-populations	 of	 cortical	
cells have been separated in the turkey. These do not seem to be analogous 
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functionally	to	the	zones	in	the	mammalian	adrenal	cortex	as	they	produce	
both CORT and aldosterone, respond to ACTH and exhibit only minor 
differences in steroidogenesis and its control (Kocsis et al., 1995; Carsia 
and Weber, 2000). While the adrenal cortical cells are the major sites for 
the synthesis of glucocorticoids, there is some production in other tissues. 
For instance, there is 11β-hydroxylase	(P450c11β) (see Figure 3) activity in 
chicken bursa, thymus and adrenal gland (Lechner et al., 2001).

Control of Glucocorticoid Synthesis

Glucocorticoid	 synthesis	 is	 controlled	 by	ACTH	 binding	 to	 the	 MC2R	
receptor	 (e.g.,	 chicken:	 Barlock	 et	 al.,	 2014).	ACTH	 binds	 to	 the	 MC2R	

Figure 3:	Synthetic	Pathway	and	enzymes	for	the	synthesis	of	cortisol	or	corticosterone.
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activating	 adenylate	 cyclase	 increasing	 cAMP.	 The	 effects	 of	ACTH	 are	
mediated	at	least	in	part	via	adenylate	cyclase	and	cAMP;	ACTH	elevating	
F	or	CORT	production	and	cAMP	or	its	analog,	8	bromo-cAMP,	increasing	
F or CORT production by adrenocortical cells in vitro (pig: Huang et al., 
2000; chicken: Carsia et al., 1987a). There are changes in adrenal ACTH 
receptors with physiological state. For instance, there are shifts in chickens 
on a low protein in the diet (8%) (chickens: Carsia and Weber, 1988).  
In	turn,	cAMP	activates	the	cAMP	response	element	binding	protein	(CREB)	
leading to phosphorylated CREB (pCREB) and increased steroidogenic acute 
regulatory protein (StAR) increasing cholesterol transport (Li et al., 2008). 
Interestingly, there is considerably less cortisol released from adrenocortical 
cells from halothane sensitive pigs in vitro (Huang et al., 2000). 

There are other putative physiological stimulators of glucocorticoid 
production by adrenocortical cells. These include both opioid agonists 
and prostaglandins. Opioids increases both basal and ACTH stimulated F 
production by porcine adrenocortical cells; these effects being mediated via 
mu or kappa opioid receptors (basal) and mu receptors (ACTH stimulated) 
(Krazinski	et	al.,	2011).	Synthesis	of	CORT	by	chicken	adrenal	cortical	cells	
is	stimulated	other	chemical	messengers	including	by	E	and	NE	(Mazzocchi	 
et al., 1997) and prostaglandins (PGE2 > PGE1 > PGA1 > PGB2 > PGB1 > 
PGF2α)	 (Kocsis	et	al.,	 1997).	Moreover,	CORT	 inhibits	net	production	of	
CORT from chicken adrenal cells with the effect being reversed by prolactin 
(Carsia et al., 1987b). 

Glucocorticoid Receptor

The glucocorticoids act via binding to the glucocorticoid receptor (GR) 
also known as the Nuclear receptor subfamily 3, group C, member 1 
(NR3C1).	The	GR	has	been	characterized	(cattle:	NCBI	Reference	Sequence:	
NM_001206634.1;	 pig:	 GenBank:	AJ296022.1;	 horse:	 NCBI	 Reference	
Sequence:	NM_001195191.1	and	chicken:	GenBank:	DQ227738.1).	Injections	
of dexamethasone increased expression of glucocorticoid receptors in the 
liver of young calves (Cantiello et al., 2009).

Determination of Glucocorticoids

There has been a shift from initially competitive binding protein assays 
(CBP)	(to	transcortin/corticosteroid	binding	protein)	to	radioimmunoassay	
(RIA)	to	more	recently	to	enzyme	linked	immune-assay	(ELISA).	
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Determination of Circulating Concentrations of Glucocorticoids  
in Livestock

The most frequently used method to determine circulating concentrations 
of	F	 in	 livestock	 is	RIA	 (e.g.,	pigs:	McGlone	et	al.,	 1993;	 cattle:	Tolleson	 
et al., 2012; sheep: Kongsted et al., 2013). Other techniques employed include 
luminescence immunoassay (Lansade et al., 2014).

Determination of Circulating Concentrations of Glucocorticoids in Poultry

In poultry, CORT has been predominantly determined by CBP and RIA. 
It may be questioned whether the techniques employed today have been 
validated	 for	 CORT	 from	 chicken	 plasma	 and	 cross-reactivities	 fully	
established. For instance, Kim and colleagues (2015) recently reported on 
high plasma concentrations of F by ELISA; these being markedly elevated 
in chickens raised on a diet excluding antibiotics compared to one with 
antibiotics present. If the high levels of F prove to be the case, there needs 
to	 be	 a	 re-evaluation	 of	 the	 role	 of	 F	 in	 poultry.	 It	 might	 be	 noted	 that	
some reports include very high levels of CORT. For instance in a study of 
transportation stress, circulating concentrations of CORT were reported as 
over 30 ng ml–1 in control birds (by RIA) (Zhang et al., 2009; Yue et al., 2010) 
and about 40 ng ml–1 (by CBP) again in control birds (Edens and Siegel, 
1975). This is much greater than the normal resting physiological range 
of 2–6 ng ml–1 (Satterlee and Gildersleeve, 1983; Kannan et al., 1997a,b; 
reviewed: Carsia, 2015). Again this argues for close examination of the 
validity, accuracy and precision of techniques used to measure CORT. 

Determination of Concentrations of Glucocorticoids in Saliva and other 
Secretions

Determination of F in salivary is a useful approach. It has been employed 
in livestock (sheep: e.g., Fell et al., 1985; cattle: e.g., Negrão et al., 2004 and 
horses: e.g., Peeters et al., 2013). Both serum and salivary concentrations 
of F are increased by ACTH in sheep and horses (Yates et al., 2010; Peeters 
et al., 2011). Salivary concentrations of F are used as an indicator of stress 
(horses:	Peeters	et	al.,	2013)	and	are	 thought	 to	reflect	 free	F	 (Mormède	 
et al., 2007) (for discussion of free versus bound glucocorticoids—see below). 
Concentrations	of	F	have	also	been	reported	in	tears	(horses:	Monk	et	al.,	
2014) and feces (elevated by transportation stress in horses: Schmidt et al., 
2010).
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Bioavailability of Glucocorticoids and Corticosteroid Binding 
Globulin (CBG) 

Corticosteroid binding globulin (CBG or transcortin) binds both CORT and 
F in respectively poultry and livestock blood. For instance in birds, CORT 
is	found	predominantly	bound	to	proteins	with	a	one	high	affinity	protein	
(CBG)	and	at	least	one	low	affinity	high	capacity	protein	(birds:	Wingfield	 
et al., 1984). It is assumed that only free CORT is biological activity (Figure 1).  
Evidence that bound F is less or completely inactive comes from the ability 
of CBG to reduce the inhibition of CRH by F stimulated ACTH release from 
fetal pituitary cells (Berdusco et al., 1995).

The gene encoding CBG is serpin	peptidase	inhibitor,	clade	A	(alpha-1	
antiproteinase, antitrypsin), member (SERPINA66). The gene SERPINA66 
is found on chromosome 7 in pigs (Gene ID: 396736). There is a missense 
mutation Gly307Arg in SERPINA6 in some pigs which influences both the 
ability	of	CBG	to	bind	F	and	circulating	concentrations	of	F	(Guyonnet-
Dupérat	 et	 al.,	 2006).	 There	 are	 also	 multiple	 non-synonymous	 single	
nucleotide polymorphisms (SNPs) of the porcine SERPINA6 gene (Görres 
et al., 2015). 

In livestock, circulating concentrations of CBG are influenced by 
physiological state, for instance, being decreased with heat stress in pigs 
(Heo et al., 2005) and increased in late fetal development (Berdusco et al., 
1995).	Moreover,	an	index	of	free	F	that	has	been	used	in	livestock	is	the	ratio	
of circulating concentrations of CBG:F (Heo et al., 2005; Adcock et al., 2007). 
There	has	been	little	attention	to	characterization	and	determining	changes	
in the circulating concentrations of CBG with physiological state (e.g., stress) 
in	poultry	for	thirty	years.	It	has	been	partially	characterized	(Gould	and	
Siegel, 1978). In chickens, ACTH depresses circulating concentrations of 
CBG	(Gould	and	Siegel,	1985).	Moreover,	CBG	concentrations	are	elevated	
in obese (hypothyroid) chickens (Fässler et al., 1988). 

The primary site of CBG synthesis is the liver based on the expression 
of the SERPINA66 gene in sheep (Berdusco et al., 1994, 1995) and pigs (Heo 
et al., 2003). Fetal liver expression of CBG is increased by glucocorticoid 
administration (fetal liver: Sloboda et al., 2002; pigs: Adcock et al., 2007).  
In contrast, administration of ACTH to pregnant pigs decreased the plasma 
concentration	of	CBG	(Kanitz	et	al.,	2006).	There	is	some	expression	of	CBG	
in the fetal sheep anterior pituitary gland (Berdusco et al., 1995). 
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Cross Talk between the HPA Axis and Other Endocrine/metabolic 
Systems

Adipose Tissue

There are differences in the stress responses (increases in circulating 
concentrations	 of	ACTH	 and	 F)	 to	 isolation	 restraint	 in	 ovariectomized	
sheep with increased adiposity (Tilbrook et al., 2008).

Adrenomedullin (ADM) 

There	 are	 influences	 of	 adrenomedullin	 (ADM)	 on	 the	 HPA	 axis.	
Administration	(ICV)	of	ADM	depresses	circulating	concentrations	of	ACTH	
and	F	in	sheep	in	addition	to	its	vasodilatory	effects	(Parkes	and	May,	1995).

Hypothalamo-pituitary Gonadal Axis (HPG)

There	appears	to	be	some	influence	of	the	hypothalamo-pituitary	gonadal	
axis (HPG) on the stress responses in livestock (reviewed, e.g., Turner 
and Tilbrook, 2006). For instance, testosterone attenuates both ACTH 
and F responses to either metabolic and psychological stress in castrated 
sheep	(Dawood	et	al.,	2005).	Isolation/restraint	stress	increases	circulating	
concentrations of F with a greater response in ewes than rams (Turner et al., 
2002b).	Within	the	hypothalamus,	there	is	cross-talk	between	the	HPA	and	
the	hypothalamo-pituitary-gonadal	axis	with	CRH	decreasing	hypothalamic	
expression of gonadotropin releasing hormone (GnRH) (Ciechanowska  
et al., 2011).

Pancreas

There are effects of pancreatic hormones on the HPA axis. Insulin 
administration	 and/or	 the	 concomitant	 hypoglycaemia	 is	 followed	 by	
increased circulating concentrations of CORT or F (chickens: Scanes et al., 
1980; sheep: Turner et al., 2002b).

Stress and the HPA Axis

Challenge with ACTH increases circulating concentrations of F in sheep 
(Mellor	and	Murray,	1989a).	ACTH	also	influences	the	expression	of	134	
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genes	including	MC2R	and	StAR	(steroidogenic	acute	regulatory	protein)	
transport protein for cholesterol in the chicken adrenal (Bureau et al., 
2009).	 Similarly,	 there	 is	 up-regulation	 of	 the	 StAR	 gene	 expression	 in	
the	adrenal	of	with	pigs	following	ACTH	treatment	(Hazard	et	al.,	2008).	
There	are	decreases	in	adrenocortical	response	to	ACTH	but	not	to	cAMP	
by adrenocortical cells in vitro during growth (Carsia et al., 1985). Effects 
of	stressor	and	other	stimulators	of	release/synthesis	of	ACTH	and	F	in	
livestock is discussed below. 

Stress and the HPA Axis in Pigs

Stress influences multiple levels of the HPA predominantly by elevating 
circulating concentrations of ACTH and F (see below). In addition, stress 
increases expression of CRH in the brain (maternal deprivation: Schwerin 
et	al.,	2005)	and	POMC	(e.g.,	transportation	stress:	McGlone	et	al.,	1993).	
Moreover,	while	stress	increases	the	expression	of	CRH1R	and	CRH2R	in	
the amygdala and decreases expression of CRH1R in the pituitary gland 
(Schwerin et al., 2005) in pigs. Stress influences circulating concentrations 
of ACTH. Among the stresses demonstrated to influence release of ACTH 
in pigs are the following:

	 •	 Anesthesia	(Kostopanagiotou	et	al.,	2010)
	 •	 Exercise	(Zhang	et	al.,	1992)
	 •	 Naloxone	(Ciepielewski	et	al.,	2013)
	 •	 Restraint	(Ciepielewski	et	al.,	2013)
	 •	 Transportation	(McGlone	et	al.,	1993)
	 •	 Vibrations	simulating	transportation	(Perremans	et	al.,	2001)

Stresses such as the following also increase release of another product 
of	POMC,	beta-endorphin:

	 •	 Anesthesia	(Kostopanagiotou	et	al.,	2010)
	 •	 Naloxone	(Ciepielewski	et	al.,	2013)
	 •	 Restraint	(Ciepielewski	et	al.,	2013)
	 •	 Snaring	(Roozen	et	al.,	1995)

Multiple	stresses	increase	circulating	concentrations	of	F	in	pigs:	

	 •	 Anesthesia	and	surgery	(Dalin	et	al.,	1993b).
	 •	 Exercise	(Zhang	et	al.,	1992)
	 •	 Feed	restriction	(Metges	et	al.,	2015)
	 •	 Relocating	and	groups	(Dalin	et	al.,	1993b).
	 •	 Immobilization	stress	in	a	prone	position	(Rosochacki	et	al.,	2000)	
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	 •	 Insulin	 challenge	 (Zhang	 et	 al.,	 1992;	 but	 not	 in	 fetal	 pigs:	 Spencer	 
et al., 1983)

	 •	 Lipopolysaccharide	(LPS)	(Collier	et	al.,	2011)
	 •	 Naloxone	(Ciepielewski	et	al.,	2013)	
	 •	 Overcrowding	(Verbrugghe	et	al.,	2011)	
	 •	 Restraint	 (Collier	 et	 al.,	 2011;	 Ciepielewski	 et	 al.,	 2013;	 Rosochacki	 

et al., 2000)
	 •	 Simulated	loading	(Spencer,	1994)
	 •	 Snaring	restraint	(Farmer	et	al.,	1991;	Roozen	et	al.,	1995)
	 •	 Transportation	(Dalin	et	al.,	1993a;	McGlone	et	al.,	1993)
	 •	 Treadmill	exercise	(D’Allaire	and	DeRoth,	1986)	
	 •	 Vibration	increased	(Perremans	et	al.,	2001)

The F response to treadmill exercise is higher in stress susceptible pigs 
(D’Allaire and DeRoth, 1986). There was no effect of chronic stress (tethered 
housing) on the response of pigs to challenges with either CRH or ACTH 
(Janssens	 et	 al.,	 1995).	 Moreover,	 social	 stress	 (mixing	 unfamiliar	 pigs)	
increases salivary concentrations of F (de Groot et al., 2001).

Stress and the HPA Axis in Sheep and Cattle 

There are marked effects of a variety of stressors on the HPA axis. There 
have been relatively few studies reporting effects of stress on ACTH 
secretion. Circulating concentrations of ACTH have been reported to be 
increased in sheep by social isolation and weaning (Hasiec et al., 2014). 
Moreover,	hypoxia	 in	 fetal	 sheep	 increases	circulating	concentrations	of	
ACTH (Braems et al., 1996; Ducsay et al., 2009). There was no discernible 
effect of milking on circulating concentrations of ACTH (cattle: Tancin  
et al., 2000). In contrast, there are numerous reports on the effects of stressors 
on circulating concentrations of F in cattle and sheep. For instance, multiple 
stresses increase circulating concentrations of F in cattle: 

	 •	 Dehorning	(Laden	et	al.,	1985;	Wohlt	et	al.,	1994)
	 •	 Freeze	branding	(Lay	et	al.,	1992a)	
	 •	 Hot-iron	branding	(Lay	et	al.,	1992a)	
	 •	 Lipopolysaccharide	(LPS)	(Zebeli	et	al.,	2013)
	 •	 Low	plane	of	nutrition	(Tolleson	et	al.,	2012)
	 •	 Milking	(cattle:	Tancin	et	al.,	2000)
	 •	 Tick	infestation	(Tolleson	et	al.,	2012)
	 •	 Transportation	(Zavy	et	al.,	1992)
	 •	 Weaning	(Zavy	et	al.,	1992)
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It might be noted that morphine suppresses the milking induced 
increase in circulating concentrations of F (Tancin et al., 2000). 

Similarly to the situation in cattle, multiple stresses increase circulating 
concentrations of F in sheep: 

	 •	 Alpha-1	 adrenergic	 agonist,	 phenylephrine,	 and	 concomitant	
hypotension (O’Connor et al., 2005)

	 •	 Alpha 2 adrenergic agonist, medetomidine (Ranheim et al., 2000)
	 •	 Audiovisual stress (Turner et al., 2002a)
	 •	 Castration	(Mellor	and	Murray,	1989b;	Paull	et	al.,	2008)
	 •	 Epidural	blockade	(Apple	et	al.,	1995)
	 •	 Hypoxia	(Braems	et	al.,	1996)	
	 •	 Isolation	stress	(Apple	et	al.,	1995)	
	 •	 Milking	(Yardimci	et	al.,	2013)	
	 •	 Restraint	(Apple	et	al.,	1995)
	 •	 Shearing	(Yardimci	et	al.,	2013)	
	 •	 Tail-docking	(Mellor	and	Murray,	1989b)
	 •	 Weaning	(Hasiec	et	al.,	2014).

In contrast, there is no effect of fasting on circulating concentrations of 
F (Kongsted et al., 2013) and suckling reduces the ACTH and F responses 
to isolation stress (Hasiec et al., 2014, 2015).

Stress and the HPA Axis in Horses

Circulating concentrations of F are increased by stresses in horses including 
acute or chronic disease, acute abdomen syndrome, castration and laminitis 
as are those of epinephrine (Ayala et al., 2012). Transportation stress is 
accompanied by increases the circulating concentrations of CORT and 
ACTH in horses (Oikawa et al., 2004). In young horses in training, there 
increases	in	the	circulating	concentrations	of	beta-endorphin	but	not	ACTH	
(McCarthy	et	al.,	1991).	Circulating	concentrations	of	F	are	increased	by	
exercise/physical	 activity	 (Kędzierski	 et	 al.,	 2014).	 Following	 challenge	
with	the	alpha-1	adrenergic	agonist,	phenylephrine,	there	are	decreased	in	
blood pressure and increases in circulating concentrations of ACTH and F 
in	anesthetized	young	horses	(O’Connor	et	al.,	2005).	

More	recent	studies	on	the	effects	of	stress	in	horses	have	employed	
salivary concentrations of F. There is a tight relationship between 
concentrations of F in saliva and plasma (R2 = 0.80) of horses receiving ACTH 
challenges (Peeters et al., 2011). Salivary or circulating concentrations of F 
are increased by the following:
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	 •	 Breeding	season	in	stallions	(Aurich	et	al.,	2015)
	 •	 Environmental	enrichment	(Lansade	et	al.,	2014)
	 •	 Fasting	(Glade	et	al.,	1984)	
	 •	 Hot-branding	(Erber	et	al.,	2012)	
	 •	 Following	micro-chip	implantation	(Erber	et	al.,	2012)
	 •	 Loading	prior	to	transportation	(Schmidt	et	al.,	2010)
	 •	 Lunging	or	hyperflexion	(Becker-Birck	et	al.,	2013;	Christensen	et	al.,	2014)
	 •	 Performance	(von	Lewinski	et	al.,	2013)
	 •	 Physical	activity/exercise	(Kędzierski	et	al.,	2014)
	 •	 Rehearsal	(von	Lewinski	et	al.,	2013)
	 •	 Transportation	(Schmidt	et	al.,	2010)
	 •	 Transrectal	ultrasound	examination	(Schönbom	et	al.,	2015)

Stress and the HPA Axis in Poultry

Plasma concentrations of CORT are elevated by multiple stressors such as 
the following: 

	 •	 Anesthesia	by	pentobarbitone	(Cheung	et	al.,	1988a)
	 •	 Cold	(Beuving	and	Vonder,	1978)	
	 •	 Cooping	stress	(Satterlee	et	al.,	1994)
	 •	 Diethyl	ether	(Scanes	et	al.,	1980)
	 •	 E. coli endotoxin (Curtis et al., 1980; Scanes et al., 1980)
	 •	 Epinephrine	administration	(Harvey	and	Scanes,	1978)
	 •	 Fasting	(Harvey	et	al.,	1983)
	 •	 Feed	restriction	(de	Jong	et	al.,	2002;	Zulkifli	et	al.,	2011)
	 •	 Handling	(Kannan	et	al.,	1997a)
	 •	 Heat	(Edens	and	Siegel,	1975;	Beuving	and	Vonder,	1978)
	 •	 Immobilization	(Beuving	and	Vonder,	1978;	Kang	and	Kuenzel,	2014)
	 •	 Induced	molt	(Davis	et	al.,	2000)
	 •	 Insulin	challenge	(Harvey	et	al.,	1978)
	 •	 Insulin	induced	hypoglycemia	(Scanes	et	al.,	1980)
	 •	 Protein	deprivation	(very	low	protein	diet)	(Carsia	et	al.,	1988)
	 •	 Shackling	(Kannan	et	al.,	1997a;	Bedanova	et	al.,	2007)
	 •	 Skip	a	pay	feeding	regimen	(de	Beer	et	al.,	2008)
	 •	 Stress	and	the	HPA	Axis	in	Poultry

There are increases in circulating concentration with nutritional 
restriction such as fasting (Harvey et al., 1983) and a severe protein 
restriction (Carsia et al., 1988). Restoration of feed to fasted chicks is followed 
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by decreases in circulating concentrations of CORT (Harvey et al., 1983). 
Chronic protein deprivation is associated elevated plasma concentrations 
of CORT but surprisingly depressed circulating concentrations of ACTH 
(Carsia et al., 1988). There are changes in adrenocortical functioning 
with diet in young chickens with increased basal and ACTH stimulated 
steroidogenesis in vitro (Carsia et al., 1988). 

In a production setting, shackling broiler chickens is accompanied by 
increases in plasma concentrations of CORT rising from 6.5 ng ml–1 to about 
14 ng ml–1 after 4 minutes (Kannan et al., 1997a). It should also be noted that 
in the same series of studies, handling resulted in an increase in plasma 
concentrations of CORT to 11 ng ml–1 (Kannan et al., 1997a). 

In contrast to the observed effects of stressors on circulating 
concentrations of CORT, there is no effect of ammonia on plasma 
concentrations of CORT (Olanrewaju et al., 2008) or of crating with or in 
the absence of transportation stress (Kannan et al., 1997b). There are other 
circumstances that would be expected to elicit a HPA stress response and 
where none is found. For instance, there were little or no effects of crating 
alone or with transportation on circulating concentrations of CORT (Kannan 
et al., 1997a,b; Zhang et al., 2009; Yue et al., 2010). There is little effect of space 
or	position	in	social	hierarchy	or	‘peck-order’	on	circulating	concentrations	
of	CORT	(Cunningham	et	al.,	1988).	Moreover,	there	are	situations	where	
circulating concentrations of CORT are paradoxically increased when it 
might be expected to be decreased. Perhaps surprisingly, caged hens have 
been reported to produce more eggs and have lower plasma concentrations 
of	CORT	compared	with	chickens	housed	in	a	group	environment	(Mashaly	
et	al.,	1984).	Moreover,	both	basal	and	stressed	circulating	concentrations	of	
CORT are higher in a line of chickens with low feather pecking than in a high 
feather pecking line (Korte et al., 1997). Similarly, circulating concentrations 
of CORT are increased when laying hens are transferred to an environment 
with perches available (Yan et al., 2014).

Diurnal Shifts in Glucocorticoid Release

Studies	 on	 the	 effect	 of	 stressors	 may	 be	 confounded	 by	 the	 diurnal/
circadian	changes	in	plasma	concentrations	of	CORT/F.	For	instance,	there	
are diurnal shifts in circulating and urinary concentrations of F (pigs: Hay 
et	al.,	2000).	Moreover,	there	is	a	pronounced	circadian	rhythm	in	plasma	
concentrations of CORT in broiler chickens being higher during the day than 
at night and peaking at 11.00 a.m. (de Jong et al., 2001) with an analogous 
circadian rhythm in plasma concentrations of CORT in 4–5 week old females 
of a laying strain (Wilson et al., 1984). However, as females mature to hens, 
the circadian rhythm is no long evident (Wilson et al., 1984) but once egg 
laying begins, there is a rhythm of plasma concentrations of CORT aligned 
with the ovulatory cycle (Wilson and Cunningham, 1981).
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Actions of Glucocorticoids

The effects of glucocorticoids on growth and metabolism have been 
extensively investigated in poultry and livestock. This has predominantly 
involved in vivo studies in which CORT (or another glucocorticoid) or ACTH 
is administered in the diet, water, by infusion and by daily injection. The 
effects	of	glucocorticoids	on	growth	in	livestock	and	poultry	are	summarized	
in Table 2.

Glucocorticoids and Growth

Based on studies in rodent models, glucocorticoids inhibit growth with 
reduced muscle weight and increased adiposity. An identical situation 
exists in poultry (see below).

Glucocorticoids and Growth in Cattle

Surprisingly with the widespread catabolic actions of glucocorticoids, 
dexamethasone treatment either has no effect or, in fact, increases growth 
rate (ADG) in cattle (Brethour, 1972; Gottardo et al., 2008) with multiple 
shifts in gene expression (Carraro et al., 2009). Indeed, dexamethasone has 
been used illegally to improve growth rate in cattle (reviewed: Carraro  
et al., 2009) in view of the increased intramuscular fat (Brethour, 1972).  
It is not clear the extent that glucocorticoids stimulate growth via the HPA 
axis	over	via	estrogen	or	androgen	receptors	or	via	effects	on	sex-steroid	
binding globulin or corticosteroid binding globulin.

Glucocorticoids and Growth in Horses

There is one report of a glucocorticoid, dexamethasone, having the following 
catabolic effects on growth in horses (Glade et al., 1981):

	 •	 Inhibiting	growth,	
	 •	 Suppressing	nitrogen	retention,
	 •	 Increasing	nitrogen	excretion.

Glucocorticoids and Growth in Pigs 

There are reports of glucocorticoids 1. inhibiting, 2. without effect and 
3. stimulating growth in pigs. Supporting the former, Administration of 
cortisol results in markedly decreased reduced growth rates in young pigs 
(Chapple	et	al.,	1989a,b).	Moreover,	 treatment	of	neonatal	pigs	with	 the	
glucocorticoid, isoflupredone, resulted in reduced growth up to weaning 
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(Gaines	et	al.,	2004).	Moreover,	chronic	administration	of	dexamethasone	
reduced nitrogen retention in growing pigs with depressed circulating 
concentrations	 of	 the	 growth	 related	 hormones,	 insulin-like	 growth	
factor	 I	 (IGF-I)	 (Lopes	et	al.,	2004).	Moreover,	 there	 is	 increased	urinary	
concentrations of nitrogen in growing pigs treated with dexamethasone 
(Lopes et al., 2004). In another study, administration of glucocorticoid, 
betamethasone,	had	little	effect	on	the	growth	of	pre-term	pigs	but	there	
were catabolic effects including decreased proliferation and increased 
apoptosis in the heart ventricle muscle cells (Kim et al., 2014). 

In contrast, there are several reports that glucocorticoids increase 
growth rate. Dexamethasone has been reported to increase growth together 
with	 the	 circulating	 concentrations	 of	 two	 growth-related	 hormones/
factors/binding	proteins,	IGF-I	and	IGH-BP3,	between	the	neonatal	stage	
to	market	weight	age	in	pigs	(Carroll,	2001;	Seaman-Bridges	et	al.,	2003).

Glucocorticoids and Growth in Sheep

There is evidence of both catabolic and growth promoting effects of 
glucocorticoids in sheep. Supporting the former contention, administration 
of glucocorticoid, betamethasone, to fetal lambs decreased body weight 
(Jobe et al., 1998). In contrast, administration of the glucocorticoid, cortisone, 
results in increased growth (carcass weight) in sheep due to increased feed 
intake and deposition of fat (Spurlock and Clegg, 1962). However, consistent 
with the catabolic effects of glucocorticoids, cortisone treatment reduces 
protein accretion (Spurlock and Clegg, 1962).

Glucocorticoids and Growth in Poultry

There is abundant evidence that glucocorticoids inhibit growth in poultry. 
CORT or exogenous glucocorticoids reduce growth in chickens (e.g., 
Donker and Beuving, 1989; Post et al., 2003; Zulkifli et al., 2014) (Table 1).  
The reduction in growth is accompanied by decreased skeletal muscle 
weight (Gross et al., 1980) but increased weights of the liver, intestine and 
adipose tissue (abdominal fat pad) (e.g., Bartov et al., 1980; Gross et al., 1980; 
Bartov, 1985; Hamano, 2006) (Table 1). Similarly, increasing physiological 
concentrations of CORT by implanting osmotic pumps releasing ACTH 
(Puvadolpirod and Thaxton, 2000a,b,c,d) results in the following: 

	 •	 Decreased	growth	rate
	 •	 Increased	nitrogen	in	excreta
	 •	 Reduced	nitrogen	in	absorption.
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However, daily injections of neither ACTH nor the glucocorticoid, 
cortisone influenced circulating concentrations of growth hormone (GH) 
(Davison et al., 1979; Harvey and Scanes, 1979).

Glucocorticoids and Metabolism

The release of F or CORT, following stressors (Table 1), would be expected 
to influence metabolism with increases in the gluconeogenesis (hepatic), 
glycogenesis (hepatic and skeletal muscle) and lipogenesis (hepatic) and 
decreases	in	net	protein	accretion	(skeletal	muscle)	and	glucose	utilization	
(skeletal muscle). There are concomitant increases in liver and adipose tissue 
weights and decreases in skeletal muscle weight together with increases 
in the circulating concentrations of glucose and triglyceride. The actions 
of glucocorticoids on metabolism in poultry are discussed elsewhere in 
this volume (Scanes, 2016) so the effects of F on metabolism focus in the 
situation in livestock. 

It is reasonable to assume that elevated concentrations of F or 
CORT increase both protein degradation in skeletal muscles and hepatic 
gluconeogenesis in livestock. The fetal adrenal gland exerts an important 
role in the control of gluconeogenesis with adrenalectomy preventing 
fasting induced gluconeogenesis in fetal lambs (Fowden and Forhead, 2011). 
Administration of dexamethasone is accompanied by increased circulating 
concentrations of glucose in pigs (Lopes et al., 2004) and neonatal calves 
(Scheuer	et	al.,	2006).	Moreover,	administration	of	glucocorticoids	increase	
circulating concentrations of insulin in neonatal calves (Scheuer et al., 2006). 

CORT	influences	hypothalamic	expression	of	neuromodulator/receptor	
genes related to appetite control such as agouti-related	protein	(AGRP), 
cocaine-and	 amphetamine-regulated	 transcript	 (CART), corticotropin-
releasing hormone	(CRH),	ghrelin,	neuropeptide	Y	(NPY),	POMC	together	
with	the	leptin	and	MCR1	receptors	(Byerly	et	al.,	2009;	Liu	et	al.,	2012).

Glucocorticoids and Mineral Metabolism

There is evidence links between CORT and mineral metabolism. 
Administration	 of	 CORT	 depresses	 plasma	 concentrations	 of	 zinc	 but	
increases those of copper (Klasing et al., 1987), ceruloplasmin and 
ovotransferin (Zulkifli et al., 2014). Similarly, E. coli administration decreases 
serum	concentrations	of	zinc	and	iron	(Klasing	et	al.,	1987).	Inhibitory	effects	
of lipopolysaccharide endotoxin on growth and feed intake in chickens is 
overcome by increasing dietary copper oxide (Koh et al., 1996).
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Glucocorticoids and Stress and Behavior

The tonic immobility test can be used to assess fear in chickens. There 
appears to be a link between fear and growth. Chickens with a short duration 
of immobility (low fear) have elevated growth rates while those with a long 
duration of immobility (high fear) have depressed growth rates (Wang et al., 
2013). There were no differences in the circulating concentrations of CORT 
between the two groups (Wang et al., 2013). In parallel, following the stress 
related release of CORT, there may to be shifts in fear and the associated 
behaviors. For instance, CORT administration has been reported to increase 
tonic	immobility	(Jones	et	al.,	1988;	El-Lethey	et	al.,	2001).	Moreover,	CORT	
administration	increases	feather	pecking	(El-Lethey	et	al.,	2001).	

Glucocorticoids and Immune Function

The immune system is inhibited by the HPA axis. Glucocorticoids including 
dexamethasone or prednisolone, have been reported to induce of the thymus 
involution	 with	 marked	 apoptosis	 in	 the	 medulla	 in	 cattle	 (Cannizzo	
et al., 2010, 2011; Vascellari et al., 2012). In chickens administered with 
glucocorticoids, there are large reductions in the weights of lymphoid tissues 
(spleen,	bursa	Fabricius	and	thymus)	(summarized	in	Table	3).	Moreover,	
ACTH infusion is followed by decreases in relative weights of the thymus, 
bursa and spleen in chickens (Puvadolpirod and Thaxton, 2000a). 

There are other immunosuppressive effects of glucocorticoids in 
livestock and poultry. For instance, dexamethasone increases the number 
of Salmonella Typhimurium (ST) bacteria recovered from ileum, colon and 
cecum following ST challenge (pigs: Verbrugghe et al., 2011). Glucocorticoids 
also enhance the rate of proliferation of ST in pig macrophage (Verbrugghe 
et al., 2011). 

There are positive effects of glucocorticoids on the immune system. 
Expression	of	Toll-like	2	receptor	and	TNF-alpha	expression	is	increased	
in leukocytes from calves treated with dexamethasone (Eicher et al., 
2004). In addition, serum concentrations of the acute phase protein, 
α1-acid	 glycoprotein,	 together	 with	 interleukin-6	 and	 brain	 heat	 shock	
protein 70 (HSP 70) reelevated in chicks receiving administration of CORT 
as intramuscular injections (Zulkifli et al., 2014). CORT also increases 
expression	of	cytokines	by	chicken	lymphocytes	[interleukin	(IL)-1	β,	IL-6,	
IL-18	and	 transforming	growth	 factor	 (TGF)-β4 (Shini and Kaiser, 2009) 
and	a	series	of	interleukins	(IL-1β,	IL-6,	IL-10,	IL-12α	and	IL-18)	by	chicken	
heterophils (Shini et al., 2010). 
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Leukocytes and Stress

Leukocyte Numbers 

There was a higher blood concentrations of leukocytes in commercial 
chickens than unselected indigenous chickens and jungle fowl (Scanes and 
Christensen, 2014). Leukocyte concentrations were increased following tail 
docking in lambs (Wohlt et al., 1982) and in pigs following transportation 
(Dalin et al., 1993a). 

Neutrophil:lymphocyte (N:L) Ratio 

It	 is	 well	 recognized	 that	 stress	 evokes	 marked	 shifts	 the	 neutrophil:	
lymphocyte ratio (N:L) in livestock mammals (see below) and the heterophil 
to lymphocyte ratio (H:L) in birds (Table 3). The increase in the H:L ratio 
can be attributed, at least partially, to effects of stress induced CORT release. 
Administration of CORT is followed by dramatic increases in the H:L ratio 

Parameter Change Reference

Mortality	in	response	to	E. coli ↑↑ Gross et al., 1980

Weight of Lymphoid Organs

Bursa Fabricius ↓↓ Gross et al., 1980; Davison et al., 
1985; Donker and Beuving, 1989

Spleen ↓↓ Gross et al., 1980; Donker and 
Beuving, 1989

Thymus ↓↓ Gross et al., 1980; Davison et al., 
1985; Donker and Beuving, 1989

Leukocytes in Blood

Heterophil numbers ↑↑↑ Gross et al., 1980; Gross and 
Siegel, 1983

Lymphocyte numbers ↓↓↓ Gross et al., 1980; Gross and 
Siegel, 1983

Heterophil:Lymphocyte ratio ↑↑↑ Gross et al., 1980; Gross and 
Siegel, 1983

Cytokines

Plasma	concentration	of	interleukin-6 ↑↑ Zulkifli et al., 2014

Lymphocyte	expression	of	IL-1	β ↑↑ Shini and Kaiser, 2009

Heterophil	expression	of	IL-1	β,	IL-6 ↑↑ Shini et al., 2010

Table 3: Effect of glucocorticoids on immune parameters in poultry.
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in chickens rising from less than 0.4 to greater than 8.0 (Gross et al., 1980; 
Gross and Siegel, 1983). There are reports that there are increases in N:L in 
stressed pigs, sheep and poultry.

Stress and the Neutrophil:Lymphocyte (N:L) Ratio in Pigs

Rearing pigs in small pens was accompanied by increased N:L ratio but 
no change in growth rate (Yen and Pond, 1987). Pigs raised in an enhanced 
environment have reduced N:L ratios (Reimert et al., 2014). There is a lack 
of correlation between circulating concentrations of F and the N:L ratio in 
growing pigs (Stull et al., 1999).

Stress and the Neutrophil:Lymphocyte (N:L) Ratio in Sheep

Shifts in N:L ratio in stressed sheep are consistent with N:L ratio being a 
good indicator of stress. Stressing sheep by a short period of water restriction 
is accompanied by increases in the N:L ratio along with the concentration of 
F in wool (Ghassemi Nejad et al., 2014). Both circulating concentrations of 
F and N:L ratio lower in sheep with shade than no shade (Liu et al., 2012). 
Sheep transported on unpaved roads have higher circulating concentrations 
of	F	and	N:L	ratios	compared	to	those	moved	on	paved	roads	(Miranda-de	
la Lama et al., 2011).

Stress and the Heterophil:Lymphocyte (H:L) Ratio in Poultry

Maxwell	 (1993)	concluded	 that	H:L	ratio	was	more	 reliable	 indicator	of	
mild or moderate stress in poultry than circulating concentrations of CORT. 
Moreover,	 it	should	be	noted	that	the	H:L	ratio	is	heritable	(Al-Murrani	 
et al., 1997) and has been proposed as a marker for resistance to stress  
(Al-Murrani	et	al.,	2006).	Moreover,	is	followed	by	increases	in	both	the	H:L	
ratio and circulating concentrations of CORT in chickens. In chickens, the 
H:L ratio is elevated by other stressors including: 

	 •	 Fasting	(Gross	and	Siegel,	1983)
	 •	 E. coli endotoxin challenge (Gross and Siegel, 1983) 
	 •	 Shackling	(Bedanova	et	al.,	2006a)
	 •	 Social	stress	(Gross	and	Siegel,	1983)

together with heat, challenge with Salmonella typhimurium, transportation 
stress	(reviewed:	Maxwell,	1993;	also	see	Al-Murrani	et	al.,	1997).	Similarly,	
either transportation and dexamethasone increases both the H:L ratios and 
mortality following E. coli	challenge	in	turkeys	(Huff	et	al.,	2005).	Most	but	
not all of these stressors also increases circulating concentrations of CORT 
(see above). For instance, transportation stress does not apparently influence 
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circulating concentrations of CORT or the H:L ratio (Kannan et al., 1997a; 
Zhang et	al.,	2009).	Moreover,	high	fear	chickens	exhibit	an	elevated	H:L	
ratios compared to low fear chickens but there was no differences in the 
adrenal CORT response to adrenocorticotropic hormone (ACTH) (Beuving 
et al., 1989). Furthermore, malathion decreases the H:L ratio (Gross and 
Siegel, 1983) despite the increases adrenocortical activity (Goyal et al., 1988). 
There are also elevated circulating concentrations of CORT in birds treated 
with parathion (Rattner et al., 1982). These studies would suggest that H:L 
ratio can be shifted both by CORT and in a glucocorticoid independent 
manner. There are no differences the H:L between commercial chickens 
and unselected indigenous chickens or with the red jungle fowl (Scanes 
and Christensen, 2014) suggesting a lack of stress effect of domestication 
or modern production practices.

Lymphocyte (N:L) Ratio as a Measure of Stress and its Impact 

The H:L ratio has been proposed as a very useful measure of stress in 
poultry	(reviewed	for	instance:	Maxwell,	1993)	and	in	wild	birds	(Davis	
et al., 2008). The N:L ratio is reported to be a useful clinical parameter 
in human medicine being “a useful marker to predict subsequent mortality 
in patients admitted for ST segment elevation myocardial infarction”	 (Núñez	 
et al., 2008), together with after percutaneous coronary intervention (Duffy 
et	al.,	2006)	and	following	hepatic	re-section	for	colorectal	liver	metastases	
(Halazun	et	al.,	2008).

catecholamines: Epinephrine (E) and norepinephrine (ne)  
and Stress

Chromaffin Cells

Bovine medullary cells have been used extensively to study the release of 
E	and	NE.	Bovine	medullary	cells	consist	of	chromaffin	cells	that	produce	
either	 E	 or	 NE	 (Marley	 and	 Livett,	 1987a).	Acetyl	 choline	 or	 nicotinic	
agents stimulate the release of catecholamines together with opioid 
peptides	(Wilson	et	al.,	1982;	Marley	and	Livett,	1987b).	Based	on	studies	
with antagonists, it was concluded that acetyl choline acts via either the 
α3β4 or α3β4α5 nicotinic cholinergic receptors (Broxton et al., 1999). There 
are additional controls. Histamine increases release of both E and NE via 
H1 receptors (based on the ability of mepyramine to block) from bovine 
chromaffin	cells	(Livett	and	Marley,	1986).	Substance	P	inhibits	release	of	
both	E	and	NE	from	their	respective	chromaffin	cells	(Krause	et	al.,	1997).	
Moreover,	opioids	influence	de-sensitization	to	nicotine	(Marley	and	Livett,	
1987b).
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Medullary Peptides 

Porcine	chromaffin	cells	also	produce	a	hypotensive	peptide,	adrenomedullin	
(ADM)	(Nussdorfer	et	al.,	1997).

Overview of Catecholamines and Stress

Stresses increase release of catecholamines from the adrenal medulla and 
sympathetic nerves. Predominantly, studies on the effects of various stresses 
determine circulating concentrations of E and NE in the blood. It has been 
proposed that the α-adrenergic	 receptor	2C	 (ADRA2C)	gene,	 regulating	
NE	release	at	pre-synaptic	and	chromaffin	cell	levels,	is	important	to	the	
domestication of chickens (Elfwing et al., 2014). There are also studies in 
which the concentrations of E and NE are determined in urine (pigs: Peeters 
et al., 2005; cattle: Ndlovu et al., 2008). Based on urinary determination, 
there are diurnal changes in urinary concentrations of E and NE (pigs: 
Hay et al., 2000). 

E increases gastric acid secretion, heart rate and respiratory rate in pigs 
(Marolf	et	al.,	1993).	Other	effects	of	catecholamines	include	NE	increasing	
the adherence of Escherichia coli O157:H7 to pig colonic mucosa in vitro 
(Green et al., 2004).

Stress and Catecholamines in Pigs 

Marked	 effects	 of	 stressors	 on	 E	 and	 NE	 have	 been	 reported	 in	 pigs.	
Circulating concentrations of catecholamines are influenced by stresses in 
pigs including the following: 

	 •	 Aggressive behaviors following exposure to different pigs E ↑ and NE 
↑	(Fernandez	et	al.,	1994)

	 •	 Epidural blockage E ↑ (Apple et al., 1995)
	 •	 Feed	 deprivation	 followed	 by	 feed	 being	 out-of-reach	 NE	 ↑ (Velie  

et al., 2012)
	 •	 High temperature NE down but no change in E (Barrand et al., 1981) 
	 •	 Immobilization	 stress	 in	 a	 prone	 position,	 E	 ↑, NE ↑ and DA ↑ 

(Rosochacki et al., 2000) 
	 •	 Lipopolysaccharide (LPS) E ↑ and NE ↑ (Collier et al., 2011)
	 •	 Low	temperature	NE	↑ but no change in E (Barrand et al., 1981) 
	 •	 Exercise	E	↑ and NE ↑ (Barrand et al., 1981)
	 •	 Restraint	E	↑ and NE ↑ (Rosochacki et al., 2000)
	 •	 Snaring	E	↑ and NE ↑	(Roozen	et	al.,	1995;	Velie	et	al.,	2012)
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	 •	 Social	interaction	E	↑ and NE ↑ (Fernandez	et	al.,	1995)
	 •	 Transportation	E	↑	but	no	change	in	NE	(McGlone	et	al.,	1993).

There is evidence that nutritional stress does not interact with social 
interaction stress. Fed and fasted pigs exhibit similar increases in circulating 
concentrations of E and NE in pigs exposed to encounters with other pigs 
(Fernandez	et	al.,	1995).	In	addition,	social	stress	(mixing	unfamiliar	pigs)	
is followed by increases urinary concentrations of catecholamines (de Groot 
et al., 2001). Stressing the pregnant dam, influences the E and NE responses 
to LPS in the offspring (Collier et al., 2011).

Porcine Stress Syndrome (PSS)

Stress-susceptible	pigs	have	problems	of	meat	quality	[pale	soft	exudative	
muscle (PSE)]. In addition, they exhibit tremors, hyperthermia, shock 
and sudden death. Halothane can induces these symptoms. Halothane 
challenges has allowed differentiating between stress susceptible and stress 
resistant pigs. PSS is due to a mutation in a single gene, the ryanodine 
receptor (a calcium channel protein expressed in muscle sarcoplasmic 
reticulum). In stress susceptible pigs, halothane challenge results in increases 
in	E	and	NE	(Neubert	et	al.,	1996).	In	stress-susceptible	pigs,	there	are	lower	
concentration	of	the	neurotransmitters	in	the	hypothalamus	(5-HT,	DA,	NE	
and	DA),	caudate	nucleus	(5-HT,	DA,	NE	and	DA)	and	hippocampus	(5-
HT and NE) (Adeola et al., 1993). Circulating concentrations of E, NE and 
DA are greater in stress susceptible Pietrain than Duroc pigs (Rosochacki 
et al., 2000). Urinary DA (24 hours) are lower in stress susceptible pigs as 
are caudate nuclei DA concentrations but no differences in NE (Altrogge 
et al., 1980).

Stress and Catecholamines in Cattle and Sheep

Stresses influence the circulating concentrations of catecholamines. 
Examples	of	the	stressors	influencing	E	and/or	NE	are	the	following:	

	 •	 Epidural blockade E ↑ NE unaffected (sheep: Apple et al., 1995)
	 •	 Hot-iron	branding	E	↑ (calves: Lay et al., 1992b) 
	 •	 Isolation stress E ↑ NE unaffected (sheep: Apple et al., 1995)
	 •	 Restraint E ↑ NE unaffected (sheep: Apple et al., 1995)
	 •	 Separation from calf from dam E ↑ and NE ↑	(cattle	-	dam:	Lefcourt	and	

Elsasser, 1995) 
	 •	 Urotensin II administered ICV E ↑ (Watson et al., 2003). 
	 •	 Weaning/separation	of	calf	from	dam	E	and	NE	up	(calf:	Lefcourt and 

Elsasser, 1995)
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Branding had no consistent effect on circulating concentrations of E or 
NE in cows (Lay et al., 1992a). The effects of stress on catecholamines are 
also seen in the cerebrospinal fluid. There are increases in the concentrations 
of NE in cerebrospinal fluid of stressed sheep (Turner et al., 2002b).

Stress and Catecholamines in Horses

There is limited information on the effects of stressors on circulating 
concentrations of catecholamines in horses. Circulating concentrations 
of E are increased by diseases including: acute abdomen syndrome, 
castration and laminitis (horses: Ayala et al., 2012). In addition, circulating 
concentrations	 of	 NE	 is	 elevated	 in	 anesthetized	 foals	 following	
administration	of	the	alpha-1	adrenergic	agonist,	phenylephrine,	and	the	
concomitant hypotension (O’Connor et al., 2005).

Stress and Catecholamines in Poultry

The available evidence suggests that some stresses increase circulating 
concentrations	of	NE	and	E	in	chickens.	Manual	restraint	is	accompanied	
by increased circulating concentrations of E and NE (Beuving and Blokhuis, 
1997). Acute heat stress is followed rapidly by increases in circulating 
concentrations of NE and E in chickens (Bottje and Harrison, 1986). These 
decline during recovery (Bottje and Harrison, 1986). During stress, hens 
from a high feather pecking line had higher circulating concentrations of 
NE than a low feathering hens but there were no differences in circulating 
concentrations of E (Korte et al., 1997). Social stress, however, had no 
effect on circulating concentrations of E and NE in chickens but there was 
an increase in E concentrations in Raphe nucleus and a decrease in the 
concentration	of	5-hydroxyindoleacetic	acid	in	the	hypothalamus	(Cheng	
and Fahey, 2009). Moreover,	there	were	no	effects	of	crating	alone	or	with	
transportation on circulating concentrations of either NE or E (Kannan  
et al., 1997b). There was, similarly, no effect of the availability of perches 
on circulating concentrations of E and NE in either pullets and hens (Yan 
et al., 2014).

other Physiological responses to Stress

There are effects of stressors on other hormones in livestock and poultry. 

Growth Hormone, Prolactin, Thyroid Hormones and Stress 

Stress is associated with increases in the circulating concentrations of growth 
hormone (GH) in pigs but suppressed circulating concentrations of GH in 
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poultry. For instance, restraint of pigs increases circulating concentrations of 
GH (Ciepielewski et al., 2013). Similarly, snare restraint in pigs is followed 
by increased circulating concentrations of GH (Farmer et al., 1991). Insulin 
increases circulating concentrations of GH in fetal pigs but, interestingly, 
there is no change in the circulating concentrations of F (Spencer et al., 1983). 
In chickens, circulating concentrations of GH secretion are decreased by 
insulin challenge (Harvey et al., 1978), epinephrine administration (Harvey 
and Scanes, 1978) and heat stress (Liu et al., 2014).

There is some association between stress and circulating concentrations 
of prolactin. Restraint of pigs increases circulating concentrations of 
prolactin (Ciepielewski et al., 2013). There is no effect of isolation stress 
on plasma concentrations of prolactin despite the increased circulating 
concentrations	of	F	(Hasiec	et	al.,	2014).	Moreover,	immobilization	(stress)	
is followed by decreases in the plasma concentrations of triiodothyronine 
(T3)	(Wodzicka-Tomaszewska	et	al.,	1982).	Stress	also	influences	circulating	
concentrations of thyroid hormones in pigs (Spencer, 1994).

Stress and Cytokines

Stresses influence cytokines. Restraint for 4 hours is followed within  
15	minutes	with	an	increase	in	plasma	concentrations	of	interleukin	(IL)-1β,	IL-
6,	IL-10	and	tumor	necrosis	factor	(TGF)-β together with a transient elevations 
in	plasma	concentrations	of	IL-12	and	in	natural	killer	cell	cytotoxicity	(NKCC)	
(Ciepielewski et al., 2013). Lipopolysaccharide (LPS) increases circulating 
concentrations	of	IL-6	and	TNF-alpha	(Collier	et	al.,	2011).

Stress and Erythrocytes 

There is evidence that at least some stressors can influence erythrocytes. 
There	 were	 marked	 differences	 in	 the	 hematocrit/Packed	 Cell	 Volume	
(PCV)	between	commercial	chickens,	indigenous/random-bred	chickens	
and	 jungle	 fowl	 in	 a	 meta-analysis	 of	 multiple	 studies	 (Scanes	 and	
Christensen,	 2014)	 with	 lower	 hematocrit/PCV	 in	 indigenous/random-
bred	 chickens	 than	 jungle	 fowl	 and	 an	 even	 lower	 hematocrit/PCV	 in	
commercial chickens. There were no differences in blood concentrations of 
hemoglobin. There are decreases in circulating concentrations of hemoglobin 
with the stress of shackling which also results in elevated circulating 
concentrations of CORT (Bedanova et al., 2006a). In stress susceptible pigs, 
halothane challenge results in increases in hematocrit together with plasma 
concentrations of glucose, lactate and potassium and F (Neubert et al., 1996). 
However, chickens reared on reduced floor space also have increases in 
blood concentration of hemoglobin (Bedánová et al., 2006b). 
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Body Temperature

Some stressors influence body temperature. For instance, acute heat stress is 
followed by increases in body temperature in chickens (Bottje and Harrison, 
1986). It is questioned whether the increases in body temperature reported 
during growth in modern young meat chickens (Christensen et al., 2012) are 
due	to	a	failure	to	sufficiently	dissipate	heat	and	thereby	stress	the	bird.	The	
relationship between stress and body temperature is supported by the ability 
of CORT to depress body temperature in chickens (Klasing et al., 1987). 

Circulating Concentrations of Metabolites and Electrolytes

Stressors can influence circulating concentrations metabolites and 
electrolytes. In stress susceptible pigs, halothane challenge results in 
increases in plasma concentrations of glucose, lactate and potassium and 
F (Neubert et al., 1996). Stress also influences circulating concentrations 
of lactate in pigs (Spencer, 1994). Transportation decreases circulating 
concentrations of glucose in chickens (Zhang et al., 2009; Yue et al., 2010).

Heart Weight and Rate 

Stressors	influence	heart	rate	and	heart	weight.	For	instance,	both	freeze	and	
hot-iron	branding	are	followed	by	increased	heart	rate	(Lay	et	al.,	1992a,b).	
Lines of chickens with respectively high and low levels of feather pecking 
have been developed by divergent genetic selection (Kjaer and Jørgensen, 
2011). These have differences in EKGs reflecting autonomous nervous 
responses to stress situations (Kjaer and Jørgensen, 2011). There are some 
stress responses in chickens related to social status. For instance, heart 
weights	are	reported	to	be	increased	in	hens	at	the	bottom	of	the	peck-order	
(lowest dominance) (Cunningham et al., 1988). Heart rate is increased in 
acute heat stress in chickens (Bottje and Harrison, 1986). 

Long Lasting or “Programming” Effects of Short term Stress

What	has	been	missing	from	the	discussion	are	long-term	or	long	lasting	
effects of stress. Early stress in chickens is followed by changes in social 
dominance (more dominant males and fewer dominant females) and 
changes in gene expression (Elfwing et al., 2015). Similarly, handling of 
neonatal	pigs	has	some	long-term	effects	on	the	stress	responses/HPA	axis	
in boars. These include: increased circulating concentrations of CBG and 
locomotory behavior together with decreased circulating concentrations of 
F (Weaver et al., 2000). However, there were no effects on other attributes 
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of the conventional stress responses, namely the increases in circulating 
concentrations of ACTH and F (Weaver et al., 2000). Gestational social stress 
also results shifts in the HPA axis in the offspring pigs with increased CRH 
mRNA in PVN (within the hypothalamus) and amygdala (Jarvis et al., 2006) 
and	reduced	hypothalamic	CRH	(Haussmann	et	al.,	2000).	Moreover,	there	
are differences in the levels of amygdala CRHR1 and 2 in 10 weeks old pigs 
together with subsequent maternal behavior in female offspring of pregnant 
pigs subject to social stress during pregnancy (Rutherford et al., 2014).

There are effects of maternal nutrition on the fetus and subsequent 
neonate. For instance in sheep, circulating concentrations of F are elevated 
in neonatal lambs from nutritional restricted dams (Kongsted et al., 
2013;	 Vonnahme	 et	 al.,	 2013).	 Moreover,	 fasting	 depresses	 circulating	
concentrations of F in neonatal lambs from nutritionally restricted but not 
nutritionally	replete	dams	(Kongsted	et	al.,	2013).	Preimplantation	under-
nutrition in the dam is followed by elevated fetal ACTH and F in sheep 
(Williams-Wyss	et	al.,	2014).

Stress in Livestock and Poultry as Biomedical Models

Stress responses in livestock have been valuable as biomedical models. For 
instance, military and police devices that incapacitate by electromuscular 
disruption/incapacitation	have	been	tested	in	pigs	(Werner	et	al.,	2012).	
In	anesthetized	pigs,	there	is	not	a	strong	F	response	(Werner	et	al.,	2012).	
Moreover,	 epidural	 blockage	 is	 followed	 by	 increases	 in	 circulating	
concentrations of F and E (pigs: Apple et al., 1995).

conclusions

There is not always close relationships between the effects of stressors on 
different indices of stress. For instance, despite, circulating concentrations of 
F, ACTH, GH and prolactin being increased in pigs subjected to nose snare 
restraint, circulating concentrations of F were not related to those of GH 
and prolactin (Rushen et al., 1993). Similarly, the concentration of F in wool, 
along with N:L ratios, is elevated by short period of water restriction but 
there is no effect on plasma concentrations of F (Ghassemi Nejad et al., 2014). 
Rosochacki and colleagues (2000) employed the circulating concentrations 
of F, E, NE and DA as indicator of stresses.

There are multiple physiological responses to stress. While it would 
be nice but unrealistic if any one response such as plasma concentrations 
of	F	or	CORT	(or	any	other	hormone)	or	the	N:L/H:L	ratio	or	a	behavioral	
response was the “gold standard” for stress, this is not uniformly the case. 
Instead,	it	is	argued	that	stress	might	be	defined	as	in	Equation	3.	
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Equation 3 
Stress = Constant A x Integrated plasma concentrations of glucocorticoids 
 over time 
 + constant B x Integrated plasma concentrations of catecholamines 
	 +	Constant	C	x	down-stream	indicators	of	glucocorticoids	such	as	
	 N:L/H:L	ratio	+	Constant	D	x	Other	indices	of	stress	

In view of there being effects of stressors on indices of stress without 
impacting production, the negative effects of stress on production are 
expressed in Equation 4.

Equation 4 
Negative effect of Stress on Production = 
 Constant A x Integrated plasma concentrations of glucocorticoids 
 over time 
 + constant B x Integrated plasma concentrations of catecholamines 
 + Constant C x N:L ratio + Constant D x Other indices of stress 
 minus Constant E

It is argued that stress studies should include multiple time points and 
multiple physiological indices of stress. The indices should include F or 
CORT, circulating concentrations of E and NE, N:L ratio.

Keywords:	 Stress,	 hypothalamo-pituitary-adrenocortical	 axis,	 cortisol	
and growth, corticosterone and growth, glucocorticoids and carbohydrate 
metabolism, glucocorticoids and lipid metabolism, glucocorticoids and 
protein metabolism, and stress and immune function
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Nutrient Transporter Gene 
Expression in Poultry,  

Livestock and Fish
Eric A. Wong,1,* Elizabeth R. Gilbert 1 and 

Katarzyna B. Miska2

IntroductIon

The transport of nutrients is mediated by membrane transporters that are 
members of the Solute Carrier (SLC) gene series. For the human genome, this 
series includes 52 families and 395 transporter genes (Hediger et al., 2013). 
A number of excellent reviews that discuss the structure and function of the 
various SLC genes in humans and rodents have been published as a series 
with an introduction by Hediger et al. (2013). This review will focus on the 
mRNA abundance of nutrient transporter genes in poultry, livestock, and 
fish, with an emphasis on the embryonic and post-hatch period in chickens, 
turkeys and pigeons and the perinatal period in pigs, sheep, cattle and fish. 
Most of these studies utilize real time PCR for measurement of mRNA 
abundance of nutrient transporters using relative quantification based on 
a reference gene or absolute quantification based on a standard curve. The 
mRNA abundance, rather than protein abundance, is mainly reported due 
to the paucity of reagents to detect these proteins in non-human, non-rodent 
species. Nevertheless, mRNA abundance provides some insight into the 
regulation and expression of these genes. In addition, although in vitro 
studies are essential to understand the molecular mechanisms underlying 
transporter expression and function, we have focused this review on whole 
animal studies.
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Nutrient transporters are membrane proteins that mediate the import of 
nutrients into the cell or efflux of nutrients out of the cell. These transporters 
can be divided into active and passive transporters (Hediger et al., 2013). 
Active transporters utilize energy-coupling mechanisms to transport 
substrates and typically involve ATP hydrolysis to power ion (e.g., Na+, 
K+, H+) pumps. Whereas, passive transporters, which are also known 
as facilitated transporters, mediate the transport of substrates down a 
concentration gradient. Some transporters act as exchangers, i.e., exchanging 
the influx of one amino acid coupled with the efflux of another amino acid. 

Examples of active and facilitated transport in intestinal epithelial cells 
are shown in Figures 1 and 2. The enterocyte is a polarized epithelial cell 
lining the villi of the small intestine. More than 90% of cells lining the villi are 
enterocytes, with a brush border membrane (also known as microvilli) facing 
the lumen in contact with end-products of digestion. The brush border 
membrane houses a vast array of transporters that are specific for different 
nutrients. Inside the cell, nutrients such as amino acids and monosaccharides 

Figure 1: Mechanism of amino acid uptake by PepT1 and bº,+AT/rBAT. The peptide transporter 
PepT1 (SLC15A1) transports di- and tripeptides (▲) with a H+ ion, which is coupled with 
the action of NHE3 (Na+/H+ exchanger, SLC9A3) and the Na+/K+ ATPase. The heterodimeric 
amino acid transporter bº,+AT/rBAT (SLC7A9/SLC3A1) exchanges extracellular cationic amino 

acids (AA+) for intracellular neutral amino acids (AAº). 
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are subject to further metabolism, or are transported out of the cell via 
the basolateral membrane into venules that empty into the hepatic portal 
vein that drains into the liver. Nutrients may also be transported into the 
enterocyte via the basolateral membrane from the bloodstream. The peptide 
transporter PepT1 actively co-transports inward di- and tri-peptides with a 
H+ ion (Figure 1). The proton gradient is maintained by the efflux of H+ by 
the Na+-H+ exchanger (NHE3), which is ultimately coupled to the Na+-K+ 
ATPase (Gilbert et al., 2008a; Smith et al., 2013). The amino acid transporter 
bo,+AT/rBAT is a heterodimeric protein that preferentially exchanges 
extracellular cationic amino acids for intracellular neutral amino acids 
(Fotiadis et al., 2013). For the monosaccharide transporters, SGLT1 actively 
co-transports inward glucose and galactose with a Na+ ion (Figure 2). GLUT5 
and GLUT2 are both facilitated transporters, which mediate the uptake of 
fructose and export of glucose, galactose, and fructose, respectively. The 
amino acid, peptide, monosaccharide, and mineral transporters that have 
been profiled in the studies reviewed are listed in Table 1. 

Figure 2: Active transport of monosaccharides via SGLT1 and facilitated diffusion via GLUT5 
and GLUT2. SGLT1 (sodium glucose transporter 1, SLC5A1) mediates the active cotransport 
of glucose (■) and galactose (●) with a Na+ ion, which is coupled to the action of the Na+/
K+ ATPase. The facilitated transporter GLUT5 (glucose transporter 5, SLC2A5) transports 
fructose (À) and the facilitated transporter GLUT2 (glucose transporter 2, SLC2A2) transports 

fructose, glucose, and galactose. 
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Table 1:  SLC genes and digestive enzymes that have been profiled in poultry, livestock and fish.

SLC name1 Gene name Function

SLC1A1 EAAT3 Glu, Asp transporter

SLC1A4 ASCT1 Ala, Ser, Cys, Thr transporter

SLC1A5 ASCT2 Ala, Ser, Cys, Thr, Gln, Asn transporter

SLC2A1 GLUT1 Glucose, galactose, mannose, glucosamine transporter 

SLC2A2 GLUT2 Glucose, galactose, fructose, mannose transporter 

SLC2A4      GLUT4 Glucose, glucosamine transporter

SLC2A5 GLUT5 Fructose transporter 

SLC3A1 rBAT Heterodimerizes with bº,+AT

SLC3A2 4F2hc Heterodimerizes with LAT1, y+LAT1, y+LAT2

SLC5A1 SGLT1 Glucose and galactose transporter 

SLC5A9 SGLT4 Mannose, fructose and glucose transporter 

SLC6A14 ATB0+ Neutral and cationic amino acid transporter

SLC6A19 B0AT Neutral amino acid transporter

SLC7A1 CAT1 Cationic amino acid transporter

SLC7A2 CAT2 Cationic amino acid transporter

SLC7A3 CAT3 Cationic amino acid transporter

SLC7A5 LAT1 Large, neutral amino acid exchanger 

SLC7A6 y+LAT2 Cationic/large neutral amino acid exchanger

SLC7A7 y+LAT1 Cationic/large neutral amino acid exchanger

SLC7A8     LAT2 Neutral amino acid transporter

SLC7A9 bo,+AT Cationic and large amino acid exchanger 

SLC9A2 NHE2 Sodium-hydrogen exchanger

SLC9A3 NHE3 Sodium-hydrogen exchanger

SLC15A1 PepT1 Di- and tri-peptide transporter

SLC15A2 PepT2 Di- and tri-peptide transporter

SLC15A3 PHT1 Di- and tri-peptide and histidine transporter

SLC30A1 ZnT1 Zinc transporter

SLC34A2 NPT2b Sodium phosphate transporter, type IIb

SLC38A1 SNAT1 Sodium dependent amino acid (System A) transporter 

SLC38A2 SNAT2 Sodium dependent amino acid (System A) transporter 

SLC43A2 LAT4 Branched chain amino acid transporter

TRPV6 Calcium channel

APN Aminopeptidase N

SI Sucrase-isomaltase

1Reviews of SLC1 (Kanai et al., 2013), SLC2 (Mueckler and Thorens, 2013), SLC3 (Fotiadis  
et al., 2013), SLC5 (Wright, 2013), SLC6 (Pramod et al., 2013); SLC7 (Fotiadis et al., 2013), 
SLC9 (Donowitz et al., 2013), SLC15 (Smith et al., 2013), SLC30 (Huang and Tepaamorndech, 
2013), SLC34 (Forster et al., 2013), SLC38 (Schioth et al., 2013), and SLC43 (Bodoy et al., 2013) 

gene families.
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The majority of studies involving the regulation of intestinal nutrient 
transporter (particularly monosaccharide, amino acid, and peptide) gene 
expression in animals have been conducted with rodents or chickens. There 
are relatively fewer studies on the regulation of gut transporter expression 
in cattle, pigs, and sheep, with most of these studies involving the initial 
cloning and characterization of PepT1. For more details, see review by 
Gilbert et al. (2008a). This review will thus focus on the development of the 
chick intestine during embryonic development and during the post-hatch 
period, the distribution of transporters in the small intestine, and various 
factors regulating the gene expression of intestinal nutrient transporters 
including: development, diet composition, environmental stress, and 
disease. Discussion of mammalian nutrient transporters focuses on species 
of agricultural relevance and is mainly focused on ontogenetic and dietary 
regulation aspects. Studies of fish are focused on those involving species 
of most economic relevance, with other species included to demonstrate 
the diverse mechanisms (e.g., differences in pH dependence). To discuss 
all transporters and studies involving their regulation is beyond the 
scope of this review. Instead, we will focus on studies involving peptide, 
amino acid, and monosaccharide transporters, and where appropriate the 
accompanying study of some related intestinal digestive enzymes.

development of the Embryonic chick Intestine and Yolk Sac

The modern commercial broiler spends one third of its development as 
an embryo during a 21 day incubation period and two thirds (42 days) 
of its development post-hatch; thus growth and development during 
the embryonic stage is as important as the post-hatch stage. During the 
transition from pre-hatch to post-hatch, the main nutrient source for the 
chick changes from yolk, which is high in fat, to feed, which is high in protein 
and carbohydrates. Thus, the expression of various nutrient transporters 
is expected to change during this transition. 

The embryonic chick relies on the yolk as its source of nutrients. The 
development of the intestine and the yolk sac covering the yolk has been 
described by Patten (1971). During the first few days of incubation, the 
extra-embryonic splanchnopleure spreads over the yolk forming the yolk 
sac; whereas the intra-embryonic splanchnopleure undergoes a number 
of changes that results in the development of the intestine. The embryonic 
intestine and the yolk sac form a contiguous membrane and thus share 
many physiological and anatomical features involved in nutrient uptake. 
The various stages of nutrition for the developing chick embryo have been 
reviewed by Moran (2007). During embryogenesis, nutrients are absorbed 
from the yolk by transporters located on the apical side of the epithelial cells 
lining the yolk sac and then are either metabolized by the cell or transported 
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out of the cell into the extra-embryonic blood supplying nutrients to the 
embryo. Late in development, the seroamniotic membrane ruptures and 
albumen enters the amniotic sac. This composite fluid is swallowed by 
the embryo and enters the gastrointestinal tract, where nutrients can be 
absorbed by intestinal epithelia. Prior to hatch, the yolk sac is internalized 
and uptake from the yolk begins to diminish as nutrients in the yolk are 
depleted. There is a concomitant shift to nutrient uptake in the intestine 
from ingested feed. Because the yolk sac and embryonic intestine form a 
contiguous structure and share nutrient uptake functions, expression of 
nutrient transporters in both tissues is likely coordinated. 

nutrient transporters in the Yolk Sac and Embryonic Intestine 
of chickens, turkeys and Pigeons

During embryogenesis the yolk sac functions as the intestine by expressing a 
number of nutrient transporters, while the intestine undergoes development 
and maturation. The expression of selected transporters in the yolk sac 
has been reported for chickens from embryo day 11 (e11) to day of hatch 
(doh) and pigeons from e12 to doh. In chickens, the digestive enzyme 
aminopeptidase N (APN), the amino acid transporters BºAT and cationic 
amino acid transporter 1 (CAT1), the peptide transporter PepT1, and the 
monosaccharide transporter GLUT5 showed greater mRNA abundance 
during early embryogenesis that declined towards hatch (Yadgary et al., 
2011; Speier et al., 2012). In contrast, EAAT3, SGLT1 and NPT2b (Sodium 
phosphate transporter) increased towards hatch. Sucrase-isomaltase (SI), the 
calcium channel (TRPV6) and the zinc transporter (ZnT1) did not change 
from e11 to doh. In pigeons, similar decreasing expression profiles towards 
hatch were observed for APN and PepT1, while expression of SGLT1, GLUT2 
and SI rose from e12 to e16 and then declined towards hatch (Dong et al., 
2012b). A transcriptome analysis of the chicken yolk sac has been completed 
for e13 to e21, which profiled all of the expressed SLC genes (Yadgary  
et al., 2014). Comparable increased expression towards hatch of EAAT3 and 
SGLT1 and decreased expression towards hatch of GLUT5, BºAT and PepT1 
was observed along with the expression profiles of many other members 
of the SLC gene family.

In the embryonic intestine, the expression profiles of a large number of 
nutrient transporters have been reported for chicken, turkey and pigeon. 
In the intestinal epithelia, brush border membrane transporters generally 
increase while basolateral membrane transporters decrease with age. 
This phenomenon can be explained by the changing source of nutrients. 
During early embryogenesis, nutrients are supplied to the embryo via the 
extra-embryonic blood system, which supplies nutrients to the intestinal 
epithelial cells through the basolateral membrane. As the embryo develops 



Nutrient Transporter Gene Expression in Poultry, Livestock and Fish 325

less nutrients are supplied via the yolk and there is a transition to nutrient 
uptake through the brush border membrane, thus explaining the decrease 
in basolateral membrane transporters and an increase in brush border 
membrane transporters. In general, the expression profiles of the brush 
border membrane and basolateral membrane transporters are similar for 
chickens, turkeys and pigeons.

At the brush border membrane most transporters increase in expression, 
which reflects the maturation of the intestine during development of the 
functional capacity of epithelial cells to absorb nutrients. The digestive 
enzymes APN and SI, the amino acid/peptide transporters bº,+AT/rBAT, 
BºAT, PepT1, EAAT3, and ATBº+, and the monosaccharide transporters 
SGLT1, GLUT2 and GLUT5 showed increased mRNA abundance towards 
hatch in chickens (Gilbert et al., 2007; Speier et al., 2012; Li et al., 2013; Miska 
et al., 2014) (see Figure 2). This pre-feeding increase in the coordinated 
expression of multiple transporters may be a “hard-wired” mechanism 
for preparing the intestine to absorb dietary nutrients. At the basolateral 
membrane, mRNA abundance of CAT1, CAT2, LAT1, y+LAT1, and 
y+LAT2 decreased from e15 to doh (Speier et al., 2012; Miska et al., 2014). 
Zwarycz and Wong (2013) examined the mRNA abundance of the peptide 
transporters PepT1, PepT2 and PHT1 in various tissues (proventriculus, 
small intestine, ceca, large intestine, brain, heart, bursa, lung, kidney and 
liver) of chicks at e18 and e20. They found that PepT1 was mainly expressed 
in the small intestine, PepT2 in the brain, kidney and liver and PHT1 in 
all tissues. A comprehensive microarray analysis of all SLC genes was 
conducted for the chick intestine between e18 and doh, which showed 
similar up- or downregulation profiles for these as well as other brush 
border and basolateral membrane transporters (Li et al., 2008). In pigeons, 
results similar to those of chicken were reported (Zeng et al., 2011; Dong 
et al., 2012b; Chen et al., 2015). The mRNA abundances of genes for brush 
border membrane proteins in pigeon (APN, SI, bº,+AT/rBAT, EAAT3, 
PepT1, SGLT1 and GLUT2) increased during embryonic development. The 
cationic amino acid transporters (CAT1, CAT2 and CAT3) showed an initial 
increase during early embryogenesis and then a decrease towards hatch. 
In contrast, y+LAT1 and y+LAT2 increased towards hatch in pigeon but 
declined in chicken. Other genes examined in pigeons showed increased 
expression (LAT4, NHE2 and NHE3) and decreased expression (SNAT1 
and SNAT2) (Chen et al., 2015). Studies with a subset of transporters in 
turkeys showed similar increases in mRNA for brush border membrane 
transporters (PepT1, EAAT3, GLUT5, SGLT1, SGLT4) and a decrease in 
mRNA for basolateral membrane transporters (ASCT1, CAT1, LAT1 y+LAT2 
and GLUT2) from early embryogenesis until hatch (de Oliveira et al., 2009; 
Weintraut et al., 2016).
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The effect of breed and sex on embryonic intestinal expression of 
nutrient transporters has been examined in chickens and turkeys. Zeng  
et al. (2011) compared Wenshi Yellow-Feathered chicks (WYFC) and White 
Recessive Rock chicks (WRRC). The mRNA abundance of CAT1, CAT4, 
rBAT, y+LAT1, y+LAT2, LAT4, SNAT1 and SNAT2 was greater in WYFC 
than WRRC. Speier et al. (2012) compared differences between Cobb and 
Leghorn embryos and reported that mRNA abundance of BºAT, CAT1, SI, 
SGLT1 and GLUT5 was greater in the embryonic intestine of Cobb compared 
to Leghorn embryos. Within the WYFC and WRRC breeds there was an 
effect of sex on gene expression (Zeng et al., 2011). The mRNA abundance 
of CAT1, CAT4, and LAT2 was greater in WYFC males than females, 
whereas y+LAT2 was greater in females than males. For WRRC, females 
had greater mRNA abundance of BºAT than males. In turkeys, there was 
no main effect of sex for any gene examined, although there was a sex by 
age interaction for EAAT3 with males expressing greater EAAT3 at e21 than 
females (Weintraut et al., 2016).

Two reports examined the expression of selected nutrient transporters 
in the yolk sac and embryonic intestine of the same chick or pigeon (Dong  
et al., 2012b; Speier et al., 2012). For chicken, the yolk sac was examined from 
e11 to e21/doh and the intestine from e15 to e21/doh; while for pigeon the 
yolk sac and intestine were examined from e12 to doh. In both chickens and 
pigeons, expression of APN and PepT1 mRNA showed an early peak in the 
yolk sac that declined towards hatch, whereas in the intestine expression 
increased towards hatch (Dong et al., 2012b; Speier et al., 2012). This pattern 
reflects the shift of the protein source and the need for a digestive enzyme 
and the peptide transporter to mediate entry of nutrients from the yolk 
sac into the intestine. Not all genes, however, showed this inverse pattern 
of expression between yolk sac and intestine. For example, SI and SGLT1 
both increased expression towards hatch in the yolk sac and intestine of 
chickens and pigeons. 

nutrient transporter Expression in Poultry Post-Hatch 

Several nutrient transporters have been described in post-hatch poultry but 
only a handful have been described at a functional or protein level. Most 
of the work in post-hatch poultry has been carried out in domesticated 
chickens but some work has been done in other bird species such as turkey, 
duck, and pigeons. 

The cationic amino acid transporters belong to the y+ cationic amino 
acid transport (CAT) family and have been extensively investigated in 
chickens. Chicken genomes appear to possess three CAT2 isoforms, CAT2-A, 
CAT2-B, as well as CAT2-C. However, in functional studies of the chicken 
CAT2 proteins expressed in mammalian cells, it appeared that only CAT2-A 
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might be capable of transporting Lys through the plasma membrane (Kirsch 
and Humphrey, 2010). The CAT2-C isoform encoded a truncated protein 
and its mRNA appeared to be targeted for nonsense mediated mRNA 
decay, which is a cellular mechanism that degrades transcripts containing 
a premature termination codon (Humphrey et al., 2008). At the mRNA level 
all three CAT2 isoforms were expressed with differing levels of abundance 
in several tissues such as skeletal muscle and liver. Neither isoform was 
highly expressed in the heart; however the functional CAT2-A was highly 
expressed in both skeletal muscle as well as liver (Humphrey et al., 2008).

The ontogeny of CATs (1-3) as well as glucose transporters (GLUT1-3) at 
the mRNA level has also been investigated in chicks from hatch to 14 days 
post-hatch (Humphrey et al., 2004). The authors investigated expression 
in skeletal muscle, heart, liver spleen, bursa, and thymus. The GLUT2 
isoform was the only one expressed in the liver at any of the time-points 
sampled, and GLUT2 expression appeared to increase following hatch to 
day 7 with the exception of the thymus. On the other hand most tissues 
expressed a CAT isoform at hatch and that expression persisted through 
day 7. Interestingly, neither spleen nor thymus expressed any CAT isoforms 
even at day 7. Overall most of the genes examined in this study were 
differentially expressed over time and tissue. 

The expression of CAT1-3 mRNA was investigated in chicks fed a Lys 
deficient diet (Humphrey et al., 2006). Because Lys deficient diets were 
consumed in lesser amounts than Lys adequate diets the expression of 
CATs was also investigated in pair-fed chickens fed a Lys adequate diet 
in the same amounts as those consumed by a chicken fed a Lys deficient 
diet. The expression of CAT1-3 in Lys deficient chickens was much lower 
in the liver, pectoralis muscle, bursa, and thymus. Pair fed chickens had 
expression levels similar to chickens fed a Lys adequate diet ad libitum. The 
expression of CAT1-3 in the liver, pectoralis muscle, and bursa was actually 
greater than in chickens fed ad libitum. Interestingly, the amount of plasma 
Lys levels in chickens fed a Lys deficient or pair fed Lys adequate diet was 
very similar, while chickens fed a Lys adequate diet ad libitum, had much 
higher amounts of Lys in their plasma. Therefore, it is unlikely that plasma 
levels of amino acids regulate the expression of CATs.

The ontogeny of nutrient transporter expression post-hatch has 
been thoroughly studied in chickens, turkeys and pigeons. The first 
comprehensive study of nutrient transporters in the small intestine of 
chickens was published by Gilbert et al. (2007). In this study 10 amino 
acid (bº,+AT/rBAT, ATBº, CAT1, CAT2, LAT1, y+LAT1, y+LAT2, BºAT, and 
EAAT3), a peptide (PepT1), and four monosaccharide (SGLT1, SGLT5 (later 
redesignated SGLT4), GLUT5, and GLUT2) transporters along with APN 
were examined from doh to 14 days post-hatch in two lines of chickens. 
Line A was selected for several generations on feed consisting of corn-
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soybean meal, while Line B on feed composed of wheat and amino acid 
concentrations that were 15–20% higher than those fed to Line A chickens. 
Expression of PepT1 was always greater in Line B chickens than line A and 
APN was consistently the most highly expressed gene of those investigated. 
In general, PepT1 was expressed in greatest amounts in the proximal region 
of the small intestine, the monosaccharide transporters in the jejunum and 
the amino acid transporters in the ileum. The mRNA abundance of PepT1 
and the amino acid transporters reflected the relative concentrations of the 
substrates, i.e., greater peptide concentrations in the proximal intestine and 
greater free amino acid concentrations in the distal intestine. Gilbert et al. 
(2007) reported that PepT1, EAAT3, BºAT, APN, SGLT1, SGLT5 (SGLT4), 
SGLT4, GLUT5 and GLUT2 increased from doh to d14, while CAT1 and 
CAT2 declined. Miska et al. (2015) reported similar increases in APN, ATBº+, 
BºAT, bº,+AT/rBAT, EAAT3, y+LAT2, and PepT1 and a decrease in CAT1 
and CAT2 from doh until d21 post-hatch, although various profiles were 
noted for the different intestinal segments.

Pigeons and turkeys showed similar patterns of nutrient transporter 
gene expression as chickens. There was increased mRNA abundance of 
PepT1, SGLT1, GLUT2, and APN from doh until d14 in pigeons (Dong  
et al., 2012a). Abundance of SI mRNA showed a more complex pattern with 
decreased expression from doh to d3/d5 followed by an increase to d14. 
Dong et al. (2012a) further showed that total intestinal enzyme activities 
of maltase, sucrase and APN increased from doh to d14 in pigeons, which 
was consistent with the increase in mRNA abundance. In turkeys, there 
was an increase in the post-hatch expression of EAAT3, GLUT5, and SGLT1 
mRNA and a decrease in ASCT1, CAT1, LAT1, y+LAT2 and GLUT2 mRNA 
from doh to d28 post-hatch (Weintraut et al., 2016). Interestingly, EAAT3 
mRNA abundance was 6-fold greater in the ileum of turkeys than chickens 
at d14. This result suggests that turkeys have an increased capacity to absorb 
anionic amino acids such as glutamate, which serves as the major energy 
source for intestinal epithelial cells (Brosnan and Brosnan, 2013). The mRNA 
expression results are consistent with the finding that glutamate is the most 
digestible amino acid for turkeys compared to chickens and ducks (Kluth 
and Rodehutscord, 2006).

The effect of genetic line and sex on gene expression was examined in 
chickens and turkeys. A study by Mott et al. (2008) addressed whether lines 
of chicks selected for high or low body weight resulted in different mRNA 
abundance of PepT1, EAAT3, SGLT1, and GLUT5. Greater expression of 
PepT1, EAAT3, and GLUT5 mRNA was observed in chicks selected for low 
body weight, while expression of SGLT1 was not different between any 
mating combinations. Mott et al. (2008) also explored the presence of sexual 
dimorphism in chicks from doh to d14 post-hatch. When averaged across 
all time points, the expression of EAAT3 and SGLT1 mRNA was greater 
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in females than males. Sexual dimorphic gene expression has also been 
documented in turkeys from doh to d28 post-hatch using a larger panel of 
transporter genes (Weintraut et al., 2016). Nine genes (APN, bº,+AT, EAAT3, 
PepT1, GLUT5, ASCT1, CAT1, LAT1, and y+LAT2) showed greater mRNA 
abundance in females than males, underlining that females may have a 
greater need for amino acid or sugars or that they may be utilized less 
efficiently in females. Only SGLT1 mRNA abundance was greater in male 
than female turkeys, which is opposite to chickens where female chickens 
showed greater SGLT1 mRNA abundance than male chickens. 

The effect of dietary protein quality, feed restriction and dietary 
protein composition on expression of nutrient transporter expression 
has been investigated. To determine the effect of protein quality and feed 
restriction on nutrient transporter gene expression, chickens were fed a 
diet containing high quality SBM (soybean meal) or lower quality CGM 
(corn gluten meal) as the supplemental protein source either ad libitum or 
a restricted amount of SBM (Gilbert et al., 2008b). Because feed intake of 
birds fed CGM was less than birds fed SBM, a set of birds fed SBM was 
restricted to the amounts eaten by chicks fed CGM. When feed intake was 
equal (CGM vs. restricted SBM) expression of PepT1 and bº,+AT mRNA 
was greater in SBM than CGM, whereas EAAT3 and GLUT2 mRNA was 
greater in CGM than SBM. When feed intake was restricted (ad lib SBM 
vs. restricted SBM), PepT1 mRNA was increased during feed restriction. 
As seen previously, only PepT1 was influenced by genetic line with Line 
B expressing greater levels than line A. Expression of EAAT3 mRNA was 
greater in line B chicks, while APN and SGLT1 mRNA was greater in Line 
A chicks. The authors suggested that while genetic selection changed the 
expression of nutrient transporters in the gut, the changes were masked 
when birds were fed a balanced diet (SBM) but were accentuated when fed 
a deficient diet (CGM). The upregulation of PepT1 mRNA following feed 
restriction has been previously reported in mammals (Thamotharan et al., 
1999; Ihara et al., 2000) and subsequently reported in chickens (Chen et al., 
2005; Duarte et al., 2011; Madsen and Wong, 2011).

The effect of dietary protein composition on expression of nutrient 
transporters has been investigated by Gilbert et al. (2010). The purpose of 
this study was to determine if feeding a partially digested or completely 
digested protein would alter the expression profile of transporters in 
the small intestine. Line A or B chickens were fed three different diets 
beginning at day 8 post-hatch, in which protein sources were whey protein 
concentrate, a whey partial hydrolysate (WPH), or a mixture of free amino 
acids identical to the composition of whey. The abundance of PepT1, bº,+AT, 
EAAT3, y+LAT2, CAT1, and APN mRNA was greater in line B than line 
A chickens. For all genes except LAT1, Line B chickens that consumed the 
WPH diet showed greater expression of nutrient transporters, indicating 
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that genetic selection as well as diet formulation can be used to change and 
perhaps improve nutrient uptake.

Nutrient transporters in post-hatch chicks are also expressed in tissues 
other than the small intestine. In the ceca, expression of digestive enzymes, 
amino acid, peptide and monosaccharide transporters was reported, 
although at varying levels of expression compared to the small intestine 
(Miska et al., 2015; Su et al., 2015). The genes examined included digestive 
enzymes (APN and SI), amino acid/peptide transporters (ATBº+, BºAT, 
bº,+AT/rBAT, EAAT3, ASCT1, PepT1, CAT1, CAT2, LAT1, y+LAT1, y+LAT2, 
SNAT1 and SNAT2) and monosaccharide transporters (GLUT2, GLUT5, 
SGLT1 and SGLT4). For most genes, mRNA abundance in the ceca ranged 
from one to two orders of magnitude lower than in the small intestine. 
Su et al. (2015) reported that CAT2 and GLUT1 expression was greater in 
ceca than the small intestine; however Miska et al. (2015) did not observe 
increased expression of CAT2 in the ceca. These results demonstrate that 
the ceca have the ability to absorb nutrients, although at a lower level than 
the small intestine. In the liver, mRNA abundance of APN, ATBº, bº,+AT/
rBAT, EAAT3, PepT1, CAT1, CAT2, y+LAT1, y+LAT2, SNAT1 and SNAT2 
was detected, but again at a level of one to two orders of magnitude less 
than the small intestine (Miska et al., 2015). Zwarycz and Wong (2013) also 
reported low expression of PepT1 mRNA in the ceca and large intestine 
post-hatch. PepT2 mRNA was expressed at high levels in the brain and 
kidney and low levels in the proventriculus, ceca, large intestine, heart, 
bursa, lung and liver, while PHT1 was expressed in all tissues examined. 
In the oviduct, differential expression of selected SLC genes has been 
reported by Lim et al. (2012), where expression of ASCT1 was limited to 
glandular epithelium while CAT3 was expressed predominantly in the 
luminal epithelium of the magnum. 

nutrient transporter Expression in Poultry in response to 
thermal Stress and disease

Environmental factors, such as temperature, can cause stress that negatively 
affects growth rate. Both high and low temperatures have been shown to 
alter nutrient transporter gene expression. Carriga et al. (2005) showed 
that heat stress caused decreased body weight that can only partially 
be attributed to decreased food intake. Birds reared for two weeks at 
30°C exhibited increased transport of glucose through the brush border 
membrane of the jejunum, which was associated with increased amounts 
of SGLT1. Combined with increased glucose uptake and SGLT1 expression, 
the villi of heat stressed birds were longer than those of normally reared 
birds, therefore these three characteristics may function in the jejunum to 
guarantee an energy supply under stressful conditions. Sun et al. (2015) also 
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reported the effect of heat stress on broilers on the expression of nutrient 
transporters at the mRNA level. The levels of SGLT1 mRNA in the jejunum 
in heat stressed birds did not change while levels of GLUT2 decreased. These 
results are not in agreement with results reported by Carriga et al. (2005). 
However, it is possible that levels of mRNA abundance are not the same 
as protein levels. The birds used by Sun et al. (2015) were older than those 
used by Carriga et al. (2005) and were heat stressed for a lesser period of 
seven days for 10 hours per day. In addition to monosaccharide transporters 
Sun et al. (2015) measured the change in mRNA abundance of three amino 
acid transporters (rBAT, CAT1, and y+LAT1), as well as PepT1, however 
these were unaltered by heat stress. Barri et al. (2011) also examined the 
effect of egg incubation temperature on SGLT1, GLUT2, GLUT5, PepT1 
and EAAT3 mRNA abundance in the intestine. They found that expression 
of PepT1 mRNA showed a temperature by age interaction, with greater 
expression of PepT1 on day 6 in chicks hatched from eggs incubated at 
37.4ºC compared to 39.6ºC.

Low temperatures also affected nutrient transporter gene expression. 
Cold acclimation in ducklings resulted in increased glucose transport by 
sarcolemmal vesicles, which was associated with increased GLUT4 protein. 
This result is different from mammals where no change in skeletal muscle 
glucose transport was associated with cold acclimation. The authors 
concluded that in birds muscle is the main thermogenic site, whereas some 
mammals such as sheep and cattle use brown adipose as the thermogenic 
tissue thus highlighting basic differences between mechanisms of nutrient 
transport of avian species compared to some mammals. In addition, 
in mammals GLUT4 expression and activity was inducible by insulin; 
however, this induction was stronger in mammals (13-fold in rat) compared 
to duck (5-fold) (Thomas-Delloye et al., 1999). In chickens (and possibly 
other avian species) the gene encoding the GLUT4 ortholog is absent and 
perhaps replaced in function by GLUT12 (Seki et al., 2003; Coudert et al., 
2015). However, other birds like ducks and pigeons appear to express a 
GLUT4-like protein. Therefore, it would be of interest to determine if GLUT4 
is absent in all galliformes and if a different glucose transporter responds 
to insulin stimulation in these birds.

Pathogens that infect the intestine have a profound effect on nutrient 
uptake and expression of nutrient transporters. Coccidiosis is a major disease 
of poultry caused by the protozoan Eimeria. This parasite invades intestinal 
epithelial cells to complete its replication cycle and causes intestinal lesions, 
leading to reduced body weight gain, reduced feed efficiency and severe 
economic losses for the poultry industry (Dalloul and Lillehoj, 2006). The 
sites of lesions are species specific. For example, E. acervulina and E. praecox 
primarily affect the duodenum, E. maxima affects the jejunum, and E. tenella 
affects the cecum. These intestinal lesions would be expected to affect 
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the function, such as nutrient uptake, of the intestinal epithelial cells by 
dysregulation of the nutrient transporters. A series of recent studies have 
examined the effect of different Eimeria species (E. acervulina, E. maxima,  
E. praecox and E. tenella) on nutrient transporter gene expression in infected 
chickens (Paris and Wong, 2013; Su et al., 2014; Fetterer et al., 2014; Su  
et al., 2015; Yin et al., 2015).

Transporter gene expression was profiled in different segments of 
the small intestine (duodenum, jejunum, and ileum) or cecum of Eimeria 
infected chickens. The genes examined included digestive enzymes (APN 
and SI), amino acid transporters (bº,+AT/rBAT, BºAT, EAAT3, ASCT1, 
CAT1, CAT2, y+LAT1, y+LAT2, LAT1), the peptide transporter PepT1, 
monosaccharide transporters (GLUT1, GLUT2, GLUT5, SGLT1, SGLT4), and 
the zinc transporter ZnT1. Paris and Wong (2013) and Fetterer et al. (2014) 
examined the changes in nutrient transporter gene expression in E. maxima 
infected broilers. In both studies mRNA abundance of EAAT3 and bº,+AT/
rBAT in the jejunum was downregulated, while LAT1 was upregulated.  
In addition, ASCT1 (Paris and Wong, 2013), CAT1, and ATBº,+ mRNA 
(Fetterer et al., 2014) were upregulated. Su et al. (2014) compared changes 
in gene expression in E. acervulina challenged layers and broilers. In the 
target tissue (duodenum), there was downregulation of APN, bº,+AT/
rBAT, BºAT, EAAT3, CAT2, SI, GLUT2 and ZnT1 mRNA in both broilers 
and layers. Although many genes were downregulated or upregulated 
in the jejunum and ileum of layers, there were no changes in the jejunum 
and ileum of broilers, demonstrating that layers and broilers respond to 
an Eimeria infection differently. Differential expression of transporters 
in the small intestine and cecum in response to different Eimeria species 
(E. acervulina, E. maxima, E. tenella, and E. praecox) has been reported  
(Su et al., 2015; Yin et al., 2015). Changes in gene expression were found to be 
tissue- and species-specific. E. acervulina caused downregulated expression 
in the duodenum and ceca. E. maxima and E. tenella caused both up- and 
downregulated expression in all four tissues and in the jejunum, ileum 
and cecum, respectively. E. praecox caused downregulated expression in all 
three intestinal segments, however cecum was not examined in this study. 
Although there were Eimeria-species specific differences in gene expression, 
a common set of genes was altered following infection with all four Eimeria 
species. These transporters included bº,+AT/rBAT, EAAT3, GLUT2, GLUT5 
and ZnT1 and the digestive enzymes APN and SI. A general cellular model 
in response to Eimeria infection has been proposed, which involved down-
regulation of mRNA for key transporters such as EAAT3, bº,+AT/rBAT and 
ZnT1 (Paris and Wong, 2013; Su et al., 2014, 2015). Decreased expression of 
the brush border membrane transporters bº,+AT/rBAT and EAAT3 would 
result in decreased uptake of some essential amino acids and glutamate, 
the major energy source for intestinal epithelial cells. This would lead to 



Nutrient Transporter Gene Expression in Poultry, Livestock and Fish 333

a depletion of intracellular pools of these key amino acids resulting in 
either inhibition of Eimeria replication or cell death. Downregulation of 
the basolateral zinc transporter ZnT1, which mediates the efflux of zinc, 
may result in an increase in intracellular concentrations of zinc, which is 
important for the activity of antioxidant enzymes. The Eimeria induced 
oxidative damage reported by Georgieva et al. (2011), may be counteracted 
by a decrease in ZnT1 expression and the resultant increase in intracellular 
zinc.

nutrient transporter Gene Expression in Livestock

In livestock species, there are a number of studies involving the effects of 
various dietary factors on gastrointestinal tract expression of amino acid 
and monosaccharide transporters. In ruminants, the dietary nutrients are 
subjected to metabolism and modification by the ruminal microflora, with 
the majority of dietary protein hydrolyzed to amino acids and further 
degraded to ammonia and carbon skeletons used by the microbes for 
rebuilding protein. Thus, much of the amino acids available to the ruminant 
animal for growth are derived from microbial protein. There has been a 
great deal of interest in understanding the potential for absorbing amino 
acids in the rumen, and contribution of the various stomach compartments 
and small intestine to whole body amino acid nutrition. In general, there 
is gene expression and functional activity of PepT1, in the rumen of sheep 
and cattle (Gilbert et al., 2008a), suggesting that the foregut of ruminants 
can absorb amino acids as peptides. PepT1 mRNA in the rumen, omasum, 
and small intestine was not influenced by age, between 2 and 8 weeks of 
age, in lambs, and lambs that nursed but did not have access to a creep diet 
expressed more ruminal PepT1 mRNA (Poole et al., 2003). In contrast, in 
Angus steers, there were developmental changes in jejunal CAT1 expression, 
with greater quantities of mRNA in growing animals as compared to 
suckling, weanling, or finishing animals (Liao et al., 2008). Ruminal 
infusion of starch hydrolysate to Angus steers for 15 days downregulated 
the jejunal mRNA abundance of CAT1, rBAT, y+LAT2, and 4F2hc (Liao  
et al., 2009). Abomasal infusion only downregulated the jejunal expression 
of y+LAT2 and 4F2hc mRNA (Liao et al., 2009). GLUT2 and SGLT1 mRNA 
but not GLUT5 mRNA was increased in the ileum after abomasal starch 
hydrolysate infusion, whereas duodenal SGLT1 expression was increased 
after ruminal infusion (Liao et al., 2010). The abomasal infusions bypass 
the ruminal microflora, thus representing nutrients that are made directly 
available to the animal, thus it is interesting to note the differences in small 
intestinal nutrient transporter transcription in response to ruminal vs. 
abomasal infusion of nutrients.
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Similar to proteins, ingested complex carbohydrates are hydrolyzed 
into monosaccharides and fermented into volatile fatty acids (and other 
small organic acids) in the rumen-reticulum. The capacity for immediate 
monosaccharide absorption in the rumen is unclear, as it has been largely 
assumed that most of these sugars are fermented in the rumen, with little 
to no monosaccharide transport in more distal areas of the gastrointestinal 
tract. It is well known that increased dietary supplementation of grain 
concentrate in a ruminant diet will lead to reduced ruminal pH and greater 
production of lactic acid and volatile fatty acids. Goats fed 60% barley grain 
for 6 weeks expressed less SGLT1 in the rumen as compared to goats that 
consumed 30% or no grain (Metzler-Zebeli et al., 2013).

There has been increasing interest in reducing crude protein content 
in the swine diet and using free amino acid supplementation to provide a 
more ideal balance of amino acids, combined with energy content, in order 
to maximize growth performance while minimizing nitrogen excretion. 
Consumption of a low 14% crude protein, wheat-soybean meal-based 
diet supplemented with l-Lys, l-Thr, dl-Met, l-Leu, l-Ile, l-Val, l-His, l-Trp,  
and l-Phe for 21 days was associated with greater bº,+AT mRNA in the 
duodenum as compared with crossbred pigs that ate a high 22% crude 
protein diet that did not contain supplemental amino acids (Morales et al., 
2015). Expression was not affected in pigs that consumed the low-protein 
diet that was only supplemented with free glycine. In a 28-day study, 
pigs fed wheat and cornstarch-based diets (containing a basal level of 
supplemented free Lys, Thr, and dl-Met) supplemented with Leu expressed 
much lower quantities of bo,+AT mRNA than those fed the unsupplemented 
diet (Morales et al., 2013).

In Yucatan miniature piglets that were weaned at 4 weeks of age and 
sampled at 1, 2, 3, or 6 wk of age, there were age- and site-specific differences 
in PepT1 mRNA abundance and peptide uptake in the small intestine and 
colon (Nosworthy et al., 2013). Peptide uptake did not differ significantly 
among intestinal regions prior to weaning; however, post-weaning a distinct 
gradient was established whereby uptake was greatest in the distal small 
intestine (Nosworthy et al., 2013). There was variability in the corresponding 
gene expression of PepT1 with one distinct pattern of a dramatic decline 
in mRNA abundance after weaning in the colon (Nosworthy et al., 2013).  
In Tibetan piglets, expression of PepT1 mRNA was greatest in the jejunum 
as compared to duodenum and ileum, and expression increased from 1 to 14 
days followed by a decrease from days 21 to 35 (Wang et al., 2009). Similar 
to chickens, expression of bº,+AT in pigs (at 90 days of age) was greater in 
the distal than proximal intestine and greater in the small intestine than 
colon, with ileum expression increasing from 1 day to 150 days after birth 
(Feng et al., 2008).



Nutrient Transporter Gene Expression in Poultry, Livestock and Fish 335

While many studies have examined the effects of diet from weaning 
through adulthood on regulation of intestinal nutrient transporter gene 
expression, few have focused on effects of maternal nutrition on intestinal 
development of the offspring. Weaned piglets from Landrace x Yorkshire 
dams that were subjected to over nutrition throughout gestation (150% of 
NRC recommendations) had heavier small intestines, and greater mRNA 
abundance of SGLT1, GLUT2, and PepT1 (more than 10-fold for PepT1) 
in the jejunum, whereas piglets from under nourished dams (75% of NRC 
recommendations) showed fewer differences from the control group (Cao  
et al., 2014). At birth, SGLT1 mRNA abundance was greater in the piglets 
from over nourished dams than control or under nourished dams. The 
piglets from underfed dams showed stunted intestinal development, 
including shorter villi, but no differences in monosaccharide or peptide 
transporter gene expression at birth or weaning (Cao et al., 2014). The 
relative birth weight of the piglet has also been shown to affect PepT1 
regulation in the gut. Low birth weight piglets showed increased colonic 
PepT1 activity as compared to normal weight piglets (Boudry et al., 2014).

nutrient transporter Gene Expression in Fish

Studies of transcriptional regulation of PepT1 and other transporters has 
been explored quite extensively in fish species of commercial relevance that 
are used for aquaculture because of the potential to improve their growth 
and feed efficiency through dietary manipulation of transporter expression. 
As compared to birds and mammals, regulation of transporter activity 
(particularly pH-dependent activity) is quite complex and mechanisms 
more diverse in fish, most likely due to the greater species diversity and 
adaptations to specific ecological niches and genome diversity, such as 
whole genome duplication, frequent gene-linkage disruptions, etc. (Romano 
et al., 2014). 

The PepT1 gene has been cloned in various species of fish such as Atlantic 
salmon (Ronnestad et al., 2010), sea bass (Dicentrarchus labrax) (Terova et 
al., 2009), sea bream (Sparus aurata) (Terova et al., 2013), zebrafish (Verri et 
al., 2003), Atlantic cod (Ronnestad et al., 2007), and the Asian weatherloach 
(Goncalves et al., 2007). Similar to birds and mammals, expression of PepT1 
in fish is greatest in the gastrointestinal tract (Ronnestad et al., 2010; Liu  
et al., 2013). Within the tract, expression was greatest in the pyloric ceca 
and proximal to mid-section of the small intestine as compared to the other 
sections between the gastroesophageal junction and rectum (Terova et al., 
2009; Ronnestad et al., 2010). Expression of SGLT1 was also greater in the 
intestine as compared to other tissues in the Asian weatherloach, although 
it was not detected in the most distal region of the hindgut in contrast to 
PepT1 (Goncalves et al., 2007). 
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Expression of PepT1 also shows developmental changes in fish. In larval 
Atlantic cod (Gadus morhua), an important commercial fish and aquaculture 
species, PepT1 mRNA was detected throughout the gastrointestinal tract 
(except the esophagus and sphincters) before first feeding at hatch, and 
continued to increase during the first three weeks after feeding in response 
to two different types of prey (zooplankton or rotifers) (Amberg et al., 2008). 
As observed in embryonic chicks and rodents, pre-feeding expression of 
PepT1 in fish is upregulated probably by a hard-wired mechanism. PepT1 
expression posterior to the esophagus and more ubiquitous expression 
throughout the intestinal tract is different from birds and mammals where 
PepT1 was shown to be primarily localized to the duodenum and jejunum 
of the small intestine (Amberg et al., 2008).

 In contrast to birds and mammals, in several fish species, such as 
zebrafish and Atlantic salmon, functional studies have shown that PepT1 
shows greater activity at an alkaline pH. PepT1 shows less proton dependency 
as reflected by low expression of the Na+-H+ exchanger in enterocytes and 
is likely adapted for maximum activity in the alkaline environment of the 
fish intestinal lumen (Ronnestad et al., 2010). Interestingly, in Fundulus 
heteroclitus, a euryhaline species capable of adapting to a wide range of 
salinities, two PepT1 isoforms were cloned that were differentially expressed 
in freshwater and saltwater conditions (Bucking and Schulte, 2012). Only 
PepT1b was expressed in the intestine of saltwater-acclimated fish, whereas 
both isoforms were expressed in freshwater-adapted fish. Furthermore,  
in vitro studies showed that an increase in luminal pH decreased dipeptide 
transport in freshwater-adapted fish but increased transport in saltwater-
acclimated fish (Bucking and Schulte, 2012).

There have been a variety of studies to assess the effects of fasting/
starvation and refeeding on transcriptional regulation of PepT1 and other 
transporters in different fish species. Zebrafish represent an important 
biomedical model and also serve as a model for fish physiology, in part 
because of their complete and well-annotated genome. Fasting for 384 h led 
to changes in mRNA abundance of transporters in 35-day-old mixed sex 
zebrafish (Tian et al., 2015). During the first 6 to 12 h of starvation, mRNA 
abundance of BºAT1, PepT1, PepT2, and ATBº,+ all decreased whereas ASCT2 
increased. However, after 12 h, there was an increase in BºAT1 and ATBº,+ 
to 24 h and increase in PepT2 to 96 h, followed by decreases in expression 
of all genes. Expression of ASCT2 decreased after 6 hours and plateaued 
to lowest levels at 24 hours. Of the transporters evaluated, PepT1 was the 
only one that continually decreased after the onset of starvation, reaching 
lowest levels at 192 h post-initiation of starvation. These findings contrast a 
number of avian and mammalian studies that show upregulation in PepT1 
expression in response to fasting, feed restriction, and other treatments that 
impose a nutrient restriction/deprivation. A potential limitation of this 
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study though is that whole fish were used for RNA isolation and may not 
be representative of changes occurring only in the small intestine as these 
genes are known to have a wide tissue distribution in birds and mammals. 

In an earlier study, however, where zebrafish were fasted for 1, 2 and 5 
days and then refed, mRNA abundance of PepT1 in the gastrointestinal tract 
also decreased at 1, 2 and 5 days post-food withdrawal, but then dramatically 
increased at 24 and 48 h post-refeeding followed by another sharp increase to 
96 h post-refeeding (Koven and Schulte, 2012). Interestingly, the expression 
levels at 96 hours post-refeeding were more than five times greater than 
quantities in the control fed zebrafish, suggesting a robust compensatory 
mechanism in response to the prolonged fasting. In the same study, a variety 
of other growth-related genes were measured, but none showed the same 
compensatory response. Zebrafish display a compensatory growth response 
following feed restriction. The authors went so far as to suggest that PepT1 
may play an important role during the compensatory growth response, with 
its role paralleling that in humans with short bowel syndrome that show 
an upregulation of PepT1 in the gut to maintain amino acid absorption 
capacities (Koven and Schulte, 2012).

Consistent with these reports, sea bass were either fed to satiety or feed-
deprived for 5 weeks and then refed for 3 weeks (Terova et al., 2009). At 4 and 
35 days of fasting, PepT1 mRNA was reduced in the proximal intestine and 
at 4 and 10 days of refeeding expression was greater than in control fish that 
had been fed to satiety throughout the experiment. Expression returned to 
normal control levels at 21 days of refeeding (Terova et al., 2009). Similarly, 
6 d of food deprivation was associated with downregulated PepT1 mRNA 
in the pyloric ceca of juvenile Atlantic salmon (Ronnestad et al., 2010).  
In F. heteroclitus, there was increased PepT1 mRNA in both the proximal 
and distal intestine after 3 days of fasting; however, expression was down-
regulated by 21 days of fasting, and 7 days of refeeding upregulated PepT1 
to quantities greater than in pre-feeding fish (Bucking and Schulte, 2012). 
Similarly, in European sea bass fasted for 3, 7, 14, and 21 days, intestinal 
expression of PepT1 mRNA was increased at 7 days of fasting but then was 
reduced to pre-fasting quantities at 14 and 21 days (Hakim et al., 2009). 
The authors speculated that this reflected weight loss rates, where losses 
peaked during the first week but were then “steady state” during the final 
two weeks of the study (Hakim et al., 2009). However, one month of fasting 
in Asian weatherloach, a species that uses the intestine for both digestion/
absorption and respiration, did not alter PepT1 or SGLT1 mRNA abundance 
in the foregut or hindgut (Goncalves et al., 2007). The epithelial cell layer 
in the gut of the air-breathing weatherloach has a short diffusion distance 
to the blood, conducive to gas exchange, but may alter nutrient transporter 
functions of the intestine relative to other species (Goncalves et al., 2007). 
Terova et al. (2009) speculated that the difference between fish and bird/
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mammal studies could be due to the relative physiological magnitude of 
the fasting imposed—that the fasting treatments reported for fish are far 
more dramatic relative to the stress imposed in other taxa. 

Dietary composition has also been shown to affect transporter 
expression in fish. In particular, due to the expense associated with feeding 
fish meal, there has been intense focus on substituting fish meal with 
alternative protein sources, such as those of vegetative origin. There have 
been many studies published on understanding effects of dietary protein 
source and quality on regulation of PepT1 and amino acid transporter 
gene expression and amino acid absorption. Grass carp (Ctenopharyngodon 
idella) are a freshwater species native to eastern Asia and used extensively 
in China as a food fish. Grass carp displayed differences in intestinal PepT1 
mRNA when fed isonitrogenous diets formulated to contain either fishmeal 
or soybean meal as the primary source of protein in the diet (Liu et al., 
2013). During the month-long feeding trial, expression of PepT1 mRNA 
in the intestine was greater in fish fed the fishmeal diet than in fish fed 
the soybean meal. When fed isocaloric diets that differed in the amount of 
protein (22, 32, or 42% CP), carp that were fed the 22% CP diet expressed 
less PepT1 mRNA during the first 7 days of the feeding trial than either 
of the other two groups, but after day 14 expressed more intestinal PepT1 
mRNA throughout the remainder of the trial (days 21 and 28). Expression 
of PepT1 mRNA in fish that were fed the 32% CP diet was lowest relative 
to the other two dietary groups (Liu et al., 2013). These results show that 
dietary protein quantity influences the regulation of PepT1 expression, 
consistent with reports in chickens.

 In Atlantic cod that were fed either intact protein as fish meal, or in 
combination with a fish meal hydrolysate or a mixture of free amino acids, 
there were no differences in expression between the control and treated 
groups, but within groups there were differences in the spatial distribution 
of PepT1. PepT1 expression was greater in the mid-region of the intestinal 
tract compared to the proximal region in fish fed the free amino acid or 
hydrolysate mixtures, as compared to the fishmeal-fed controls (Bakke  
et al., 2010). In a study with Asian weatherloach, there was no difference in 
intestinal expression of PepT1 or SGLT1 mRNA in high-protein vs. high-
carbohydrate-fed fish after one month, although growth rates were lower 
in the carnivorous fish that were fed the high-carbohydrate (low protein) 
diet (Goncalves et al., 2007). In European sea bass fed a salt-enriched diet 
with a relatively low proportion of fish meal (10% vs. 50%), PepT1 mRNA 
was upregulated in the hindgut after 6 weeks of feeding, whereas BºAT was 
not affected by dietary manipulations (Rimoldi et al., 2015). When green 
pea was substituted for 15% of fish meal in the diet of sea bream, PepT1 
mRNA was downregulated in the proximal intestine relative to the fish 
fed the control diet, although body weights were not significantly different 
(Terova et al., 2013). 
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Amino acid supplementation was also shown to influence expression of 
PepT1 in fish. In the intestine of 1 month-old carp, consumption of a wheat 
gluten protein-based diet supplemented with Lys-Gly for 4 weeks was 
associated with an upregulation in PepT1 mRNA as compared to fish that 
consumed the same diet without dipeptide supplementation (Ostaszewska 
et al., 2010). Dipeptide supplementation also improved growth performance 
relative to non-supplemented fish.

conclusions and Implications

In conclusion, results from these studies all show that gene expression 
of nutrient transporters in birds, mammals, and fish is influenced by 
development, environmental factors, dietary composition, as well as 
anatomical location in the gut. Transcriptional regulation is responsive to the 
diet and to the environment, with transporter activity (and hence nutrient 
absorption) being ultimately controlled by the amount of transporter 
protein produced and translocated to the cell membrane. With nutrient 
absorption being a known bottleneck to nutrient assimilation in the animal, 
mechanisms that enhance uptake are especially important. These data 
highlight the potential for housing and dietary management to influence 
nutrient availability and thereby affect overall growth performance. As 
more data become known about how transporter expression and function 
are regulated, this information can be used to provide diets that more 
closely match the digestive and absorptive potential of the animal so that 
the animal is primed to reach its full genetic potential.
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Novel Peptides in Poultry
A Case Study of the Expanding 
Glucagon Peptide Superfamily  

in Chickens (Gallus gallus) 

Yajun Wang

 IntroductIon

With the technological advancement which has allowed genome sequencing 
at lower costs, higher throughputs and accuracy, draft genomes of many 
invertebrate and vertebrate species including birds and mammals, have 
been sequenced (Lander et al., 2001; International Chicken Genome 
Sequencing, 2004). Based on these genome data, the ancestor of vertebrates 
is hypothesized to have experienced two rounds of genome duplication 
events (the “2R” hypothesis) ~520–550 million years ago (mya) which 
led to a higher number of genes in modern vertebrates including birds. 
Moreover, a third round of genome duplication event (the “3R” hypothesis) 
occurred in the ray-finned lineage ~350 mya which resulted in a further 
increase in number of genes in teleost fish (Van de Peer et al., 2009). Genome 
duplication, acting together with gene loss, gene innovation, and local gene 
duplication, have likely shaped the genomes of modern vertebrates and 
generated richer species diversity with divergent phenotypes, which may 
be beneficial for adaptation to the environment (Van de Peer et al., 2009). 
At present, the genomes of many birds have been sequenced, including 
chickens, turkeys (Meleagris gallopavo), and ducks (Anas platyrhynchos) 
(Huang et al., 2013). These species are of great importance to poultry 
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industries and biomedical research. Their genomes greatly facilitate the 
identification and characterization of novel genes which likely affect 
important physiological processes and phenotypic traits of poultry species, 
such as growth, body composition, egg laying, and feather development. 

Based on its draft genome, chickens were estimated to have more 
than 20,000 genes. Some of them encode bioactive peptides, which mainly 
act as hormones to regulate many vital physiological processes, such as 
growth, development, metabolism, energy balance, stress, reproduction 
and immunity. Since majority of these peptides have been documented in 
previous reviews (Scanes and Pierzchala-Koziec, 2014; Denbow and Cline, 
2015; Scanes, 2015), therefore we will briefly introduce the peptides of 
glucagon superfamily in chickens in this chapter. Particular emphasis will 
be placed on glucagon-like peptide (GCGL) and secretin-like peptide (SCT-
LP), which are two novel peptides recently identified and characterized in 
our laboratory (Wang et al., 2012a,b). The identification of novel members in 
the expanding glucagon superfamily caused by exon/genome duplication 
in chickens will hopefully facilitate the search for novel members in other 
gene families in birds and rethink on how they are related to the unique 
aspects of avian biology. 

Glucagon Superfamily Members co-exist in chickens  
and Mammals

Glucagon (GCG) superfamily consists of 10 structurally-related peptides 
including GCG, glucagon-like peptide 1 (GLP1) and glucagon-like peptide 
2 (GLP2), glucose-dependent insulinotropic polypeptide (GIP), secretin 
(SCT), pituitary adenylate cyclase-activating polypeptide (PACAP), PACAP-
related peptide (PRP), vasoactive intestinal polypeptide (VIP), peptide 
histidine-isoleucine (PHI), growth hormone-releasing hormone (GHRH). 
They are encoded by six genes (Figure 1), namely SCT, GHRH, GIP, GCG, 
PACAP and VIP genes, which were likely generated by genome duplication 
during vertebrate evolution (Sherwood et al., 2000; Lee et al., 2007). 

This repertoire of peptides is conserved between mammals and chickens 
(Figure 1), including the phenomenon of two (or three) structurally related 
peptides encoded by a single gene. For instance, VIP gene encodes bioactive 
VIP and PHI (PHM in humans), while GCG encodes three bioactive 
peptides, GCG, GLP1, and GLP2. This is hypothesized to have originated 
by exon duplication, although the functions these closely related peptides 
share may vary in tissues, probably due to gene innovation (Sherwood 
et al., 2000). Characterization of the avian GCG superfamily peptides by 
our laboratory and others have shown conservation over their structure 
and general actions between chicken and mammalian GCG superfamily 
peptides (Figure 1) (Irwin and Wong, 1995; Talbot et al., 1995; Irwin and 
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Figure 1: Glucagon superfamily genes and their encoded peptides in chickens and mammals. 
(A) In chickens, 7 genes (GCG, GIP, GCGL, VIP, PACAP, GHRH and SCT) of glucagon 
superfamily encode 12 bioactive peptides including three peptides unique to chickens, 
GCGL, GHRH-LP, and SCT-LP (shaded in black). (B) In mammals, 6 genes encode 9 bioactive 
peptides. PRP is inactive. (C) Sequence comparison of the 10 peptides identified in chickens and 
humans. PACAP has a short form of 27 amino acids (PACAP27, underlined); Chicken GHRH 
also has a short bioactive form of 27 amino acids with an amidated C-terminus (GHRH1-27NH2, 
underlined); Asterisk (*) indicates peptide with an amidated C-terminus; Dot indicates the 

amino acid identical to chicken peptides.

Zhang, 2006; Wang et al., 2006; Wang et al., 2007), such as GHRH-induced 
GH secretion (Meng et al., 2014), however, actions of these peptides still 
await further characterization in birds. Of particular interest to note is that 
unlike PRP in mammals which has no biological activity, PRP (GHRH-LP) 
is bioactive in chickens, which has been shown to inhibit food intake after 
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intracerebroventricular (icv) injection (Tachibana et al., 2015), possibly via 
activation of a functional GHRH-LP receptor (GHRH-LPR) expressed in 
the hypothalamus (Wang et al., 2010).

novel Members of the Expanding Glucagon Superfamily  
in chickens 

Discovery of GCGL and SCT-LP in Chickens

Apart from the 10 classic peptides of GCG superfamily and their specific 
receptors in chickens identified by our and other teams (Table 1) (Wang 
et al., 2008; Huang et al., 2012; Mo et al., 2014), we recently identified two 
novel peptides belonging to the GCG superfamily, namely secretin-like 
peptide (SCT-LP) and glucagon-like peptide (GCGL) respectively, which 
are absent in mammals probably due to gene/exon loss during evolution 
(Wang et al., 2012a,b). 

Table 1: The receptors for glucagon superfamily peptides identified in chickens. 

Peptide Peptide receptor(s) Tissue expression of chicken receptors 

Chickens Mammals

GCG GCGR GCGR Expressed in liver and other tissues

GLP1 GLP1R GLP1R Expressed in GI tract, CNS, and other tissues

GLP2 GLP2R GLP2R Expressed in GI tract and other tissues

PACAP PAC1 PAC1 Widely expressed in CNS and other tissues 

VPAC1 VPAC1 Widely expressed in CNS and other tissues

VPAC2 VPAC2 Widely expressed in CNS and other tissues

VIP VPAC1 VPAC1 Widely expressed in CNS and other tissues

VPAC2 VPAC2 Widely expressed in CNS and other tissues

SCT SCTR SCTR Expressed in GI tract, liver, testis, and pancreas

GIP GIPR GIPR Unknown

GHRH GHRHR1 GHRHR Predominantly expressed in pituitary

GHRHR2 - Expressed in CNS, pituitary and testis

PHI VPAC1 ? Widely expressed in CNS and other tissues

VPAC2 ? Widely expressed in CNS and other tissues

GHRH-LP 
(PRP)

GHRH-LPR - Expressed in the CNS, pituitary, and pancreas

SCT-LP SCTR Expressed in GI tract, liver, testis, and pancreas

GCGL GCGLR - Mainly expressed in pituitary, CNS and testis

Notes: Three novel ligand-receptor pairs (GHRH-LP/GHRH-LPR; SCT-LP/SCT-LPR; GCGL/
GCGLR) and a novel GHRH receptor (GHRHR2) found only in chickens are underlined; The 

receptors for mammalian PHI (PHM) are unknown.
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The 34-amino acid (aa) SCT-LP is encoded by chicken secretin (SCT) 
gene, which also encodes the 27-aa SCT (Figure 1). SCT-LP has also been 
identified in turkeys, ducks, geese and pigeons (Columba livia). Interestingly, 
SCT-LP can be found in SCT gene of western painted turtles (Chrysemys 
picta bellii) (XM_005290633) and alligators (Alligator mississippiensis) 
(XM_014604186.1) by searching their genomes. Since avian SCT-LP shares 
higher amino acid sequence identity (48–56%) to chicken and mammalian 
SCT than to other GCG superfamily members (Figure 2), it is highly probable 
that SCT-LP and SCT were generated by an exon duplication event in the 
avian/reptile lineage (Wang et al., 2012a).

Unlike SCT-LP, GCGL is 29 aa in length and is encoded by a glucagon-
like gene (GCGL, EU718628), which is likely derived from a genome 
duplication event during vertebrate evolution (Figure 1). Interestingly, 
GCGL gene is lost in the mammalian lineage based on synteny analyses. 
Chicken GCGL shares high amino acid sequence identity (66%) with 
GCG of humans and chickens, but a comparatively low identity to other 
GCG superfamily members including GLP1 and GLP2. Supportive of our 
discovery, chicken GCGL was reported by others in aliases of exendin gene 
(Irwin and Prentice, 2011) or glucagon-related peptide gene (GCRP) (Park 
et al., 2013). GCGL has also been identified in other avian species (turkeys, 
ducks, geese), anole lizards (Anolis carolinensis), Xenopus tropilcalis, and 
teleosts (Figure 2).

Figure 2: (A) Comparison of chicken GCGL with that of turkey, duck, goose, lizards, Xenopus, 
coelacantch and tilapia, or with chicken and human glucagon (GCG). (B) Comparison of 
chicken SCT-LP with that of turkey, duck, goose, alligators and turtles, or with that of chicken 

and human secretin (SCT). 
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Discovery of the Receptors for Chicken SCT-LP and GCGL

The presence of two novel peptides in chickens encourages us to search 
for their receptors through data mining and in vitro functional analyses. 
Consequently, we identified the receptors for SCT-LP and GCGL in chickens. 
SCT-LP potently activates (EC50: 1.10 nM) secretin receptor (SCTR) expressed 
in Chinese hamster ovary (CHO) cells with high specificity and no cross-
reactivity to receptors of other GCG superfamily members. This clearly 
indicates that SCTR, besides being a receptor for SCT, functions as a receptor 
specific to SCT-LP (Figure 3; Table 1) (Wang et al., 2012a). 

Unlike SCT-LP, GCGL targets a novel member of GPCR B1-subfamily 
of 430aa, designated as GCGL receptor (GCGLR: EU718627), which shares 
high amino acid sequence identity (53–55%) to chicken and human glucagon 
receptor (GCGR). Like GCGL, GCGLR is lost in the mammalian lineage. 
Functional assay confirmed that chicken GCGL potently activates GCGLR 
(EC50: 0.1 nM) expressed in CHO cells without cross-reactivity towards 
receptors for GCG, GHRH, VIP and SCT. Like other members of GPCR 
B1-subfamily, GCGLR activation leads to the activation of cAMP/protein 
kinase A and Ca2+ signaling pathways. All these findings firmly establish the 
new concept of the novel “GCGL-GCGLR” ligand-receptor pair functioning 
in chickens, which is absent in mammals (Wang et al., 2012b). This novel 
ligand-receptor pair has also been identified in genomes of other avian 
species, including ducks and turkeys (Figure 2). 

Figure 3: Potential roles of GCGL and SCT-LP in chickens. (A) Hypothalamic GCGL stimulates 
pituitary thyrotropin (TSH) expression and secretion via activation of GCGLR coupled to 
cAMP and [Ca2+] pathways, suggesting that it may work with the other two TSH-releasing 
factors (TRH and CRH) to control TSH secretion in chickens. (B) Like SCT, SCT-LP produced 
by GI tract may also regulate the functions of GI tract and pancreas, via activation of SCTR 
in chickens. VIP can potently stimulate pancreatic fluid secretion, however, whether SCT-LP 

can also exert “secretin-like action” on avian pancreas remains unclear. 
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Potential Roles of SCT-LP and GCGL in Chickens 

The presence of bioactive SCT-LP and GCGL in chickens and its absence in 
mammals pose a key question regarding their potential “unique” actions 
in birds. Since SCT mRNA transcripts are abundantly expressed in the 
duodenum, jejunum, ileum and caecum, it points out a possibility that both 
SCT-LP and SCT may be co-secreted from the GI tract (Wang et al., 2012a). 
In view of the fact that both SCT and SCT-LP activate SCTR, it is reasonable 
to speculate that intestine-derived SCT-LP is likely capable of regulating 
physiological processes analogous to SCT, such as modulation of GI tract 
activities, via activation of SCTR in the GI tract (Figure 3). Although SCTR 
mRNA is expressed in the pancreas and SCT has been shown to stimulate 
pancreatic bicarbonate secretion in chickens, chicken SCT is much less 
effective than VIP in stimulating pancreatic juice secretion in chickens and 
turkeys (Dimaline and Dockray, 1979; Duke et al., 1987). This indicates that 
VIP, instead of SCT or SCT-LP, may exert the “secretin-like action” named 
after the mammalian model in the avian pancreas (Figure 3). Thus, further 
studies are required to define the precise physiological roles of both SCT-
LP/SCT in chicken tissues. 

Although GCGL shows a remarkable degree of amino acid sequence 
identity (66%) with chicken and human GCG, the spatial expression pattern 
of GCGL differs from that of GCG significantly. Unlike GCG which is 
expressed in all chicken tissues examined with the highest levels detected 
in the pancreas and proventriculus (Richards and McMurtry, 2008), GCGL 
is mainly expressed in various brain regions with an abundant level noted 
in the hypothalamus. Meanwhile, GCGLR is abundantly expressed in 
the pituitary and brain regions, including the hypothalamus (Wang et al., 
2012b). These tissue distribution profiles imply that GCGL mainly functions 
in the CNS and hypothalamus-pituitary axis. In agreement with these 
ideas, GCGL has been shown to stimulate TSH expression and secretion 
both potently and specifically via the activation of GCGLR expressed in 
the pituitary, suggesting that hypothalamic GCGL is a novel TSH-releasing 
factor (TRF) which may be involved in controlling growth, development 
and metabolism in chickens (Figure 3) (Huang et al., 2014). Given that 
the GCGL-GCGLR ligand-receptor pair only exists in birds, this finding 
also depicts fundamental differences in the hypothalamic control of the 
pituitary-thyroid axis between chickens and mammals. In mammals, TSH 
secretion is principally controlled by a thyrotropin-releasing hormone (TRH) 
(Morley, 1981), whereas in chickens, TSH secretion is likely controlled by 
GCGL and the other two TRFs (TRH and corticotrophin-releasing hormone) 
(De Groef et al., 2005; Huang et al., 2014). In addition to its action on the 
pituitary, GCGL has also been shown to suppress food intake in chicks 
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after icv administration, suggesting that hypothalamic GCGL may also 
act as an anorexic peptide to control energy balance in chickens (Honda  
et al., 2014). However, the underlying mechanisms of GCGL actions on the 
chicken hypothalamus remain to be clarified. 

conclusion and Perspective

It is well documented that there are nine bioactive peptide hormones in the 
mammalian GCG superfamily, however, 12 bioactive peptide hormones of 
GCG superfamily including the two novel peptides, SCT-LP and GCGL, 
have been identified by us and others (Table 1). These two peptides have 
been lost in the mammalian lineage during evolution. Our functional 
studies further revealed that both SCT-LP and GCGL are bioactive and their 
actions are likely mediated by their specific receptors (SCTR and GCGLR 
respectively) expressed in chicken tissues, such as GCGL-induced TSH 
secretion. These preliminary findings support a concept that the novel GCG 
family members, SCT-LP and GCGL, may play unique roles in chickens. 
With a larger number of avian genome databases becoming available, it 
will favor the identification of novel peptides of other gene families, such 
as the RF-amide peptide family in chickens and other birds (Bechtold and 
Luckman, 2007). Concurrent with this notion, we recently identified a 
novel Carassius RF-amide peptide (C-RFa) and its two receptors (namely 
C-RFaR and PrRPR2), which are unique in birds (Wang et al., 2012c). Given 
the importance of peptides in avian physiology, further extensive studies 
are required to identify all these novel peptides from avian genomes and 
characterize their unique actions in birds. In addition, it should be bear 
in mind that despite the co-existence and sequence conservation of the 10 
GCG superfamily peptides between chickens and mammals (Figure 1), 
some of them display similar-but-non-identical functions between them. 
For instance, SCT does not exert ‘secretin-like action’ (as the phenomenon 
well-characterized in mammals implied) in chickens. Therefore, tremendous 
efforts should also be paid by avian biologists to elucidate the roles of 
these seemingly well-studied peptides in birds in future. Undoubtedly, the 
systematic and comprehensive studies on each peptide family, including its 
novel member(s), will not only establish a clear molecular basis to address 
the unique aspects of avian biology and decipher the phenotypic traits of 
commercial interest in domestic birds such as growth, body composition, 
egg-laying and disease resistance, but also offer us a ‘bird’s-eye view’ on 
the structural and functional changes of peptide families during evolution 
due to the unique evolutionary position of birds in vertebrates. 
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