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Preface

Itis 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,
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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
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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
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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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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

Equine Science Center, Department of Animal Science, Rutgers the State University of New
Jersey, New Brunswick, NJ 08901.
Email: mckeever@aesop.rutgers.edu
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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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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.

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 (Tomas 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 (Tomas 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
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Figure 2: Portable equine calorimeter used in field studies (from Derlitzki and Huxdorf, 1930).

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
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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



Equine Exercise Physiology: A Historical Perspective 9

Figure 4: Field study being conducted at the Ohio State University in the late 1970s.

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,
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1969), and other indirect measures that could be used to assess the equine
athlete (Cardinet etal., 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 etal.,
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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Figure 5: Standardbred horse running on the high speed treadmill in the Equine Exercise
Physiology Laboratory at the Rutgers Equine Science Center.

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).
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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
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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
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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.
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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.

Table 1: Metabolic characteristics of the pig as a model of obesity.

Characteristic Mouse/Rats Humans Pig

Genetic diversity Several mouse and | Varying Wide genetic pool.
rat strains with human genetic Multiple breeds exist
different genetic backgrounds, for with different levels
backgrounds exist. | example, differences | of susceptibility
Several knockout in racial and ethnic | to obesity and
and transgenic susceptibility metabolic syndrome.
models. to obesity and Availability of pigs

Obesity
susceptibility

Genetic basis of
obesity

Synteny of genomic
regions that affect
fat deposition and
energy metabolism

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

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

Different genetic
arrangement of key
genes compared to
humans.

metabolic syndrome.

Most humans are
susceptible to diet
induced obesity.

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

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).

raised for agriculture
for biomedical uses
is a major advantage
(den Hartog, 2004).
Now much easier to
manipulate the pig
genome that ever
before.

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).

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).

Like in humans
UCP1 is located on
55C8q21-22, whereas
UCP2 and UCP3 are
located on SSC9p24.
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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 Pottowicz, 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 ADRBS3 are assigned to differentloci, 14g28, 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 HSAS8p, respectively (Yang-Feng
et al., 1990; Bruskiewich et al., 1996). Thus multiple genomic comparisons
show the similarity between the pig and humans vis-a-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 significantimpact 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
etal., 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 (TNFa) (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; Bes-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 TNFa 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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Table 2: Porcine adipocytes and evidence of involvement in inflammatory and immune

response.
Feature Evidence in the Pig

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

Expression of Pig adipocytes respond to bacteria component,

inflammatory cytokine | lipopolysaccharide with induction of inflammatory cytokines
such as TNFa and IL-6 (Ajuwon et al., 2004)

Adipokine role in Porcine adiponectin induces PPARy and downregulates
inflammation inflammatory cytokine expression in adipocytes (Ajuwon et
al., 2004) and macrophages (Wulster-Radcliffe et al., 2004)
Obesity-induced Obesity results in increased expression of inflammatory
inflammation cytokines such as TNFa and increased macrophage infiltration

(Pawar et al., 2015)

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 (Castell6 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 PPARy 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
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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 Il 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

Table 3: Porcine models of obesity and metabolic syndrome and their characteristics.

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 Similarity in the shape, size, blood supply and location of
glucose homeostasis and | the porcine exocrine and endocrine pancreas (Murakami et
diabetes development al., 1997). Serum glucose levels are in the same range (75-115
mg/dl) in pigs and humans (Kraft and Dtirr, 2005; Kerner
and Brtickel, 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 Pigs are a good model for streptozotocin (STZ) induced
diabetes and pancreatic pancreatic beta cell toxin and diabetes (Lee et al., 2010; Manell
manipulation 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

etal., 2015).
Cardiovascular The minipig (Yucatan and Ossabaw) pig models are especially
disease research and valuable models for the study of cardiovascular disease. Easy
susceptibility 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 Géttingen 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).




28  Biology of Domestic Animals

mg/dl) in pigs and humans (Kraft and Diirr, 2005; Kerner and Brickel,
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
areduced secretion of normal insulin. These animals exhibit elevated blood
glucose, 41% reduced body weight at 4.5 months of age, 72% decreased
B-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
etal., 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
11B-hydroxysteroid dehydrogenase type 2 (11p-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 11p-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 y (PPARYy) 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 SETDS8
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 PPARy during
adipogenesis, and the suppression of SETDS8 suppresses adipogenesis
(Wakabayashi et al., 2009). Activation of SETDS also results in increased
PPARy 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
etal., 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
(PPARy, CCAAT Enhancer binding proteina, CEBPa 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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Table 4: Porcine models of pharmacological and surgical approaches for obesity prevention
and control.

Feature Evidence in the Pig

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

Surgical manipulation | Significant reduction in growth rate in pigs subjected to gastric
and weight loss fundus invagination compared to sham (Darido et al., 2012).

Surgical manipulation | The RYGB procedure is effective in correcting type 2 diabetes
and glycemic control (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 B-cell mass, islet number, and number of
extra islet B-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 | RYGB procedure led to significant reduction in calcium, fat, and
and nutrient ash digestibility, compared to SGIT or IT procedures in pigs
absorption (Gandarillas et al., 2015).

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 Géttingen 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 Géttingen 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 Gottingen minipig (Witczak et al., 2005), but are being used for
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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.

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).
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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.)

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 etal., 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
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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 p-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 Gottingen 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 Gottingen 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 Rodriguez 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 Gottingen 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. Gottingen 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 Gottingen 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 Gottingen
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 B-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 B-cell mass, islet number, and number of extra islet
B-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 B-cell function and p-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 Harvey"* and Carlos G. Martinez-Moreno>

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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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.

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).
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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
EDS5 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 um. (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).

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 41-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).
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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.)

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)
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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 Aand 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 (ION) 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 ION, 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 ] showing colocalization (yellow-orange
coloration) in the SO, but not in the SGFS. Scale bars = 20 pm (A-C, F, [-K), 10 um (C, inset),
50 pym (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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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, EDS, 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.)

(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
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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 pm. (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.)

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
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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
etal., 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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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.)

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
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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 cCAMP 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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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.)

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.,
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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~
or 10 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 and 10~ 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), [llustrative 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
c¢GH1 siRNA transfected RGCs. Scale bar, 10 pm. (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 etal., 2012). It was similarly co-localized with GH in quail-derived
QNR/D cells (Martinez-Moreno et al., 2014b). When incubated with 1 uM
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-medjiated 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, Wolfthard 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
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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: 391401, 1975).
This fractional release of intravesicular contents could only be possible via the porosome
(P)-mediated transient fusion mechanism shown (V). ©Bhanu Jena. The schematic drawing
on the top right, illustrating the establishment of the fusion pore at the porosome base when
t-SNARESs at the porosome base interact with v-SNARESs 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).
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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;
.:;?: L?Ef:.'

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 1. (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 p 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 (-amylase, as demonstrated by
the immunoblot assay (E). If ZG’s had fused at the plasma membrane and fully merged, it
would notbe 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
etal., 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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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.

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-
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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
(Choetal.,, 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 atits 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 etal., 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 inisolated 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 p] (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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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.

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 4]), 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 G_,
GTPase activating protein (GAP), tubulin, myosin 7b, spectrin beta chain,
creatine kinase, dystrophin, langerin, intersectin1, and myosin heavy chain
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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 MW Protein Name Found in
symbol 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) X, *
subunit alpha
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 *
TBAIA 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
etal., 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
etal., 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 G_, 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
etal., 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
etal., 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 etal., 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 PMCAZ2 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; lino 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-SNARESs interact in a rosette or ring complex,
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enabling Ca*>-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., 2002¢;
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**-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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CHAPTER-5

Epigenetics and Developmental
Programming in Ruminants

Long-Term Impacts on Growth
and Development

Lawrence P. Reynolds,"* Alison K. Ward" and
Joel S. Caton’

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

[Men

¥ Women

Likelihood of Death, Proportion of Control

<55(<2.5)55-65 66-7.5 7.5-85 8.6-9.5 >9.5(>4.3)
(25-2.9) (3.0-3.4) (3.5-3.8) (3.9-4.3)
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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
etal., 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 B-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
etal., 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.



94 Biology of Domestic Animals

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 etal., 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.

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

Risk Factor

Reference(s)*

Lifestyle Choices (Humans only)

Smoking — primarily associated with pre-term
birth

Alcohol consumption — low birth
weight/developmental disorders

Hellemans et al., 2010; Dupont et al., 2012;
Aizer and Currie, 2014; Been et al., 2014; Juul
etal, 2014

Maternal Factors (Humans and/or Animals)

Poverty/Lack of education/malnutrition
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

Armitage et al., 2004; Sheldon and West, 2004;
Fowden et al., 2006; Nathanielsz, 2006;
Fowden and Forhead,2009; Reynolds et al.,
2010b; Alfaradhi and Ozanne, 2011; Hochberg
etal., 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 andCurrie, 2014; Juul
et al., 2014; Schneider et al., 2014;
Seneviratne et al., 2014; Zambrano et al., 2014

Environmental Exposures (Humans and
Animals)

Herbicides, pesticides, and fungicides

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

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

* See References Cited for full reference.



Epigenetics and Developmental Programming in Ruminants 99

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
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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 g-amino group of lysine (Sterner and Berger, 2000). This
modification can be reversed by the action of histone deacetylases (HDACsS).
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 yH2AX) 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



102  Biology of Domestic Animals

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
etal., 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

Aswe 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/EBPa, and
PPARYy, 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 MEGS, 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 PPARa 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
B-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 I112ra2, 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 (A") mice. The
agouti protein controls the expression of black (eumelanin) versus yellow
(phaeomelanin) pigment production. Wild-type agouti is characterized by
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Figure 4: Folate, choline, methionine, and vitamin B12 serve as methyl donors in one-

carbon metabolism. Abbreviations: DHFR, dihydrofolate reductase; THEF, 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 A" 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 (Liand
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
a-glucosidase inhibitor, had increased serum butyrate from 3.3 to 4.2 uyM
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 etal., 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
etal., 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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Molecular Physiology of Feed
Efficiency in Beef Cattle

Claire Fitzsimons, * Mark McGee, Kate Keogh,
Sinéad M. Waters and David A. Kenny*

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
etal., 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
etal. (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
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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 (Noziere 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
etal., 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 RFlanimals. However, studies thathave 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 DSGI, 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. DSGI 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
etal., 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
etal., 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
etal., 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 (Noziere et al., 2010). From their review, Noziére 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 (Nozieére 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 STI00A2 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. (2015¢) 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. (2015¢), it was also suggested that the
improved insulin response or sensitivity of cattle undergoing compensatory
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Figure 2: Lower insulin response to intravenous glucose administration in bulls undergoing
compensatory growth and exhibiting an improved feed efficiency phenotype (Keogh et al.,
2015¢).

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.

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., 2015¢). 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 RFIL. This was demonstrated by
the genome wide association study and subsequent pathway analysis of
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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 SREBPI1c, 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
etal., 2002). Therefore, it can be suggested that genes under transcriptional
control of SREBPIc 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., 2015¢). 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 RFL

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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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 Liver!
FADS1 Fatty acid desaturase 1 2.70 Liver?
SLC27A6  Solute carrier family 27, member 6 4.69 Liver!

ELOVL family member 5, elongation of Liver!
ELOVL5  long chain fatty acids (FEN1/Elo2, SUR4/ 2.09

Elo3-like
FADS6 i?etz ba::cé desaturase domain family, 256 Liver!
FABP1 Fatty acid binding protein 1 1.61 Liver®
FADS?2? Fatty acid desaturase 2 1.87 Liver®
SLC27A6  Solute carrier family 27, member 6 2.77 Skeletal muscle*
FASN Fatty acid synthase 191 Skeletal muscle*
FABP3 EZ;?; acid binding protein 3, muscle and 1.89 Skeletal muscle*
FADS3 Fatty acid desaturase 3 2.35 Skeletal muscle*
FASN Fatty acid synthase 0.51 Skeletal muscle®
ELOVL4  ELOVL fatty acid elongase 4 2.59 Rumen papillae®
FADS3 Fatty acid desaturase 3 2.25 Rumen papillae®

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.

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
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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-1 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 (Meoller and Nerrelund, 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-Iresponse 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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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 FOX0O4 were up-regulated
in cattle undergoing compensatory growth (Keogh et al., 2015¢); 11: FOXO1 expression was
positively correlated with DMI (Fitzsimons et al., 2014c).

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.
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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
etal., 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
(Ryanetal., 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 (EMGI1, FOXN1, FOXP4, INTS3) and
histone functionality (HISTIH2AC, 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
etal., 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 etal. (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 etal., 1990), was observed by Fitzsimons et al. (2014a) or Nascimento
etal. (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 (Nkrumabh 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 INSIGI 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 INSIGI 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
etal. (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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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).

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 RFL. 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-
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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 PPARGC1a, PPARa and PPARy,
nuclear respiratory factor 1 (NRF1) and mitochondrial transcription factor A
(TEAM). PPARGC1a 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 PPARa 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 PPARGC1a between feed efficiency phenotypes. Similarly,
mRNA expression levels of PPARa and PPARy, and NRF1 were not affected
by feed efficiency phenotype in either muscle (Kelly et al., 2011b; Welch
et al., 2013; Fitzsimons et al., 2014¢c; Marks et al., 2014) or liver tissue
in relation to PPARa and NRF1 (Marks et al., 2014). However, Marks
et al. (2014) did report upregulation of PPARy 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 mitochondprial function are common across all organs and tissues within
the body. From the published literature to-date, it is apparent that variation
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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
etal., 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
RFIin 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
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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
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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
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Hormonal Control of
Energy Substrate Utilization
and Energy Metabolism
in Domestic Animals

Colin G. Scanes' and Rodney A. Hill>*

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) (Ohlund 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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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™ minute™)
Brain Heart Skeletal muscle
Glucose 275 266 21
Acetoacetate (ketone body) 33 371 28
3-Hydroxybutyrate 9 308 16
Acetate 10 233 215

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 minute™) (Lindsay and Setchell, 1976). Glucose is transported
into neurons by the glucose transporter, GLUTS3, 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%
VO, 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
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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 etal., 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-H*]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 pmol-min'-kg tissue™ (Anderson et al., 2005).
In addition, insulin administration to fetal sheep increases fetal glucose

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™)
1 264 +2 > 434 +21
5 279 £ 6 ** 747 + 28

(data from Dupont et al., 2008).

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™)
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).
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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-H?]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
etal., 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
etal., 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 GLUTS8
Control 1000 100¢ 1000
Insulin (100 nM) 142¢ 76" 66
DEX (200 nM) 722 84> 114°
Insulin and DEX 742 612 782

(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 etal., 1985), adult miniature pigs (Miiller 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 (Miiller 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
etal., 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). I 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
etal., 2008). In vivo cortisol treatment prevented insulin stimulated glucose
(2-deoxy-D-[1-H?]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™)
Control 0.15
Insulin (low*) 0.29
Insulin (high?) 0.59
GH* 0.10
GH + Insulin (low) 0.12
GH + Insulin (high) 0.74

*14 ng kg™ min™', ¥360 ng kg™ min™', 120 ug kg™ min™' 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
etal., 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
v (PPAR-y), PPAR-0, and CCAAT/enhancer binding protein factor (C/EBP)
a, B, 6 and { 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-y and C/EBP-$ (Boone et al., 2000). C/EBP-f
transactivates C/EBP-a expression, promoting adipocyte differentiation.
C/EBP-a 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-o is necessary for triglyceride
accumulation and adipocyte differentiation. C/EBP-{ plays a role in the
negative regulation of C/EBP-a, as does the growth factor c-myc, which
blocks the induction of C/EBP-q, 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-a and PPAR-y
(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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Table 6: Markers expressed during preadipocyte/adipofibroblast differentiation into an
adipocyte (after (Kokta et al., 2004) reproduced with permission).

Factor Time Expressed  Effect Reference
AD3 Early Preadipocyte (Yu and Hausman, 1998)
recruitment (Hausman and
Richardson, 1998)
ADD1/SREBP1  Early Stimulates PPAR-y, (Kim et al., 1998)
transactivates leptin
and FAS
CEBP-B Early Transactivates (Lee et al., 1999)
CEBP-0, promotes (Boone et al., 2000)
differentiation (Tang et al., 2002)
Activates PPAR-y (Sorisky, 1999)
CEBP-3 Early Activates PPAR-y (Boone et al., 2000)
and CEBP-a (Sorisky, 1999)
CEBP-({ Early Negative regulation of (Lee et al., 1999)
CEBP-a
FAT Early Fatty acid transport, (Boone et al., 2000)
lipid accumulation
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-y Mid Preadipocyte (Kersten et al., 2000)
differentiation, (Yamamoto et al., 2002)
activates Glut 4 (Sorisky, 1999)
CEBP-a Mid Binds promoter region (Lee et al., 1999)
of leptin and AP2, (Sorisky, 1999)
inhibits proliferation
Adipsin Late Terminal (Diamond, 2002)
differentiation
AP2 Late Intracellular fatty acid (Hansen et al., 1998)
binding protein, lipid ~ (Han et al., 2002)
shuttle
GLUT-4 Late Glucose transport (Sorisky, 1999)
Leptin Late Terminal (Diamond, 2002)
differentiation
GPDH Late Triacylglycerol (Ailhaud, 1997)
accumulation (Sorisky, 1999)
A2-adrenoceptor Late Anti-lipolytic (Saulnier-Blache et al.,
1991)
HSL Late Triacylglycerol release  (Sorisky, 1999)
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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™ (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 "C
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 T, (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
etal., 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
etal., 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 etal., 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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Table 7: Effect of antisera to insulin on circulating concentrations of NEFA in chickens.

Plasma concentrations of NEFA (mg d1™)

Time hours Control Antisera to insulin
1 7.6+03 * 9.6 +0.6
5 73+03 * 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 ml')

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.

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
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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.)

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
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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 etal., 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
etal., 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 transferasel (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
etal., 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™)
Control 6.0
Insulin (low*) 6.7
Insulin (high) 53
GH* 2.1
GH + Insulin (low) 2.1
GH + Insulin (high) 53

*14 ng kg min!, Y360 ng kg! min™, 2120 ug kg™ min™' for 7 days.
g Kg g Kg g Kg Y
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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) (Sengeneés et al., 2002). ANP
also increases intracellular cGMP and lipolysis in rat adipocytes (Nishikimi
etal., 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”/qut 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 1la (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) (Cerda-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 G, 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, itis 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 T, influences lipolysis in chicken adipocytes
incubated in vitro. Pre-incubation of chicken with T, 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 T, exhibit increases in
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fatty acid synthesis (chicken: Goodridge et al., 1974) with the malic enzyme
having a T, 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
etal., 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;:

Invitro, 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
tish (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 f-adrenergic agonist, isoproterenol (Vianen
etal., 2002) suggesting an effect via f-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 Depols 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 (clAP), 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
alower 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-y
and C/EBP-a 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



Hormones and energy metabolism 193

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 Ila, and type Ilb.

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 Il fibers (known
as white) are fast-twitch, perform anaerobic glycolysis, and contract quickly.
Type Il fibers are further categorized into two groups: type Ila and type IIb.
Type Ila 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 (Ca*) and activation of Ca*-sensitive signaling
molecules, activation of gene transcription that encodes mitochondrial
proteins, messenger ribonucleic acid (nRNA) 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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