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Preface

Continuing the strategy followed by the previous International Symposium on Energy and Protein
Metabolism and Nutrition (ISEP) held in Vichy-France, 2007, the 3™ ISEP focuses on the effort of
combining fundamental research with applied research and practical applications. The symposium,
as has traditionally been the habit for each ISEP meeting and for the previous separate Energy and
Protein symposia for many decades, is based on a workshop spirit, with interaction and collaboration
among scientists from different countries and an exchange of expertise and knowledge. Despite
the present worldwide economic crisis, the participation of scientists in the symposium is quite
satisfactory: 222 papers from 32 countries have been accepted and published. Twenty-six of them
are main papers from invited speakers and deserved much more space in terms of number of pages.

Besides many papers dealing with practical aspects of energy and protein nutrition and feeding,
several papers presented in the symposium discuss topics related to tissue metabolism and regulation
mechanisms. The framework of the 3™ ISEP is therefore very comprehensive and deals with many
aspects of animal nutrition and metabolism.

Energy and protein metabolism and nutrition cannot be addressed separately and a better and deeper
understanding of nutrient metabolism and nutrition can be achieved only by integrating the outcomes
of scientists researching different aspects of this topic. Nutrigenomics is an example of the possibilities
of improvement in knowledge and applications that can arise from the synergism between different
lines of research. The present situation all over the world is critical economically and in terms of
food security, food safety and of environmental impact. Fundamental research is certainly needed but
it must also be translated into practical outcomes for the direct benefit of producers and consumers.

Placing a link between energy/protein metabolism and nutrition and food quality is one of the
goals of the present symposium and one session is specifically dedicated to this important topic. A
second session combines nutrition with environment, considering the attention that pollution and
environmental sustainability luckily receive nowadays in an increasing number of countries all over
the world. A third session deals with the new possibilities provided by the rapidly growing knowledge
on nutrigenomics. Molecular genetics has recently boosted knowledge on many nutritional factors
capable of positively influencing animal productions.

Another field of increasing interest for public opinion nowadays is animal welfare. Quite some research
deals with the interaction between nutrition and animal health on one side, and the possibility to replace
in vivo with in vitro experiments on the other side. The databases available today are impressive and
the possibility to share and get information worldwide makes it easier to develop models to predict
both animal requirements and feed nutritive values. Indeed modeling is extensively dealt with in the
symposium and deserves two sessions, one dedicated to ruminants and the other to monogastrics.

On behalf of the Scientific Secretariat I want to acknowledge the generous and precious help of the
National and International Scientific Committees and of the chairpersons of this symposium. Let me
express my gratitude to my colleagues of the scientific secretariat who helped me in many ways. I feel
honoured that this scientifically important symposium is held in Italy for the first time. Organizing
such an important scientific event is really a challenge and luckily I did not know exactly what I was
going to face... As it often happens I learnt a lot and today I would surely do it better, but... that’s
life! A final thanks to all the contributing authors, to the invited speakers who further increase the
qualitative level of the event, and to the participants of the symposium: I feel confident that they will
certainly be able to match the scientific interest with the righteous desire, for many of them, of at least
a quick, first contact with the Italian culture under its more extensive and comprehensive meaning.

G. Matteo Crovetto
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Integrating transcriptomic regulation into models of nutrient
metabolism in agricultural animals

John P. McNamara
Department of Animal Sciences, Washington State University, Pullman, WA 99164-6351, USA

Abstract

The use of transcriptomic and other technologies has become a mainstay of biological research in
the last few years, and this is good. However, there is grave danger that as we become enamored of
atechnique, we can lose the overall purpose of our research. Although transcriptomic arrays can give
much data that is as yet not fully understood, it can also provide at a low cost, tremendous insight
into control of metabolism. As animal scientists, our role is to help provide high quality protein and
other food for humans. To do this, we must continue to help our farmers be as efficient as possible
in their respective environments. The variation among animals, even in one herd and fed the same is
still tremendous. Why? How can we use the study of transcriptional regulation to improve efficiency
of animal production? We can do it in an ordered systems biology approach that focuses on why
and how cells regulate energy and N use, and study this within practical situations applicable on
farms. Using existing metabolic models we can design experiments specifically to integrate new data
from transcriptional arrays into models that describe nutrient use in farm animals. This approach
can focus our research to make faster and large advances in efficiency, and show directly how this
can be applied on the farms.

Introduction

With this paper I hope to provide some background and philosophy on systems biology in agricultural
research and application, including the use of transcriptomic methodologies; to provide a few specific
examples of systems biology work to improve knowledge of energy and protein metabolism; and
most importantly, to stimulate a major increase in coordinated, systems based research and analysis
in the animal agriculture community worldwide.

Many readers of this paper have extensively more technical expertise than I in the methods used
for gene transcription analysis. There are many examples of excellent work worldwide. But what
continues to be expressly lacking in a number of efforts is a clear objective based in systems biology
and systems research. Such an objective might include critical pre-study reasoning as to what should
be studied, why it should be studied, why the system indeed works the way it does (two clearly
different questions); and ~ow the work, when completed, will contribute to our deep understanding
of the system. In such cases the system under study might be defined as the liver, or the dairy cow,
or the national poultry flock. Such a limit in itself often underlies a shallow understanding of the real
system being studied. Quite often, and for a variety of significant reasons, much energy and protein
research, including that with inclusion of transcriptomic methodologies, continues to be ‘more of the
same’, piecemeal studies with a limited objective and little deep reasoning, and an almost complete
lack of bio-mathematical reasoning as to how the work will provide quantifiable improvement in
understanding of the animal system.

I will borrow heavily on the work of others and acknowledge it lavishly. This is because it is this
scientist’s opinion that the excellent work of many scientists in the past, and several active today,
in providing a framework and purpose for animal science systems research has been forgotten or
ignored in the expediency of securing research funding (which is almost never sufficient to truly do
a meaningful study); of training graduate students in a limited time frame with limited resources;
and the need to publish early and often. Certainly many students graduating today, for no fault of
their own, do not have the deep history necessary to understand much of the context of research done
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today and to critically judge its worth in true expansion of understanding. Many students might be
able to provide a definition of ‘systems research’ or ‘systems biology’; but how many would know
that in fact this is not a new approach, but dates back decades? Many students could tell you that
Watson and Crick were credited with the discovery of the double helix structure; but how many
could form a cogent explanation of the initial reasoning and impetus for work in what has come to
be called ‘molecular biology’?

I hope the history and modern examples I supply encourage people to think about it, pick up the
phone, send a message, to begin coordinated national and international efforts to adapt a true systems
approach to improving animal agriculture. Such an approach does not mean individuals can no longer
work on their ‘pet theories’ or subjects of personal interest. Rather, it provides more opportunities
for such works that would be completely embedded in a focused approach to describe in entirety
the ‘system’ of a dairy cow, or of a beef cow herd, or of a national effort to increase quality protein
intake at a reasonable cost to the environment and the consumer. When one considers all the elements
that go into the ‘system’ of animal agriculture locally or worldwide, really considers them, the older
ones among us might reflect on all the potential knowledge lost in the piecemeal approach up to now.
But hopefully, the younger ones can see the great opportunities ahead to use advanced technologies
to solve what in effect is actually a quite simple problem: how to feed everyone in the world a
highly nutritious diet including animal products? Our call and challenge as animal scientists is no
less than this--how do we ensure a safe and sustainable high quality protein food supply worldwide
for future generations?

Systems biology

The new technologies and massive amounts of information stemming from the genomic studies of
the last decade have spawned renewed calls for a ‘systems approach’, which from one perspective
can be translated as ‘OK, so now that we have all this information from the genome projects, and
most people working on those projects never knew or forgot why they were started, what do we do
now?’ The field of genomics and transcriptomics has already provided a wealth of data, and some
knowledge, but many would argue that the former heavily outweighs the latter. For purposes of
this paper, I will refer to transcriptomics in a technical way, that of measuring transcripts of mRNA
in large arrays of several hundred or thousands of genes (we will not go into any actual technical
descriptions, those can be found in many places). There can be other definitions, but this is one
germane to our purposes. Given that, where do transcriptomics fit in the system of research in
control of animal production?

I think a series of quotes from Cornish-Bowden (2005) helps put ‘systems biology”’ in perspective:
“The idea of systems biology is not new: as long ago as 1968, the mathematician and engineer
Mihajlo Mesarovic regretted that ‘in spite of considerable interest and efforts, the application
of systems theory in biology has not quite lived up to expectation’. But what of systems
biology today? Does it now look more likely to lead to the expected benefits?’

‘In the 1950s the geneticist and biochemist Henrik Kacser was already urging biologists to
take systems seriously: “The problem is ... the investigation of systems, i.e. components
related or organized in a specific way. The properties of a system are in fact ‘more’ than
(or different from) the sum of the properties of its components, a fact often overlooked in
zealous attempts to demonstrate ‘additivity’ of certain phenomenon. It is with these ‘systemic
properties’ that we shall be mainly concerned...” ¢

‘In attempting to define systems biology, Olaf Wolkenhauer (University of Rostock, Germany)
emphasized the need for a shift in focus away from molecular characterization towards
understanding functional activity.’
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Dr. Cornish-Bowden used these quotes to help make the point that systems research is not new,
and in many cases the true functionality of animal systems has been forgotten or never learned. In
animal agriculture, for good reason, we have been focused on ‘production’ and ‘output’ in easily
measured empirical systems such as body weight, milk production and egg laying. Although much
excellent basic biology has been done, very little has been done on the actual control-level of ‘the
system’ namely, gene transcription, mRNA synthesis and enzyme synthesis and degradation. He also
makes a very strong point that transcriptomics or any other such activity outside of a clearly stated
systems approach misses most of the point. Data are still gathered, but much potential knowledge
is missed. It is my opinion however that as long as the data are there (in various repositories), they
can be ‘mined’ by those that have ‘matching information’ on other levels of the system, to come up
with a richer understanding of the links between genetic and environmental control.

Those of us that have done ‘basic research” have tended to look at enzyme activity, pathway activity,
hormone and receptor concentrations and the like. That is fine, and we have learned from that, but
in many cases we did not consider the underlying controls (transcription rates, enzyme synthesis
rates) or did not fully relate the cellular information to the animal production level in any systematic
mathematical formalism. The former is difficult to do, expensive, and in many ways not necessary
to our purposes in animal agriculture. The latter is easy to do, inexpensive and in fact an absolute
requirement for our purposes: what are the true biological controls, at the level at which ‘control’
is exerted, that drive animal production. A description of metabolic control theory and control
coefficients is beyond the purpose of this article, but readers are at least encouraged to read some
of Kacser, Carson and Cobelli and Cornish-Bowden to understand this (Cornish-Bowden, 2005).
1 will go into more detail with references on multiple regressions to study the relationship of basic
metabolic control, transcriptomics and animal production below.

Purpose of animal agricultural research

With some brief philosophy and background on transcriptomics and systems biology, let us back up
to define the critical “Why’ as asked above.

From Baldwin (1995):
“There is general agreement among most informed authors that products of animal agriculture
will continue to contribute to the world food supply. However, the key challenge of ascertaining
how much animals should contribute has not been resolved.’
‘Our inability to undertake quantitative evaluations of impacts of competing human nutrition
strategies on human food availability is due in large part to the fact that current plant and
animal production models are normally restricted to single species and have not been
interfaced.’
“This is a long-term goal that will require the availability of advanced dynamic, mechanistic
models of ruminant digestion and metabolism...’

These quotes may seem like obvious statements, but it is interesting the answers one gets to the
question of “Why do we do research in animal agriculture?’ either from scientists of long standing
to starting graduate students. It might be argued that if this point had been made more strongly and
more often in every research and teaching program, a different approach to teaching and research
may have evolved.

There already exist two solid and validated frameworks for models of nutrient flux that can provide
a basis for a transcriptional control model in cattle and swine. The first is the 40 years of modeling
work of Baldwin and colleagues (Baldwin et al., 1987a,b,c; Baldwin, 1995), which has lead to
tremendous improvement in understanding of the mechanistic connections between diet and animal
performance. The model in question is titled ‘Molly’ and the full history and detail can be found in
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the previous reference. The objective of this model was simple: “To develop a dynamic, mechanistic
model of digestion and metabolism in lactating dairy cows suitable for evaluation of hypotheses
regarding underlying energetic relationships and patterns of nutrient use.’

In 1968, Dr. Baldwin published an article titled: ‘Estimation of theoretical calorific relationships
as a teaching technique: a review.” (Baldwin, 1968). In it, he described the aggregate biochemical
pathways that in fact were the components of the net energy system of feeding cattle, work which
was just wrapping up after about 100 years of effort across the world by many scientists (Lofgreen
and Garrett, 1968, NRC, 1968). This connection between the mechanisms of nutrient flux and
practical, empirical cattle feeding led to 40 years of work on developing biomathematical models of
nutrient use, and ‘spun off” many other related efforts. It is this writer’s opinion if that all students
from then on had read those two papers in one class with a thought to ‘where can we really improve
our knowledge’, we would have a far deeper understanding of agricultural animal systems today.

Stemming from that work came the model of nutrient use in the sow, ‘Susie’, developed by Pettigrew
and colleagues (1992) and since developed and presently being extended to reproduction (McNamara,
2005). This effort began more than 20 years ago, and in 1992, Jim Pettigrew and colleagues gave a
start to the first model of nutrition and reproduction in pigs, and a direct quote from that paper is in
order (as I cannot say it any better!):
“The mechanisms connecting the diet to reproductive performance are presently unknown but
may include variations in voluntary feed intake, digestion, absorption, metabolism of absorbed
nutrients, and endocrine effects. Clear understanding and manipulation of this connection
to optimize long-term sow herd performance requires ability to track, systematically and
quantitatively, dietary effects through the various processes to reproductive performance.
The project consists of the development of a mathematical model of one component of the
connection, the metabolism of absorbed energy-containing nutrients, including amino acids,
related to long-term feeding strategies in the lactation phase of the reproductive cycle of
sows’ (Pettigrew et al., 1992).

These models describe pathway biochemistry, as aggregated pathways in a simple and scientifically
correct fashion. There is not an attempt to model every reaction, but to model at the level of biological
control most pertinent to the modeling objective. For a thorough discussion of the purposes and
practices of metabolic models, see Baldwin (1995). A transcriptomic approach here can have great
value in identifying the potential mechanisms involved in control of productive functions and ruling
out those not. We will finish with two examples of using systems biology to understand the underlying
patterns and control of efficiency and in integrating transcriptomic data into systems models.

Use of a systems approach to study efficiency, including use of
transcriptomic technologies

Respiration calorimetry was the bread and butter of energetic and early N efficiency research. By the
1960’s, the ‘story had been told’ in terms of using respiration calorimetry and comparative slaughter
to understand underlying biology. Our knowledge had moved past that, and the descriptions of
efficiency of DE, ME and NE and N use allowed us to switch our focus to the underlying control
mechanisms. For example, in 1968, Baldwin calculated the energy efficiency of milk synthesis
at any given composition from the biochemical pathway stoichiometry, almost simultaneously
with empirical calculations from respiration calorimetry and energy and N balance studies. Not
surprisingly, there was agreement that, assuming the proper amounts and balance of precursors were
available, the efficiency of milk synthesis in the mammary gland was about 83% (Baldwin, 1968).
That was a constant percentage (variable with variation in milk composition) regardless of the amount
of milk. It was thus clear that any increases in efficiency must come from either (1) increasing total
milk energy secretion at similar maintenance costs (dilution of maintenance) or (2) improving the
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efficiency of metabolic functions in organs such as the digestive system, liver, muscle and adipose
tissue. It was also known that the efficiency of storing body fat from carbohydrate was about 40%,
and from fat 90%. The efficiency of muscle growth was only about 25 to 35%, depending on the
stage of maturity and the balance of amino acids provided. This was of course, due to the normal
and required cost of muscle protein turnover (as Cornish-Bowden noted years later; 2005). Thus if
improvements in efficiency were to be made, we needed to understand the underlying functions of
the organs of the body.

Recently we used the systems modeling approach to ask the question of ‘What patterns of metabolic
flux exist in dairy cattle of varying genetic merit and intakes?” Also ‘Related to that flux, which
genes are changing transcription in the adipose tissue?’ This was in direct, if delayed, response to a
challenge laid out years earlier by Baldwin (1980): ... when considerable biological variation exists,
opportunities for improvement are embedded within the variation...” and: ‘...observed efficiencies
considerably below theoretical are also observed. This raises two important questions: (1) Could we
learn to identify animals that are capable of attaining maximum efficiencies and based on genetic
selection improve the average efficiency of animal production? (2) If we knew exactly what types of
unfortunate metabolic decisions that the less efficient animals were making, could we manipulate the
metabolism of those animals such that their efficiencies would approach those of the best animals?’
Given that these comments were made in 1980, in retrospect it is clear that many scientists have
since then done exactly that (SNP’s, QTL?’s, etc.) but many have not taken on the task of integrating
the gene with the metabolism.

Thus, in order to do just that, data were collected from several studies done at WSU, with 15t to 4t
parity cows, from 28 d pre partum to 120 DIM and included total food intake, nutrient composition
of intake, milk and component output, body fat and protein, and transcript levels for several key
metabolic control proteins and enzymes expressed in adipose tissue. These cows were all on similar
(if not the same diets), from the same herd, spread over several years. The Molly model (Baldwin,
1995; McNamara and Baldwin, 2000); was used to simulate the metabolism of each cow (n=126 from
3 studies) from 0 to 120 DIM. Input variables included daily feed intake and chemical composition,
initial body weight, fat and protein content. Outputs included all milk components, and pathway
fluxes for lipid and glucose in mammary, body and visceral energy and protein, and changes in body
fat and protein. Simulations were then continued until day 305 to predict potential overall efficiency.
Body fat, body and visceral protein all varied (P<0.05) in their daily flux, with genetic merit
(predicted transmitting ability for milk) and total net energy absorbed being the greatest contributors
to variance. Means (ranges) for all cows were 112 (89 to 139) Mcal/d for intake energy, 32.3 (19.9,
41.9) for maintenance; -0.51 (-1.74, -0.015) for change in body energy; and 0.843 (0.826, 0.862)
for net energy efficiency (milk energy/ (energy absorbed — maintenance E)). The model predicted
response to dietary energy, dietary fiber and dietary protein content within one standard deviation
of the observed (P<0.05).

The interesting finding was that variations in maintenance functions (tissue metabolism) affected
overall efficiency while mammary efficiency approached the theoretical maxima, as Baldwin
predicted 40 years ago (Table 1). Even within a herd of cows quite similar genetically, there was
a range of milk productions and feed intakes (as expected) but in fact the variation in metabolic
pathways in the adipose, muscle and liver were even more striking). Even within a herd of similar
cows on the same diet, use of energy for metabolic functions can vary 100% between animals.
Why? There remains significant undefined variation in metabolism that defines the summative
energy efficiencies. Studying energy efficiency with a goal of making all cows more efficient must
be done in the context of understanding the system where it is controlled; at the pathway level in
individual organs.

Energy and protein metabolism and nutrition 31



Table 1. Energetic efficiencies of dairy cattle in early lactation as simulated in Molly from actual data.

Efficiency Milk energy, Milk energy, Milk energy, Mammary
measure %, GEI %, ABSE % ABSE + BE efficiency!
Top 20% 26% 43% 44% 84%
Average 23% 38% 38% 84%
Lower 20% 21% 34% 34% 85%
SD 2% 3% 3% 1%

! Last measure is milk energy production divided by mammary energy uptake. This is the thermodynamic
maximal value.

Similarly to energy use, N use varied as well. Nitrogen intake was 0.66 (0.52, 0.81) kg/d; milk N,
0.21 kg/d (0.16, 0.27), change in body N, -0.016 (-0.06, -0.004), N in urea was 0.31 (0.26, 0.37)
and N balance was -0.018 (-0.032, -0.008). Animals varied in non-mammary E and N use, and the
model identified (P<0.05) differences in E and N in the 20% top versus 20% lowest efficient cows
that start a quantitative metabolic control map of efficiency.

So what does this mean in the system of the cow? We can increase efficiency, but we cannot change
the laws of thermodynamics. More seriously, we cannot increase efficiency through means that would
disrupt the normal cell system. Thus we must pinpoint the critical control mechanisms that vary
metabolic rates in the liver, gut tissues, muscle and fat; and ask the questions: Can these efficiencies
be changed? And more importantly ‘Can they be changed without altering the basic system to the
detriment of the animal?” The answer is, of course, yes, because we can identify those animals
that are the most efficient utilizers of nutrients and identify their control points. We cannot do this
in a piecemeal fashion. Genomics, SNP, and QTL studies alone cannot do this, we must use that
information in the context of the animals in their environments, including nutritional environment.
This control, connecting of course the SNP and QTL information, to the outputs, includes the control
by gene transcription. Approaches to study this have been called nutrigenetics and nutrigenomics.

Nutrigenomics is generally defined as the effect of dietary nutrients on gene transcription:
‘Nutrigenomics aims to determine the influence of common dietary ingredients on the genome, and
attempts to relate different phenotypes to differences in the cellular and/or genetic response of the
biological system’(Mutch et al., 2005). ‘Nutrigenetics, on the other hand, aims to understand how
the genetic makeup of an individual coordinates their response to diet, and thus considers genetic
polymorphisms’ (Mutch et al., 2005). The practical application here is to identify the gene variants
that relate to differential response to nutrients (Al-Hasani and Joost, 2005).

So finally, transcriptional regulation and transcriptomics

Within the same studies referred to above, we took several samples of adipose tissue from 28 d pre
partum out to 56, 90 or 180 DIM, depending on the study. Some of this has been published (Sumner
and McNamara, 2007) and some presented in various abstracts and talks; this is certainly still a work
in progress. Our original interest was in the control of lipolysis. Hormone Sensitive Lipase (HSL) is
controlled by phosphorylation, as is the translocation of its colipase Perilipin. Thus, physiological
control by the sympathetic nervous system through norepinephrine is a major control point, as is,
indirectly, the action of insulin to reduce response to beta-adrenergic stimulation. We had been
able to learn a lot about the control of this enzyme, which is of course responsible for providing
large amounts of fatty acids for milk fat synthesis as well as energy use by tissues. Over the last
25 years we discovered and confirmed in many ways that activity of HSL and rates of lipolysis are
highly related to genetic merit and actual milk production of the cow. Rates of food intake do affect
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lipolysis, but his is likely through indirect control of anabolic signals. Control of anabolic pathways
(lipogenesis), however, is highly related to the actual intakes, as well as affected to a lesser degree
by milk production.

Thus, we asked the obvious question: is transcription a major control link in the larger genetic pattern
of efficiency, and/or are other metabolic control systems in place. More specifically we asked ‘Is the
increase in activity of HSL and rates of lipolysis a function of transcription, and if so, by how much?’
(As compared to physiological control through enzyme activation). Simultaneously we asked the
same question about control of transcription to determine rates of anabolic pathways. It was already
known in other species, and more recently in the cow) that in fact anabolic pathways are highly
controlled by transcription. For example a drop in glucose absorption signals a cascade of reduction
in transcription for control proteins and enzymes that oxidize glucose or convert it to fatty acids.

In 2007, we reported for the first time the level of transcripts for HSL, Perilipin and the B1, B2, and
B3 adrenergic receptors. In that study of approximately 20 animals, all of these transcripts increased
in amount during lactation, with a peak around 90 DIM, which is when milk production was highest.
This indicated a role for increased transcription in control of overall lipolytic activity, but the pattern
was more subtle. The increase did not peak until lactation also did, suggesting that this is not an
‘early response’ to the negative energy balance and increased milk production of early lactation.
Rather, this seems to be a secondary response over time. This does not mean it is not important, as
a systems approach would show. Just because it was not ‘The first physiological response’ does not
mean it is not quantitatively important. This point of view has not always been shared by those who
study physiological control, as often, if a change in control proteins or systems is not the ‘first’, the
“fastest’ or the ‘largest’, it is not exciting enough to study. Yet in the system, all control is relevant.

When we asked the question of proportional control though multiple regressions, we began to
learn more about the system relating transcriptional control with lipolysis. When we regressed the
expression of the B2-adrenergic receptor on BW, BCS and empty body fat, we could define only
about 10% of the variation. When we focused the regression comparing B2AR transcript on the
maximally stimulated rate of lipolysis, again, only about 10% of the variation could be defined. This
likely suggests that in fact, only about 10% of the control of lipolysis during lactation can be attributed
to an increase in message for this receptor. Given all the other levels of control on lipolysis, and
that in fact amount of adrenergic receptor is controlled in a loop of increased stimulation, reduced
receptor activity, and attenuation of response (a ‘governor’, if you will to avoid rapid mobilization).

The other systems analysis we did was to ask how the message for HSL related to lipolytic rate
measured in vivo. In theory, there may be a tighter relationship as this is the enzyme that catalyzes the
reaction directly. However, we could again only find about 12 to 17% of the variation in stimulated
lipolysis explained by an increase in HSL mRNA, and, perhaps surprisingly at the time, there was
no relationship between HSL message and basal (non-stimulated lipolysis). Thus the inference is
that the majority of the control of HSL activity is in fact physiological through activation of the
sympathetic nervous system and increased phosphorylation. This is what we demonstrated years
earlier in the rat model (McNamara and Murray, 2001). Since this study, in fact, it has been suggested
based on some good data, that basal lipolysis is in fact catalyzed by a different enzyme, adipose
tissue triacylglycerol lipase (ATGL, Montserrat et al., 2008). This continues to demonstrate the need
for a systematic approach to define the quantitative contribution of all control in the system. It also
demonstrates the importance of lipolysis to survival, as the amount of control on this very simple
reaction is immense and redundant.

From this same study we then conducted an analysis of the gene transcriptome in bovine adipose

tissue during the transition from pregnancy to lactation (Sumner et al. 2008a, b). We obtained
adipose tissue by biopsy at 30 d pre partum and 14 d post partum and extracted the RNA. This was
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hybridized to the Affymetrix Genechip® Bovine Genome Array. Animals averaged 29.8 (SEM =
1.3 kg/d of milk for the first 60 DIM (range 18.6 to 44.8 kg/d). They lost 42.6 kg of BW (SEM 8.4,
range +9.1 to -113.6) and 0.38 BCS units (SEM 0.10, range 0 to -1.0) from 0 to 14 DIM. This is a
normal range for dairy cattle, housed and fed alike and gives a glimpse of the yet unknown effects
of genetic variance in a similar population.

Anabolic pathway genes decreased (P<0.05), including (mean (% change), (SEM)): steroyl response
element binding protein, -25.1, (6.2); glucose transport 1,-57.3 (14.1); thyroid hormone receptor spot
14, -30.8 (7.4); lipoprotein lipase, -48.4 (7.7) and AcCoA carboxylase, -60.6 (13.0). The regression
of transcript change on milk production was 0.18 for AcCoA carb and 0.26 for ATP-CL (P<0.05).
Lipolytic control elements increased, with much variation among animals, including Ca channel
subunit 338% (203); B2AR 52.0 (8.8); PKC receptor 10.1 (2.6) and HSL mRNA 23.0 (17.9). The
regression of transcript change on milk production was 0.30 and 0.25 for B2AR and HSL mRNA.
These latter regressions explain somewhat more of the variation than the ones for HSL and B2AR
in lipolysis, which is intriguing. These results lead us to conduct further more in depth studies to
integrate transcriptional control into the metabolic model.

We have since conducted additional studies on transcriptional control of metabolism and efficiency
in the cow. We identified 1%t and 2"d parity animals based on their sire genetic merit and/or previous
production, and then fed them to requirements or to 90% of requirements for energy by pair feeding.
We then sampled adipose tissue at intervals in late pregnancy and early lactation to measure
lipogenesis, lipolysis and transcript amounts through use of the Affymetrix Bovine Gene array,
as well as RT-PCR for some of the genes. Hopefully, then we can see more specifically how the
transcript, rates of metabolism, body composition, energy intake and milk energy secretion fully
relate in the system. To date we do not have the full regressions completed, but some interesting
patterns certainly are emerging (Sumner et al., 2010).

A total of 48 cows were grouped by their sire PTAM: High Genetic (PTAM = 870 kg), or Low
Genetic (PTAM = 378), and half of each group was fed either to requirements (NE) or to 90% of
energy requirements (LE). Other components were fed to requirements. Feed intake from 21 to 1 d
pre partum was 13.6 (NE) and 12.7 kg (LE) DMI/d (SE = 1.5). From 1 to 56 DIM it was 21.2 and
17.4 kg/d (SE = 1.4). Milk production was 36.1 and 33. 3 kg/d for HG and LG cows from 27 to 56
DIM (P<0.05). Adipose tissue biopsies at -21,-7, 7, 28 and 56 days around parturition were used to
measure lipolysis, lipogenesis and gene expression. Rates of lipogenesis were lower during lactation
and lower in LE cows while lipolysis rates were higher for both conditions (P<0.05). The mRNA
expression of the beta-2 adrenergic receptor, hormone sensitive lipase and the co-lipase, perilipin,
was several-fold higher (P<0.05) in animals on restricted energy. The mRNA for caveolin-1 and
caveolin-2 decreased 20 to 40% (P<0.05) in lactation consistent with the increase in lipolysis and HSL
message. The gene expression array showed coordinated decreases in genes regulation lipogenesis
(TRPSP14, -26%; AcCoCarb, -76%; LPL, -57%; ATP-Citrate Lyase, -22% as examples) and no
change or moderate increases in those controlling lipolysis (Table 2).

Further we were able to run regressions of gene expression on milk production. For the genes listed,
in parentheses are the regression coefficients for gene expression versus milk production in the first
month of lactation: GLUT1 (0.34); IGFBP3 (0.67); THRP 12 (0.38); LPL (0.18); Ieptin (0.31). All
of these genes controlling anabolic reactions were negatively related with milk production. These
regression coefficients give us some mathematical insight into how much control might be exerted
on the anabolic pathways by gene expression. There was little relation between milk production and
lipolytic control genes, again suggesting that most control on lipolysis is physiological.

So, here now we can use a systems biology approach, based in sound biology, and use the model
to ask deeper questions about control of the system. Changes in gene expression alter the maximal
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Table 2. Genes coding for metabolic control in adipose tissue of lactating dairy cattle.

Gene GenBank -7 7 28 d28/d-7 P-value
Genes coding for anabolism

LPL BG688620 4045 2229 1552 -57% 0.00
FABPS5 NM 1743152 4378 4265 3075 -22% 0.88
GLUT4 NM 174604.1 49 37 36 -26% 0.53
THIHP CK848521 2679 1148 625 -11% 0.01
ATP CL CB433477 471 401 351 -22% 0.00
AcCoACarb NM_174224.2 162 55 39 -713% 0.00
AcCoACarb BE751005 100 31 21 -76% 0.00
Genes coding for catabolism

HSL, mRNA CK769629 39 31 53 -4% 0.28
HSL BM967863 77 60 80 19% 0.14
b2AR NM 174231.1 155 138 92 -32% 0.02
CAVImRNA 1111 905 977 -14% 0.06
cav 1 3549 2813 2714 -23% 0.90
CAV2a 625 481 395 -33% 0.65
CAV 2 834 480 423 -47% 0.04
CAV 2 156 77 74 -52% 0.05

Samples biopsied at times around calving as indicated. Results are signals from the Bovine Affymetrix Gene Array,
normalized to an average signal strength of 125.

velocity of lipogenesis and lipolysis. These changes measured in the cows can be used to alter the
maximal velocity parameters of lipogenesis and lipolysis in body fat, in direct proportion to the
relative change in transcript level, based on the principle that mRNA abundance directly relates to
enzyme concentration, but is independent of post-translational modification. We can then add the
control by post-translational physiology (already in Molly through anabolic and catabolic hormone
control. Integration of these control elements into metabolic models provides the opening to more
fully explore the relationships of genotype, phenotype and nutritional environment on the efficiency
of dairy cattle. There are some successful examples, requirements and illustrations of this approach
in the reference list (McNamara and Pettigrew, 2002a,b; McNamara, 2005, 2006; McNamara and
Boyd, 1998; McNamara et al., 1989).

The acceptance of integrative biology is critical

A major barrier to improvement of models remains lack of an accurate description of the phenotype
of the animal being modeled, expressed as, for example, gene transcription control, enzyme activity,
hormone and receptor kinetics and intracellular signalling. An additional barrier continues to be the
thought processes of scientists who are not trained in more complex regulation and theories and are
uncomfortable with the ideas or skeptical of the value of integrative biology. The genome projects
themselves are starting to change those attitudes, especially in younger scientists, because the central
nature of gene transcription in metabolic regulation is better understood now than before, and because
the sheer mass of information generated in genomic and transcriptomic work dictates mathematical
methods and approaches to bring clarity from the data.

One underlying concept to such integrative work is that the amount and activity of all enzymes and

hormones are genetically regulated, from immediate gene transcription and translation, to heritability
of variations in hormone and enzyme synthesis and secretion. Some examples may be found in
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(Bosch et al., 1999; Daniel et al., 1999; Friedman and Halaas, 1998; Girard et al., 1997). However,
some have small heritabilities, or are expressed constitutively, are members of redundant control
systems, and are thus not relevant to metabolic control (Cornish-Bowden et al., 2007).

The flood of information from the various genome works, and the ability to generate large volumes
of transcriptome data from animal studies has renewed calls for more integration of knowledge,
including using bio-mathematical approaches. A model or a modeling approach to research may
also be defined as an ordered way of describing knowledge of some real complex system. Such
models have been useful in practical systems to describe, for example, drug metabolism, biochemical
pathways and nutrient requirements. A quantitative description of metabolic transactions is critical
to improve understanding and improvement of nutrient requirements, health and longevity. Models
of increasing complexity, ever grounded in validated research data, will continue to improve our
quantitative understanding. It is this author’s experience that information from genomic research
can only be understood with the means of complex model systems, a philosophy shared by others
(Dawson, 2004).

We have a long way to go. We need a re-invigorated, multi-investigator, multi-disciplinary,
integrated approach to solve the present and future problems of reproduction, and specific to the
role of nutrigenetics and nutrigenomics for improved reproduction, this research effort will require
construction and testing of mechanistic bio-mathematical models. Finally, we need to train students,
scientists and professionals in the importance of using integrative biology and bio-mathematical
models to identify, solve and prevent reproductive problems.
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Abstract

Mitochondrial ATP production or heat production can be a major factor in the conversion efficiency
of food/feed energy. An inappropriate control of mitochondrial reactive oxygen species (ROS)
production will exert a negative effect on development of tissue and organs, and hence animal
growth. To elucidate how alterations in mitochondrial functions specify their ATP production and
oxidative damage, modular kinetic analysis was applied in 2 typical mitochondrial studies concerning
the differences (a) in oxidative phosphorylation between meat- and laying-type chickens, and (b) in
ROS production between heat-exposed chickens and its control group. Skeletal muscle mitochondria
from meat-type chickens were found to have a higher oxidative phosphorylation efficiency than
laying-type chickens. In the heat-stress conditions, ‘substrate oxidation’ by the electron transport
chain was enhanced, reinforcing mitochondrial superoxide production, probably via an elevation
in the membrane potential (AYW) in avian muscle mitochondria. Thus this method is of value tool in
consideration for improving of growth performance.

Introduction

Most of the ATP produced by the cell is generated by mitochondria via oxidative phosphorylation.
During substrate oxidation, protons are pumped out of the mitochondrial matrix, creating an
electrochemical proton gradient. This proton motive force drives ATP synthesis, although substrate
oxidation is not fully coupled to ATP synthesis since some of the gradient is dissipated by protons
leaking back to the matrix through natural and/or anion carrier-mediated proton conductance pathways
across the mitochondrial inner membrane. Non-productive proton leak pathways are physiologically
important since they account for a surprisingly high proportion of cellular and organismal respiration
rate, estimated at up to 25% (Rolfe et al., 1999; Brand, 2005). Skulachev (1999) noted some of the
main physiological functions of mitochondria as follows: (1) energy conservation, i.e. ATP production,
(2) metabolic energy dissipation as heat, (3) substrate production and decomposition, and (4) reactive
oxygen species (ROS) generation. ATP production, energy dissipation and control of reactive oxygen
species are directly associated with the efficiency of animal production. Thus, ATP production or
heat production can be a major determinant of energy conversion efficiency of food/feed energy to
ATP for metabolic and mechanical works, depending on the magnitude of uncoupling of oxidative
phosphorylation. Inappropriate ROS production that has a negative effect on the development of
tissue and organs as well as animal growth can be controlled by the membrane potential (A¥). To
elucidate how alterations in mitochondrial functions would affect their ATP production and oxidative
damage, we focused on 2 typical cases related to the differences: (a) in mitochondrial oxidative
phosphorylation between meat- and laying-type chickens, and (b) in ROS production between heat-
exposed chickens and its control group. By applying modular kinetic analysis to our data set for the
mitochondrial studies on skeletal muscle of both cases of chickens, we show its value as a tool in
the field of applied animal science.
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What is modular Kinetic analysis?
Kinetics of proton leak, phosphorylation system and substrate oxidation

To evaluate oxidative phosphorylation in skeletal muscle mitochondria of heat-stressed birds, modular
kinetic analysis was used (Hagopian et al., 2005; Amo and Brand, 2007). Mitochondrial oxidative
phosphorylation can be divided conceptually into 3 modules connected by AY as the intermediate,
i.e. the reactions that: (1) produce AW, which are called ‘substrate oxidation’; (2) consume AY
and synthesize ATP, called ‘phosphorylation system’; and (3) consume AY without ATP synthesis,
referred to as ‘proton leak’ (Brand, 1990). To measure kinetic response of proton leak to A, State 4
respiration (non-phosphorylation) of mitochondria was titrated with malonate (to inhibit complex II)
in the presence of oligomycin (to prevent any residual ATP synthesis). As with proton leak kinetics,
State 4 respiration was titrated with the uncoupler FCCP to measure the kinetic response of substrate
oxidation to AW. State 3 (maximal rate of ATP synthesis) was obtained using an ADP-regenerating
system (100 pM ATP, 20 mM glucose and 6 U/ml hexokinase). Titration of State 3 respiration
with malonate (up to 1.5 mM) was done to measure the kinetics of the AW¥-consumers (the sum of
phosphorylation system and proton leak).

Coupling efficiency of mitochondrial oxidative phosphorylation

Coupling efficiency of oxidative phosphorylation was calculated from mitochondrial modular kinetic
curves. Coupling efficiency is the percentage of mitochondrial respiration rate at a given AY used for
ATP synthesis (Amo and Brand, 2007; Affourtit and Brand, 2009). This is calculated by subtracting
the oxygen consumption rate of the proton leak from the total oxygen consumption rate (=substrate
oxidation) at any chosen AW, and expressed as the percentage of the total rate.

Results and discussion

Differences in mitochondrial oxidative phosphorylation between meat-type and laying-type
chickens

Meat- and laying-type chickens have been extensively selected for meat and egg production,
respectively. As a result, meat-type chickens show very rapid growth, but the reasons they grow faster
than laying-type chickens remain unclear. Decreased behavioral activities (Saito et al., 2004) and
rates of protein degradation (Saunderson and Leslie, 1988) may contribute to the very rapid growth
in meat-type chickens. Although meat- and laying-type chickens tend to spend a similar proportion
of time feeding, food intake was twice as high in meat-type chickens than in laying-type (Hocking
et al., 1997). Therefore, when food intake was normalized by metabolic body weight, the laying-
type chickens ate significantly more than the meat-type chickens, indicating the lower metabolic
efficiency or higher energy expenditure in laying-type chickens (Swennen et al., 2007). Indeed, the
basal metabolic rate (BMR) of meat-type chicks is lower than that of laying-type chicks from hatching
to 500 g body mass (Kuenzel and Kuenzel, 1977). Thus, we hypothesized that the differences of feed
efficiency between bird strains might be partly related to their efficiency of mitochondrial oxidative
phosphorylation. Therefore, we focused on the physiological functioning of mitochondria isolated
from energy-consuming organs, skeletal muscle, applying modular kinetic analysis (Brand, 1998;
Amo and Brand, 2007) to determine its efficiency in both chicken types.

Meat-type (Cobb) and laying-type (Julia) male chicks were used. Body weights at 21 and 41 days
were individually recorded and feed consumption was also measured to calculate feed efficiency.
Meat- and laying-type chicks were killed by decapitation, and breast muscles were rapidly excised
(n=6 birds per group).
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The meat-type chicks ate 2.7 times more than the laying-type during the measurement period (Table
1), converting food to their body mass about twice as efficiently (0.71+0.01 versus 0.37+0.02). Results
of modular kinetic analysis for the oxidative phosphorylation [predicted ‘substrate oxidation’, ‘proton
leak’ and AW-consumers (sum of ‘phosphorylation system’ and ‘proton leak’)] for skeletal muscle
are shown in Figure 1A. The ‘rate of the phosphorylation’ module of meat-type chickens was higher
in the laying-type (Figure 1B). Mitochondria of meat-type chickens had a lower rate than those of
laying-type chickens with regard to the proton leak module (Figure 1C). The coupling efficiency of
oxidative phosphorylation was analyzed from the kinetic curves in Figure 1 A. The classic measure of
the efficiency is the respiratory control ratio (RCR), i.e. respiration with maximal rate of ATP synthesis
(State 3) divided by respiration with no ATP synthesis (State 4). The RCR of meat-type chicken
mitochondria was slightly, but not significantly, higher than that of laying-type chicken mitochondria
(Figure 1D). A more precise measure of coupling efficiency is given by the percentage of respiration
coupled to ATP synthesis, calculated by subtracting the rate of proton leak from the total respiration in
State 3’s membrane potential, and expressing the difference as a percentage of the total rate. Skeletal
muscle mitochondria from meat-type chickens had a much higher respiration rate at State 3 (Figure 1B)
and a lower proton leak (Figure 1C) than the laying-type ones, resulting in higher coupling efficiency
at the membrane potential in State 3 (Figure 1E, left two bars). The coupling efficiency was also
estimated across the whole range of rates of ATP synthesis (phosphorylating activity) and values of
AY from State 3 to State 4 by postulating that a line of substrate oxidation kinetics was a straight line
through the State 3 and State 4 points (Figure 1A) (Brand, 1998). The 2 estimated lines for substrate
oxidation apparently are separate (Figure 1A), and the coupling efficiencies at 150, 155 and 160
mV were significantly different (Figure 1E). Thus, meat-type chickens have higher phosphorylating
activity and lower proton leak of skeletal muscle mitochondria than laying-type chickens, resulting
in higher efficiency of oxidative phosphorylation. Considering that skeletal muscle is a high energy-
consuming tissue, the higher coupling efficiency of skeletal muscle mitochondria probably plays an
important role in the rapid growth of meat-type chickens.

Mitochondrial uncoupling represents a cellular inefficiency, but it also reduces oxidative stress
by attenuating mitochondrial ROS production. Therefore, meat-type chickens that express low
uncoupling levels (Figure 1E) will suffer oxidative stress. Indeed, meat-type chickens were much
more susceptible to acute and chronic heat-stress, inducing mitochondrial superoxide production
and muscular oxidative damage (Mujahid et al., 2005; M.A.K. Azad, unpublished results).

Table 1. Body-weight gain, feed intake and feed efficiency.

Breed Meat-type (n=6) Laying-type (n=6)

(Age 21-41 day)  (/day) (Age 21-41 day)  (/day)
Body weight gain (g) 1,189+25 85+2 22245 15.9+0.4
Feed intake (g) 1,668+11 119+1 614423 43.9+1.6
Feed efficiency! 0.71£0.01 0.37+0.02

I Body weight gain (g) / feed intake (g).

Differences in mitochondrial oxidative phosphorylation and ROS production between heat-
exposed chickens and control group

Heat stress is an environmental factor responsible for stimulating superoxide production. Having already
shown that mitochondrial superoxide generation can be significantly enhanced in skeletal muscle of
birds given acute heat stress (Mujahid ez al., 2005), causing oxidative damage to mitochondrial
proteins and lipids (Mujahid et al., 2007), we considered whether the mechanisms underlying acute
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Figure 1. (4) Oxidative phosphorylation characteristics of skeletal muscle mitochondria. Closed
symbols, meat-type chickens; open symbols, laying-type chickens. Results are means = SEM for 6
chickens per group. Modular kinetic analysis of oxidative phosphorylation in mitochondria isolated
from skeletal muscle of meat-type chickens and laying-type chickens. The kinetic responses to
membrane potential, AP, of respiration driving (C) proton leak (A titrated with complex Il inhibitor
malonate, starting in State 4); and (B) the phosphorylating system, calculated by subtracting
respiration driving proton leak from respiration driving the AW-consumers (A titrated with malonate
starting in State 3; not shown) at each AY¥. (D) Respiratory control ratio (State 3 respiration rate/
State 4 respiration rate). (E) Coupling efficiency at the AV of State 3. * = P<0.05 and ** = P<0.01
for meat- versus laying-type chickens.

heat stress-induced overproduction of mitochondrial superoxide in chicken skeletal muscle may be
involved in enhancing AY. Indeed, the A¥ of muscle mitochondria from heat-stressed bird proved
to be elevated, although the proton leak, one factor affecting AW, was unchanged (Mujahid et al.,
2009). We could therefore postulate that ‘substrate oxidation’, another factor influencing AW, might
be responsible for the elevated AW. To clarify this matter, we have employed modular kinetic analysis.
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After 14 days, the birds were randomly divided into 2 groups (n=12 birds per group). Following a
7-day adaptation period, one of the 2 groups was exposed to 34 °C for 12 h, while the other group
was maintained at 24 °C (humidity 55+5%). Birds were provided access to water and the diet ad
libitum during treatment. After exposure, birds in each group were killed by decapitation, and breast
muscles were rapidly excised (n=8 birds per group).

Mitochondrial H,O, production at State 4 in the heat-stressed groups was significantly higher
(~2.3 fold) than in the control group (Figure 2), in agreement with previous findings (Mujahid et
al., 2005, 2009).

Results of a modular kinetic analysis for the oxidative phosphorylation (‘substrate oxidation’,
‘proton leak’ and ‘phosphorylation system’) for both control and heat-stressed groups (Figure 3)
show that oxygen consumption rate due to ‘substrate oxidation’ in heat-stressed group was higher
than in the control group (Figure 3D). There was little difference in proton leak kinetics at any
given AY between the groups, but the furthest point (State 4) to the right in the kinetic curve for the
heat-stressed group tended towards higher A¥ and significantly higher oxygen consumption rates
than their controls (Figure 3C). Phosphorylation kinetics (Figure 3B) were calculated by subtracting
oxygen consumption rate driven by proton leak from oxygen consumption rate driven by the A'W-
consumers at each AY shown in Figure 3A. Phosphorylation kinetics for the heat-stressed group
had a slower rate of oxygen consumption at lower AY values than their controls, but the furthest
point (State 3) to the right for the heat-stressed group had a significantly higher AY and oxygen
consumption rates than their controls.

Korshunov et al. (1997) found that mitochondrial ROS production is exquisitely sensitive to
AY. Brand’s group also reported a positive correlation between AY and ROS production in
Drosophila mitochondria (Miwa et al., 2003). Therefore, one can postulate that the overproduction
of mitochondrial ROS in heat-stressed birds may be caused by changes in AY at State 4. This
postulation was supported by our observations that simultaneous increases of ROS production and
AY at State 4 occurred in muscle mitochondria in the heat-stressed birds. The novel finding is that
‘substrate oxidation’ by the electron transport chain is enhanced under heat stress conditions, and
that these mitochondria have increased AY and ROS production at State 4.

Why does AY increase under heat stress conditions? Rolfe et al. (1994) proposed that ‘substrate
oxidation’ as a AW-producer, as well as ‘proton leak’ as a A¥-consumer, plays a role in controlling
the magnitude of A at State 4. We found that the ‘proton leak’ was similar in the control and heat-
stressed birds, but ‘substrate oxidation’ was increased in the muscle mitochondria from the latter,
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Figure 2. Hydrogen peroxide (H,0,) production at State 4 of skeletal muscle mitochondria from
control (open bar) and heat-stressed (filled bar) groups. Succinate (4 mM) was used to energize the
mitochondria (0.35 mg protein/ml) incubated at 38 °C in a standard assay medium [115 mM KCI, 10
mM KH,PO,, 3 mM HEPES, | mM EGTA, 2 mM MgCl, and 0.3% (wt/vol) BSA, 0.1 uM nigericin,
pH 7.2]. H,0, production was measured fluorometrically in the absence of rotenone. For details, see
General Methods. Values are means = SE of date from 4 replicates using 4 mitochondrial samples
isolated from 2 individual pooled muscle in each group. * = P<0.05 compared to control groups.
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Figure 3. (4) Kinetic responses of the 3 modules of oxidative phosphorylation [(B) phosphorylation
system, squares, (C) proton leak, circles, (D) substrate oxidation, triangles] to AV, in skeletal muscle
mitochondria from control (open symbols) and heat-stressed (filled symbols) groups. Succinate (4 mM)
was used to energize the mitochondria (0.35 mg protein/ml) incubated at 38 °C in the standard assay
medium with 5 uM rotenone. Values are means + SE of date from 4 replicates using 4 mitochondrial
samples isolated from 2 individual pooled muscle in each group.

suggesting that increase in ‘substrate oxidation’ are primarily responsible for the elevated AY at State
4 under the heat stress conditions. Therefore, overproduction of mitochondrial ROS was induced by
the ‘substrate oxidation’ stimulating AW for the heat-stressed birds. Thus, modular kinetic analysis
helps to find the underlying mechanism of overproduction of mitochondrial ROS from skeletal
muscle in acute heat-stressed chickens.

Conclusion

Mitochondria are the major organelle involved in ATP and reactive oxygen species (ROS) production
of cells. The mechanisms involved in their production and efficiencies are complex, inasmuch as
mitochondrial bioenergetic system consists of ‘substrate oxidation’, ‘phosphorylation system’, and
‘proton leak’. However, once modular kinetic analysis are performed for mitochondrial study on
oxidative phosphorylation, more information about the underlying mechanism and ‘cause and effect
relationship’ in the complex dynamics can be obtained, e.g.:
a. Skeletal muscle mitochondria from meat-type chickens have a higher oxidative phosphorylation
efficiency than laying-type chickens. Skeletal muscle is a very energy consuming tissue, and
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therefore these differences could play an important role in the high feed efficiency and the rapid
growth of meat-type chickens.

b. Under heat stress conditions, ‘substrate oxidation’ by the electron transport chain is enhanced,
reinforcing mitochondrial superoxide production, probably via an elevation in the membrane
potential in avian muscle mitochondria, suggesting that acute heat stress enhances ‘substrate
oxidation’ of skeletal muscle mitochondria, leading to greater ROS production.

General methods
Animals and preparation of mitochondria

For both experiments, male chicks (1-day old) were obtained from a commercial hatchery. They were
provided access to water and commercial diet ad /ibitum during the treatments. After treatment, birds
in each group were selected and killed by decapitation. This method of killing was used in preference
to overdose by general anesthetics, which are known to uncouple oxidative phosphorylation
(Rottenberg, 1983). Pectoralis superficialis muscles were rapidly excised, and a sample of each
muscle was placed in ice-cold isolation medium (100 mM KCl, 50 mM Tris/HCI, and 2 mM EGTA,
pH 7.4) for mitochondrial isolation (see below). The Animal Care and Use Committee of the Graduate
School of Agricultural Science, Tohoku University approved all procedures, and efforts were made
to minimize pain or discomfort of the animals.

Isolation of skeletal muscle mitochondria

Muscle mitochondria were isolated by homogenization, protein digestion, and differential
centrifugation at 4 °C, as previously described (Cadenas et al., 2002; Mujahid ez al., 2009). Muscle
was trimmed of fat and connective tissue, blotted dry, weighed, and placed in isolation medium on
ice. Tissue was shredded and minced with sharp scissors, rinsed with isolation medium 3 times,
stirred for 5 min in protein digestion medium [100 mM KCI, 50 mM Tris/HCI, 2 mM EGTA, 1
mM ATP, 5 mM MgCl,, 0.5% (wt/vol) bovine serum albumin (BSA), and 11.8 units of protease per
gram of tissue (Sigma, substilisin type VIII), pH 7.4], and gently homogenized using a Polytron
tissue homogenizer. The homogenate was stirred for 6 min before being mixed with the equivalent
medium without protease to stop protease activity. The homogenate was rehomogenized in a Potter-
Elvehjem homogenizer (6 passages) and centrifuged at 500 g for 10 min. The supernatant was filtered
through muslin and centrifuged at 10,400 g for 10 min. Mitochondrial pellets were resuspended
in isolation medium and centrifuged at 10,400 g for 10 min, followed by 3,800 g for 10 min, and
were resuspended in isolation medium. Mitochondrial protein concentration was determined by the
bicinchoninic acid (BCA) assay, with BSA as the standard (Brown ez al., 1989). All mitochondria
were used for the module kinetic analysis on the day of the isolation.

Mitochondrial H,O, production

Mitochondrial H,O, generation rates were determined fluorometrically by measurement of oxidation
of 10-acetyl-3,7-dihydroxyphenoxazine (amplex red) coupled to the enzymatic reduction of H,O,
by horseradish peroxidase. The rate of H,O, generation after addition of 4 mM succinate was
spectrofluorimetrically determined by the change in fluorescence at excitation and emission
wavelengths of 544 and 590 nm, respectively.
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Abstract

Ageing skeletal muscle undergoes a physiological decline that can be considered the consequence
of complex multi-factorial processes that are still not completely understood. Several lines of
evidence indicate that changes in mitochondria that occur during ageing are key factors in the loss
of functionality observed in ageing muscle. In the present manuscript, we summarize recent data on
age-related changes in the proteomic profiles of rat skeletal muscle tissue and mitochondria, and the
associated changes in the supramolecular organization of the mitochondrial respiratory chain complex,
in relation to mitochondrial functionality and the efficiency of oxidative phosphorylation. In addition,
since uncoupling protein-3 (UCP3) declines with age and since recent data have indicated its ability
to export lipid hydroperoxide from the mitochondrial matrix while at the same time mediating lipid
hydroperoxide-induced mitochondrial uncoupling, we will discuss possible roles for UCP3 in both
age-related metabolic adaptations of skeletal muscle to oxidative metabolism and oxidative damage
to vital mitochondrial components.

Introduction

Among all the tissues of the body, skeletal muscle, by virtue of accounting for about 40% of body
mass, plays important roles in energy and metabolic homeostasis, in addition to its roles in coordinated
movements and postural control. During ageing, the progressive decline that occurs in the mass and
strength function of skeletal muscle is referred to as sarcopenia. Sarcopenia can be considered the
consequence of multiple complex processes, the underlying mechanisms of which are not completely
understood. In addition to progressive denervation, the age-related changes in skeletal muscle
include alterations in excitation-contraction coupling at the level of the triad junction, alterations
in contractile fibres and their surrounding connective-tissue anatomy, and increased cellular stress,
as well as hormonal and metabolic disturbances (Melton ef al., 2000, Greenlund and Nair, 2003).
Moreover, pathophysiological cycles of denervation - reinnervation ultimately lead to a loss of motor
units or to incomplete recruitment of those that remain. This affects the overall number, size and
type of fibres, which in turn leads to weaker contractile properties (Luff, 1998).

Mitochondria play a variety of essential roles in cellular metabolism: e.g. production of ATP
through oxidative phosphorylation, regulation of calcium homeostasis in cell-signalling pathways,
and the initiation of the signal cascade leading to apoptosis (Green and Reed, 1998). In addition,
mitochondria have been implicated in the ageing process as well as in many age-related diseases
(Figueiredo et al., 2008).

The free radical theory of ageing, proposed by Harman (1956), asserts that reactive oxygen species
(ROS), generated both endogenously and externally, can give rise to the cellular damage that
underlies the ageing process. The major source of cellular ROS is mitochondria, which have thus
been proposed to play a significant role in the ageing process. These ROS-producing organelles are
also the primary target site of oxidative stress (Stadtman, 2002). Oxidative damage to mitochondria
amplifies the effect, ROS causing damage to mitochondrial DNA, proteins, and membrane lipids,
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a self-perpetuating and destructive cycle in which increased ROS production leads to incremental
damage and to further ROS production (Harper et al., 2004; Pak et al., 2003).

Over time, a decline in mitochondrial ATP production will reduce the principal cellular source of
energy, and this in turn will lead to cellular dysfunction if the oxidative damage exceeds the capacity
of the cell to handle removal of both ROS and oxidatively damaged macromolecules. Indeed, an
increase in the incidence of oxidative damage to mitochondrial mtDNA has been observed in various
tissues with age, and there is strong support for ROS playing a predominant role in these processes
(Gokey et al., 2003). The accumulation of mtDNA modifications and mutations that occurs with
age may interfere with the synthesis of proteins and with the enzymatic pathways responsible both
for the electron transfer along the respiratory electron transport chain and for the synthesis of ATP
(Gokey et al., 2003).

Oxidative stress- induced mitochondrial dysfunction may play an important role in the age-related
decrease in skeletal muscle mass and function as this tissue, being a metabolically very active tissue
and very rich in mitochondria, would be expected to be particularly vulnerable to mitochondrial
oxidative stress (Figueiredo et al., 2008). In this context it has been recently shown that increased
superoxide in vivo accelerates age-associated muscle atrophy through mitochondrial dysfunction
and neuromuscular junction degeneration (Jang ez al., 2009) Although a reduced activity of the
respiratory chain and increased release of reactive oxygen species from mitochondria are well
documented during ageing, there is little information as to the mechanism(s) responsible for the
changes in mitochondrial function.

In this paper, we review some of our recent data on the proteomic profiles of ageing skeletal muscle
in the rats, with particular attention being paid to the mitochondrial protein profile and to the
supramolecular organization of the mitochondrial respiratory chain. Proteomic profiles will then be
related to mitochondrial functionality and to the efficiency of oxidative phosphorylation. In addition,
in relation to the etiology of sarcopenia, we discuss possible interrelated roles among ROS production,
mitochondrial efficiency, and the decline in the level of mitochondrial uncoupling protein-3 (UCP3).

Total and mitochondrial protein profiles in the skeletal muscle of aged rats

By using two—dimensional gel electrophoresis (2D-E) followed by MALDI-Tof analysis, we recently
compared the protein expression profile in gastrocnemius muscle between young (3 month) and
old (24 month) rats (Lombardi et al., 2009). A pattern predominantly of down-regulation in protein
expression levels was observed with age, with changes being detected in proteins involved in
energy metabolism, cellular signalling, the stress response, cytoskeleton structure, and contraction.
Perturbation of the myofibrillar network was evident as alterations in contractile proteins and
also in their major regulators. Indeed, in gastrocnemius muscle from the old rats we observed a
down-regulation of myosin regulatory light chain2, and an upregulation of myosin light chain 1.
Tropomyosin alpha chain isoform and troponin T, two proteins known to bestow calcium sensitivity
on actomyosin ATPase activity, were both down-regulated, suggesting an age-related alteration in
fibre-shortening velocity. In this context, a study by Capitanio ez al. (2009) showed significant changes
in myosin heavy chain isoforms (MyHC) during aging (when comparing gastrocnemius muscles
between 8-month old rats vs. 22-month-old ones), with increases in MyHC-I slow twitch oxidative
fibres and MyHC-IIA fast oxidative/glycolytic fibers and a decrement in MyHC-IIB fast glycolytic
fibres. The above data suggest a transition from a fast to a slow phenotype, an inference supported
by proteomics studies performed by others (O’Connell ez al., 2007, 2009; Piec et al., 2005). Beta-
tubulin, a component of intermediate filaments, microtubules, and the microfilament cytoskeleton was
upregulated in ageing gastrocnemius samples (Lombardi ez al., 2009). This evidence, taken together
with data obtained by others showing increases in desmin (Capitanio et al., 2009) and gelsolin (Piec
et al., 2005), suggests a mechanism affecting the cytoskeleton that compensates for perturbations
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in myofibrillar structure, so avoiding widespread damage to the myofibres. This could also result
from the denervation and reinnervation cycles that occur in ageing skeletal muscle and which may
generate muscle atrophy, regeneration cycles, and rearrangement of motor units.

In ageing, the shift in structural fibers towards the slow phenotype indicates an adaptative change
towards the use of fatty acid rather than glucose as metabolic fuel. Indeed, glycolytic enzymes such
as triosephosphate isomerase, glyoxalase I, and beta enolase were all down-regulated, and pyruvate
dehydrogenase E1, which is localized at mitochondrial level, was also decreased in gastrocnemius
samples from aged rats (Lombardi et al., 2009).

Other features indicating a perturbation of energy metabolism were down-regulations of creatine
kinase, pyruvate kinase, and the NADH-shuttle glycerol 3-phosphate dehydrogenase (Lombardi
et al., 2009). Moreover, key mitochondrial enzymes involved in oxidative phoshorylation and the
Krebs cycle were also affected by ageing, as described following.

Is well known that in aged tissue mitochondria produce an excessive amount of reactive oxygen
species (ROS). We recently reported that the response of ageing skeletal muscle to an elevated ROS
production consists of upregulations of specific proteins able to scavenge both ROS and the cytotoxic
products resulting from ROS-induced lipid peroxidation, such as reactive aldehyde. Indeed, the
levels of the cytoplasmic Cu/Zn superoxide dismutase (SOD) and ferritin heavy chain (H ferritin)
isoform, two enzymes involved in ROS scavenging, were significantly increased in muscle from old
rats (Lombardi et al., 2009). The ageing gastrocnemius also exhibits activation of a compensatory
mechanism that scavenges reactive aldehyde products by increasing the levels of glutathione
transferase and mitochondrial aldehyde dehydrogenase. In addition the glyoxalase I protein level
was reduced in skeletal muscle from aged rats. This enzyme, together with glyoxalase I, belongs to
a widespread enzyme system that catalyzes the glutathione-dependent conversion of methylglyoxal
(a compound exerting cytotoxic actions by interacting with subcellular proteins and nucleic acid) to
D-lactate, suggesting an accumulation of cytotoxic methylglyoxal within the ageing myocyte that,
together with ROS, could underlie the ageing process in skeletal muscle (Lombardi ef al., 2009).

Evidence of age-associated protein misfolding has been provided by the finding of upregulations of
molecular chaperones (including HSP 27 and disulfide isomerase ER60) (Lombardi et al., 2009).

Although the various proteomic studies on age-related changes in skeletal muscle, including ours,
may differ in the list of individual proteins affected (O’Connell et al., 2007; Capitanio et al., 2009,
Piec et al., 2005), as a whole the studies performed so far agree in demonstrating that ageing affects
metabolic pathways including those involved in energy metabolism, cellular signalling, the stress
response, the cytoskeleton, and contraction (Figure 1).

Since mitochondria play a significant role in the ageing process, an evaluation of the age-related
alterations in the mitochondrial profile would be expected to increase our understanding of the
mechanisms underlying ageing. As above cited, mitochondria are severely effected by ageing,
and it is generally believed that dysfunctions of the mitochondria trigger key steps in the ageing
process (Dencher et al., 2007). These dysfunctions affect oxidative phosphorylation system and
even more the supramolecular organization of respiratory complexes. The oxidative phosphorylation
system forms the basis for mitochondrial ATP production. In most organisms it is composed of the
ATP synthase complex (complex V) and four oxidoreductase complexes constituting the electron
transport chain (ETC): NADH dehydrogenase (complex I), succinate dehydrogenase (complex II),
cytochrome ¢ reductase (complex III), and cytochrome ¢ oxidase (complex IV). All these complexes
reside within the inner mitochondrial membrane. Complexes I and II transfer electrons from NADH
or FADH2 to ubiquinone, while complex III transfers electrons from ubiquinol to oxygen. Three
of the four oxidoreductase complexes couple electron transport with translocation of protons from
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Ageing-associated alterations in gastrocnemius skeletal muscle
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Figure 1. Schema representing the age-related alterations observed in gastrocnemius skeletal muscle
at the tissue and mitochondrial levels, as deduced from proteomic and functional studies.

the mitochondrial matrix to the intermembrane space. The generated proton gradient can be used
by complex V to catalyze the formation of ATP by the phosphorylation of ADP. These complexes,
when isolated in their native state, are functionally active.

By using 2D-E analysis on total gastrocnemius muscle, we found that key mitochondrial enzymes,
involved in the Krebs cycle and oxidative phosphorylation were reduced in ageing muscle (namely,
isocitrate dehydrogenase, cytochrome c- oxidase, and ATP synthase beta subunits). On the other hand
an upregulation of aldehyde dehydrogenase occurred (Lombardi et al., 2009). Using difference gel
electrophoresis (DIGE) (an approach that facilitates a sensitive quantitative assessment of changes
in soluble proteins), O’Connell et al. (2009) compared the skeletal muscle mitochondria-enriched
fraction isolated from 26-month-old rats with that from 3-month-old rats. Their main finding was
that the expressions of key mitochondrial proteins localized to the mitochondrial inner membrane,
the matrix, the inner membrane space, and the outer membrane were increased in the mitochondria
from the aged rats. The following proteins showed such an increase: NADH dehydrogenase, the
mitochondrial inner membrane protein mitofilin, peroxiredoxin isoform PRX-III, ATPase synthase,
succinate dehydrogenase, mitochondrial fission protein Fisl, succinate-coenzyme A ligase, acyl-
coenzyme A dehydrogenase, porin isoform VDAC?2, ubiquinol-cytochrome c reductase core I protein,
and prohibitin (O’ Connell et al., 2009). They therefore suggested an enhancement of mitochondrial
functionality, in agreement with the idea of an age-related shift to a slower contractile phenotype
and more aerobic-oxidative metabolism.

The use of 2D gels of highly purified mitochondria greatly facilitates the analysis and detection
of less-abundant proteins (since mitochondrial proteins are distributed across wide ranges of both
pH and molecular mass on 2D gels, leading to a more accurate resolution with only a few protein-
spot overlaps). However, it allows the analysis only of the soluble subunits of membrane protein
complexes, while hydrophobic subunits or aggregates do not focalize in the first dimension and
are not represented on the final 2D map. Actually, mitochondrial functionality is strictly related
to the abundance and activity of individual mitochondrial complexes, and even more to their
supramolecular organization. In fact, current evidence suggests that the assembly of the electron
transport chain complexes into respirasomes provides structural support for mitochondrial oxidative
phosphorylation by facilitating electron channelling, and perhaps by preventing electron leak and
superoxide production (Schagger et al., 2000, 2004). Thus, a reduced amount of a single complex
subunit or of an entire complex could not affect mitochondrial functionality.
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Blue Native-Polyacrylamide Gel Electrophoresis (BN-PAGE) allows the conservation of protein-
protein interaction and activity in the native state, as well as the supramolecular organization
of respiratory complexes, although the results depend on the detergent used to solubilize the
mitochondrial membranes (Krause, 2006). BN-PAGE of dodecylmaltoside-solubilized mitochondria
resolves respiratory complexes individually, and following Coomassie blue staining, the levels of
the individual respiratory complexes can be detected. By performing BN-PAGE, we showed that
mitochondria from the gastrocnemius muscles of old rats contained significantly lower amounts
of complexes I, III, and V, when compared with young ones. On the other hand, we observed an
increased amount of complex II and no change in complex IV. In-gel histochemical colorimetric
reactions of native complexes allow the evaluation of their catalytic activity. In the gastrocnemius
mitochondria of old animals, a lower activity of each of the complexes was detected, suggesting
that the reduced activity levels of complexes I, III and V resulted from their presence in smaller
amounts (Lombardi et al., 2009). This was not the case for complex II or complex IV, since despite
their levels being higher or unchanged, respectively, a reduction in the activity of each was detected.
This discrepancy suggests the eventual involvement of ROS attack either directly on the complex
or mediated by cardiolipin oxidation, as reported by Paradies ez al. (2000). Our data, on age-related
reduced activities of mitochondrial electron transport chain complexes, obtained in rat skeletal muscle
are in agreement with that obtained on mice skeletal muscle by Mansouri et al. (2006).

To elucidate whether the ageing process also alters the functional/structural organization of the
respiratory chain in terms of the assembly of supercomplexes, we performed BN-PAGE on rat
gastrocnemius mitochondria solubilized with the mild detergent digitonin since this extensively
retains inner mitochondrial membrane supercomplexes (Krause, 2006). When we compared BN-
PAGE of digitonin-solubilised mitochondria with that of dodecylmaltoside solubilised mitochondria,
we found that with the former method, monomeric complex I and dimeric complex III were
significantly reduced, in both young and old mitochondria. However, they were found assembled
in supercomplexes ranging from 1,500 to 2,100 kDA (Lombardi et al., 2009). It should be noted
that two major supercomplexes (band @ and band b) and two minor ones (band ¢ and band d) can
be identified. Band a contains monomeric complex I and dimeric complex III, band b contains
monomeric complex I, dimeric complex III, and monomeric complex IV, band ¢ contains monomeric
complex I, dimeric complex I1I, and dimeric complex IV, and band d contains monomeric complexes
1, dimeric complex III, and trimeric complex IV (Schagger et al., 2004).

The supercomplex profile of the mitochondria from old rats was significantly modified in comparison
to that obtained from young rats, the heavier supercomplexes (bands ¢, d) being better represented
in samples from old rats and the lighter complexes being less represented (band «). This suggests
that, in aged muscle, although reduced levels and activities of respiratory complexes can be detected,
there is a significant increase in the supramolecular assembly of respiratory chain complexes into
respirasomes. Possibly, this could be a compensatory, ageing-related mechanism in muscle that is
functionally directed towards substrate channelling and catalytic enhancement advantaging. If so,
skeletal muscle mitochondria would be able to operate even in the presence of a reduced electron
supply to the respiratory chain and in the presence of reduced individual complex activity. In addition,
assembly into supercomplexes may suggest a compensatory mechanism that reduces the age-related
enhancement of mitochondrial oxidative stress. In fact, assembly of complexes into respirasomes
has been shown to reduce the level of reactive intermediates such as ubisemiquinones (Schagger
and Pfeiffer, 2000).

Age-related changes in skeletal muscle mitochondrial functionality
To gain further insight into the age-related adaptation of skeletal muscle to a more aerobic-

oxidative metabolism, studying mitochondrial bioenergetic parameters and mitochondrial oxidative
phosphorylation efficiency is of crucial importance.
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Upon comparing mitochondria from young and old rats, we did not detect any significant difference
between them in their capacity to oxidise substrate, irrespective of the substrate used. Indeed, in
skeletal muscle mitochondria from old rats, there was never an inhibition of state 3 respiration
(coupled respiration in which the synthesis and export of ATP is at the maximal rate), whether it was
detected using FAD-linked substrate (i.e. succinate + rotenone) or NADH-linked substrate (glutamate
+ malate and pyruvate + malate) (Lombardi et al., 2009; Kerner et al., 2001). In addition, we did
not observe a difference (old vs. young) in the maximal capacity of mitochondria to oxidize lipid
whether palmitoyl-carnitine or palmitoyl CoA+ carnitine was used as substrate.

It should be taken into account that the state 3 respiration rate is controlled by: (1) the activity of the
reactions involved in the oxidation of the substrates and in the production of membrane potential,
including the activities of electron transport chain complexes and (2) the activity of reactions that
use the membrane potential for the synthesis and the export of ATP, including ATP synthase activity.
The absence of an age-related change in state 3 respiration, despite a reduction of the activity of each
individual complex of the electron transport chain as well as of the ATP synthase complex, support
the hypothesis that supramolecular assembly of respiratory chain complexes into respirasomes
(described in the previous chapter) can compensate for the complex being present at the lower levels
and activities in old mitochondria.

On the other hand, mitochondria from old rats showed a significant decrease in state 4 respiration
(uncoupled respiration in which there is no synthesis of ATP and mitochondria respire principally
to balance the flux of protons from the mitochondrial inner membrane space to the matrix). This,
in association with an unchanged coupled respiration, reflects an enhancement of oxidative
phosphorylation efficiency in mitochondria from old animals. Such an enhancement was confirmed
by an experiment designed to detect age-related alterations in the coupling efficiency of skeletal
muscle mitochondria (Lombardi et al., 2009). Indeed, when the synthesis of ATP was inhibited,
skeletal muscle mitochondria isolated from 3-month-old rats had to respire more than those isolated
from 24-month-old ones in order to maintain the same membrane potential. These data indicated
that when the driving force acting on protons was the same, their flux across the mitochondrial inner
membrane (proton leak) was greater in young mitochondria than in old ones because of a greater
proton conductance. This was found to be about 60% higher in young mitochondria than in old ones.
What the above indicates is that in young mitochondria, a greater portion of the energy contained
in the proton motive force is dissipated as heat and not used for the synthesis of ATP. Several
endogenous factors may influence mitochondrial proton leak with hormones playing an important
role. Indeed the endocrine system undergoes a lost of functionality with the ageing organism and
several tissues become resistant to hormones (Silvestri ef al., 2008). Among the hormonal factors
able to affect mitochondrial efficiency thyroid hormone (T3) plays a significant role. In this context
we reported a progressive enhancement in skeletal muscle proton leak during hypothyroidism-
euthyroidism-hyperthyroidism transition (Lanni et al., 1999). However, during aging a decline in
thyroid function occurs and a reduction in thyroid hormone levels has been reported (Silvestri et
al., 2008); thus the reduction in proton leak observed in skeletal muscle mitochondria isolated from
old rats could presumably be the results of a such decline. Age-related increase in mitochondrial
efficiency may be responsible for a fattening of older animals as compared to young ones when
they are fed the same amount of food (Harper et al., 2008). Such an occurrence should be taken into
account when considering aged animals including humans and livestock. Despite studies in humans
support a role for mitochondrial efficiency in the disturbance of metabolic homeostasis, evidence
for livestock is lacking.

The age-related interactions between mitochondrial functioning and efficiency of respirasomes,
feed efficiency and body composition remain to be investigated in farm animals. It should be also
taken into account that despite the age-related decline in mitochondrial proton leak is a process
that has positive effect in terms of the efficiency of oxidative phosphorylation, it could increase the
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mitochondrial oxidative stress (such as ROS attack on ETC complexes). This aspect will be discussed
in more detail in the following section.

As awhole, the data described above reveal that gastrocnemius mitochondria from old rats, in order
to produce a similar amount of ATP, need to oxidize a smaller amount of substrate than those from
young rats. In addition, in ageing skeletal muscle mitochondria actuate compensatory mechanisms
(super-assembly of complexes and reduced proton leak) that render them more efficient despite lower
levels and/or activities of respiratory complexes, thus allowing a metabolic shift toward oxidative
metabolism that is coordinated with the structural shift.

The above data on the ageing-associated alteration in gastrocnemius skeletal muscle are summarized
in Figure 1.

ROS production, proton leak, and uncoupling protein 3: an interrelated
role in sarcopenia?

Mitochondrial ROS production is strongly and positively influenced by proton motive force.
Skulachev’s group (Korshunov et al., 1998) were the first to suggest that ‘mild uncoupling’, by
reducing the mitochondrial proton motive force, could prevent excess ROS production. The flux of
protons from the inner membrane space to the matrix not associated with ATP synthesis (proton leak)
is a process that dissipates the proton motive force, with the energy of the gradient being dissipated
as heat. Although the physiological role of the proton leak is not entirely clear (Brand and Esteves,
2005), it has been proposed that this process is involved in the regulation of mitochondrial ROS
production (Brand and Esteves, 2005; Ecthay, 2007). This could suggest that proton leak might
influence ageing related processes by modulating ROS production, and indeed it has been proposed
that mitochondrial uncoupling may lead to an increase in lifespan (Brand, 2000; Speakman et al.,
2004). The evidence obtained by Speakman ez al. (2004), of an increased proton leak in skeletal
muscle isolated from long-lived mice, seem to support this idea, but evidences to date suggesting a
consistent role for uncoupling in life span are few.(reviewed in Mookerjee ef al., 2010) In a different
study Amara et al. (2007) reported that mild mitochondria uncoupling impacts cellular ageing in
human muscle in vivo.

Actually, two types of proton leak may be present at the mitochondrial level: namely, basal proton
leak and inducible proton leak. The basal type is present in mitochondria within every tissue, and may
be related both to the lipid environment of the membrane and to specific proteins such as adenine
nucleotide translocase (ANT) (Brand et al., 2005b; Shabalina et al., 2006). The inducible type
seems to be tightly regulated and is mediated by specific proteins. In skeletal muscle mitochondria,
uncoupling protein 3 (UCP3) plays a significant role in the latter process (Brand et al., 2005).

Although the mechanism by which UCP3 catalyzes the proton leak is unclear, there is a broad
consensus that UCP3 activates it only in the presence of specific cofactors, with FFA and ROS
playing crucial roles (Brand, 2005). It has been shown that the presence of UCP3 is associated with
a lower ability of mitochondria to produce ROS, a process that seems to be related to the ability of
UCP3 to lower the mitochondrial proton motive force. Other data that support a role for UCP3 in
mitochondrial oxidative stress include the following: UCP3-KO mice showed an enhancement of in
vivo aconitase inhibition by ROS (Vidal-Puig et al., 2000) and an enhancement of both mitochondrial
ROS production (Nabben et al., 2008) and H,O, release (Gong et al., 2000). On the other hand, in
L6 muscle cells overexpressing UCP3, the production of H,O, was reduced, and an inhibition of
UCP3 in rat skeletal muscle by GDP increased H,O, release by mitochondria (Talbot ez al., 2004,
Lombardi et al., 2008)
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The release of superoxide into the matrix is a process that would activate UCP3 uncoupling
activity; the mechanism proposed for this process takes into account the formation of membrane
lipid peroxidation products such as 4-hydroxynonenal (HNE) (Echtay et al., 2003). By activating
UCP3, HNE would provide a negative feedback loop that would limit the mitochondrial production
of ROS and the damage they induce (Echtay ez al., 2003). An involvement of fatty acid peroxidation
in the activation of UCP3 was also suggested by Goglia and Skulachev (2003), who hypothesized
the participation of UCP3 in the export of lipid hydroperoxides (LOOH) outside the matrix.
Upon actuation of this process, the inner leaflet of the mitochondrial inner membrane would be
cleared of LOOH, which that might otherwise trigger a cascade leading to oxidative damage to the
mitochondrial DNA and enzymes, and to other mitochondrial matrix-localized components of vital
importance (Goglia and Skulachev, 2003). In this context, by using mitochondria isolated from
UCP3-null mice and their wild type littermates, we provided evidences that UCP3 is involved in the
extrusion of LOOH from the matrix (Lombardi et al., 2010). Indeed we reported that mitochondria
are able to release LOOH and that UCP3-null mitochondria displayed a limited capacity to release
LOOH compared to their wild-type controls. In addition, we also reported that O,-released into the
matrix and (presumably) the consequent formation of LOOH at the level of the matrix side of the
mitochondrial inner membrane are crucial factors in UCP3-mediated LOOH release. The above
supports the hypothesis of Goglia and Skulachev (2003).

In addition, by evaluating proton-leak kinetic in both UCP3-null mitochondria and wild type
littermates (while modulating mitochondrial endogenous superoxide production, the levels of free
fatty acid and lipid hydroperoxide formation) we obtained data indicating that (1) an interrelated role
between O,- and polyunsaturated fatty acid exists in the induction of UCP3 mediated uncoupling and
(2) lipid peroxidation is a key event in the activation of such an uncoupling (Lombardi et al., 2010).
The above data demonstrate that UCP3 is involved both in mediating the translocation of LOOH
across the mitochondrial inner membrane and in LOOH-dependent mitochondrial uncoupling. In
effect UCP3-catalyzed extrusion of LOOH from the matrix would reduce lipotoxicity and consequent
damage to the matrix component, and at the same time the UCP3-mediated proton leak would lead
to a reduced ROS formation.

The above predicts that a lack of UCP3 would result in increased lipid peroxidation (because of
higher ROS production), accumulation of LOOH within the matrix, and damage to mitochondrial
DNA, RNA, and proteins. Direct evidence for this comes from the observation that mice lacking
UCP3 show increased levels of oxidative damage to proteins, lipids, and mtDNA (Brand et al., 2002).
Some of these data were confirmed by Asami and colleagues (2008), who showed an increase in
lipid peroxidation in UCP-null mice compared to control and UCP3-overexpressing mice, although
they did not find any difference in carbonyls between these groups of mice. In skeletal muscle, an
age-dependent decline in the mitochondrial UCP3 protein content has been observed. Kerner et al.
(2001) reported that UCP3 protein was significantly less abundant in skeletal muscle mitochondria
from 24-month-old rats than in those from 8-month-old ones. This decline was associated with an
inhibition of uncoupled respiration (Kerner et al., 2001). In this context, as described in the previous
chapter, we also reported an age-related decline in mitochondrial uncoupled respiration, and in
addition we reported that the proton leak in gastrocnemius mitochondria was significant smaller in
those isolated from 24-mounth-old rats than in those from 3-month-old rats (Lombardi ez al., 2009).
It is important to underline that we detected this alteration in an experimental condition in which
UCP3 may be activated (i.e. when mitochondria produce high levels of ROS and in the presence of
FFA), thereby supporting the relationship between age-related declines in UCP3 levels and proton
leak inhibition.

Evidence supporting the idea that the age-related reduction in UCP3 levels is associated with a

rise in ROS production was published by Nabben et al. (2008), who showed that the increase in
mitochondrial ROS generation associated with ageing is blunted in UCP3 over-expressing mice.
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Thus, there are experimental evidences showing: (1) arole for UCP3 in mediating both the extrusion
of LOOH from the matrix and an LOOH- induced proton leak (Lombardi et al,. 2010), (2) age-
related decline in UCP3 levels (Kerner et al., 2001) and (3) the involvement of a reduction in
UCP3 levels in the age-related increase in ROS formation (Nabben et al., 2008). On that basis, it
is tempting to hypothesize that the decline in UCP3 in ageing mitochondria might contribute to the
etiology of mitochondrial dysfunction in elderly individuals, which is characterized by increased
levels of oxidative damage to lipids and proteins, and alterations in mitochondrial function. At the
same time, an age-dependent decline in UCP3 levels, associated with a reduced proton leak and
increased efficiency of mitochondrial oxidative phosphorylation, could underlie skeletal muscle’s
adaptations to oxidative metabolism (Figure 2).
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Figure 2. Schematic representation of the possible role of a decline in skeletal muscle UCP3 age-
associated metabolic adaptations and sarcopenia.
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Transcriptomics of muscle and fat development in growing cattle

J.J. Loor
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Sciences, University of lllinois, Urbana, IL 61801, USA

Introduction

As animal agriculture has become highly-competitive with narrow profit margins, research has
focused on improving the quality and efficiency of meat and milk production. For the meat-
producing industries, emphasis has been on increasing understanding of physiological processes and
molecular pathways associated with skeletal muscle tissue growth (Reecy et al., 2006) and how these
processes might be affected by management factors such as nutrition and/or weaning age (Myers
et al., 1999a,b; Schoonmaker et al., 2003). The growth characteristics of skeletal muscle result in
a complex tissue phenotype that comprises muscle fibers, connective tissue, and intramuscular fat,
all of which contribute to sensory aspects of meat (Harper, 1999). This very fact makes the in vivo
study of skeletal muscle tissue growth challenging.

Application of high-throughput sequencing and transcriptomic technologies has dramatically
accelerated the rate at which biological and genetic information can be generated. Together with
whole-animal level information (e.g. blood metabolites/hormones, tissue chemical composition,
performance), large-scale DNA and mRNA information have increased our understanding of
mechanisms of metabolic regulation in agricultural species (e.g. Lehnert et al., 2006; Hocquette et al.,
2009). Through the use of bioinformatics, clustering, and gene network analysis, transcriptomics is
allowing the identification of regulatory mechanisms that are associated with functional development
of tissues of agricultural animals. Continued application of genome-enabled (genotyping, microarrays,
proteomics, gene silencing) and allied (e.g. phosphoproteomics) technologies will contribute to our
understanding of regulatory points at different stages of muscle and fat growth. This information
will provide new insights into opportunities for enhancing efficiency of animal production.

Over the last ~10 years there has been considerable effort in using bovine-specific microarrays to
gain a better understanding of the genetic control of biochemical and developmental processes that
contribute to muscle and fat development not only as they relate to beef quality (e.g. Byrne et al.,
2005; Sudre et al., 2005; Bernard et al., 2007; Wang et al., 2009), breed (e.g. Wang et al., 2005a),
but also nutrition and stage of growth (e.g. Wang et al., 2005a; Sadkowski et al., 2006; Graugnard
et al., 2007; Wang et al., 2009). Large-scale transcriptomics and the candidate gene approach
(e.g. Graugnard et al., 2009ab; Waters et al., 2009) have provided insights into the regulation of
muscle and fat development in growing and mature cattle. In the following sections, the concept of
transcriptional networks in the context of metabolic regulation of skeletal muscle tissue development
is presented and used to provide a framework for a brief discussion of recent studies evaluating
transcriptomics data (target genes or high-throughput scale) with emphasis on studies dealing with
nutritional management during growth. The goal was to provide specific examples from studies where
transcriptomics has advanced our understanding of regulation of skeletal muscle tissue development
and how information gathered could impact livestock production in the long-term.

The concept of transcriptional networks and metabolic regulation

Extensive work in non-ruminants has provided concrete evidence that metabolic regulation relies
partly on transcriptional control as a long-term mechanism affecting the level of expression of
several enzymes in a biochemical pathway (e.g. Desvergne et al., 2006). At the transcriptional level,
enzymes within classical biochemical pathways can be viewed as a gene network or a collection
of DNA segments which can interact either with a regulator such as a transcription factor (TF) or
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nuclear receptor (NR), but also with each other through their RNA and protein products and with
other molecules in the cell (Wittkopp, 2007). These ‘global’ interactions, thus, can govern the rates
at which genes in the network are transcribed into mRNA and eventually into protein which can
catalyze a metabolic reaction. Three classical examples of TF and NR controlling lipogenesis and
adipogenesis at the transcriptional level are sterol regulatory element binding factor 1 (SREBFI),
MLX interacting protein-like (MLXIPL; formerly known as carbohydrate-responsive element
binding protein or ChREBP), and the ligand-activated nuclear receptor PPARg (PPARG), respectively
(Fernyhough et al., 2007).

We have proposed recently (Bionaz and Loor, 2008; Graugnard et al., 2009a,b) that temporal
examination of most if not all the known components of metabolic networks is a suitable means of
addressing the issue of transcriptional regulation as it pertains to tissue metabolism in response to
growth and/or nutritional management. Because of the complexity and interconnectivity, i.e. the
different levels of aggregation from gene-to-protein-to-metabolite-to-function, of metabolic networks
in mammals there is a need for implementing systems-level computational approaches that link (at
the very least) transcript, metabolite, and phenotype relationships. These approaches will be effective
for (1) the discovery of missing information, (2) the formulation of in silico models, and (3) as a
structured context for analyzing high-throughput aggregated biological data sets (Mo and Palsson,
2008). Integrating transcriptomics data into existing models of metabolism and nutrient use in cattle
can go a long way to help understand the critical genetic/environmental interactions in the growing
and/or lactating animal (e.g. McNamara, 2010).

Transcriptomics to elucidate novel aspects of intramuscular fat
deposition and intracellular energy generation

A cattle muscle/fat cDNA microarray has been used extensively by the CSIRO group in Queensland
Australia to evaluate transcript profiles of skeletal muscle tissue across different breeds (Wang et
al., 2005a,b), plane of nutrition (Byrne et al., 2005; Lehnert et al., 2006), and during rapid growth
(Wang et al., 2005b, 2009). In an initial study to examine breed differences, skeletal muscle profiles
of 11 month-old Japanese Black (JB) and Holstein (H) steers were compared (Wang ef al., 2005a).
The former have a greater inherent capacity for intramuscular fat deposition (i.e. marbling) and
have fat with lower melting point (i.e. is greater in monounsaturated fatty acid content). In contrast,
H animals have a greater rate of growth and are heavier at slaughter (e.g. Wang et al., 2005b). A
more comprehensive evaluation of breed differences as it pertains to growth performance, carcass
characteristics, and selected lipogenic enzyme activity has been reported recently (Bonnet et al., 2007).

Genes expressed preferentially (>2-fold expression) in JB vs. H muscle tissue (total of 17) included
lipogenic transcription factors (SREBF 1, thyroid hormone responsive SPOT14 THRSP), proteins
involved in fatty acid uptake by tissue (lipoprotein lipase, LPL), several lipogenic enzymes (stearoyl-
CoA desaturase, SCD; fatty acid binding protein 4, FABP4, cytosolic NADP+-dependent isocitrate
dehydrogenase, IDH1)), and adipokines (adiponectin, ADIPOQ). Skeletal muscle from H was
characterized by genes associated with structural proteins (several myosin genes), glycolysis/
energy metabolism (pyruvate kinase, PKM?2; pyruvate dehydrogenase kinase 4, PDK4), and muscle
contraction (ATPase, Cat+ transporting, cardiac muscle, fast twitch 1, ATP2A1). Regarding this
difference in structural proteins there also is evidence that genetic selection for muscle growth
within a breed can alter differential expression of genes which can in turn determine the metabolic
characteristics of muscle types (Sudre ez al., 2005). Despite the well-defined effects of age and growth
rate on cattle lipid deposition (e.g. Bonnet et al., 2007), which differ across breeds, differences in
gene expression profiles observed by Wang et al. (2005a,b) provided molecular evidence for the
greater propensity of JB to produce beef with greater marbling.
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A more recent study (Wang et al., 2009) explored temporal (3, 7, 12, 20, 25, and 30 months of
age) gene expression profiles of skeletal muscle from Wagyu x Hereford (WH) and Piedmontese
x Hereford cattle (PH), which exhibit contrasting amounts of intramuscular fat content (ca. 10.7%
vs. 4.3% for WH and PH). Two animals from each breed with the most extreme intramuscular fat
content (16.5% vs. 3.4% for WH and PH) were selected for microarray analysis using the same
platform as Wang et al. (2005a,b). Microarrays were coupled with quantitative RT-PCR of 17 genes
on the entire group of animals (n=6-7). Results revealed contrasting mRNA expression patterns for
several genes associated with adipogenesis and lipogenesis between breeds but also across stages of
growth. For example, the transcription regulator PPARG had greater expression as early as 7 months
ofage, i.e. close to weaning, in WH vs. PH steers. A battery of genes associated with lipogenesis (e.g.
FABP4, SCD, fatty acid synthase (FASN), ADIPOQ) and extracellular protein (connective tissue and
extracellular matrix) genes [(e.g. collagen, type I, alpha 1 (COLIAI), COLI1A2, fibronectin (FNI),
secreted protein, acidic, cysteine-rich (osteonectin) (SPARC)] also had greater expression in WH
steers at 7 months of age.

Unlike previously thought, gene expression patterns suggested (Wang et al., 2009) that the
predisposition of WH cattle to accumulate fat is well-developed close to the time of weaning. Such
a process also would entail expansion of the extracellular matrix to accommodate intramuscular fat
development (Wang ez al., 2009). In contrast to WH animals, PH animals had greater coordinated
expression of mitochondrial genes associated with oxidative phosphorylation (e.g. mitochondrially
encoded cytochrome b (MTCYB), cytochrome ¢ oxidase subunit VIla polypeptide 1 (muscle)
(COX7A4), mitochondrially encoded NADH dehydrogenase 4 (MTND4), and MTND4L) which
authors proposed was suggestive of preferential use of energy in PH animals to support more rapid
muscle growth during the period preceding weaning when fractional rates of muscle growth are
increased (e.g. Lehnert ef al., 2006). Animals with an increased basal energy requirement also may
be expected to store less triacylglycerol in adipose tissue (Wang et al., 2009).

Nutritional management and skeletal muscle transcriptomics
Early weaning and nutrition

Weaning calves earlier than the traditional 205 d age, in particular, is a practical management tool
that can be used to enhance feed efficiency as well as produce high-quality beef (e.g. Schoonmaker et
al.,2002). For example, weaning at ~150 d compared with traditional weaning resulted in 30% more
calves grading average choice or above and also improved feed efficiency in the feedlot (Myers et
al., 1999b; Graugnard et al., 2009a,b). Very few genes known to be associated with adipogenesis are
upregulated in skeletal muscle (i.e. longissimus lumborum) of newborn WH compared with PH calves
(Lehnert et al., 2007). Those observations coupled with the findings that 11 month JB vs. H cattle
(Wang et al., 2005a) had greater expression of genes associated with lipogenesis and adipogenesis
suggested that the onset of marbling in animals occurs between birth and the early postweaning
phase (Wang et al., 2009). However, the exact timing and development of marbling in cattle are still
unknown. It is evident from the above studies that there is a time-frame during which early nutritional
intervention could be used as a practical means to initiate precocious intramuscular fat development
and, potentially, increase the likelihood of achieving greater marbling at slaughter (Graugnard et
al., 2009a,b). Once identified, these putative regulators of adipogenesis could potentially be used
as markers of marbling in breeding programs.

Effects of early weaning and level of dietary starch on longissimus lumborum transcript
profiles

Our research group (Graugnard et al., 2007, 2009b) recently utilized purebred early-weaned (155 d
age) Angus steers to examine skeletal muscle transcriptomics in response to feeding a high-starch
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(5,980 kJ/kg dry matter) or low-starch (4,970 kJ net energy for gain/kg) diet for 112 d (growing
phase) followed by a common high-starch diet (6,030 kJ/kg) for an additional 112 d (finishing phase).
Longissimus lumborum was biopsied at 0, 56, 112, and 224 d of the start of feeding diets. Tissue
RNA was subjected to microarray analysis using the 13,000 gene bovine microarray developed at
the University of [llinois. Most of the gene expression changes in our study (FDR-adjusted P<0.01)
were due to time, i.e. physiological state or growth (Figure 1). However, comparisons of differentially
expressed (DEG) between specific time points revealed that most of the changes during growth were
observed during the first 56 d of the growing phase (1,471 DEG) and at the mid-point (224 d; 3,200-
2,700 DEG) of the finishing phase relative to other points of the growing phase (Figure 1). It was
apparent from these data that transcriptional adaptations in skeletal muscle of these early-weaned
animals were ‘complete’ during the first half of the growing phase despite the fact they consumed
incremental amounts of feed (~6 kg/d to ~10 kg/d by 112 d) and gained body weight (~1.65 kg/d)
through the end of the growing phase (i.e. 112 d on treatments). A second and more robust bout of
transcriptional adaptations occurred after all animals consumed the same high-starch/high-energy
finishing diet for ~112 d. During that time-frame, there were no differences in dry matter intake
(~10 kg/d), estimated energy intake, or feed efficiency (0.15 kg average daily gain/dry matter intake)
(Graugnard et al., 2009a).

Our initial bioinformatics evaluation of DEG (using Ingenuity Pathway Analysis®) has revealed that
within the set of affected genes (i.e. >3,000) there are several metabolic and signalling pathways that
are enriched and whose relative level of activation or inhibition (based on detailed analysis of up- and
down-regulated genes within the pathway; see details of the approach in Moyes et al., 2009) changed
during the course of the study (Figure 2). For example, a total of 31 and 26 DEG associated with actin
cytoskeleton signalling and acute phase response signalling were found in the comparison of 56 vs.
0 d and, based on their relative up- and down-regulation, it was concluded that there was a modest
inhibition (gray circle, Figure 2) of these pathways during the first half of the growing phase. Despite
changes over time in the significance (Fisher’s exact t-test P-value) of the association of DEG within
these pathways, the analysis also revealed that by 112 d both pathways were markedly inhibited.
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Figure 1. Differentially expressed genes (DEG) in longissimus lumborum of Angus steers at specific
time points during the growing and finishing phase. A total of ~5,700 DEG (FDR P<0.01) due to
time were found (Graugnard et al., 2007).
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However, at 224 d on study (finishing phase) the actin cytoskeleton signalling pathway was markedly
activated but acute phase response signalling was markedly inhibited (Figure 2). The behaviour
of cytoskeletal signalling genes over time is suggestive of a physiological change in regulation of
microtubule and actin dynamics in skeletal muscle as the animals grew, likely related with muscle
fibre development (Sudre et al., 2005; Wang et al., 2009). The finding that acute phase response
signalling was affected during growth also could have important physiological implications in terms
of fat and muscle development. Several well-known cytokines and cytokine signalling molecules (e.g.
tumor necrosis factor (TNF), suppressor of cytokine signalling 1 (SOCS1), mitogen-activated protein
kinase 1 (MAPK]1), nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 (NFKBI),
inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase beta (/KBKB), and interleukin
6 receptor (/L6R) were among the 37 DEG in this pathway at the end of the study (Figure 2).

Perhaps not surprising, given previous similar work (e.g. Wang et al., 2009), the behaviour of DEG
related with glycolysis/gluconeogenesis, oxidative phosphorylation, and PPARo/RXRo. activation
resulted in an overall activation of these pathways as animals grew, i.e. increased generation of
energy via glycolytic flux [(e.g. pyruvate kinase, muscle (PKM?2) and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH)] and fatty acid oxidation (e.g. peroxisome proliferator-activated receptor-o.
(PPARA), CD36 molecule (thrombospondin receptor) (CD36), acetyl-CoA acyltransferase 1 (ACAAI),
and carnitine palmitoyltransferase 1B (muscle) (CPT1B)] potentially to support skeletal muscle
mass deposition. Oxidative phosphorylation (with 42 DEG) was the most significantly-enriched
pathway and PPARa/RXRa activation was among the ones with greatest number of DEG (42) at
the end of the study (224 vs. 0 d; Figure 2). Previous studies using macroarrays have observed diet
effects on the expression of several genes within the above pathways (i.e. associated with metabolic
enzymes and contractile proteins) in steers under different nutritional management (Cassar-Malek
et al.,2009). Other studies also have found relationships between energy-related genes and sensory
aspects of meat quality including tenderness, juiciness, and flavor [e.g. CTPIB, PDK4, and NADH
dehydrogenase (ubiquinone) 1 beta subcomplex, 4, 15kDa (NDUFB4); Bernard et al., 2007]. The
above studies underscore the need for more holistic studies of muscle and fat development to gain
better understanding of fundamental aspects of tissue physiology as they relate to management and
meat quality.
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Figure 2. Subset of enriched molecular pathways (Ingenuity Pathway Analysis®) within DEG in
longissimus lumborum of Angus steers at specific time points during the growing and finishing phase
(Graugnard et al., 2007). Symbols denote: marked downregulation (white), modest downregulation
(gray), and marked upregulation (black). Y-axis on left, shows Fisher s log-P value from Ingenuity
analysis and denotes the significance of the genes within each pathway. Y-axis on right, shows the
ratio of DEG to the total number of genes in the Ingenuity-curated pathway.

Energy and protein metabolism and nutrition 63



Adipogenic gene networks during growth: effects of early weaning and
level of dietary starch

Previous biochemical studies of adipose tissue depot metabolism in beef cattle have provided basic
insights of tissue development as it pertains to substrates used, stage of growth, and/or nutritional
management (e.g. Rhoades et al., 2007; Smith et al., 2009). Most current emphasis (e.g. Wang et
al., 2005a,b, 2009; Smith ez al., 2009), however, has been on examination of selected components
of adipogenic and lipogenic gene networks, e.g. SCD, PPARG, FASN, and acetyl-CoA carboxylase-o.
(ACACA) among others. Recent work from our group has used a network approach to study temporal
adaptations of adipogenic networks in early-weaned Angus or Angus x Simmental steers (Graugnard
et al., 2009a,b). Exposure to high-starch diets during the early growing phase appeared to induce
precocious pre-adipocyte differentiation and lipid filling through upregulation of PPARG and its
target genes (SCD, diacylglycerol O-acyltransferase homolog 2 (mouse) (DGAT2), and FABP4).
High-starch also led to greater SREBF'1 and MLXIPL during the finishing phase, which coupled
with greater glucose-6-phosphate dehydrogenase (G6PD) and ADIPOQ could help sustain/promote
adipogenesis (Graugnard et al., 2009b). The low-starch/high-fibre diet apparently delayed adipocyte
differentiation as indicated by increased THRSP, FASN, FABP4, SCD, and DGAT?2 during the second
half of the growing phase. Quite surprisingly, animals fed low-starch/high-fibre during the growing
phase had additional increases in expression of THRSP, PPARG, FABP4, acyl-CoA synthetase
medium-chain family member 1 (ACSM1), SCD, and DGAT?2 during the finishing phase. However,
the concomitant increase in nuclear receptor subfamily 2, group F, member 2 (NR2F2) expression
(a repressor of adipocyte differentiation in rodents; Okamura et al., 2009) might have blunted the
expected adipogenic response. Thus, these initial results pointed at the need to not only examine
activators of a metabolic pathway but also potential ‘inhibitors’ or ‘controllers’. In addition, from
these data we concluded that the sustained upregulation of MLXIPL and SREBFI due to feeding high-
dietary starch was suggestive of ‘metabolic imprinting’, i.e. long-term upregulation of adipogenic
transcription regulators due to exposure of high dietary starch at a young age. Such an effect, if it
occurs in cattle intramuscular adipocytes, would lead to further enrichment (Rosen and MacDougald,
2006) of intramuscular adipocytes at a more mature age of the animal. A recent study reported that
hypermethylation of PPARY in rodent preadipocytes prevents transcription of the gene and induction
of differentiation (Fujiki et al., 2009). Furthermore, adipocytes from diabetic mice have greater
methylation of the PPARG promoter coupled with lower mRNA abundance, all of which provided
evidence that adipogenic transcription regulators (and potentially enzymes) might be regulated via
epigenetic mechanisms. Further detailed studies will be required to determine potential epigenetic
regulation of adipogenic and lipogenic genes in cattle fed high-starch diets at an early age. We are
currently testing potential metabolic imprinting in longissimus lumborum of early-weaned steers
(Moisa et al., 2010).

Protein-DNA interactions to study transcriptional networks during
muscle and fat development

Current approaches to analyzing temporal transcriptomics data (e.g. k-means clustering) can
successfully identify groups of co-expressed genes. An important focus in the livestock post-genomic
era, however, will be on ways to study the functions of those DEG deemed to be ‘key’ during muscle
and fat development, e.g. TF and NR will be ideal candidates at the outset of these efforts because
(as we argued above) their activity is central for regulation of metabolic gene networks. A major first
step towards comprehensively understanding the differential control of gene expression in muscle
and fat tissue at different stages of growth would be to map the functional regulatory sequences in
DNA that are responsible for transcriptional regulation. These regions of DNA are largely composed
of transcription binding sites (TBFS) and also NR binding sites (i.e. hormone response elements)
(Odom et al., 2004). Identification and categorization of the entire repertoire of TBFS are among
the greatest challenges in systems biology (Gerstein et al., 2007). The ENCODE (ENCyclopedia
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Of DNA Elements) project was specifically developed to begin the process of defining TBFS in the
human genome (Gerstein et al., 2007).

Large-scale, genome-wide TF/NR binding analysis, which identifies physical interactions between
regulators and the regulatory DNA regions they bind to, can provide direct evidence of regulatory
relationships (Buck and Lieb, 2004). The development of the ChIP (chromatin immunoprecipiation)
assay was a defining event in the study of protein-DNA interactions in vivo (Buck and Lieb, 2004).
The technique allows the identification of DNA elements bound by proteins such as TF or NR under
a specific cellular context. The use of the ChIP-real-time quantitative PCR/microarray technique
is now considered the gold standard to confirm the presence of a TF or NR at a putative regulatory
region (Biddie et al., 2010). It has come to light in recent studies, however, that there is a high
degree of discordance between the number of NR binding sites and the number of regulated genes
(at least in non-ruminants), which complicates bioinformatic assignment of binding to regulation
and underscores that gene regulation and binding by NR is a highly complex process (Biddie et
al., 2010). Despite the possibility for applying this tool to advance the field of cattle physiology,
the absence of affordable species-specific reagents (e.g. antibodies) is one important limitation for
progress in this area.

In addition to ChIP assays, there are open-source/web-accessible computational tools (e.g. Bailey
et al., 2006) that allow researchers to find motifs in DNA or protein sequences that serve as binding
sites for TF or NR. This approach could be helpful in analyzing microarray or proteomics data sets,
which often uncover large numbers of seemingly co-regulated genes. Software tools can search for
statistically-significant motifs within user-provided DNA sequences that may be present in some
or all of the input sequences (Bailey et al., 2006). A recent study used this computational approach
to search for putative TFBS in microarray data from bovine cardiac muscle (Zadissa ez al., 2007).

Ultimately, our complete understanding of TF and NR action will depend on the construction of
regulatory networks (e.g. Bionaz and Loor, 2008). While several different approaches are required
in order to build complex regulatory networks and connect them with biological functions, the
application of ChIP-based approaches, for example, in combination with systematic functional and
bioinformatics analysis of the data can help achieve this goal. Future studies in this area will be
instrumental to improving our understanding of the molecular mechanisms of gene regulation in
muscle and fat, and the direct links with physiological processes in these tissues.

Additional omics technologies in the study of muscle and fat
development

Phosphoproteomics: its use in studies of insulin signalling

Mass spectrometry (MS)-based proteomics has become increasingly powerful not only to identify
complex protein mixtures but also regulated protein modifications (Aebersold and Mann, 2003). It is
well-established in non-ruminants that reversible phosphorylation is a major regulatory mechanism
controlling the activity of proteins. Many signalling pathways, including the insulin/IGF-1 signalling
pathway transduce signals from the cell surface to downstream targets via tyrosine kinases and
phosphatases (e.g. Taniguchi et al., 2006). Insulin or IGF-1 binding initiates a complex cascade
of events, starting with phosphorylation of specific tyrosine residues on the insulin and the IGF-1
receptors (Saltiel and Kahn, 2001). Once activated, these receptors phosphorylate a number of
docking proteins; the best characterized are the insulin receptor substrate (IRS) proteins 1-4, which
upon activation interact with other intracellular signalling molecules primarily through SH2 domains
leading to activation of several downstream pathways (e.g. vesicle trafficking, protein synthesis,
and glucose uptake) (Saltiel and Kahn, 2001). MS-based proteomics has been recently used to
study tyrosine phosphorylation of the insulin pathway in rodent adipocytes (Kruger et al., 2008),

Energy and protein metabolism and nutrition 65



allowing the identification of different protein ““effector” classes that influence distinct branches of
the insulin signalling pathway.

Of 40 identified insulin-induced effectors after a 5 min incubation of differentiated rodent brown
adipocytes with insulin (100 nM), 7 were not previously described as components of the insulin
signalling pathway including serum deprivation-response protein (SDPR), protein kinase C, delta
binding protein (PRKCDBP), low density lipoprotein receptor-related protein 6 (LRP6), and PDZ
domain containing 11 (PDZK11), a potential calcium ATPase binding protein. Of the 26 known
effectors of the insulin pathway (at least in non-ruminants) insulin receptor (INSR), insulin receptor
substrate 1 (IRS1), caveolin 1, caveolae protein, 22kDa (CAV1), and SH2B adaptor protein 2
(SH2B2) were substantially phosphorylated at different tyrosine residues (Kruger et al., 2008). Just
as it is often the case with discovery experiments that rely on transcriptomics and proteomics, the
phosphoproteomics technique allowed for the discovery of candidate effectors of insulin signalling.
Because signalling cascades via hormones and receptor tyrosine kinases occur very rapidly, i.e.
represent acute mechanisms of metabolic regulation (contrary to longer-term regulation via changes
in transcription), these phosphorylation studies have to be performed using in vitro cell/tissue systems
often encompassing multiple observations at very early (e.g. 60 s) and ‘longer-term’ (e.g. 10-30
min) stages. We are currently testing the phosphorylation state of several components of the insulin
signalling cascade in subcutaneous adipose tissue from peripartal cows fed different levels of dietary
energy pre partum (Ji et al., 2010). Those data can easily be complimented with transcriptomics as
well as blood hormone and metabolite data to provide several levels of physiological integration.
Similar work in growing beef cattle would obviously be valuable.

Concluding remarks

The biological complexity of agricultural animals unavoidably requires a systems biology approach,
i.e. a way to systematically study the complex interactions in biological systems using a method of
integration instead of reduction. One of the goals of systems biology is to discover new emergent
properties that may arise from examining the interactions between all components of a system to arrive
at an integrated view of how the organism functions. Work in model organisms during the past 15 years
has demonstrated the applicability of high-throughput methods to discern regulatory and metabolic
networks (e.g. Mo and Palsson, 2008). We have previously outlined systems biology schemes that
would be amenable to high-throughput studies of animal tissue at the level of transcriptomics,
proteomics, and metabolomics (see Loor and Cohick, 2009; Loor, 2010). The systems approach might
lead to the discovery of regulatory targets that could be tested further (i.e. model-directed discovery)
or help address a broader spectrum of basic and practical applications including interpretation of
phenotypic data, metabolic engineering, or interpretation of muscle and fat growth phenotypes (Loor
and Cohick, 2009). Together with whole-animal level information, both large-scale and network-
specific mRNA and protein data are poised to accelerate knowledge of metabolic regulation in
agricultural species. Additional technologies to study gene function (gene silencing), protein-DNA
interactions, and phosphorylation state of the components of hormonal signalling pathways will
compliment the omics’ efforts. Ultimately these integrative approaches will lead to new insights
into opportunities for enhancing efficiency of animal production.
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Mechanistic analysis of mitochondrial ROS production in chicken
skeletal muscle under acute heat stress conditions
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Introduction

Heat stress is an environmental factor responsible for oxidative stress. We reported that reactive
oxygen species (ROS) production by mitochondria was significantly increased in skeletal muscle of
birds after exposure to heat stress (Mujahid ef al., 2007), and that muscle mitochondria from heat-
stressed birds also had the higher mitochondrial membrane potential (A¥) (M. Kikusato, unpublished
data). These results implied that the overproduction of ROS may depend on A¥. We also found
that heat stress significantly decreased avian uncoupling protein (avUCP) in muscle mitochondria
(Mujahid et al., 2009). Therefore, this decrease may contribute to excess ROS production, possibly
via a depression of inducible proton leak. To elucidate more precisely the mechanism involved in
the overproduction of mitochondrial ROS under heat stress conditions, we have attempted to clarify
how heat stress-induced ROS production depends on AY, and to evaluate the effect of avUCP
downregulation on the inducible proton leak.

Material and methods

Meat-type male chickens obtained from a commercial hatchery were housed in electrically-heated
batteries under continuous light. They were provided with access ad libitum to water and a commercial
starter diet. Chicks (3 weeks old) were heat-stressed by exposure to 34 °C for 12 h (24 °C for
controls), before the pectoralis superficialis muscles were rapidly excised. Muscle mitochondria
were isolated by homogenization, protein digestion and differential centrifugation as previously
described (Mujahid ef al., 2009). Isolated mitochondria were incubated at 38 °C assay medium, to
which 4 mM succinate was used to initiate the respiration. Mitochondrial oxygen consumption and
AY were simultaneously measured using electrodes sensitive to oxygen and the potential-dependent
probe, triphenylmethyl phosphonium cation (TPMP"), respectively. Modular kinetic analysis was
used to measure ‘substrate oxidation’ by the electron transport chain and ‘proton leak’, titrating
state 4 respiration with sequential additions of FCCP (up to 0.6 uM) and malonate (up to 3 mM),
respectively. The mitochondrial ROS (as H,0,) production rate was fluorometrically determined
in a similar way to measurements of the kinetics. Arachidonic acid (36 uM) and GDP (500 uM)
were used to estimate avUCP-mediated proton leak. In all kinetics, rotenone (a complex-I inhibitor)
was omitted to induce endogenous superoxide production. Data were presented as means = SE of
4 replicates of individual mitochondrial measurements.

Results and discussions

AY elevation in state 4 resulted from increase in the substrate oxidation and decrease in basal proton
leak (Figure 1A). ROS production at the furthest point (state 4) to the right in the kinetics curve
was significantly higher in heat-stressed group than in controls because of the larger AV for heat-
stressed group (Figure 1B). Figure 1B also shows that ROS production — regardless of the modular
kinetics — was strongly dependent on the A¥ in both control and heat-stressed groups: the higher the
AY, the higher the superoxide production in both groups (Figure 1B), even though there were small
differences in ROS production at any given A¥ between the groups (Figure 1B).

Regarding the avUCP-inducible proton leak, basal proton leak was increased by arachidonic acid
in both groups, but less in the heat-stressed group than in controls (Figure 2A), indicating that its

Energy and protein metabolism and nutrition 69



300

= _
i 5o
c a 200 29
22 S503
Es 8E
R a .t
£ 2= 0.2
§0 100 o=

~ 9 I
OE 20.1

0

0
120 150 180 210 120 150 180 210
Membrane potential, AW (mV)

Figure 1. Kinetic response of substrate oxidation (triangles) and basal proton leak (circles) to A Y.
(4) ROS production response of both kinetics to AY. (B) In skeletal muscle mitochondria from control
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Figure 2. Kinetics of basal (circles) and arachidonic acid-induced (diamonds) proton leak (4),
and GDP-inhibited, arachidonic acid-induced proton leak (squares, B and C), in skeletal muscle
mitochondria from control (open symbols)and heat-stressed (closed symbols) birds.

uncoupling effect on the muscle mitochondria was diminished in heat-stress. The oxygen consumption
rate of the arachidonic acid-induced proton leak was slightly but definitely decreased by GDP in the
control group (Figure 2B), but not in the heat-stressed group (Figure 2C), suggesting that avUCP-
dependent proton leak may be reduced by heat treatments.

In conclusion, heat stress increased AY due to enhanced substrate oxidation and decreased proton
leak, thereby leading to the overproduction of mitochondrial ROS in muscle mitochondria of birds.
The downregulation of avUCP content (data not shown) under heat-stress conditions could also
contribute to the overproduction of ROS via a depression in FFA-inducible proton leak.
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Introduction

The avian uncoupling protein (avUCP) is the unique UCP described in chicken and shares 55%
identity of sequence with UCP1 of mammals, involved in the mitochondrial uncoupling that favours
thermogenesis in brown adipose tissue. It is orthologous to UCP3 that could transport metabolic
anions and limit the mitochondrial production of reactive oxygen species. In chicken, the roles and
regulation of avUCP, mostly expressed in muscle, remain to be clarified. Recently, we have shown
that avUCP mRNA expression could be under the control of the B-adrenergic system (Joubert et al.,
2010), known to be also involved in avian thermoregulation and in UCP1 expression in mammals.
This upregulation of avUCP messenger, following intra-muscular isoproterenol injection, was
associated with variations in fatty acid metabolism, activation of AMP-activated Protein Kinase
(AMPK) and increase of Peroxisome Proliferator-Activated Receptor (PPAR) a, PPARP/6 and
PPARY coactivator-1a (PGC-1a) mRNA expression.

The aim of this study was to explore in vitro the control of avUCP expression by isoproterenol and
fatty acids by using primary cell cultures of chick myoblasts, and then to investigate the signalling
pathways potentially involved in these regulations.

Material and methods

Primary cultures of myoblasts were derived from Pectoralis major muscle satellite cells of 1-day-
old chicks. At 80% of confluence, cells were fasted for 3 h in serum-free medium before treatments.
Stimulating treatments were of different durations (20 min., 1 h or 2 h) and performed using 100 nM
isoproterenol, 0.1% fatty acid supplement (containing linoleic, oleic, myristic, lauric and arachidonic
acids; less than 3 mg/l final), 1 mM 5-Aminoimidazole-4-carboxyamide ribonucleoside (AICAR,
a pharmacological activator of AMPK) and 100 uM WY-14643 (PPARa agonist) in 0.1% DMSO.
Inhibiting treatments were performed using 20 uM Compound C (inhibitor of AMPK) and 10
puM SB202190 (inhibitor of p38 mitogen activated protein kinase, p38 MAPK) in 0.1% DMSO,
respectively 2 h and 1 h before stimulations.

Gene expression ofavUCPwas determined by RT-qPCR (forward: CTACGACCTCATCAAGGACACA;
reverse: GAAGGCAGCCACGAAGTGA). Beta-actin was used as the reference gene to
standardize mRNA expression of target genes (forward: CTGGCACCTAGCACAATGAA; reverse:
CTGCTTGCTGATCCACATCT). Activation of AMPK and p38 MAPK was detected by Western
blot using quantification of phosphorylated and total proteins with antibodies previously described
by Joubert et al. (2010). Vinculin was used as control of loaded proteins.
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Results and discussion

Isoproterenol (Iso) increased avUCP expression (+67% after 1 h of stimulation), as previously
observed in vivo in chicken muscle, but to a greater extent (9 fold-increase; Joubert et al., 2010).
This discrepancy could be explained by the concomitant effect of isoproterenol on other factors
regulating muscle metabolism in vivo, such as plasma thyroid hormones or blood metabolites that
could not be investigated here. The use of fatty acid supplement (FA) induced a delayed increase in
avUCP expression (+54% after 2 h of stimulation) and was associated with stronger activations of
p38 MAPK and AMPK than with isoproterenol.

The AMPK activator AICAR increased avUCP mRNA expression by 63% as compared to controls.
The effect of AICAR on avUCP was partially abolished by Compound C, the inhibitor of the AICAR-
induced activation of AMPK. Taken together, these results suggest a direct control of AMPK on
avUCP expression.

The role of p38 MAPK in avUCP regulation is less clear. On the one hand, Iso and/or fatty acids
induced an increase in p38 MAPK activation (+20% 20 min after isoproterenol stimulation). However,
SB202190, a p38 MAPK inhibitor, presented a synergic effect with Iso+FA stimulation on avUCP
expression (+240% as compared to controls). This huge increase of avUCP mRNA expression
was probably due to the AMPK activation (+106%) observed following SB202190 addition. This
might represent a peculiarity of avian cells since AMPK is usually not activated by SB202190 in
mammalian cells (Jaswal et al., 2007).

To further investigate the regulation of avUCP expression, we studied the effect of WY-14643,
a PPARa agonist, on avUCP messenger content. This agonist significantly increased avUCP
expression after 2 h of stimulation (+51%), in accordance with the previously observed muscle
avUCP upregulation following PPARa overexpression observed after isoproterenol injection in
vivo (Joubert et al., 2010). These effects of isoproterenol in vivo could be due to both b-adrenergic
signalling and indirect hormonal or metabolic signals regulating avUCP expression.

In conclusion, AMPK activation and PPARa upregulation are proposed as mechanisms partly
mediating b-adrenergic-induced avUCP overexpression. Catecholamines are known as regulators
of thermoregulation and lipolysis in avian species. A stimulation of avUCP expression could limit
the generation of free radical species when lipid utilization is triggered by the b-adrenergic system
in chicken muscle.
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Introduction

Milk fat synthesis and milk FA profiles can be greatly affected by nutrition. Several studies have
already explored these changes obtained by supplementing in both unsaturated and saturated fat the
diet of lactating cows without completely clarifying the systematic adaptations in mammary tissue.
A functional genomics approach permits a deeper and broader understanding of the physiological
response of the mammary gland to dietary treatments. The goal of this study was to understand
the systemic adaptations of biological processes in the mammary gland consequent to dietary
supplementation of saturated fat or fish oil.

Material and methods

A 13,257 bovine oligonucleotide microarray in a dye-swap reference design (Loor et al., 2007) was
used for transcript profiling of mammary biopsies harvested on d 0, 7 and 21 from the beginning
of treatments on 13 Holstein mid-lactation cows (41.7 kg milk/d). The study lasted 4 weeks and
the experimental design consisted of three dietary treatments: 4 cows fed a control diet (CTR), 4
cows fed the same diet supplemented with a blend of fish oil and soybean oil (10 g/kg and 25 g/
kg DM; FSO) and 5 cows fed the control diet supplemented with 25 g/kg DM of saturated lipid
(Energy Booster 100; EB100). Loess normalization and array centering and scaling were used on
data obtained from 72 microarrays prior to statistical analysis. Statistics were performed using a
mixed effect model on the adjusted ratios of each oligonucleotide with Proc MIXED (SAS®).
The model included treatments, time and dye as fixed effects and cow as a random variable. The
significant probability values for the treatment and time effects were adjusted for the number of
comparisons using Benjamini and Hochberg’s false discovery rate (FDR). Data mining was carried
out with Ingenuity Pathway Analysis® (IPA) and DAVID (Huang et al., 2009; Dennis et al., 2003).
Canonical pathway analysis identified those pathways within the IPA Knowledge Base that were
most significantly enriched in the data set. Genes from the data set that met the FDR <0.05 and
post-hoc P-value <0.01 cut-off and were associated with a canonical pathway in the IPA Knowledge
Base were considered for the analysis.

Results and discussion

Data on enrichment of most significant canonical signalling and metabolic pathways in the comparison
between EB100 and FSO at d 21 are summarized in Table 1. Most enriched metabolic pathways were
related to energy metabolism, carbohydrate metabolism and lipid metabolism. The overall effect of
EB100 vs. FSO at d 21 on those pathways was a marked inhibition of B-oxidation, glycolysis and
TCA cycle. In addition, oxidative phosphorylation as well as sulfur metabolism, all energy-related
pathways, was inhibited. The putative inhibition of the pentose phosphate shunt as well that of
isocitrate dehydrogenase, the two major sources of NADPH for mammary cells, could be part of
the same coordinated mechanism likely directed to a reduction of de novo fatty acids synthesis and,
in turn, affect glutathione metabolism which is also dependent on NADPH. Similar to our results,
soybean oil supplementation in mice decreased mRNA expression of enzymes of the pentose
phosphate shunt, mitochondrial citrate transporter, and enzymes of fatty acid synthesis (Rudolph et
al., 2007). Except for aromatase, an essential enzyme for the production of estrogens, the androgen/
estrogen metabolism pathway was inhibited. Genes related to cholesterol and HDL uptake (SCARB1)
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and cholesterol clearance in non-mammary cells (HDLBP) were up-regulated, likely in response
to increased availability of this compound in blood. The up-regulation of 11B-hydroxysteroid
dehydrogenase 2 (HSD11B2), which converts cortisol to cortisone, could be a response to a local
increase of cortisol from exogenous cholesterol. One of the genes most up-regulated (3.3-fold) was
FOXOL, a transcription factor (TF) whose function is controlled by insulin signalling. This TF
together with PPARGCI1A, encoding for the protein PGC-1a (|), plays a critical role in regulating
gluconeogenesis and glycolysis, both of which are classified in the IPA knowledge base as being part
of the FXR/RXR activation pathway. Pathways analysis suggested an inhibitory effect of saturated
fat on cellular energy production and an enhanced steroid metabolism in mammary tissue.

Table 1. Top metabolic and signalling pathways from Ingenuity Pathways Analysis (IPA) among
DEG at d 21 between EB100 and FSO.

Ingenuity canonical pathways P-value Ratio DEG 1/| Effect Class (KEGG orthology)

Metabolic pathways

Glutathione metabolism 0.0891 0.11 11 38 | Metabolism of other amino acids

Oxidative phosphorylation 0.110  0.13 22 022 | Energy metabolism

Fructose and mannose metabolism  0.110  0.07 10 37 U1 Carbohydrate metabolism

Citrate cycle 0.119 0.14 8 08 || Carbohydrate metabolism

Androgen and estrogen metabolism 0.153  0.06 9 27T <= Lipid metabolism

Fatty acid metabolism 0.157 0.07 14 1713 || Lipid metabolism

Glycolysis/gluconeogenesis 0.182  0.09 13 0/13 | Carbohydrate metabolism

Pentose phosphate pathway 0.191 0.08 7 07 |l Carbohydrate metabolism

Urea cycle and metabolism of amino 0.191  0.09 7 07 Amino acid metabolism

groups

Sulfur metabolism 0.191 0.07 4 173 ] Energy metabolism

Signalling pathways Function (IPA)

FXR/RXR activation 0.0229 0.16 16 3/13 Modulate bile, lipid and glucose
homeostasis.

Mitochondrial dysfunction 0.0229 0.14 24 1/23 Affect oxidative stress, apoptosis
and mitochondrial DNA damage

Coagulation system 0.0794 024 9 1/8 Maintain a fine balance between
formation and dissolution of a clot

Xenobiotic metabolism signalling ~ 0.153  0.10 28 9/19 Induction xenobiotic metabolism,

elimination and/or detoxification

The P-value denotes the significance of the enrichment of a function within the DEG adjusted by Benjamini and
Hochberg’s FDR <0.2. Shown also are the ratio (DEG/number of genes in the pathways), the total number of DEG
in the pathway, the number of up-(1) and down- (|) regulated DEG in the pathway, the overall effect of the pathways
(denoted by | likely inhibited; | inhibited; ||| evidently inhibited; <> equilibrium).
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Introduction

Residual feed intake (RFT) is a moderately heritable feed efficiency trait that quantifies the inter-animal
variance in observed feed intake that is unexplained by differences in body weight and production and
is linked to processes that impact energetic efficiency of beef cattle (Herd and Arthur, 2009). Moore
et al. (2006) finely mapped the RFI trait to several chromosomes. SNPs associated with RFI but not
with feed conversion ratio or feed intake were found indicating these SNPs control other physiological
mechanisms (Sherman et al., 2008). Examination of mitochondrial DNA from a small population
of steers with divergent RFI phenotypes indicated SNPs were found in the mitochondrial genome
(Kolath et al., 2006b). Kolath et al. (2006a) and Lancaster et al. (2007) reported greater coupling
of the electron transport chain in cattle with low RFI phenotypes. Additionally, both studies found
mitochondria from efficient animals were better able to carry out oxidative phosphorylation with
both NADH- or FADH-linked energy substrates. The aim of this study was to identify differentially
expressed genes in liver tissue from beef calves with divergent phenotypes for RFL.

Materials and methods

In study 1, Bonsmara heifers (n=62; initial BW=307+39 kg) were individually fed a roughage-based
diet (ME=1.61 Mcal/kg DM) using Calan-gate feeders, whereas, in study 2 crossbred steers (n=170;
initial BW=274+26 kg) were individually fed a grain-based diet (ME=2.71 Mcal’kg DM) using a
GrowSafe feeding system. For both studies, BW was measured at 14-d intervals and feed intake
measured daily for 70 d. Within study, RFI was calculated as the residual from linear regression
of DMI on ADG and mid-test BW-73, and calves ranked by RFI. For both studies, liver biopsy
samples were obtained from calves with the most efficient (n=8) and least efficient (n=8) RFI. Liver
biopsies were collected and preserved in RNAlater™ and stored at -80 °C until RNA was extracted.
Labelled double-stranded cDNA was hybridized to a custom designed NimbleGen 12x135K array
(Roche NimbleGen), washed, scanned and array data extracted. The bovine gene expression array
included 34,620 gene transcripts and 38 mitochondrial transcripts. Probe sets with low levels of
expression variation across all samples (IQR<0.5) were removed from further analysis. Differential
expression was assessed using a linear model with an empirical Bayesian adjustment to the variances
and comparisons of interest were extracted using contrasts. The Benjamini and Hochberg method
(BH) was used to control for the expected false discovery rate from multiple tests. Probe sets were
considered differentially expressed with a BH adjusted P-value of <0.05.

Results and discussion

Overall (+SD) ADG and DMI for the heifers were 1.29+0.23 and 8.72+1.14 kg/d, respectively.
Heifers with low RFI consumed 24% less (P<0.01) DMI (7.64 vs. 10.03+0.26 kg/d) than heifers
with high RFI, even though ADG (1.32 and 1.40+0.07 kg/d) were similar. In study 2, overall (+SD)
ADG and DMI for steers were 1.76+0.22 and 9.82+1.03 kg/d, respectively. Steers with low RFI
consumed 30% less (P<0.01) DMI (8.34 vs. 11.86+0.26 kg/d) than steers with high RFI, while ADG
(1.76 and 1.82+0.07 kg/d) were similar.
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Four mitochondrial genes were differentially expressed (P<0.05) by the RFI phenotypes in the
heifers. NADP-dependent malic enzyme, ATP synthase, and 18 kDa mitochondrial protein were
more highly expressed in the inefficient phenotype and L53 39S ribosomal protein more highly
expressed in the efficient phenotype. An additional 4 mitochondrial genes tended (P<0.10) to be
differentially expressed between the heifer RFI phenotypes; TP-53-induced glycolysis and apoptosis
regulator, mitochondrion associated apoptosis-inducing factor, methionyl-tRNA formyltransferase,
L48 39S ribosomal protein. No other bovine gene transcripts were significantly different between the
heifer phenotypes. The mitochondrial genes TP-53-induced glycolysis and apoptosis regulator and
cytochrome P450 11A1 had greater expression (P<0.05) and monofunctional C1-tetrahydrofolate
synthase tended (P<0.10) to have greater expression in the efficient steer phenotypes. No other
bovine gene transcripts were significantly different between the steers with divergent RFI phenotypes.
Lkhagvadorj et al. (2010) examined gene expression in liver and adipose from pigs of different RFI
phenotypes and found changes in peroxisome proliferator-activated receptor a and y (PPAR a, v)
and CAMP responsive element binding protein 1 (CREB1) across phenotypes. However, none of
these regulatory genes were differentially expressed in our population. The absence of common
differentially expressed genes within the RFI phenotypes suggests gender or diet may influence
gene expression in heifers and steers with different RFI phenotypes. In heifers and steers exhibiting
different RFI phenotypes, genes associated with mitochondrial energy processes are altered.
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Introduction

Two dimensional (2D) gel electrophoresis with subsequent mass spectrometry (MS) spot analysis
allows the simultaneous determination of changes in steady state levels of numerous proteins in a
biological sample (Fuchs et al., 2005) and improves our understanding of regulatory processes and
organ function. We used this approach to analyze the effect of maternal protein consumption during
gestation on the hepatic proteome profile of newborn pigs. Various studies showed that the effects of
an inadequate maternal nutrition during gestation are transfused via maternal metabolic parameters
to the growing foetus, and result in developmental adaptations in utero that can permanently change
the structure, physiology, and metabolism of the offspring (McMillen and Robinson, 2005). The
adaptations often result in an impaired growth and development of the mammalian embryo/foetus
during pregnancy (Wu et al., 2006) and are defined as intrauterine growth restriction (IUGR).

Material and methods

Fifty eight gilts (age 241+4 days, body weight [BW] 150.6+10.5 kg) were randomly assigned to
three isoenergetic diets with different protein levels fed throughout gestation: adequate protein
(AP, 12% CP), high protein (HP, 30% CP) and low protein (LP, 6% CP). Piglet birth BW depended
on gilt treatment and were 1.35+0.15 kg (AP), 1.27+0.12 kg (HP) and 1.22+0.11 kg (LP). Liver
samples obtained from piglets with high (H, n=42, BW>1.46 kg) and low birth weight (L, n=45,
BW<1.1 kg) 24h after term birth were analysed via 2D-SDS-PAGE and MALDI-TOF MS (Kuhla
et al., 2007). Relative spot volumes were compared using a three-way ANOVA and SAS procedure
MIXED with the main factors gilt diet, gender, and birth weight, and the interaction between diet
x birth weight (Tukey-Kramer test). Spots showing significant differences with P<0.05 and more
than 20% up or down regulation in protein expression were chosen for protein identification by
MALDI-TOF MS analysis.

Results and discussion

In neonatal HP as compared to AP offspring, several pathways related to energy homeostasis
(GLUD1), protein synthesis (BTF3L2) and degradation (HIBADH) were up regulated, indicating
an increased protein turnover in hepatic tissue (Figure 1a), whereas transport proteins (ALB, TF)
were less expressed. Low hepatic albumin concentrations affect regulation of oncotic pressure and
transport of hydrophobic molecules such as lipid soluble hormones, bile salts, unconjugated bilirubin,
and calcium. Decreased levels of serotransferrin limit iron transport, availability and iron-dependent
pathways, thereby increasing the risk for anaemia. Interestingly, low maternal protein consumption
during gestation and low birth weight (Figure 1A and 1B) predominantly affected pathways related
to oxidative stress response (HSP90B1, HSP90AA1, ORM?2), energy homeostasis (GLUD1) and
cellular proliferation (LMNA). Increased concentrations of several heat shock proteins (HSP90B1,
HSP90AA1) and alpha-1 acid glycoprotein (ORM?2) suggest systemic oxidative stress which
can negatively impact substrate utilization, nutrient homeostasis, immune response and hepatic
function. Furthermore, elevated concentrations of heat shock proteins directly modulate apoptotic
signalling pathways, supported by the increased abundance of lamin ¢ (LMNA), a nuclear envelop
protein which is cleaved by the interleukin-converting enzyme family during apoptosis. In addition
to the main effects of diet and birth weight, some proteins showed significant diet x birth weight
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Figure 1. Differentially expressed hepatic proteins of newborn piglets affected by (4) maternal
protein consumption during pregnancy or by (B) differing birth weight presented as % change.
ALB=albumin, ACO2=aconitase 2, AP=adequate protein, BTF3L2=basic transcription factor 3-like
2, GLUDI=glutamate dehydrogenase 1, H=high birth weight, HIBADH=3-hydroxyisobutyrate
dehydrogenase, HP=high protein, HSP90AAI=heat shock protein 90kDa alpha (cytosolic) class
A member 1, HSP90B1=heat shock protein 90kDa beta (Grp94) member 1, L=Ilow birth weight,
LMNA=lamin A/C, LP=low protein, ORM2=orosomucoid 2, PGMI=phosphoglucomutase I,
TF=transferring.

interaction, e.g. the observed upregulation of GLUDI or downregulation of ALB in the HP vs. AP
group was more pronounced in light piglets. The increase of ORM2 in L vs. H piglets tended to be
more apparent in the AP and HP group.

We conclude that some offspring hepatic pathways are heterogeneously affected by maternal protein
consumption and/or birth weight during gestation. Further research is underway to validate the results
and determine whether the hepatic proteomic profile of foetuses and offspring at later postnatal time
points differ from neonatal livers.
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Introduction

Proteomics is now recognized as a useful tool in dietary trials to elucidate fine changes in various
tissues. However, there is still a paucity of information on how adipose tissue proteome could adapt
to changes in dietary protein supply during the neonatal period. In Human, protein contents of infant
formula are widely used to promote catch-up growth; however, they are also suspected to increase the
risk of later obesity (e.g. Rolland-Cachera et al., 1995). With a natural form of intrauterine growth
retardation, the pig is an interesting model to better understand the effects of protein nutrition on
adipose tissue development (Morise et al., 2009). This study aims to investigate the immediate effects
of milk-replacers providing an adequate or an excess protein supply on early growth and proteomic
profiles of adipose tissues in piglets born with a small birth weight.

Material and methods

Crossbred [Pietrain x (Large White x Landrace)] piglets with a small birth weight (0.8 kg to 1.1
kg) were allowed to suckle the dam naturally during the first 48 h after farrowing. Thereafter, they
were fed milk-replacers formulated to mimic sow milk (AP, 4.4 g of protein/100 kcal, n=5) or to
provide an excess of proteins (HP, 6.2 g of protein/100 kcal, n=5). They were killed at day 28 of
age, and perirenal and subcutaneous adipose tissues (PAT and SCAT) were immediately collected.
Soluble protein extracts in both tissues were analyzed through 2-dimensional gel electrophoresis
(2-DE) and MALDI-TOF/TOF mass spectrometry. The differential abundances of protein spots were
analyzed by ANOVA with the fixed effects of dietary group (AP, HP) by using Melanie 7.0 software
(GeneBio, Switzerland). Growth data were analyzed by ANOVA using the General Linear Model
of SAS (SAS Inst., Cary, NC. USA) with the fixed effects of dietary group.

Results and discussion

Piglets fed the HP milk-replacer had a greater daily weight gain than AP piglets from birth to day
28 (175 vs. 140+4.7 g/day, P<0.05). At day 28, the relative weight of PAT was lower in HP piglets
than in AP piglets (2.9+0.71 vs. 3.48+0.6 g per kg of body weight) as previously reported (Morise
et al., 2009). Moreover, mean adipocyte diameters were lower (P<0.05) in the formers compared
with the latter piglets in PAT (3443 vs. 39+4 um) and in SCAT (36+4 vs. 47+4 um), however the
number of adipocytes in the 2 fat pads did not differ between HP and AP groups. After 2-DE, 34
spots displayed a differential abundance (fold-change > |1.3|, P<0.10) in SCAT of HP piglets vs.
AP piglets at 28 days of age. Only 7 spots differed in abundance between the 2 dietary groups in
PAT. A total of 18 spots corresponding to 16 unique proteins were successfully identified by mass
spectrometry. Those proteins are involved in 7 different biological processes, as indicated by Gene
ontology classification. Especially, the lactate dehydrogenase (i.e. a glycolytic enzyme), and annexin 2
(i.e. amediator of GLUT-4 translocation in adipocytes, Huang et al., 2004), were lower in abundance
in SCAT of HP piglets than AP piglets. These findings suggest a lower glucose metabolism in SCAT
of HP piglets. Similarly, annexin 2 was also down-regulated in PAT of HP piglets compared to AP
piglets. In addition, the lower abundance of 2 spots corresponding to glutamate dehydrogenase 1
(GLUDI1) in SCAT of HP piglets vs. AP piglets may indicate a reduction in fatty acid synthesis in
those piglets. Indeed, besides fatty acid synthesis from glucose, carbon from glutamate (a substrate of
GLUD1) may be also incorporated into fatty acids in the adipose tissue (Belfiore and Lannello, 1995).
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Alternatively, down-regulation of GLUDI in HP group may simply sign adaptation of amino-acid
metabolism in SCAT to face an excess of amino-acid supply in HP piglets. In support to this latter
assumption, up-regulation of 26S subunit proteasome (i.e. the major tool for protein catabolism) and
down-regulation of peptidyl-prolyl cis-trans isomerase A (i.e. a catalyzer of protein folding) in SCAT
of HP piglets compared to AP animals indicate a modulation of protein turn-over in the formers.

Another important observation was the greater abundance of 2 cytoskeletal proteins (dynactin
and cofilin) in SCAT of HP piglets. Non-muscle type cofilin binding to actin has been previously
suggested to play a role in lipid accumulation in adipose tissue of pigs (Choi et al., 2003), likely
because it controls the mechanical tension of the cells. We suggest that the cytoskeleton of HP piglets
vs. AP animals may be involved in regulating adipogenesis in those animals. A greater abundance in
glutathione S-transferase (GST)-O, belonging to the multi-gene family of detoxification enzymes,
together with a lower abundance in peroxiredoxin 6 were also observed in SCAT of piglets fed
the HP formula compared to AP piglets. Both cytoskeleton proteins (including cofilin 2) and other
members of GST family have been previously identified as having a greater abundance in adipose
tissue of fat birds compared to lean birds (Wang et al., 2009). Thus, changes in those proteins may
predispose HP piglets to catch-up fat during the fattening period. The lower abundance in annexin
1 in PAT of HP piglets compared with AP piglets is also consistent with the assumption of an early
modulation of adipocyte development in response to HP milk. Indeed, annexin 1 gene is generally
required for the maintenance of adipocyte and/or preadipocyte numbers (Warne et al., 2006).

In conclusion, our results indicate that neonatal diet enriched in proteins promoted early body growth.
It reduced adipose tissue development in the short term, likely due to a lower glucose metabolism
in adipocytes and the early modulation of adipogenesis. Our findings represent also novel starting
points for elucidating the mechanisms leading to adipose tissue development in the long term.
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Introduction

There is a need for new knowledge in order to develop animal farming systems that respond to
the new and diversified demands by producers and consumers. For producers, it is a question of
production of more meat per animal, i.e. of heavy and lean carcasses to ensure the highest potential
incomes. Consequently, genetic selection has been directed in favour of muscle development in
order to produce lean carcasses with the ultimate objective of increasing the production of muscle
quantitatively at the expense of fat. Recent genomic studies have shown that this type of selection
may change certain muscle characteristics associated with beef quality (Bernard et al., 2009; Sudre
et al., 2005). As for the consumers, they are interested in the production of high-quality meat
products. Consumers are indeed looking for bovine meat of high and consistent quality. Intrinsic
quality attributes of beef, and especially tenderness, depend on one hand on post mortem factors
associated with ageing and cooking, and on the other on the muscle characteristics of live animals,
which themselves depend on gene expression. Expression levels of these genes and interaction
between them can now be assessed thanks to the development of functional genomics (e.g. DNA
microarrays and proteomic tools). Functional genomics is also expected to be helpful for the beef
industry which is looking for biological or molecular indicators that would identify live animals with
desirable quality attributes, in order to direct them towards the most appropriate production system(s)
(reviews by Cassar-Malek et al., 2008 and Hocquette et al., 2007). The strategy so far has been to
identify genes or proteins that are expressed differentially between extreme animals without any
prior knowledge of the processes involved. Previous programs have described new genes associated
with growth potential, beef tenderness or flavour (Bernard ez al., 2009, 2007). One of these results
concerning the DNAJA1 gene was patented (Bernard et al., 2006). DNAJA1 encodes a member of
the large 40 kDa heat shock protein family (Hsp40). This protein is a co-chaperone of the 70 kDa
heat shock protein (Hsp70) and is believed to play a role in protein folding and mitochondrial protein
import. The DNAJA1/Hsp70 complex also directly inhibits apoptosis. The GENOTEND program
aims to confirm the relationship between these genes and beef quality including tenderness and
flavour. To reach this objective, we developed an Agilent chip with specific probes for the bovine
muscular genes known as predictors of muscle growth (including energy and protein metabolism),
carcass composition, fat metabolism and beef quality (including marbling).

Material and methods

More than 3000 genes involved in muscle biology or beef quality were selected from genetic or
genomic studies. Sometimes, several probes were used for each gene (e.g. 18 probes for DNAJAT).
After extraction, the total RNA sample was quantified with a Nanodrop ND.1000 spectrophotometer
(ThermoScientific) and evaluated for integrity with the 2100 bioanalyzer (Agilent Technologies) and
the RNA 600 LabChip kit. The total RNA was amplified and labelled with Cyanine 3 using Agilent’s
Low RNA Input Linear Amplification Kit, PLUS, One-Color (Agilent Technologies). Briefly, 500
ng of total RNA was reverse transcribed to double-strand cDNA and ¢cDNA products were then
used as templates for in vitro transcription to generate fluorescent cRNA. Labelled cRNAs were
purified using QTAGEN’s RNeasy mini spin columns and eluted in nuclease-free water. Then, cRNA
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quantity and cyanine incorporation were determined using the Nanodrop spectrophotometer. For
each hybridization, 600 ng of Cyanine 3 labelled cRNA were fragmented and hybridised at 65 °C
for 17 h to an Agilent 8 x 15K custom Oligo Microarray. After washing, microarrays were scanned
using an Agilent DNA G2505B scanner. Feature extraction 9.1 software (Agilent Technologies) was
used to assess fluorescent hybridization signals.

Results and discussion

RNA from the Longissimus thoracis muscle samples of Charolais young bulls or steers slaughtered
in two years (25 young bulls and 22 steers in 2003; 33 young bulls and 19 steers in 2005) was
hybridised on the chips. Statistical analyses allowed the genes associated with beef tenderness to
be selected. All the DNAJA1 probes gave similar results. For the Charolais animals slaughtered
in 2003, DNAJA1 expression was negatively correlated with the initial or global beef tenderness
(r=-0.40 to -0.60) in young bulls or steers. However, this was not the case for the animals slaughtered
in 2005. This confirms our hypothesis that some markers of beef quality are highly dependant on
rearing practices and environmental conditions. However, the expression of other members of the
DNAJ family or those linked to other metabolic pathways was associated with beef tenderness.
These gene families (including that of heat shock proteins or of muscle metabolism) appeared to
be associated with beef quality in all groups of animals. These data are not detailed here because
they may be the subject of patent registrations. In conclusion, numerous markers of beef tenderness
can be identified but they are often specific to an animal type (steer or young bull), to a breed or to
environmental conditions linked to the year. The bovine muscle chip used in this study is available
for academic and professional partners'.
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Introduction

Within the periparturient period, feed intake of dairy cows is decreasing from about 6 weeks before
parturition, is lowest around calving, and is increasing again in early lactation. During this period,
dairy cows mobilize large amounts of muscle protein and body fat which is accompanied by increasing
oxidative stress and aberrant release of hormones and cytokines. These endocrine and metabolic
changes affect hepatic cellular signalling, metabolic activity and transcription of metabolic enzymes
and hepatic cytokines. Which major cellular signalling pathways involved in nutrient sensing,
oxidative stress, hormones and cytokines are activated or deactivated by phosphorylation during
the periparturient period has not been investigated so far. Therefore, the aim of the study was to
explore phospho-related cellular signalling and phospho-regulated metabolic pathways in the liver
of periparturient dairy cows.

Material and methods

Four German Holstein cows in 1% lactation were ceased to be milked 10 weeks before expected
28d calving and were fed a dry-off ration based on grass silage. With the beginning of the close-up
period starting from thirty days before expected parturition and during lactation cows received a total
mixed ration (TMR). The ad libitum feed intake was measured daily until 5 weeks after parturition.
Cows were liver biopsied at -60, -40, -21, +1, +14 and +28 days relative to their 2" parturition.
Liver samples were extracted with phosphatase inhibitors and probed using Western blot analysis for
total phospho-tyrosins, for the p38 mitogen activated protein kinase (p38 MAPK-Thr180/Tyr182),
for the extracellular regulated kinase 1/2 (ERK1/2-Thr202/Tyr204), for the stress-activated protein
kinase/Jun-amino-terminal kinase (SAPK/JNK-Thr183/Tyr185), for the AMP-activated kinase-alpha
(AMPKa-Thr 172), and for the mammalian target of rapamycin (mTOR-Ser 2448).

In order to identify further activated or deactivated proteins during the transition period, we applied
each liver extract (only -21, +1, +14 and +28 days relative to parturition) on a 2-dimensional gel
electrophoresis (2DGE) (Kuhla et al. 2009). Detection of phospho-proteins was performed by
ProQ-Diamond (PQ) staining (Eymann ez al., 2007). Subsequently, gels were stained with Colloidal
Coomassie (CC) to detect total proteins for normalization (Kuhla et al. 2009). The ratio between
the total volume (V) in PQ and CC gels (r = V(PQ)/V(CC)) was calculated for each gel. In order
to differentiate between true and false positive phospho-proteins, a Gaussian-like analysis of log(r)
was performed (Eymann et al., 2007). For each gel, proteins were considered to be phosphorylated
when log(r) of one spot was >1.2. When at one of the four time points a spot fulfilled the criteria
log(r) >1.2 it was considered to be aberrantly phosphorylated and picked for tryptic digestion and
subsequent identification by MALDI TOF and MALDI TOF/TOF mass spectrometry.

Results and discussion

With the beginning of TMR feeding average dry matter intake diminished from 16.9 kg (4 weeks
before parturition) to 12.7 kg at calving and re-increased to 20.2 kg by the 5™ week post partum.

Western blot analysis for pTyr revealed several bands aberrantly phosphorylated, for example at
~38,46, 55 and 290 kDa. Therefore, we first examined phosphorylation of the p38 MAPK signalling
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pathway known to activate cytokine expression. Activation was highest within the first 14 days
after calving, suggesting involvement of oxidative stress and inflammatory cytokines. Surprisingly,
phosphorylation of the SAPK/JNK (at ~46 and 55 kDa) pathway which is preferentially activated
by a variety of environmental stress factors was diminished after parturition. The energy sensor
AMPKa (~64 kDa) activated by an elevated AMP/ATP ratio was not aberrantly phosphorylated
before parturition but increasingly phosphorylated after calving and highest 4 weeks post partum.
Concomitantly, phosphorylation of the downstream target mTOR (~290 kDa), an ATP and branched
chain amino acid sensor, was lowest after calving. These results point to a cumulative catabolic state
until day 28 post partum which is inversely related to the increasing feed intake.

Analysis of phospho-stained proteins by 2DGE revealed 12 phosphorylated protein spots (log ratio >1.2)
only occurring at one of the four time points tested. By using MALDI TOF/TOF mass spectrometry
we identified 2 enzymes related to oxidative stress: glutathione S-transferase 1 and catalase; 2
enzymes associated with amino acid degradation: arginase 1 and serine hydroxymethyltransferase;
2 enzymes of the glycolysis pathway: 6-phosphofructokinase (known to exert phosphatase activity
when phosphorylated) and fructose-bisphosphate aldolase B; 3 enzymes of fat metabolism: acyl-
CoA dehydrogenase (showing altered electron transfer and fatty acid beta-oxidation activity when
phosphorylated (Kabuyama et al., 2010)), acetyl-CoA acyltransferase, and aldo-keto reductase family
1; one enzyme involved in the oxidative phosphorylation pathway: ATP synthase; and two spots of
cytoplasmic skeleton: beta-actin. All these proteins showed minimal phosphorylation either at +1
or +14 days after parturition, reflecting their involvement in metabolic adaptation to parturition.
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Abstract

Citrulline is the endogenous precursor for the synthesis of arginine, and direct functional effects have
been recently attributed to this non-protein amino acid. Citrulline is synthesized in the liver, as part
of the urea cycle, and in the gut, as part of the small intestine-renal axis for the synthesis of arginine.
These two systems are virtually independent and are regulated differently. The enzymes involved in
the synthesis and utilization of citrulline and its precursors undergo developmental changes in the
gut, which may be geared towards a more efficient utilization of dietary and endogenous arginine
during rapid growth. The origin of ornithine utilized for the synthesis of citrulline is controversial,
and may reflect the different systems in which it was determined. More research is needed to fully
integrate the molecular and cellular processes with the interorgan transaction of citrulline and its
precursors involved in the synthesis of citrulline.

Introduction

Citrulline, a non-protein amino acid, was identified independently by Mitsunori Wada in watermelon
juice (Wada, 1930) and by Dankwart Ackermann as a product of the degradation of arginine
(Ackermann, 1931). Soon afterwards, Hans Krebs and Kurt Henseleit (Krebs and Henseleit, 1932)
proposed the first metabolic cycle ever described, in which citrulline was an intermediary in the
synthesis of urea. A few years later, the role of aspartate as the donor of the second nitrogen for urea
synthesis was established by Sarah Ratner (Ratner and Pappas, 1949).

The five enzymes of the urea cycle (also known as the ornithine cycle) are in close proximity to each
other in the hepatocyte, constituting a metabolon spanning two compartments (argininosuccinate
synthetase, argininosuccinate lyase, arginase in the cytosol and carbomyl phosphate synthetase and
ornithine transcarbamylase in the mitochondria) that channels urea cycle intermediates (Cohen et
al., 1987; Cheung et al., 1989). Other enzymes (N-acetylglutamate synthase, glutaminase) and
transporters (citrin, ORN1), although not considered part of the cycle per se, are also needed for
ammonia detoxification by the liver (see Meijer et al., 1990).

The enzymes of the urea cycle, however, are not only expressed in the liver, but also in other
tissues and cell types. In fact, it is believed that the urea cycle evolved from the arginine metabolic
pathway present in lower organisms (Takiguchi ez al., 1989). This difference in function between
urea and arginine synthesis is reflected by the different tissue localization, function and regulation
of the enzymes of the urea cycle and other enzymes involved in the metabolism of the urea cycle
intermediates, arginine, citrulline and ornithine.

Numerous reviews dealing with different aspect of the metabolism of arginine and citrulline have
been published over the last years (Morris, 2006, 2007; Curis et al., 2007; Crenn, 2008; Wu et al.,
2009). A renewed interest in arginine metabolism has been sparked due to the functional role of this
amino acid in many processes, such as nitric oxide synthesis (Luiking ez al., 2005), lipid metabolism
(Fu et al., 2005; Hayashi et al., 2005) and diabetes (Kohli et al., 2004).
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Citrulline more than the precursor for arginine synthesis

The contribution of the synthesis of citrulline to the economy of arginine in humans is approximately
50% of the average arginine intake (4.4 g/d; (King et al., 2008). Citrulline is not only the precursor
for the synthesis arginine, but it is becoming apparent that this amino acid might have additional
functional roles. The severe growth retardation seen in rats, consequence of the inhibition of the
endogenous synthesis of citrulline, was only partially restored by arginine, but completely prevented
by citrulline supplementation (Hoogenraad et al., 1985). It has also been shown that labelled citrulline
had a higher rate of protein incorporation than arginine in rats (Featherston et al., 1973); especially,
the brain showed a great capability to derive arginine for protein synthesis directly from citrulline.
Recent reports show that citrulline supplementation is able to increase protein deposition in a
model of ageing (Osowska et al., 2006), and that citrulline seems to be more effective than arginine
supplementation (Osowska et al., 2004). Although all these effects may be due to a more efficient
utilization of citrulline rather than arginine, recent reports suggest that citrulline may increases protein
synthesis through direct activation of the mTOR pathway (Walrand et al., 2008).

Origin of circulating citrulline

Because little or no citrulline is present in the diet (with the notable exception of watermelon; Tedesco
et al., 1984), circulating citrulline is almost entirely of endogenous origin. Although there are other
sources of endogenous citrulline (e.g. from turnover of citrullinated proteins, by action of nitric
oxide synthase on arginine (Hecker e al., 1990) and dimethylarginine dimethylaminohydrolase on
dimethylarginine (Ogawa et al., 1989)), it is believed that these sources are quantitatively minor
compared to the synthesis of citrulline from ornithine.

A systematic analysis of different tissues showed that activity of the mitochondrial enzymes,
carbomyl phosphate synthase I (CPS I) and ornithine transcarbamylase (OTC), was not only present
in the liver but also in the small intestine of rats (Jones et al., 1961) and humans (Reichard, 1960).
Furthermore, the presence of N-acetylglutamate, the allosteric activator of CPS I, was also found
in the small intestine (Raijman, 1974). Thus the enterocyte is equipped to synthesize citrulline
from ornithine, ammonia and bicarbonate. Because the enterocytes in adults lack the enzymes that
utilize citrulline (for developmental changes in the enzymes, see below), citrulline enters the portal
circulation without further metabolism (Windmueller and Spaeth, 1981). This was clearly shown
in small intestinal preparations by Windmueller and Spaeth (1974), where citrulline was one of the
main products of intestinal metabolism.

It has been shown in rodents that citrulline is neither removed nor released by the liver and thus
the plasma entry rate represents citrulline production (Windmueller and Spaeth, 1981). Recently,
however, this concept has been challenged in humans undergoing surgery, mostly liver resection
(Van de Poll et al., 2007). It is not clear if these human data are applicable to other species or to
humans in more physiological conditions. Under some situations the liver releases citrulline, but it
seems that this is done only under non-physiological experimental (Drotman and Freedland, 1972)
or pathological conditions (argininosuccinic aciduria, Marini and Lee, unpublished data).

For the reasons mentioned above, it is believed that circulating citrulline originates for the most part
in the enterocytes, a fact that has been used as a proxy to monitor gut mass and gut function (Crenn
et al., 2000; Rhoads et al., 2005).

Fate of circulating citrulline

The ability of the kidney to synthesize arginine from citrulline was shown early on (Borsook and

Dubnoff, 1941) which demonstrated that the cytosolic enzymes of the urea cycle, argininosuccinate

88 Energy and protein metabolism and nutrition



synthase (AS) and argininosuccinate lyase (ASL), were present in this organ. Arterio-venous
differences across the kidney, has shown that >80% of the citrulline produced by the small intestine
is taken up by this organ (Windmueller and Spaeth, 1981) and that similar amounts of arginine are
released into the circulation (Dhanakoti et al., 1990). This interorgan collaboration for the endogenous
synthesis of arginine has been called the intestinal-renal axis (Brosnan and Brosnan, 2004).

It has been recognized that the cytosolic enzymes of the urea cycle are also present in numerous cell
types because citrulline can replace arginine when cultured in in vitro conditions (Morgan et al.,
1958; Tytell and Neuman, 1960; Sun et al., 1979). However, the physiological significance of this
local citrulline to arginine synthesis remained unclear until it was discovered that the ‘endothelial
relaxing factor’ was nitric oxide which was derived from arginine, producing citrulline as a co-product
(Ignarro et al., 1987). The intracellular recycling of citrulline to arginine, in what has been called the
citrulline-nitric oxide cycle, seems to sustain the nitric oxide response (Hecker ez al., 1990; Wu and
Brosnan, 1992) and it has been proposed that it may be the principal mechanism regulating local
arginine availability (Hayashi et al., 2005).

Tracer studies have shown that 50-60% or 75% of circulating citrulline can be accounted for as
circulating arginine in humans (Castillo ez al., 1993) and mice (Marini et al., 2007), respectively.
Because the only known fate of citrulline is conversion to arginine or excretion into the urine (which
is negligible (Moinard et al., 2008), it seems that the local utilization of citrulline is responsible for
the disposal of a substantial portion of the citrulline flux. This supports the findings that certain cell
types are able to utilize citrulline directly to meet their arginine requirements (Featherston et al., 1973).

Regulation of the activity of the hepatic and extrahepatic enzymes of the
urea cycle

The different function of the mitochondrial enzymes of the urea cycle in the intestine and liver is
reflected by their nutritional (Wraight and Hoogenraad, 1988), hormonal (Ryall et al., 1986) and
developmental (Malo et al., 1986; Ryall et al., 1986) regulation. The short term regulation includes
an increase in N-acetylglutamate synthase activity and N-acetylglutamate concentration (Kawamoto
et al., 1985), which in turn increases CPS I and glutaminase activity (Meijer et al., 1990; Curthoys
and Watford, 1995). None of these effects have been described for the intestinal enzymes and short
term regulation is very unlikely to occur.

A differential longer term regulation of the mitochondrial enzymes in liver and gut is also evident
because high protein diets, glucagon and dexamethasone have shown to increase mRNA expression
of the mitochondrial enzymes of the urea cycle in liver, but not in the intestine (Wraight et al., 1985;
Hurwitz and Kretchmer, 1986; Ryall et al., 1986; Morris et al., 1987). Likewise, ASS and ASL are
regulated differently in kidney and liver. High protein diets, starvation and glucocorticoids greatly
increased the expression of these two enzymes in the liver, but had little effect in kidney (Morris et
al., 1987, 1989; Goutal et al., 1999).

While urea production can vary widely depending on protein intake, citrulline synthesis is rather
constant. No changes in citrulline production have been found in animals (Hartman and Prior, 1992;
Prior and Gross, 1995) or humans (Castillo et al., 1993; Tharakan et al., 2008) fed arginine free
diets, nor during fed or fasted conditions. The endogenous synthesis of arginine is limited by the
supply of citrulline, because the kidney has excess ability to synthesize arginine (Dhanakoti et al.,
1990; Moinard et al., 2008).
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Ontogeny of the enzymes of the urea cycle

Developmental changes in the activity and expression of the enzymes involved in the metabolism
of urea cycle intermediates have been reported in the intestine of rats, mice, piglets and humans
(Herzfeld and Raper, 1976; Hurwitz and Kretchmer, 1986; Ryall et al., 1986; Wu, 1995; De Jonge
et al., 1998; Kohler ef al., 2008). While OTC activity increases progressively from birth (Herzfeld
and Raper, 1976), there is a rapid increase in arginase expression and activity concurrent with the
ingestion of solid feed (Herzfeld and Raper, 1976; Hurwitz and Kretchmer, 1986; De Jonge et al.,
1998), that coincides with a reduction in the expression and activity of AS and ASL (Hurwitz and
Kretchmer, 1986; De Jonge et al., 1998). Similar developmental changes for some of these enzymes
have been reported recently in human infants (Kohler et al., 2008); however, some noteworthy
differences are the presence of arginase II 3 days after birth and that the decline in AS expression
occurs at 3-5 years of age (Kohler et al., 2008).

The cytosolic enzymes, AS and ASL, are expressed in kidney at birth albeit at a lower level (~40%)
than in adults (Wu and Knabe, 1995; Goutal et al., 1999). In piglets the activity of these enzymes in
the small intestine is greater during the neonatal period than later in life (Wu and Knabe, 1995). In
mice the specific activity of these enzymes in kidney at birth is approximately a third of the activity
found in the intestine, but this relationship changes by day 12 of life, when the renal specific activity
is 10 fold greater that the intestinal activity (Hurwitz and Kretchmer, 1986).

Thus, there are important differences in the enzyme expression of citrulline-arginine synthesis
between the neonatal period and adulthood, and it is believed that the intestinal-renal axis is not
established until after weaning in rodents, piglets and humans. The ability of the neonatal enterocytes
to produce arginine was first established in vitro in mice (Hurwitz and Kretchmer, 1986) and later
in piglets (Blachier et al., 1993). This was corroborated in vivo by the net release of arginine by
the jejunum in both pre and post weaning piglets (Wu et al., 1994a). However, not all enterocytes
present all the enzymes needed for arginine synthesis. Apical enterocytes express AS and ASL and
thus are able to make arginine from citrulline, while crypt and lower part of the villus epithelial
cells make citrulline from ornithine (De Jonge et al., 1998; Kohler ef al., 2008). The implication
for the localization of the different enzymes along the intestinal villi is that citrulline has to exit
the basal enterocyte where it is synthesized, enter the circulation, and later on be utilized by apical
enterocytes to synthesize arginine. This explains the presence of circulating citrulline seen in pre
weaning piglets (Flynn et al., 2000; Wilkinson et al., 2004) and human infants (Cavicchi et al.,
2009), with concentrations that do not differ from adult values.

Precursors for citrulline synthesis: enzymes involved in the synthesis of
citrulline and the supply of precursors

When discussing which precursors are utilized for the synthesis of citrulline, what we really mean
is what sources of ornithine are used for citrulline synthesis. Ornithine can be generated ‘de novo’
from proline and glutamate by action of ornithine amino transferase (OAT) or it can be “preformed’,
released by hydrolysis of arginine by arginase at the site of citrulline synthesis (Figure 1). In addition,
plasma ornithine can be imported by the enterocyte and utilized for the synthesis of citrulline.

Developmental changes in the enzymes that utilize proline and glutamine to produce glutamate
semialdehyde (GSA) have been described in the rat (Herzfeld et al., 1977). Proline oxidase activity
in the gut is present in rat pups, but disappears by two weeks of age (Herzfeld and Raper, 1976)
and is absent in adult animals (Kawabata et al., 1980). Piglets have shown variable or low levels
of proline oxidase activity during their first two months of life (Samuels et al., 1989; Wu, 1997).
The enzymatic activity of pyrrolidine-5-carboxylate (P5C) synthase in rodents increases during
the preweaning period, but falls to adult levels at around weaning (Riby et al., 1990; Yamada and
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Figure 1. Contribution of different pathways to the ornithine used for citrulline synthesis. De novo
synthesis of ornithine: Proline is oxidised by action of proline oxidase (1) to generate pyrrolidine-5-
carboxylate (P5C). P5C interconverts spontaneously with glutamate semialdehyde (GSA). Glutamine
is deamidated by action of glutaminase (2) and the resulting glutamate is converted into GSA by
pyrrolidine-5-carboxylate synthase (3). GSA is used by ornithine aminotransferase (OAT; 4) to
generate ornithine. Note that OAT is used for both synthesis and disposal of ornithine. Preformed
ornithine: ornithine is generated from the hydrolysis of arginine by arginase (5), or can be transported
from plasma. Ornithine is used for citrulline synthesis by action of ornithine transcarbamylase
(OTC; 6).

Wakabayashi, 1991). In piglets, PSC synthase activity was found soon after birth (Flynn and Wu,
1996), but continuously increased until 40 d of age (Samuels et al., 1989). P5C synthase undergoes
a tissue specific differential splicing; the short isoform present in the gut is inhibited by ornithine,
but the longer isoform found in multiple tissues is not (Hu et al., 1999).

OAT also undergoes developmental changes and its activity declines towards weaning (Herzfeld
and Raper, 1976; Riby et al., 1990). OAT is a bidirectional enzyme that catalyzes the synthesis and
disposal of ornithine (Markova et al., 2005; Figure 1). In adults, the catabolic route predominates
(McGivan et al., 1977) since the equilibrium strongly favours the formation of GSA (Smith et
al., 1967). It has been shown in vivo that OAT inhibition in adult mice (Alonso and Rubio, 1989;
Seiler et al., 1994) increased plasma ornithine concentration, whereas in suckling piglets OAT
inhibition decreased ornithine levels (Flynn and Wu, 1996). The inhibition of OAT in transgenic
mice results in a paradoxical neonatal hypo-ornithemia and hyper-ornithemia after weaning, which
mimics similar findings reported in humans with gyrate atrophy (Wang et al., 1995). Conversely,
the overexpression of OAT results in a decrease in the plasma concentration of ornithine in adult
mice (Ventura et al., 2009).

Two different arginase (ARG) isoforms, with different biochemical characteristics and tissue
distribution, have been identified (Reddi et al., 1975). These enzymes were shown to be the product of
two different, but related genes (see Cederbaum ez al., 2004). ARG I (liver type) is cytosolic and the
last step of the urea cycle which regenerates ornithine and releases urea. In contrast, ARG II (kidney
type) is present in the mitochondria and is involved in providing ornithine for polyamine and proline
synthesis (Cederbaum et al., 2004) and in regulating arginine availability for nitric oxide synthesis
(Topal et al., 2006). ARG 11 is present in enterocytes and thus has the potential to generate ornithine
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for citrulline synthesis at its site of production. However, ARG 1II is not expressed until a few days
before weaning (Herzfeld and Raper, 1976; Hurwitz and Kretchmer, 1986; De Jonge et al., 1998).

All these studies strongly support the notion that in the adult animal, OAT works towards the disposal
of ornithine and that it is unlikely that glutamine and proline are major contributors to citrulline
synthesis. In the neonate, however, it is likely that ‘de novo’ ornithine constitutes a major source of
the ornithine utilized for citrulline synthesis.

The uptake of plasma ornithine by the enterocyte, and the subsequent utilization for citrulline
synthesis, at first view seems redundant since the two different enzyme systems described above are
present in the mitochondria to produce ornithine. The mitochondrial ornithine transporter (ORNT1,
SLC25A15) has been found in the small intestine of humans and, after liver, is the tissue with the
highest expression (Fiermonte ez al., 2003; Nishimura and Naito, 2008). In mice, the expression
of ORNT1 shows developmental changes increasing early in life and then falling to adult levels at
weaning (Begum et al., 2002). In the liver, there is a preferential utilization of cytosolic ornithine for
citrulline synthesis (Cohen et al., 1987) and, because the same transporter is present in the enterocyte,
it is likely that a similar preference may take place in the gut.

In vitro studies

In vitro studies have shown that enterocytes were able to synthesize citrulline when glutamine, but
not ornithine or proline, was the sole substrate (Wu et al., 1994b). However, the addition of NH,Cl to
ornithine (Wu et al., 1994b) or glutamine to proline (Wu, 1997) was able to trigger an increase in the
synthesis of citrulline from ornithine and proline, respectively. Likewise, the addition of glutamine
increased the production of citrulline from arginine (Guihot et al., 1997). This interaction between
possible precursors for citrulline synthesis highlights the difficulty of providing the appropriate mix
of precursors and energy substrates to mimic the in vivo situation. This is especially true because
glutamine may act not only as a precursor for citrulline synthesis, but it is also an important respiratory
fuel for the small intestine (Windmueller and Spaeth, 1974). Additionally, glutamine also provides
glutamate, which can be used for the synthesis of N-acetylglutamate, and ammonia for the synthesis of
carbamylphosphate. Furthermore, the accumulation of glutamate in the medium during in vitro culture
of enterocytes (Watford, 1994; Wu et al., 1994b) might tilt the OAT balance towards the synthesis
of ornithine instead of its degradation (Smith et al., 1967), and thus not reflect in vivo metabolism.

Moreover, the isolation of enterocytes for in vitro studies results in the loss of the architecture of the
intestinal epithelium. The localization of the different enzymes of the urea cycle has been already
discussed and in addition it has been shown in rats that OAT is localized in villi, but not in the crypts
(Matsuzawa et al., 1994). This crypt-villus localization of enzyme activity adds an extra layer of
complexity to the already complex interorgan trafficking of intermediates for citrulline synthesis.

Ex vivo and in vivo studies

The central role of the small intestine in the metabolism of glutamine was firmly established by
the studies of Windmueller and Spaeth (1974) using isolated perfused small intestinal preparations.
Their work revealed that citrulline was one of the many compounds generated by the metabolism
of the gut. Since then, glutamine has been considered the main precursor for citrulline synthesis
(Fujita and Yanaga, 2007; Deutz, 2008) and tracer studies utilizing 2-'>N (amino) glutamine seem
to indicate that 60-80% of citrulline originates from glutamine (Boelens ef al., 2005; Boelens et al.,
2006; Ligthart-Melis et al., 2007; Ligthart-Melis et al., 2008).

The labeling of glutamine with 15N, however, does not follow the carbon skeleton of glutamine and
thus no precursor-product relationship can be established using this tracer (Marini et al., 2010b).
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Likewise, the incorporation of '*C from glutamine into citrulline (Windmueller and Spaeth, 1974) is
not proof that the carbon skeleton of glutamine is used to synthesize citrulline, since CO, generated
from the oxidation of glutamine, can be incorporated into the ureido group. In fact, it has been
shown that U-4C glutamate is incorporated into arginine in neonatal piglets (Murphy et al., 1996),
but [3,4] *H glutamate is not (Wilkinson et al., 2004). It is worthwhile to mention that Windmueller
and Spaeth (1974, 1981) explicitly pointed out that citrulline was an end product of glutamine
nitrogen metabolism.

Proline seems to be utilized for the synthesis of citrulline and arginine because proline ameliorates
arginine deficiency in neonatal piglets (Brunton et al., 1999). The first pass enteral utilization of
proline has been shown to be more efficient, since intragastric tracers result in a higher enrichment
of arginine than femoral (Murphy et al., 1996) or portal infused tracers (Bertolo et al., 2003).
Furthermore, the gut atrophy that results from parenteral nutrition, in combination with the reduced
uptake of plasma proline, could explain the low rate of plasma proline utilization for the synthesis
of arginine in piglets (Urschel et al., 2007a).

The production of ornithine from arginine is thought not to occur during the neonatal period due to
the reported lack of arginase activity in enterocytes (Wu, 1995). This has been confirmed in neonatal
piglets because, despite an extensive first pass enteral utilization of arginine (~40%), no labelled
urea was generated when an arginine tracer was infused intragastrically (Bertolo et al., 2003). In the
adult, however, a similar enteral utilization of arginine is accompanied by the release of urea and
ornithine, and the use of arginine for the synthesis of citrulline (Windmueller and Spaeth, 1976).

In both adults and neonates, arginine can generate ornithine in other tissues besides the gut and then
serve as precursor for citrulline (and arginine) synthesis. In fact this arginine-arginine cycle has
been reported in neonatal piglets (Urschel et al., 2005), humans (Beaumier et al., 1995) and mice
(Marini, 2010b,c) and accounts for up to 35% of the arginine flux when arginine is deficient in the
diet (Urschel et al., 2005). The utilization of plasma ornithine for citrulline synthesis accounts for
15-30% of the citrulline flux in adult humans (Castillo et al., 1994; Beaumier et al., 1995) and mice
(Marini et al., 2010a,c). Likewise, neonatal piglets have shown substantial utilization of plasma
ornithine for citrulline and arginine synthesis, as well as intragastrically infused ornithine (Bertolo
et al., 2003; Urschel et al., 2007¢). In fact, it has been shown that ornithine tracers are more readily
used for citrulline synthesis than proline tracers (Urschel et al., 2007b). Therefore, it seems that there
is a preferential utilization of ‘preformed’ rather than ‘de novo’ ornithine for citrulline synthesis.
The utilization of arginine for the synthesis of the ornithine used in citrulline synthesis seems to
be a futile cycle and it has no apparent purpose. It has been shown that citrulline synthesis can be
maintained exclusively utilizing endogenous precursors, since a 4 week deprivation of proline,
glutamine/glutamate and arginine did not reduce the rate of citrulline synthesis nor increased amino
acid oxidation (Tharakan et al., 2008). Which endogenous precursors for citrulline synthesis are
used in these conditions remains to be answered.

Since the discovery of citrulline and its functions as intermediate in the urea cycle and as precursor
for arginine synthesis, much knowledge has been accumulated on the different aspects of citrulline
metabolism. However, the integration of the processes involved at the whole animal and human
level has lagged behind. The absence of the intestinal-renal axis for arginine synthesis in neonates,
for instance, is based on the presence of the cytosolic enzymes of the urea cycle in the enterocyte.
That the kidney presents the same enzymes, albeit at a reduced activity than in adulthood, and that
circulating citrulline concentrations are not different than later in life has been ignored. Also, there
is no consensus in the literature regarding the precursors for citrulline synthesis. Part of the apparent
conflict resides in the fact that the in vitro data cannot be directly extrapolated to the whole organism.
Moreover, in vivo determinations should be considered carefully, since some tracer studies do not
take into account the incorporation of the label after tracer oxidation and thus no precursor-product
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can be established. More research is needed in order to integrate enzymatic expression and activity
of different tissues with the interorgan trafficking of precursor and urea cycle intermediates. Urea
cycle disorder patients and mouse transgenic models offer the possibility to study the impact of
specific enzyme deletions on the metabolism of citrulline in vivo. Furthermore, the advent of tissue
specific knockout mouse models further expands our ability to probe the role and contribution of
different tissues and cell types in the economy of citrulline and arginine.
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Abstract

The commercial availability of stable isotope (!3C, 19N, 2H)-labelled compounds and highly accurate
mass spectrometers has made it possible to probe the details of metabolic pathways involved in
macronutrient catabolism and neogenesis. This paper highlights aspects of animal nutrition and
metabolism in which uniformly 1*C-labelled [U-'3C] substrates and '3C-mass isotopomer distribution
approaches have been applied to investigations of amino acid and carbohydrate synthesis and
catabolism. We will focus on the application of [U-'3C] substrates as tracers in chickens, fish,
sheep, and cells in culture to quantify rates of macronutrient synthesis, identification of the sources
of dietary nutrients that serve as substrates for neogenesis of macronutrients, and investigations of
the interconnectivity of the pathways of macronutrient metabolism with those of the Krebs cycle to
preserve metabolic flexibility via anaplerotic and cataplerotic sequences.

Introduction

There are several areas of animal nutrition in which our understanding of the routes of macronutrient
metabolism and the general contributions these make to neogenesis of nutrients and energy generation
is vague at best. In recent years, highly accurate mass spectrometers and the commercial availability of
custom stable isotope (1*C, SN, 2H) molecules, in particular multiple-labelled species (e.g. [U-13C, ],
where 7 is the number of carbon atoms in the molecule), has made it possible to probe the details
and interconnectivity of metabolic pathways involved in macronutrient utilization and synthesis.
For years, the biological sciences have exploited the use of uniformly '3C-labelled substrates (e.g.
glucose, amino acids, fatty acids, nucleic acids) and mass spectrometric (MS) and nuclear magnetic
resonance (NMR) platforms to investigate pathway flux control (Berthold ez al., 1994; De Rosiers et
al., 1995; Hellerstein, 2003), gluconeogenesis (Lee et al., 1991), ketogenesis (Sunny et al., 2010),
lipogenesis (Hellerstein and Neese, 1992), and to assess the dietary essentiality of amino acids (AA)
(Berthold et al., 1991) and nucleic acids (Berthold et al., 1995), to highlight a few. While stable
isotopes have been employed in studies of farm animal metabolism for decades, most of what is
known about intermediary metabolism, and neogenesis and essentiality of dietary macronutrients
in farm animals, derives from relatively few studies, largely those from the late Peter Reeds and his
colleagues in their work with piglets (e.g. Reeds et al., 1996, 1997; Stoll et al., 1998, 1999; Wykes
et al., 1998) and a laying hen (Berthold et al., 1991, 1995).

This paper presents a brief overview of the use of stable isotopes and mass spectrometry, and provides
several examples of how these techniques can be applied in farm animals to quantify neogenesis
and utilization of macronutrients.

Overview of stable isotopes and mass spectrometry analyses
Gas or liquid chromatography MS and NMR (?H/!3C) are the most common experimental approaches
employed in investigations of pathway flux analysis. These approaches, when coupled with the

application of stable isotope tracers in whole animals, isolated perfused organ systems and cell
culture, have allowed researchers to dissect the dynamic processes underlying dietary organic nutrient
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metabolism, integration of associated metabolic networks and neogenesis of organic nutrients. Here,
we will discuss applications of MS analytics to organic nutrient metabolism in farm animals, which is
less expensive, requires less time, and offers excellent sensitivity compared to NMR techniques. For
applications of NMR techniques to intermediary metabolism the reader is directed to the following
papers (Jones et al., 2001; Jin et al., 2004).

A fundamental requirement in the application of stable isotopes and MS techniques is the knowledge
of the measurement and interpretation of stable isotope abundances in molecules. For further details,
the reader is directed to several excellent reviews on MS techniques (Hellerstein and Neese, 1999),
mathematical formalisms for resolving mass spectral data (Lee et al., 1991; Fernandez et al., 1996),
and application of stable isotopes and mass isotopomer distribution (MID) to metabolic and nutrition
research (Hellerstein and Neese, 1992; Berthold et al., 1994; Brunengraber ef al., 1997; Reeds et
al., 1997; Young and Ajami, 1999; Hellerstein, 2003).

The use of stable isotopes can provide rich metabolic information that differs from that of radioisotopes.
For example, quantification of radioisotopes is in terms of energy emitted from the loss of an electron
from the nucleus (i.e. isotopic decay), where the energy emitted is directly proportional to the number
of radioactive atoms ('4C, 3H, 33S) present per sample or molecule weight (i.e. specific activity).
Often, specific activity of a whole molecule (e.g. glucose, fatty acids) is determined, and this has
three particular disadvantages. First, the concentration of the molecule must be determined and the
compound must be isolated for radioactive counting. Both analytical techniques can introduce error
in measurement. Second, with '“C or 3H tracers, total molecule specific activity is usually measured.
For uniformly '“C-labelled substrates such as glucose and dispensible AA, the disadvantage is that
it is not possible to account for “C recycling back to the parent molecule. Chemical or enzymatic
cleavage approaches can be used to yield specific molecular portions of a molecule (e.g. glutamate,
Lee et al., 1996; glucose, Xu et al., 2004); however, these methods are labour intensive and for
some molecules (e.g. [U-'4C] glycerol) it may not be possible. Consequently, use of certain radio
labelled compounds may limit information on the flux and activity of metabolic pathways, and the
true synthetic rate of the nutrient. Lastly, application of radioisotopes in farm animals presents issues
of safety when handling radioactive compounds and in the costs of carcass and sample disposal.
By contrast, the stable isotopes (13¢, 2H, 5N, 180) commonly used in organic nutrient metabolism
studies are heavier by one or two atomic mass units, and this allows differentiation of molecules (and
fragment ions) containing one or more labelled atoms as determined by mass differences on an MS.

Once a sample is introduced into the MS system, ionized fragment ions derived from the analyte
are selectively sorted based on their mass-to-charge ratio and recorded. The crude ion abundances
are then normalized and corrected for the measured natural abundances (13C, 1.11%; 2H, 0.015%;
15N, 0.365%; 180, 0.204%; 34S, 4.22%)) of stable isotopes present in the original molecule and that
contributed by the derivative (if present in the fragment). In most studies of intermediary metabolism
and neogenesis of organic nutrients, the administered (intragastric, intravenous, orally or cell media
in vitro) tracer contains multiple-labelled atoms (e.g. ['*C ] glucose, [1*C,] glutamate, etc.) which,
upon metabolism, leads to the incorporation (synthesis) of 1°C-labelled carbon chains into metabolites
bearing one or more labelled atoms. Where the metabolite is a mixture of unlabelled and labelled
molecules, for example with plasma glucose (Figure 1) where 1, 2, 3 and 6 of the '2C (unlabelled)
atoms in glucose molecules have been replaced (enriched) with 13C, mathematical approaches are
required to correct (deconvolute) the measured elemental distribution of the stable isotope (Lee et
al., 1991; Fernandez et al., 1996). The '3C enrichment data are presented as moles of the isotopomer
(M+n) per 100 moles of tracee (M+0). For glucose, M+0 represents the unlabelled glucose and M+n
represents the '3C-containing isotopomer species of glucose (n = 1, 2, 3 and 6). Note that the mole
ratio representation is analogous to the specific activity formalism used for radioisotopes.
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Figure 1. 13C-Mass isotopomer distribution in plasma glucose and of hepatic Krebs cycle intermediates
in a sheep given a constant infusion (32 h) of ['3C, o/ glucose into the duodenum (Bequette and El-Kadi,
unpubl.). PC, pyruvate carboxylase; PDH, pyruvate dehydrogenase; PEPCK, phosphoenolpyruvate
carboxykinase (c, cytosolic; m, mitochondrial).

Apart from the widely used gas chromatography (GC)-MS platform, liquid chromatography based
MS and MS/MS platforms are now being increasingly used for detecting tracer enrichments (Sunny
et al.,2010) and also for mass profiling of metabolites (metabolomics; Millington et al., 1990; Bain
et al.,2009) including acylcarnitines, acylCoA and AA. Metabolic flux analysis in combination with
metabolomics also allows one to profile alterations in central pathways of glucose, AA and lipid
metabolism, which intersect at regular intervals and which often share molecular mediators. The
following sections provide examples where the isotopomer patterns resulting from stable isotope
based experiments provided metabolic information about organic nutrient utilization and neogenesis
of various nutrients.

Gluconeogenesis and glucose carbon utilization

In monogastric and ruminant animals, the dietary requirement for carbohydrates, primarily glucose,
is solely based on the metabolism of carbohydrates to generate energy. Thus, there is not a specified
dietary requirement for carbohydrates per se, other than as a source of energy. Despite this, there is an
obvious metabolic requirement for glucose which necessitates either the inclusion of glucose in the
diet or its synthesis de novo. To determine the dietary needs for glucose requires answers to several
related questions: (1) what is the contribution of dietary glucose to whole body glucose needs; (2)
what are the dietary precursors for gluconeogenesis, and (3) other than oxidation (energy), what are
the fates of dietary glucose carbon?
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Pathways of glucose metabolism have been extensively investigated in a variety of species utilizing
13C and 2H labelled tracers by various MS (Sunny et al., 2010) and NMR (Jones et al., 2001; Jin
et al., 2004) isotopomer analytical techniques. The atoms from tracer glucose traverse through
multiple pathways before returning as newly synthesized glucose, resulting in a unique metabolic
signature (isotopomer pattern) that contains rich information about glucose output, new glucose
synthesis and metabolism of glucose carbon through pathways of energy metabolism. The plasma
glucose '3C-mass isotopomer data in Table 1 highlights several advantages of using stable isotopes
as metabolic probes, and some caveats when interpreting !3C-mass isotopomer data. The data are
from a continuous duodenal infusion (32 h) of [13C6] glucose in a sheep, and measurement of plasma
glucose 13C-MID by GC-MS. Under the MS conditions that we measured glucose '3C-MID, the
MS measures differences in molecular mass only and so it is not possible in this case to determine
the position of the 13C label in the molecule. Under different derivatization and MS conditions
it is possible to determine the '3C enrichment of the triose molecules that contribute to glucose
synthesis (Neese ef al., 1995). In the example, there are 3 possible positional 13C-isotopomers for
the [M+1] and [M+2] glucose species, whereas for the [M+0], [M+3] and [M+6] glucose species
only one isotopomer exists where all carbons contain either '2C or 13C. However, the appearance
of plasma [M+6] glucose can only derive from the original [13C6] glucose tracer and the [M+1] to
[M+3] glucose species only arise from the recycling of glucose molecules, i.e. Cori and Krebs cycle
(Figure 1). During the recycling process, there is loss and exchange of 13C with 12C and dilution
of glucose molecules by unlabelled carbon sources (e.g. glycerol, AA) corresponding to ‘new’
glucose synthesis (i.e. gluconeogenesis), all of which has been estimated on the basis of several

Table 1. Molar tracer:tracee ratios and '3 C-enrichments of intestinal mucosa intracellular AA and
plasma glucose obtained from 5-day old chicks after 4 days of ad libitum consumption of a typical
starter diet containing [U-13C] algal protein (Sunny and Bequette, unpublished).?

Mass isotopomer tracer:tracee ratio Source of AA
[moles isotopomer per 100 moles tracee] [%]

M+1 M+2 M+3 M+4 M+5 M+6 Diet From Synthesis Synthesis
M+n3  diet* fromAAS from other®

Leucine 0.00 0.00 0.00 0.00 0.05 430 570 750 - -
Isoleucine 0.00 0.00 0.00 0.00 001 529 677 780 - -
Glutamine 1.84 1.09 041 0.01 0.70 - 391 239 357 46.4
Glutamate 147 0.89 053 000 0.52 - 346 201 372 42.7
Aspartate 053 049 0.15 179 - - 1025 232 6.3 70.5
Serine 1.50 140 142 - - - 6.83 278 279 443
Plasma glucose 1.96 0.54 0.16 0.00 0.00 0.00 0.00 - 2.6 -

! Values are the means of chicks hatched from small (55 g eggs, n=6) and large (70 g eggs, n=6) eggs. Differences
were not significant (P>0.05) between small and large eggs. On day 5 post-hatch, small egg chicks weighed 55.7 g
(£5.5) and large egg chicks weighed 71.4 g (+3.7).

2 The starter diet contained (as-fed): 78% ground corn, 13% casein, 2.1% [U-13C] algal protein, 3.5% soy oil, 0.25%
L-methionine, 0.1% L-lysine, 0.07% choline (60%) and a complete mineral and vitamin premix.

3 Isotope enrichment of the AA in the mixed diet, where 7 is the number of carbon atoms in the AA.

4 Values for Leucine and Isoleucine were calculated as: (100 x mucosal [M+n])/Diet [M-+n]. The dilution factor for
Leucine was used to correct other AA for dilution as: (1/0.75)(100 x mucosal [M+n])/Diet [M+n].

5 AA Synthesis from AA calculated as: % from Diet x ([M+1] + [M+2] x 2 + ... + [M+n-1] x (n-1)))/[M~+n] x n.
Glucose synthesis from AA calculated as: ([M+1] + [M+2] + [M+3])/([M+0] + [M+1] + [M+2] + [M+3]), where
[M+0] (unlabelled glucose) is 100.

6 Synthesis from other calculated as: (100 - % from Diet) minus % from AA.
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theoretical models (e.g. Lee et al., 1991; Landau et al., 1998; Katz and Tayek, 1999; Haymond and
Sunehag, 2000). Thus, it is possible to calculate Cori cycle flux (glucose carbon recycling) and
gluconeogenesis from non-glucose sources separately, with the remainder derived from glucose
absorption and glycogen breakdown.

In the study in sheep, we adopted the model of Haymond and Sunehag (2000) to quantify glucose
fluxes. Using this model, Cori cycling accounted for 26% (25 g/d), gluconeogenesis 49% (47 g/d)
and glucose from absorption and glycogen breakdown (if any) accounted for 25% (24 g/d) of
plasma glucose entry. Another advantage of using [13C6] glucose is that it can be used as a metabolic
probe to acquire simultaneous information on individual carbon fluxes through glycolysis and the
Krebs cycle (e.g. Pascual et al., 1998; Wykes et al., 1998) when combined with '3C-MID analysis
of downstream metabolites. The '3C-MID in Krebs cycle intermediates in the sheep liver (Figure
1) yielded '*C-MID patterns that were predictive of known biochemistry, and which confirmed
important features of ruminant liver metabolism. For example, glucose metabolism by the ruminant
liver made only minor contributions to the carbon fluxes through pyruvate carboxylase (4%) and
pyruvate dehydrogenase (7%), as would be expected (Armentano, 1992). Furthermore, it was notable
that there was considerable dilution of '3C between o-ketoglutarate and succinyl-CoA, representing
the contribution of unlabelled propionate and AA to the flux through succinyl-CoA, and thence their
contribution to gluconeogenesis.

We also applied these general principles to determine gluconeogenesis, glucose carbon recycling and
the proportion of AA derived from glucose in developing chicken embryos (Sunny et al., 2004; 2010).
At the time of lay, the egg contains very little preformed glucose (~250 mg), so it was not surprising
that we observed an abrupt, sustained increase in gluconeogenesis as embryonic development
advanced (embryonic day 12, 0.12 g/d; day 14, 0.58 g/d; day 16, 0.47 g/d; day 18, 0.43 g/d). This
higher glucose synthesis during development was accompanied by a higher flux through the Cori
cycle, which conserves 3-carbon precursors for gluconeogenesis and limits total oxygen demands.
It was notable that Cori cycling and gluconeogenesis were higher in embryos from small (51 g)
compared to typical size (65 g) eggs from day 12 to 16 of embryonic development, and when taken
together with the observation that blood concentrations of gluconeogenic AA (threonine, glutamine,
arginine, proline, isoleucine, and valine) were lower (25 to 48%) in the small egg embryos, suggests
that the small embryos diverted AA away from protein synthesis and towards gluconeogenesis.
Perhaps as a consequence, the reduced embryonic growth rate of the embryos from small eggs may
have been a consequence of partitioning greater supplies of AA toward gluconeogenesis.

Dispensable amino acid synthesis

In farm and commercial aquatic animals, the indispensable and dispensable AA have been clearly
identified. And, for the indispensable AA, their requirements have been determined empirically
from dose response and supplementation studies. However, the dietary pattern of indispensable AA
for various physiological stages (e.g. growth, lactation and egg laying) is similar, but not identical,
to the AA composition of the proteins (e.g. muscle, eggs and milk) being net synthesised (Fuller et
al., 1989; Murphy, 1994; Kim et al., 2001). This disparity largely relates to the AA requirement to
maintain critical functions and the need to maintain body protein equilibrium, both of which are not
well defined. By contrast, although it is known that the dispensable AA are needed in diets for normal
growth (Rose et al., 1948, Stucki and Harper, 1961), the dietary pattern of specific dispensable AA
for growth and other physiological processes is not known. In the absence of this information, diets
are not formulated with targets for dispensable AA, but rather that sufficient dietary (metabolic)
nitrogen is available to support their synthesis de novo.

In discussing the nutritional adequacy of dispensable AA and the capacity for their synthesis de
novo, it important to consider that nearly 100% of the dietary supplies of aspartate, glutamate, and
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glutamine are metabolized by the gastrointestinal tract (Windmueller and Spaeth, 1975, 1980; Stoll et
al., 1998, 1999). In consequence, the post-absorptive supplies of these AA for net protein deposition
and other functions must derive from synthesis de novo. For aspartate, its synthesis occurs solely
from the Krebs cycle intermediate oxaloacetate (Figure 1). Here, the source of new carbon skeletons
derives from glucose and other substrates (e.g. glycerol, alanine) that are metabolized via pyruvate
carboxylase or metabolism of certain indispensable AA (e.g. isoleucine, valine, threonine) prior to
oxaloacetate, but not beyond this point (e.g. acetyl-CoA). By contrast, glutamate and glutamine
can be synthesized from the Krebs cycle intermediate a-ketoglutarate or from catabolism of proline
or arginine. It is clear that, if dispensible AA are involved, this has implications for their dietary
requirement and the pattern of AA supply to meet the metabolic demand.

We will discuss several tracer approaches that have been used to determine the sources of carbon
for indispensable AA synthesis. Berthold et al. (1991) fed a diet containing [U-'3C] algal biomass
(protein, carbohydrates, and lipids) to a laying hen, collected eggs over the course of 27 d, and
harvested tissues from the hen at termination. Their results were in general agreement with the
categories of nutritionally indispensable and dispensable, except that all proline and 76% of cysteine
deposited in the hen tissues and in the egg had derived solely from the diet (i.e. fully conserved
carbon skeleton M+n), therefore behaving like an indispensable AA. By contrast, there was virtually
no fully 1*C-labelled (i.e. ['*C,] or [*C;]) aspartate, glutamate, and glutamine in the egg and hen
proteins, whereas lower molecular weight !3C-mass isotopomers (i.e. [M+1], [M+2], and [M+3])
were present. Therefore, 89 to 94% of these AA were synthesized de novo via operation of the Krebs
cycle and entry of '3C-labelled precursors derived from the dietary algal biomass. In this respect,
because the [U-13C] biomass contained both [U-13C] AA and [U-!3C] carbohydrate (primarily
glucose), the source of carbon for dispensable AA synthesis was equivocal.

To further identify the precursors for dispensable A A synthesis, we have taken a similar approach as
Berthold et al. (1991), except that [U-!3C] algal protein (AA), not the complete algal biomass, was
fed as a component of the starter diet of chicks from day 1 to 5 post-hatch. Thus, the appearance
of less than [M+#n] 13C-mass isotopomers in a dispensable AA would be clear demonstration of de
novo synthesis from catabolism of dietary AA. After 4 days of feeding the [U-13C] algal protein,
the [M+n] '3C enrichment of indispensable AA had not attained the same level of enrichment as
the dietary protein-AA, i.e. dilution from unlabelled AA in tissue proteins (Table 1). However,
for the indispensable AA leucine, isoleucine and lysine (not shown), the extent of dilution in the
intestinal mucosa and plasma free pools, and in tissue protein bound pools (intestines, liver and
plasma proteins) was similar. Therefore, the factor for leucine (0.75) was used to adjust each of the
dispensable AA for this dilution.

There are several observations we wish to highlight. Firstly, note that for leucine and isoleucine
(and other indispensable AA), there was no appearance of lower molecular weight '3C-mass
isotopomers, other than low enrichment of the [M+(#n-1)] isotopomer, which appears because
the [U-13C] algal protein is not fully enriched at [M+n] (93% [M+n], 6% [M+(n-1)], and 1%
[M=+0]). Appearance of only the [M+n] '3C-isotopomer confirms the classification of these AA as
indispensable, and furthermore that no lower mass !3C-isotopomers appeared indicates that these
AA were not synthesized by bacteria in the intestinal lumen of the chicks, at least not from dietary
AA. Indeed, for all the biochemically indispensible AA we measured (lysine, arginine, valine), the
same labeling patterns were observed.

Second, we estimated that the diet contributed only 20 to 28% of glutamine, glutamate, aspartate
and serine in the intestinal mucosa intracellular pool, the remainder synthesized de novo. And,
because appearance of the lower molecular weight !3C-isotopomers in these AA can only arise
from de novo synthesis from dietary 13C-labelled AA, we estimated that a considerable proportion
of glutamine (36%), glutamate (37%), and serine (28%) was synthesized from dietary AA and the
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remainder from other sources (e.g. glucose). For aspartate, however, only 6% was synthesized from
dietary AA with the majority from other sources. Clearly, it is not possible to determine which AA
had been catabolized for synthesis of an indispensable AA. For example, it cannot be ruled out
that metabolism of [M+5] proline and [M+6] arginine led to the synthesis of [M+5] glutamate and
glutamine, in which case we have underestimated de novo synthesis. Similarly, de novo synthesis
of aspartate would also be underestimated if there was catabolism of [M+4] asparagine and other
AA metabolized in the Krebs cycle prior to oxaloacetate. What is clear, however, is that AA that are
catabolized for entry into the Krebs cycle between succinyl-CoA and oxaloacetate (Figure 2) did
not contribute to glutamate and glutamine synthesis, otherwise there would have been appearance
of [M+4] glutamate and glutamine.

Lastly, [M+1] to [M+3] isotopomers were detected in plasma glucose. Again, these isotopomers
can only originate from metabolism of dietary !3C-labelled AA. Based on the mole sum of
13C-isotopomers and the mole sum of glucose molecules, we estimated that <3% of glucose entry
derived via gluconeogenesis from dietary AA. At most, this value is probably underestimated by
a factor of 2, due to loss and exchange of 13C with '2C in the Krebs cycle (Katz and Tayek, 1999).
The results suggest that the majority of glucose entry in the chick arises from glucose absorption
and glucose carbon recycling (Cori cycle), which is consistent with our estimates in 2-day old chicks
(Bequette et al., 2006).

An alternative approach to determine dietary essentiality of AA is based on the use of [13C6] glucose
whose subsequent metabolism may lead to appearance of ['3C] isotopomers in dispensable AA via
cataplerotic sequences of the Krebs cycle; that is, an inside-out approach. This technique has been
employed to good effect in human infant studies (Jaksic et al., 1994; Miller et al., 1995), and we
have also applied the approach in studies with post-hatch chicks (Sunny et al., 2004) and hybrid
striped bass (Morone saxatilis) fed [13C6] glucose (Bequette et al., 2005). The comparison between
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Figure 2. Diagram representing anaplerotic (solid lines and shapes) and cataplerotic (dashed
lines and shapes) sequences connecting the Krebs cycle to gluconeogenesis, fatty acid metabolism,
and dispensible AA synthesis. Some sequences can serve both anaplerotic and cataplerotic roles,
thus linked metabolites (bold) can be catabolized or synthesized. o-KG, a-ketoglutarate; OAA,
oxaloacetate; PEP, phosphoenolpyruvate.
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the omnivorous chick and the carnivorous fish provides a striking demonstration of the different
metabolic strategies these species utilize for AA synthesis, and the sources of substrates and pathways
of metabolism they employ for neogenesis of organic nutrients. For all the dispensable AA, there
was significant enrichment of the [M+3] isotopomer, which only occurs via operation of the pathway
[M+3] or [M+6] glucose ® [M+3] glycerate 3-phosphate ® [M+3] pyruvate ® [M+3] oxaloacetate
® [M+3] a-ketoglutarate ® [M+3] pyrroline-5-carboxylate. In the chicks, which were fed a 65%
dextrose diet, very little of serine, aspartate and asparagine had apparently been synthesized in the
body from dietary glucose. In contrast, 36% of glutamate and 43% of glutamine had been synthesized
from dietary glucose carbon, values similar to the contribution of ‘other sources’ we estimated using
the [U-13C] algal protein approach. It is notable that 23% of proline was synthesized from glucose,
a result that is somewhat surprising given that several studies indicate that proline synthesis from
glutamate (via o-ketoglutarate) occurs to a limited extent (Graber and Baker, 1973; Wu et al., 1995).

The fish results were in contrast to those of the chick. In the hybrid striped bass (20% dietary dextrin),
glucose contributed to only 1 to 6% of aspartate and glutamate synthesis, and there was no synthesis
of proline from glucose carbon. Even though as much as 30% of these AA derived from dietary
protein, most (64%) of the supply of carbon skeletons for synthesis of these AA derived from other
AA, primarily those entering the Krebs cycle prior to oxaloacetate.

Intermediary metabolism: sources of substrates in the Krebs cycle

Two questions central to our understanding of macronutrient synthesis and, relatedly, the basis of
dietary energy requirements: (1) What are the pathways that substrates follow? and (2) What are the
contributions these substrates make to the flux through central pathways of metabolism? Our group
has focused on the gastrointestinal tract, and the metabolic flexibility these tissues possess when
substrate supply is varied, particularly in ruminant species where the type and supply of substrates
differs from monogastric species. A universal observation has been that a considerable portion of the
net removal of AA and glucose by the intestinal tissues involves complete and (or) partial catabolism
(Windmueller and Spaeth, 1975, 1980; Stoll ez al., 1998; 1999). And, while it has been shown that
AA and glucose account for the majority of the CO, produced by the gut tissues, it remains unclear
how the catabolism of such a varied array of carbon skeletons is coordinated and maintained. For
example, complete oxidation in the Krebs cycle necessitates terminal entry of substrates via acetyl-
CoA from the pyruvate pool, a process that can only be maintained by balancing substrate flows
through anaplerotic and cataplerotic sequences. Both '3 C-NMR (Chatham et al., 2003) and GC-MS
(Khairallah et al., 2004; Vincent et al., 2004) coupled with stable isotope tracer approaches have
been employed to quantify Krebs cycle intermediary metabolite fluxes.

In studies with isolated rumen epithelial and duodenal mucosal cells, we used [U-!3C] substrates
at physiological concentrations and 13C-MID analysis of Krebs Cycle intermediates to determine
the relative contributions of substrates to anaplerotic fluxes. The advantage of [U-'3C] tracers over
14C-tracers is that the metabolism of the [U-!13C] substrates to end-product flux (or synthesis) can
be demonstrated unequivocally by detection of the [U-13C] end-product by GC-MS. For example,
when we incubated isolated cells in media containing [13C6] glucose, this lead to the synthesis of
[M+3] pyruvate, and thence [M+3] lactate, both labelled forms of which could only arise from direct
metabolism [13C6] glucose (El-Kadi et al., 2009). Furthermore, catabolism of this [M+3] pyruvate
in the Krebs Cycle can lead to !3C-labelling of Krebs cycle intermediates, in particular [M+2] and
[M+3] a-ketoglutarate (Figure 1). Here, [M+3] a-ketoglutarate can only arise from metabolism of
glucose via oxaloacetate whereas [M+2] a-ketoglutarate arises mainly from metabolism of glucose
via acetyl-CoA. However, in our cell incubations, while glucose metabolism accounted for 5 to
30% of pyruvate and lactate fluxes, there was no appreciable entry of glucose carbon into the Krebs
cycle. Rather, glutamate, but not glutamine, was the largest contributor to Krebs cycle intermediate
fluxes, with glutamate accounting for as much as 63% of the carbon flux through a-ketoglutarate,
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a key anaplerotic sequence. Of particular note, when [3C;] glutamate was the tracer, there was
significant appearance of [M+1] to [M+4] !3C-isotopomers in all Krebs cycle intermediates, whereas
metabolism of other [U-13C] substrates (acetate, propionate, leucine, valine, glutamine and glucose)
resulted in only negligible enrichment of the lower molecular weight !3C-isotopomers. This led us
to conclude, as did Windmueller and Spaeth (1975, 1980), that glutamate is the major anaplerotic
substrate metabolized by the Krebs cycle of rumen epithelia and intestinal mucosal cells. In contrast,
metabolism of glucose to lactate occurs to generate some energy and cytosolic NADH, and to allow
3-carbon skeleton recycling to maintain hepatic gluconeogenesis. That the other substrates did not
lead to appreciable entry into the Krebs cycle, in particular via acetyl-CoA, was unexpected. However,
we should note that the isolated cells derived from the luminal aspect of the gastrointestinal tract,
and therefore metabolism by the cells on the serosal aspect of the gut tissues was not included.
Indeed, there are several substrates (e.g. glutamine and glucose; Stoll et al., 1999) whose removal
and oxidation by the gastrointestinal tract occurs predominantly from the arterial circulation.

Conclusion

Empirical approaches (e.g. feed to tissue conversion, dose titration responses) have been invaluable
as the basis for establishing most dietary macronutrient requirements, with particular emphasis on
indispensible nutrients. However, empirical approaches do not directly address questions related to
the adequacy with which dietary macronutrients support metabolic requirements. Yet, knowledge of
rates of organic nutrient catabolism and neogenesis is necessary if the metabolic needs of the animal
are to be converted into dietary requirements, hence improving our ability to formulate diets that the
animal utilizes most efficiently. Stable isotopes and various MS based protocols are now available to
animal scientists to probe multiple central metabolic pathways during different physiological phases.
Exploitation of these approaches in animal sciences offers endless opportunities to provide missing
details of the biochemical networks of macronutrient metabolism, thus providing dense information
about dietary nutrient requirements. We have provided examples of the types of metabolic information
that can be derived when multiple-labelled stable isotope tracers and '3C-MID techniques are applied
to questions related to the nutritional and metabolic essentiality of macronutrients and neogenesis. In
doing so, we also hope to encourage more widespread application of these techniques in the animal
sciences, in particular because it is becoming more evident that regulation of cellular metabolism
cannot be fully explained based on regulation of molecular mediators and gene function.
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Introduction

Current feeding recommendations specify that pregnant sows be fed a fixed diet through pregnancy.
Growth of the placenta declines as pregnancy advances and foetal weight linearly increases after
day 70 of gestation (McPherson et al., 2004). Development of the mammary gland occurs very late
in gestation, close to parturition (Kim ez al., 1999). The relative contribution to dietary amino acid
requirements by the products of conception clearly changes during gestation. Thus, a fixed diet
during the entire pregnancy seems illogical. Therefore, objective of this study was to determine
the lysine requirement of a population of 2" and 3 parity sows in early (day 24-45) and late (day
86-110) gestation.

Material and methods
Animals, diets, housing, and feeding

Hypor Hybrid (Hypor Inc) sows, pregnant after their first (n=4) or second (n=3) litters (185.749.6 kg
BW) were adapted to individual lysine intakes. Three semi-synthetic diets (14.0 MJ ME/kg) based
on corn with added amino acids were formulated and mixed to produce a base diet (60% of NRC
(1998) requirement) and summit diets for early- and late-gestation (150% and 185% of NRC (1998)
requirement, respectively). Each sow received 6 different test diets, in random order, from 60 to
150% of the requirement suggested by NRC (1998) in early- and from 60 to 185% of the requirement
suggested by NRC (1998) in late-gestation. Sows were housed individually and fed one-half of their
daily feed allowance twice daily, except on study days, when they received 11 meals equivalent to
1/26™ of their daily ration every 30 minutes during the 5.5 hour total study period (Moehn et al.,
2004). Comparability of this protocol to once daily feeding was previously verified. Individual feed
allowances were determined based on body weight and P2 backfat depth at breeding. Phenylalanine,
equivalent to the isotope dose, was mixed into individual batches and fed for adaptation periods
between study days. Nipple drinkers provided free access to water.

Indirect calorimetry, isotope infusion, and sample collection

After adaptation to each diet, sows were individually housed in respiration chambers for the
measurement of indicator amino acid oxidation during a primed, constant infusion of L-[1-13C]
phenylalanine and, simultaneously, heat production (HP) over 4 h. The gas exchange was recorded
for O,, CO,, and CH, (Brouwer, 1965) in 1 min intervals. Expired CO, and blood plasma were
collected in 30 min intervals for determination of '3C enrichment.

Statistics

Statistical analysis was performed using mixed procedure and breakpoint analysis was performed
using the non-linear procedure in SAS version 9.1 (SAS Inst. Inc., Cary, NC). The classification
variable was lysine intake and individual animals were treated as random variables. Model statements
were tested using the Kenward-Roger degrees of freedom method. Least square means were compared
using the ‘pdiff” option. Data are presented as means = SEM. Values were considered significant
at P<0.05.
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Results and discussion

The average number of piglets born alive was 13.7+1.9, but ranged from 4 to 20. The average piglet
birth weight was 1.5+0.1 kg. Sows gained 600 g/d from breeding and weighed 258.8+8.3 kg at
parturition. Actual dietary lysine intakes ranged from 7.5 to 19.3 g/d in early- and 8.1 to 23.7 g/d in
late-gestation. Breakpoint analysis of phenylalanine oxidation indicated that the lysine requirement of
2" parity sows was 13.1 g/d and 18.7 g/d in early and late gestation, respectively. For 3 parity sows,
the dietary lysine requirement was 8.2 g/d and 13.0 g/d for early- and late-gestation, respectively.
Similar breakpoints were calculated using HP as the dependent variable. The dietary requirements
for lysine in early- and late-gestation are greater than previously reported by NRC (1998) and are
similar to values reported by Srichana (2006) and GfE (2008). Phase feeding at least two diets
would improve productivity by more correctly providing the necessary nutrients for the growth of
the placenta, the piglets, and the mammary gland. Ultimately, phase feeding would provide positive
economic returns by reducing feed cost and maximizing lifetime productivity of the sows.
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The metabolic availability of threonine in corn and barley in pregnant
sows

C.L. Levesque, S. Moehn, P.B. Pencharz and R.O. Ball
Swine Research and Technology Centre, University of Alberta, Edmonton, AB, Canada

Introduction

Correct estimates of the availability of amino acids (AA) in feedstuffs are important to ensure
dietary supply of AA meets the needs of the animal. Recent evidence suggests that digestibility
of AA in feedstuffs is greater in gestating sows than growing pigs (Stein et al., 2001); however,
published digestibility coefficients for feed ingredients are based on growing pig data. Ileal amino
acid digestibility of feedstuffs is a measure of amino acid disappearance from the gut and does not
account for the true metabolic utilization of absorbed AA. Metabolic availability (MA) reflects the
proportion of dietary AA used for protein synthesis and includes all amino acid losses that occur
during digestion, absorption and metabolic utilization (Moehn et al., 2005). It is hypothesized that
the availability of AA in feedstuffs will be greater in sows than growing pigs.

Materials and methods

Eight 2™ parity sows ([1-13C] phenylalanine) were used to determine the MA of THR in corn and
barley based on the indicator amino acid oxidation method. A paired study was conducted using
eight growing pigs ([1-'*C] phenylalanine) to allow direct comparison of determined MA values to
published ileal digestibility values. A base reference diet was formulated at 50% of the respective daily
THR requirement for sows and growers. Crystalline THR was used to create 3 additional reference
diets set at 60, 70 and 80% of requirement. All other nutrients were set at 120% of requirement. Test
ingredient diets were formulated to supply THR at 80% of requirement.

The trial consisted of 6 consecutive periods (3 d of adaptation + 1 d of expired CO, and plasma
collection). On collection day, tracer phenylalanine was given orally in 8 /2-hourly meals and expired
[1]-labelled CO, was quantified. Data was analyzed using the Proc Mixed procedure in SAS (2001)
where nesting THR intake within type of THR addition (e.g. free THR or THR in corn or barley)
gave the change (slope) in PHE oxidation per g of THR for each type of THR addition. The MA of
THR in corn and barley was calculated by dividing the slope for THR from the respective feedstuff
by the slope for free THR.

Results and discussion

There was a linear response to increasing THR from free THR and THR in feedstuffs (Figure 1).
The MA of THR in corn and barley in sows was 88.0 and 89.3%, respectively (Table 1). The MA
of THR in corn in growing pigs was 82.2% (data not shown), similar to the published true ileal
digestibility of THR in corn (82.0%). Metabolic availability is therefore, a reliable estimate of the
true availability of AA in feedstuffs. Pregnant mature animals have a greater capacity to digest and
utilize AA in common feedstuffs than growing animals. Diets formulated for gestating sows using
published digestibility coefficients underestimate available AA.
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Figure 1. Oxidation of indicator amino acid in response to changes in threonine intake above that
provided in the base diet in gestating sows. Regression lines show the response from free threonine
compared to threonine provided by the feedstuff.

Table 1. The metabolic availability of threonine in corn and barley in gestating sows based on
indicator amino acid oxidation’.

Item Threonine intake Indicator oxidation Oxidation response®  Metabolic
above base diet? % of dose % of dose per g THR  availability
g/d intake %

THR-50% 0.00+0.05 23.843.6

THR-60% 0.82+0.02 21.4+2.0

THR-70% 1.61+0.04 21.2+£3.7

THR-80% 2.49+0.06 19.4+3.2 -1.59+0.53 100.0*

Corn 2.47+0.06 21.6+1.4 -1.40+0.62 88.0°

Barley 2.47+0.06 20.8+2.2 -1.4240.81 89.3

! Values are means + SEM, n=6.

2 Base diet provided THR at 50% of the THR requirement in early gestation as determined by Levesque et al., 2010
(2.5 g/d). Equivalent to ~20% of NRC, 1998 dietary THR requirement for sows in gestation.

3 Change of indicator oxidation (% of dose) per g additional THR intake. Estimated from mixed model analysis.

4 Susenbeth ef al., 2001.

5 Oxidation response for corn (or barley) divided by oxidation response for free THR.

References

Moehn, S., R.F.P. Bertolo, P.B. Pencharz and R.O. Ball, 2005. Development of the indicator amino acid technique to
determine the availability of amino acids from dietary protein in pigs. J. Nutr. 135, 2866-2870.

Levesque, C.L., S. Moehn, P.B. Pencharz and R.O. Ball. 2010. The requirement for threonine in early and late gestation
in sows. Advances in Pork Production, Proc. Banff Pork Seminar 2010, Vol 21. Abstract # 4.

SAS, 2001, Release 8.03 SAS inst. Inc., Gary, NC, USA.

Susenbeth, A., A. Agunbiade and J. Dohms, 2001 Bioavailability of lysine of several protein sources determined by
the slope-ratio assay in pigs. In: Fevrier, C., Aumaitre, A., Habe, F., Vares, T., Zjalic, M. (eds.). Protein Feed for
Animal Production. EAAP Technical Series 2001: 133-137.

114 Energy and protein metabolism and nutrition



Titration studies to determine amino acid requirements of individual
growing pigs
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Introduction

Traditionally, methods for determining amino acid requirements are based on studies in large groups
of pigs and estimate the mean requirement of a population. The last decade, new titration approaches
for individual pigs have been developed and tested (e.g. the indicator amino acid technique; Pencharz
and Ball, 2003). This technique requires the determination of changes in 13C excretion in breath
and/or changes in '3C enrichment of plasma amino acids in frequently fed pigs. The sensitivity and
applicability of this technique depends a.o. on the length of the titration steps. A shorter step-length
is desirable, but absence of the effect of titration step-length on optimal amino acid intakes has not
yet been convincingly demonstrated. This can be tested by reversing the direction of the titration in
time and by comparing the estimates in individual pigs with a standardized contrast in amino acid
requirement. In this paper, a simplified version of the titration technique is tested in two separate
experiments, involving measurement of urinary N excretion in meal-fed pigs.

Materials and methods

In Experiment 1, fourteen pigs (initial body weight 27.1+0.2 kg) were assigned to either an increasing
or a decreasing lysine supply, with lysine concentrations ranging between 4.7 and 14.0 g/kg in seven
equidistant steps at a restricted feed intake of 2.5% the estimated ME requirements for maintenance
(ME,). Each step was applied for a period of 4 d. In Exp. 2, twenty pigs (24.2+0.4 kg) were assigned
to alow (LE) or a high level (HE) of energy intake. LE was designed at 2.2x ME_, HE pigs received
an additional amount of energy from starch of 0.5% ME_ . A decreasing lysine titration strategy was
applied, with lysine concentrations ranging between 4.5 and 15.9 g/kg in nine equidistant steps of 3
d each. In both experiments total (24 h) urinary N excretion was determined for the last two days of
each titration step. For each animal, N excretion in urine was expressed as percentage of N intake.
This percentage, reflecting inefficiency of protein utilization, was related to lysine intake using a
linear-plateau model. Subsequently, parameter estimates were related to analysis of variance, with
titration strategy (Experiment 1) or energy intake level (Experiment 2) as fixed effects.

Results and discussion

In both experiments, a linear-plateau model provided a better (P<0.05) fit of data compared with a
linear model (Experiment 1: 11 of the 14 pigs; Experiment 2: 16 of the 20 pigs). In Experiment 1,
the increasing and decreasing titration strategy resulted in an estimated lysine requirement of 11.4
g/kgand 10.1 g/kg (P<0.01) respectively, with N excretion in urine at plateau being lower (P<0.01)
for the increasing than for the decreasing strategy (23.1% vs. 25.1%; Table 1).

In Experiment 2, an increased energy intake in the form of starch resulted in an increased lysine
intake at the point of inflection (14.7 vs. 12.0 g/d; P<0.001) and a lower N excretion in urine at
the HE treatment (21.6 vs. 30.1% of N intake, P<0.001). In the lysine limiting phase, the rate of
decrease in N excretion in urine was not affected by energy intake (Figure 1).

The different responses between titration strategies in Experiment 1 indicate variation in the rate
of adaptation of metabolic processes triggered by changes in amino acid imbalance (e.g. protein
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Table 1. Parameter estimates for the linear-plateau model, fitted for the effect of dietary lysine
content on N excretion in urine (as % of N intake) at increasing vs. decreasing titration strategies
(Experiment 1).

Parameter Treatment P-value treatment
Increasing titration Decreasing titration
A 60.0£1.3 58.6+1.3 0.464
B -3.19+0.17 -3.33+0.17 0.563
C 11.4+0.3 10.1£0.2 0.004
Plateau 23.1+0.4 25.1£0.4 0.005
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Figure 1. Effect of lysine intake on N excretion in urine (as % of N intake) in growing pigs at low
vs. high energy intakes (Experiment 1).

turnover, amino acid oxidation, urea synthesis). The increased inflection point with increasing energy
intake from starch (Experiment 2) confirms the generally adopted concept that protein deposition,
and thus lysine requirement, increases with energy intake (Bikker ez al., 1994). The results of both
experiments suggest that this within-animal titration technique is sensitive for determining the
requirement of a rate limiting amino acid for growth in individual pigs. Potential applications of this
technique include the quantification of effects of various factors, such as health status and genotype,
on changes in amino acid requirements of individual pigs.
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Glucose uptake and endogenous glucose production in neonatal calves
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Introduction

Glucose is a major energy source for neonates (Battaglia and Meschia, 1978). Glucose is supplied
via glycogenolysis and gluconeogenesis (GNG), in total termed endogenous glucose production
(eGP), and by lactose breakdown after milk intake. After birth newborn calves have to adapt from
continuous parenteral delivery via placenta to oral glucose absorption and eGP. Previous studies
indicate that colostrum with its high concentration of bioactive components may improve glucose
status in neonatal calves by promoting oral glucose uptake as well as eGP (Hammon and Blum,
1997; Hammon et al., 2003).

The aim of the study was to determine feeding effects on oral glucose absorption and eGP in neonatal
calves fed either colostrum or a milk-based formula with the same nutrient, esp. lactose content as
colostrum, but much less bioactive components.

Material and methods

Fourteen neonatal male German Holstein calves were fed either colostrum (C) or formula (F) for
4 days. Composition of colostrum and formula milk were in accordance with previous studies
(Hammon et al., 2003; Scheuer ef al., 2006). Calves were fed twice daily at 8% of body weight
(BW) on day 1 and at 10% of BW from day 2 to 4. The morning meal on day 2 was divided in 10
half-hourly portions. During the interval feeding 5.7 pmol/kg BW [U-!3C]-glucose was added
to the milk portions to measure the rate of appearance of intragastric [U- 13C6] glucose (Ra; )
Simultaneously, calves received a primed intravenous infusion of [6.6- ZHz] glucose (prime: 9 9
umol/kg BW; infusion: 15.3 umol/kg BW x h) for 5 h, which started 5 min before first feeding to
estimate glucose turnover (Ra,, ). The first pass glucose uptake (FPU, ) was calculated as follows:
FPUgc = (Ra - Ra; )/ Ra,,. To ensure complete uptake of milk diets and oral tracer in some cases
tube feeding was necessary. On day 3 GNG was determined by administration of deuterated water.
After 16 h without food calves received two oral boli of 2H 0(70%, 10 g/ kg BW per bolus) within 4
h. Fractional GNG was estimated by deuterium enrichments on position C5 related to enrichment on
position C2 measured in glucose derivates (Junghans et al., 2010). Glucose turnover during fasting
(= eGP) was measured using a primed intravenous infusion of [U-13C6]-g1ucose (prime: 4.3 umol/
kg BW; infusion: 6.4 umol/kg BW X h) according to Junghans et al., (2010).

Blood samples were collected before and during tracer applications on day 2 and 3 to measure plasma
appearance of tracers as well as proportion of newly synthesized glucose and plasma concentrations
of glucose, NEFA, urea, insulin, glucagon and cortisol. Metabolites were analysed photometrically
and hormones by RIA (Hammon et al., 2003; Scheuer et al., 2006).

Data concerning plasma concentrations were analysed by the Mixed Model of SAS with feeding, time
of blood sampling and feeding x time interaction as fixed effects and individual calves as random
effects. Data related to stable isotope measurements were analysed by General Linear Model with
feeding as fixed effect. For analyses of FPU measurement the statistical model included the feeding
type and the type of milk application (voluntarily or by tube feeding).
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Results and discussion

As expected plasma glucose concentrations in the C group was increased on days 2 and 3 (P<0.05)
indicating an improved glucose status (Hammon and Blum, 1997). Plasma [U-‘3C6]-glucose
abundance was greater (P<0.05) in C than in F and was elevated when calves ingested milk
voluntarily. The FPU;, . tended to be higher (£<0.1) in F than in C and was elevated after tube
feeding. On the other hand, eGP as well as GNG during fasting on day 3 were not affected by diet,
which supports previous findings in calves (Scheuer et al., 2006). Improved glucose status in C was
most probably a result of elevated glucose absorption, but not of improved eGP after colostrum
feeding. On the other hand, higher FPU in F than C indicated that F calves metabolise more glucose
in the splanchnic tissues. Beside diet effects, tube feeding may additionally influence oral glucose
absorption due to milk flowing partly into the reticulorumen.

Plasma urea concentrations on day 2 and 3 as well as NEFA concentrations on day 2 were much
higher (P<0.05) in F than in C, indicating intensified fat and protein breakdown in F calves. Plasma
insulin concentrations were not affected by diet but plasma glucagon concentrations were higher
(P<0.05) on days 3 and 4 in F than in C. Plasma cortisol concentrations decreased (P<0.05) on day
2 with feeding in C but not in F calves. Therefore, endocrine changes support intensified fat and
protein breakdown, but did not stimulate eGP in F calves.

In conclusion, our data indicate an improved glucose status in C calves that result primarily from
enhanced oral glucose absorption rather than colostrum effects on eGP. In addition, metabolic and
endocrine changes pointed at an elevated fat and protein breakdown in F calves, obviously to provide
alternative substrates to meet energy requirements and to compensate for impaired glucose absorption.
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Introduction

The knowledge of energy requirements in domestic dogs is very limited, and there are several factors
that influence their energy demands. Thus, to provide accurate estimates of nutritional requirements
and to formulate appropriate guidelines about how to feed dogs, it appears essential to determine the
true rate of energy expenditure (EE) in a reliable and feasible way during dogs’ daily life, illness,
routine jobs or sporting activities, in order to ensure optimal health and performance. To assess EE,
previous studies (Junghans et al., 2008) indicate that the completely non-invasive '*C-bicarbonate
tracer ('13C-BT) technique (i.e. oral administration of NaH13CO3 and samples of breath) may provide
correct results, and thus, is an appropriate method for studies with dogs. In the present experiment,
the non-invasive 13C-BT technique was used for estimation of CO, production (RCO,) and EE in
dogs during rest and physical activity.

Material and methods

RCO, and EE were estimated from the 13C kinetics of exhaled breath CO, in six dogs of varying
breed, age and body weight, after oral administration of (5 mg/kg BW) NaH13CO3. Breath was
collected into breath bags by using a mask with a two-way non-rebreathing valve system at -5, 5, 10,
20, 30, 40, 60, 90, 120, 180, 360, 540 and 720 minutes after tracer administration. The measurements
were conducted in two periods, the first comprising two days of rest indoors (room temperatures
between 18-20 °C), and the second three days with three hours of exercise outdoors per day. The
measurements were scattered over five months, where outdoor temperatures at the different times
of measurement varied between 8-20 °C.

The ratio '3C/12C in collected breath samples was measured by means of an IRIS infrared analyser.
The RCO, was estimated from the 13C data using the following equation (Elia ef al., 1991):

RCO,=(D/AUC) x RF )
where D is the tracer dose administrated, AUC is the area under the 13CO2 enrichment-time curve,
and RF is the fractional '3C recovery in breath CO,. Energy expenditure was then calculated as
follows (Junghans et al., 2008):

EE (kJ/xd) =4.96 x RCO, + 16.07 x (RCO, / RQ) 2)
where RCO, is the estimated CO, production in litres per day (I/d) and the value of the respiratory

quotient (RQ) was assumed to be in accordance with the food quotients (FQ), estimated from the diets
of the dogs. The statistical analyses were carried out according to the GLM procedure (SAS, 1989).
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Results and discussion

Estimated EE was 483+147 and 1041336 kJxkg%-7%/d for the six dogs during periods of rest and
exercise, respectively. There were significant differences in both RCO, and EE between periods
(P<0.001), and between dogs within periods (P<0.001) (Table 1).

Variation in EE between the dogs was assumed mainly to be due to individual differences. Related to
individual body weight, age and differences in work load during exercise, the results are considered to
be reliable and in good agreement with other findings regarding EE in dogs under similar conditions.
However, reports from studies on EE in dogs have given fairly varying results (Ballevre ef al.,
1994; Burger, 1994; Poteau et al., 2002; NRC, 2006), which most likely depends on differences
in experimental conditions and methods, as well as the individual differences between the dogs.

In conclusion, it seems possible to use the '3C-BT technique as a minimal restrictive and non-
invasive method to obtain reliable estimates of EE in dogs at different activity levels under near
natural conditions. However, the accuracy of the estimates depends on the estimates used for the 13C
recovery factor (RF) and the respiratory quotient (RQ) in the calculations, and thus, the technique
needs to be further standardized and validated.

Table 1. CO, production (RCO,, l/d) and energy expenditure (EE; kJ xkg0-73/d) in the six dogs
during two days of rest and during three days with three hours of exercise per day.

Dog no.
1 2 3 4 5 6
Age, (years) 12 5 9 3 1.5 6.5
BW, (kg) 24 24 33 30 11.6 11.8
RCO,, (I/d)
Rest 148 184 237 337 186 111
Exercise 284 371 655 758 355 223
EE, (kIxkg0-73/d)
Rest 326 405 432 666 664 405
Exercise 613 823 1193 1496 1306 823
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Introduction

Ruminant methane (CH,) production has for long been in focus by nutritionists. Five to ten percent
of the feed gross energy disappears in the air as methane. It is obvious that prevention of this loss of
energy by total oxidation in the metabolism of the carbon to CO, or by deposition of the carbon in
gain or milk would improve the energy efficiency of milk and beef production. Lately, the importance
of the ruminant methane production for the global environment has been highlighted and efforts
to quantify and reduce the ruminant methane production have been increased. Experiments with
respiration chambers are expensive and time consuming and therefore, other methods for individual
measurements of methane production have been developed. The most widely used is the SF, method.
This method has shown to give reasonable results, but with large variation (Pinares-Patino and
Clark, 2008). Moreover, the SF is a strong greenhouse gas and its use has been banned in several
countries. This paper presents a novel method that can be used on both individual animals and on
groups of animals, as example a herd of cattle in a livestock building. In the paper the results of
measurements on individual animals are shown. The method is based on simultaneous measurements
of CO, and CH,, in air.

Material and method

The method uses CO, as internal marker. The CO, excretion can be calculated using different data
relating the heat production by an animal to the CO, excretion. When measuring in a livestock
building with several cows, then the CO, production can be calculated as 185 1 CO, per heat producing
unit (1 HPU = 1000 W/h) and the number of HPU can be calculated from the body weight (BW)
and milk production of the cows. When measuring individual animals the heat production can be
estimated as above or from information on individual intake of metabolizable energy (ME) and
the milk production and BW gain. The heat produced is the ME intake minus the energy in milk
and BW gain and one litre of carbon dioxide is formed per 21.75 kJ heat produced (Madsen et al.,
2010). The values for methane production in Figure 1 are calculated according to this method and
the methane to carbon dioxide ratio in the breath of the cows was measured when the cows were in
an automatic milking system (AMS) to be milked. The numbers are means of the values obtained
from 2 to 12 visits in the AMS by 47 Holstein cows. The concentration of CO, and CH, in the breath
was measured using a portable equipment, GASMET 4030 (Gasmet Technologies Oy, Pulttitie 8A,
FI-00880 Helsinki, Finland). Almost the same equipment (GASMET 4000) has been tested by Teye
et al. (2009), and shows precise measurements of different gases.

Results and discussion
The daily milk production by the cows varied between 13 and 43 kg ECM, the feed intake between
103 and 326 MJ ME, and there was a large difference between cows with respect to mobilization

and deposition. The cows produced on average 2.5 litres of methane per MJ ME eaten equivalent
to 26 litres per kg dry matter or 5.2% of the gross energy excreted as methane. Large individual
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Figure 1. Relation between energy intake and methane production for 47 Holstein cows. Each mark
represents one cow.

variation between cows with the same feed intake and production existed with respect to the estimated
methane production. This variation is of interest and need to be studied in detail as it may be seen
as an opportunity for selection of low methane producing cows. Selection and breeding for low
methane production is only an option when a fast, easy and cheap method for measuring the methane
production exists as measurements on large number of animals are needed.
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Glutamine: precursor or nitrogen donor for the synthesis of citrulline?

J.C. Marini, 1.C. Didelija, L. Castillo and B. Lee
USDA ARS CNRC at Baylor College of Medicine, 1100 Bates St., Houston TX 77030, USA

Introduction

Although glutamine (Gln) is considered the main precursor for citrulline (Cit) synthesis, the
current literature does not differentiate between the contribution of Gln carbon skeleton versus
nonspecific nitrogen (e.g. ammonia) and carbon derived from Gln oxidation. Most of the work to
show a precursor-product relationship between Gln and Cit has been done using 2-'°N Gln. It is not
clear if the 13N follows the carbon skeleton of Gln, and thus indicates a true precursorship for Cit
synthesis, or if the N is incorporated into Cit during its synthesis by transamination or with the
carbamylphosphate group. The aims of the present study were to determine the utilization of (1)
Gln nitrogen and (2) dietary precursors for the synthesis of Cit.

Material and methods

Young adult ICR mice (n=10/infusion) were used in the infusion protocols described in Table 1. The
Nitrogen Arm of the study was designed to determine the incorporation of both dietary Gln nitrogen
groups (and ammonium nitrogen) into Cit. The Carbon Arm was designed to determine the dietary
precursors for Cit synthesis. A mixture containing all of the amino acids and glucose was infused
intragastrically to achieve a fed steady state. The tracer infusions lasted 4 h and single blood samples
were taken at the end from the submandibular bundle.

Amino acid enrichments were determined as their dansyl derivatives by LC MS/MS. By changing
the fragmentation collision energy, different Cit fragments were obtained and thus we were able to
determine the enrichment of each of the three nitrogen groups of this molecule.

The rate of appearance (Ra) of the amino acids of interest was calculated by the isotopic dilution
in plasma of the i.v. infused tracer. The rates of conversion were calculated based on Thompson et
al. (1989).

Table 1. Tracers infused continuously in mice for 4h to determine the origin of the nitrogen and
carbon moieties of citrulline.

Intragastric Intravenous
Nitrogen Arm!
Inf. 1 Amino Gln 2-15N glutamine Dy glutamine? 13C180 urea
Inf. 2 Amido Gln 5-1’N glutamine D glutamine 13C180 urea
Inf. 3 Ammonium ISNH, acetate Dy glutamine 13C180 urea
Carbon Arm
Inf. 4 GIn U-13C glutamine I5N(ureido) citrulline
Inf. 5 Arg U-13C, arginine I5N(ureido) citrulline
Inf. 6 Pro U-13C, proline I5N(ureido) citrulline

I Nitrogen Arm also included a 5-13C 4,4,5,5 D , citrulline intravenous infusion a week prior to the infusion described
in the table.
2 D, glutamine is 2,3,3,4,4 D glutamine.
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Results and discussion

The RaCit for the Nitrogen Arm was not different among the three infusion protocols (146 umol/kg/h;
P=0.56). The infusion of 2-'>N Gln resulted in a similar contribution to the three possible nitrogen
groups of Cit (a, § and ureido; Figure 1A). Both 5-1N GIn and >N ammonium infusions resulted
in a higher enrichment of the ureido group, a smaller enrichment of the o-N and no measurable
labeling in the & position of Cit (not different from zero, P>0.15; Figure 1B). The co-infusion of
D; Gln resulted in a modest incorporation of the D, label into Cit. This indicates that I5N labelled
Gln is a poorly suited tracer to determine a precursor-product relationship between Gln and Cit.

The RaCit for the Carbon Arm was not different among the three infusion protocols (165 pmol/
kg/h; P=0.86). Dietary arginine (Arg) was the main precursor for circulating Cit (65.8 pmol/kg/h),
followed by proline (Pro; 5.5 pmol/kg/h) and Gln (0.7 pmol/kg/h). Dietary Arg was the precursor
for almost 40% of the RaCit, while Pro contributed only 3.3% and Gln 0.4%. The contribution of
carbon skeleton Gln to circulating Cit in this arm of the study, determined with U-13C5 Gln, was
statistically higher (£<0.0001) than in the N arm determined with D5 GIn (0.4 vs. 0.2% of RaCit).

In conclusion SN Gln can not be employed to derive precursor-product relationships between Gln and
Cit, because it does not trace the carbon skeleton of the GIn. Utilizing U-!3C tracers we determined
that dietary Arg is the main precursor for Cit synthesis. Our results show that ‘preformed’ ornithine
is the preferred precursor for Cit synthesis, rather than ‘de novo’ ornithine synthesized from Gln or
Pro by action of ornithine aminotransferase.
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Figure 1. Contribution of 2- and 5-13N glutamine to the synthesis of citrulline (panels A and B,
respectively). The incorporation of the >N label into each of the 3 positions of citrulline was
determined by LC MS/MS. D citrulline was co-infused with the SN tracers. NS, not significant; *
P<0.001; n=10.
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Does endogenous nitrogen contribute to over-estlmate bacterial
duodenal flow in ruminant estimated by >N dilution technique?

D.R. Ouellet, D. Valkeners and H. Lapierre
Dairy and Swine R&D Centre, Agriculture and Agri-Food Canada, Sherbrooke, QC, Canada

Introduction

Estimation of duodenal nitrogen (N) flow is essential to adequately estimate protein supply and
formulate diets of ruminant. Protein fractions flowing at the duodenum are: bacteria, rumen
undegraded feed protein and endogenous N secretions (ENS). Several techniques were developed
to estimate duodenal flow of bacterial N. The rumen continuous infusion of >N-ammonium salt as
a marker gives reliable estimates and is often considered the gold-standard method (Broderick and
Merchen, 1992). This technique, on the other hand, usually yields higher values than methods based
on total purine base, purine derivatives urinary excretion (Reynal et al., 2005) or amino acid profile
(Siddons et al., 1982). The basic assumption of the >N labelling, that all the °N in the duodenal
digesta is of bacterial origin, however, needs to be revalidated. Because samples are harvested after
3-4 d of N rumen infusion, the ENS becomes labelled over time: therefore, their release into the
forestomach compartment will contribute to '>N flow at the duodenum. As the 1N dilution technique
attributes all the 1°N in the duodenal flow to bacteria, not accounting for the N from ENS may
result in an over-estimation of bacterial N. This project was conducted to evaluate the potential
contribution of free ENS (not incorporated into bacteria) flowing at the duodenum during a rumen
continuous infusion of "N-ammonium and subsequent over-estimation of the bacterial N flow.

Material and methods

Four cows (55748 kg) fitted with rumen fistula and a closed-T duodenal cannula were fed 17 kg/d,
12 times a day, a total mixed diet (16% CP and 30% NDF) containing 49% grass silage and 51%
of concentrate. The concentrate contained 0.16% of Cr,0O; to estimate duodenal DM flow. On day
15, background samples of duodenal digesta, milk and rumen mucosa were taken; then cows were
infused intra-ruminally for 96 hours a '’N-ammonium sulfate (98% ape) solution (0.96 g/l) at the
rate of 45 ml/h. On day 18 and 19, samples of duodenal digesta (09:00, 11:00, 13:00, and 15:00 h
on day 18 and 08:00, 10:00, 12:00, and 14:00 h on day 19) and rumen biopsies (09:00 and 14:00
h on day 18 and 19) were taken daily whereas milk was sampled at milking (08:00 and 20:30 h on
day 18., and 08:00 h on day 19). Using the same cows and treatment, the free ENS flow had been
determined previously by isotopic dilution of !’N-leucine as described by Ouellet ez al. (2002). Total
duodenal N and ammonia-N in digesta were obtained by Kjeldahl method. The Cr in the digesta
was determined by atomic absorption. Isotopic enrichment (IE) was determined using a combustion
elemental analyzer coupled with an isotope ratio mass spectrometer. The ammonia in digesta was
isolated by diffusion procedure (Brooks et al., 1989) before IE determination. Duodenal bacterial
N flows were calculated as follows:

Bacterial N flow = (Fyyq % APE0 - Fann X APE snn) / APEg A 8

Bacterial N = (Fpuo * APEp o - Fannt X APE i - Fins % APEpns) / APEg @)

corrected
Where Fpy; Fyypy and Fyg = duodenal N flow of total N, ammonia, and ENS (estimated previously)
and APEDUO APE v APEg, . and APEg g = I5N IE (atom % excess) of the duodenal digesta,
ammonia, bacteria, and ENS (rumen mucosa biopsy or alternatively milk protein), respectively.
Paired #-test comparisons were carried out using the SAS to test for differences in the bacterial flows
determined using the standard method and the corrected flows.
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Results and discussion

The IE (atom % excess) averaged (SD): 0.0252 (0.0049) for the total duodenal digesta; 0.0373
(0.0074) for the bacteria; 0.0313 (0.0048) for the ammonia; 0.0060 (0.0004) for the rumen mucosa
and 0.0186 (0.0026) for the milk protein. The bacteria represented 64.6% (SD=1.6) of total duodenal
N flow. Correction of bacteria N flow at the duodenum using the rumen mucosa and milk APE as
endogenous pool precursor, respectively, marginally reduced the bacteria flow by 1.1% and 3.7%,
respectively. The difference between the standard method and the corrected flow using rumen IE as
the precursor pool (mean = 3.9, SD=0.7 gN/d) was greater (P=0.002) than zero. A greater difference
was observed for the standard method and the corrected flow using milk as the precursor pool (mean
=12.9, SD=2.2 gN/d, P=0.001).

In conclusion, the contribution of endogenous '’N flow at the duodenum during the determination of
duodenal bacterial N flow using the 1*N dilution technique does have mathematical significant impact
on the estimation of bacterial N flow. However, minimum and maximum differences of estimates
were -3 and -16 g of bacterial N per day which may not have a significant biological relevance.

Table 1. Bacterial N flow at the duodenum corrected or not for endogenous N contribution.

Item (g/d) Number of cows
318 327 328 5,313

Total duodenal N flow 541.9 569.8 533.9 584.9
Ammonia-N flow 19.3 26.5 17.2 20.0
ENS flow 25.6 22.0 22.6 22.8
Bacterial N flow 346.5 360.6 357.3 3754
Bacterial N flow corrected for ENS[rumen mucosa] 343.0 355.8 354.1 371.4
Bacterial N flow corrected for ENS[milk] 331.3 346.6 3454 365.1
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Plasma acetate and glucose turnover rates in sheep exposed to cold

M. Al-Mamun’?, M. Sawada’ and H. Sano’
IDept. of Animal Sciences, Faculty of Agriculture, Iwate University, Japan
’Dept. of Animal Nutrition, Bangladesh Agricultural University, Mymensingh-2202, Bangladesh

Introduction

Cold exposure is one of the stresses that results in a variety of negative effects on productivity of
livestock through modified digestive, metabolic, and endocrine functions (Sano et al., 2007). Acetate
is the most important metabolite being involved in fatty acid and carbohydrate metabolism. Acetate is
one of the energy sources in ruminants. Cold exposure enhanced blood glucose metabolism in sheep
(Tsuda et al., 1984). There is little information available about the simultaneous study of plasma
acetate and glucose metabolism in sheep during cold environment. Therefore, the present study was
conducted to determine the plasma acetate and glucose metabolism in sheep simultaneously using
stable isotope dilution techniques.

Materials and methods

The experiment was performed using crossbred (Corriedale x Suffolk) sheep (n=5; 3 male and 2
female; approximately 2 yr old, 38+3 kg of initial BW). The animals were offered 92g/kg?73/d of
mixed hay (ME 1.79 kcal/g, CP 12.5%) twice daily (08:30 and 20:30) with ad libitum water access.
The animals were kept in individual pens for a preliminary period of 14 d. Then the sheep were
moved to a controlled, thermoneutral (TN, 23+1 °C) environment for 7 d and then temperature was
adjusted to 2-4+1 °C cold exposure (CE) for 7 d with relative humidity 70% and lighting present
from 08:00 to 22:00.

On the d 21 of TN and on the d 7 of CE two isotope dilution studies using [1-!3C]Na-acetate and
[U-13C]glucose isotope labelled tracers were performed simultaneously as a primed continuous
infusion for 4 h. Blood sampling was performed into sodium heparinised centrifuge tubes immediately
before and every 30 min interval during the last 2 h of the isotope infusion. Blood samples were
centrifuged at 10,000xg for 10 min at 2 °C. Plasma acetate and glucose turnover rates were calculated
from the isotopic enrichments of [1-'3CJacetate and [U-!3C]glucose, respectively using GC/MS
according to the methods described before (Al-Mamun et al., 2009; Sano et al., 2007). The statistical
analyses were performed using MIXED Procedures of SAS (1996).

Results and discussion

Plasma acetate concentration and turnover rate were numerically higher (P=0.11 & P=0.31,
respectively) during CE than during TN environment (Table 1). Plasma glucose concentration was
numerically higher (P=0.28), and turnover rate was significantly higher (P=0.02) during CE than
during TN environment. Plasma glucose concentration and turnover rate were comparable to the
previous findings (Sano et al., 2007). It could be concluded that under present experimental condition
CE influenced both plasma acetate and glucose metabolism in sheep.
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Table 1. Effect of cold exposure on plasma acetate and glucose concentration, and turnover rates
in sheep.

Treatment! SEM P-value
TN CE
No. of sheep 5 5
Plasma acetate
Concentration (mmol/1) 0.9 1.0 0.02 0.11
Turnover rate (mmol/kg®75/d) 151 190 24 0.31
Plasma glucose
Concentration (mmol/l) 33 3.7 0.1 0.28
Turnover rate (mmol/kg?73/d) 38.4 58.4 6.4 0.02

I'TN, thermoneutral environment (231 °C), CE, cold exposure (2-4+1 °C).
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Plant-species characteristic stable carbon isotope ratios in fatty acids of
seed oils: basis for a new tool in ruminant nutrition research?
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Introduction

The digestive and metabolic modification of fatty acids in ruminants has a significant impact on
the nutritive quality of lipids in milk and meat and is therefore an important issue of research in
ruminant physiology (Lourencgo et al., 2008). Studies using labelled nutrients as ruminant metabolic
tracers are very expensive. An ongoing study aims to explore the potential use of natural differences
in stable isotope composition of individual fatty acids (e.g. Kelly et al., 1997; Spangenberg et al.,
1998) as tracers for transformation and fate of fatty acids during digestive, metabolic or technological
processes. The major goal of the present study was to investigate the §'3C-variations of individual
fatty acids of various seed-producing C; plant species suitable for animal feeding. We examined
also the discriminatory potential of §?H, §'3C and §'®0 of bulk oil and their fatty acid profiles. The
studied plant species included rape (Brassica napus; n=25), flax (Linum usitatissimum,; n=3), false
flax (Camelina sativa; n=1), poppy (Papaver somniferum, n=4), safflower (Carthamus tinctorius,
n=1), and sunflower (Helianthus annuus,; n=1).

Material and methods

Seed oils were characterized by fatty acid composition as well as bulk and compound-specific isotopic
analyses. After fatty acid saponification and derivatization with methanolic sodium hydroxide and
methanolic boron trifluoride, the fatty acid composition was assessed by GC-FID equipped with a 30
m Supelcowax-10 column. For the determination of bulk carbon, oxygen and hydrogen composition
(813Cyy values in %o VPDB, 8°H, ,, and 8'80, , values in % VSMOW), a continuous He-flow
combustion and high-temperature conversion elemental analyzer-isotope ratio mass spectrometry
(EA-IRMS and TC-EA/IRMS) was used. The 5!3C values of individual fatty acids (613CFA) were
determined using gas chromatography-combustion-isotope ratio mass spectrometry (GC-C/IRMS).
Statistical analysis was performed using SAS software. Average isotopic values of bulk oils and
individual fatty acids were subjected to analysis of variance using the general linear model (GLM
procedure), considering plant species and individual fatty acids as fixed effects.

Results and discussion

The mean §'3C values of the main fatty acids in the studied oils ranged between -34.0%o and -26.1%o.
Differences for the four main fatty acids were found within all species; those for rape being most
prominent (P<0.001). Significant differences between rape, flax and poppy occurred not only for
C18:3n-3 but also for C16:0 (P<0.001). In all species, C18:21-6 was slightly discriminated in 13C/'2C
compared to C18:17-9. For C18:3n-3 lower §'3C-values were observed compared to C18:2x-6 in
oils from rape (-34.0%o) and flax (-32.0%o) but not from poppy oil, which had the highest measured
313C-value (-26.1%o) for C18:3n-3 (Figure 1).

The 813Cbulk values were typical for C; plants and differed significantly (<0.001) between rape,
poppy and flax. Rape and flax oil had lower values (-30.2+0.3%o and -29.9+0.1%o respectively)
than poppy oil (28.8+0.9%o). For the §'30 values no significant differences between plant species
were observed. The safflower oil had the highest 5'80 value (-26.0%o). The 82H means of the bulk
oils from rape (-175.249.5%o) differed from that originating from flax (-167.343.6%o) and poppy
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Figure 1. Average differences between 6'3C values (in %o VPDB) of fatty acids in flax, poppy, rape,
sunflower, false flax and safflower oil relative to 6'3C of C18:1 in the corresponding oils. Vertical

bars give the standard deviation of the individual means. o, flax; ®, poppy; V, rape; A, sunflower;
m, false flax, o, safflower:

(-160.845.6%0) (P<0.01), and the overall lowest value was found for the single sample of sunflower
bulk oil (-185.0%o).

We have confirmed that carbon isotope composition of individual fatty acids serve to distinguish
between different C, plant oils. The 3!*C values of C16:0 and C18:3n-3 differed significantly
between and within species, and from the other fatty acids. In the next step we will explore if the
natural 613CFA differences in the diet are preserved in some fatty acids generated in the rumen
like vaccenic acid and conjugated linoleic acids. If that is possible, this isotopic approach could
enable to follow derivatization and fractionation of feed fatty acids in the ruminants’ digestive and
endogenous metabolism. Further information will provide the fatty acid composition and the bulk
d13C, 8130 and 82H values.
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Ammonia-N utilization by ruminal bacteria and protozoa from sheep fed
diets differing in forage:concentrate ratio and forage type

C. Saro, M.J. Ranilla, M.L. Tejido and M.D. Carro
Instituto de Ganaderia de Montaiia (CSIC-ULE), Finca Marzanas s/n. 24346 Grulleros, Leon, Spain

Introduction

Some ruminal microbes are capable of using ammonia as the only nitrogen (N) source, whereas
others appear to prefer preformed amino acids or peptides. The degree to which ammonia may
constitute a starting point for synthesis of microbial N compounds is expected to vary with the
nature of the diet and the microbial fraction considered (Carro and Miller, 1999). The aim of this
work was to determine the uptake of ammonia-N by ruminal bacteria and protozoa as affected by
diet characteristics.

Materials and methods

Six ruminally cannulated Merino sheep (59.0+4.5 kg body weight) were used in a partially replicated
Latin square design with four 16-day periods. The four experimental diets had forage:concentrate
ratios (F:C; dry matter basis) of either 70:30 (HF) or 30:70 (HC) being the forage source alfalfa hay
(A) or grass hay (G). Diets were offered to the animals twice daily (08:00 and 20:00 h) at a daily
rate of 56 g dry matter/kg body weight®’> to minimize feed selection. SNH,C1 (10% atom excess)
was continuously infused into the rumen for 5 days before sampling. On day 16 of each period,
about 500 g of rumen content were taken from each sheep at 0, 4, and 8 h after the morning feeding.
Rumen contents were squeezed through 4 layers of cheesecloth and the solid digesta was mixed with
an equal volume of Coleman solution, homogenized and squeezed again. Both filtrates were pooled
and half of the final mixture was used to isolate liquid-associated bacteria (LAB) by differential
centrifugation as described by Ranilla and Carro (2003). The rest of the filtrate was transferred to
a separation funnel, 5 g of glucose were added, and the mixture was allowed to flocculate for 1 h
at 39 °C. The layer containing the protozoa was drawn off, filtered through a 200 pm nylon cloth,
and repeatedly washed with Coleman buffer to remove the remaining plant material. Finally, the
filtrate was filtered through a 10 um nylon cloth and washed thoroughly to remove contaminating
bacteria. The solid digesta was treated with saline solution (0.9%) containing 0.1% methylcellulose
before solid-associated bacteria (SAB) isolation (Ranilla and Carro, 2003). Microbial isolates (MI)
were pooled by sheep within each period, lyophilized, grounded to a fine powder, and analysed for
N and >N enrichment. At each sampling time, 50 ml of ruminal fluid were taken, acidified with 5
ml of H,SO, (20%), pooled by sheep and analyzed for 1N enrichment.

Data were analyzed as a mixed model with repeated measures using the PROC MIXED of SAS
(SAS Inst. Inc., Cary, NC). The statistical model included MI (SAB, LAB and protozoa), F:C, FOR,
period, MIXF:C, MIXFOR, F:CxFOR, MIxF:CxFOR as fixed effects, and sheep as a random effect.
Effects were declared significant at P<0.05.

Results and discussion

The N content was higher (P<0.001) in SAB compared with LAB and protozoa (Table 1). However,
MI x F:C and MI x FOR interactions (P<0.001) were detected, indicating that N differences among
MI were affected by the diet.

The greater (P<0.001) >N enrichment of LAB compared with SAB observed in our study is in

accordance with previous in vivo (Martin et al., 1994; Reynal et al., 2005) and in vitro (Carro and
Miller, 1999) studies. Differences in >N enrichment could be attributed to differential ability of
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Table 1. Nitrogen content, 1N enrichment and NH 3-1 SN capture in ruminal protozoa (PR), solid-
associated bacteria (SAB) and liquid-associated bacteria (LAB)!.

Nitrogen content I5N enrichment NH,-!>N capture
(mg/g dry matter) (atoms % excess) (%)
Diet PR SAB LAB PR SAB LAB PR SAB LAB
HFA 63.5 679 649 0.0566 0.0646 0.0718 30.0 344 38.5
HCA 685 63.6 603 0.0426  0.0570 0.0580 31.3 41.8 424
HFG 552 69.1 67.6 0.1046 0.1170 0.1323 42.7 47.9 54.3
HCG 622 692 625 0.0636  0.0757 0.0838 35.7 42.7 47.1

Mean values 624 67.5 63.8 0.0669 0.0786 0.0865 349 41.7 45.6

SEM 1.45 0.00378 1.67
p=1 MI, MIxF:C, MIxFOR ML, F:C, FOR, F:CxFOR MI, FOR, F:CxFOR

I'MI: microbial isolate (P<0.001); FOR = forage (P<0.001); F:C = forage:concentrate ratio (P<0.001); MIxF:C
(P<0.001); MIXFOR (P<0.001); F:C xFOR (P<0.001).

bacterial groups to use free ammonia as a N source. A higher proportion of species that preferentially
incorporate amino acids and peptides in the SAB might explain the different !N enrichment in the two
ML. In fact, the incorporation of N from the ammonia-N fraction was greater (P<0.001) in LAB than
in SAB for all the diets (Table 1). Whereas LAB are located in free suspension or loosely associated
with fibers, SAB are located bound to plant surfaces, where the actual ammonia concentration may
be lower than in rumen fluid and could fluctuate widely.

In agreement with previous results (Martin et al., 1994; Reynal et al., 2005), protozoa showed lower
(P<0.001) '>N enrichment and ammonia-N incorporation compared with LAB and SAB. Protozoa
become indirectly enriched with 1N via bacterial predation and their !N enrichment will be lower
than in bacteria as a result of engulfment of unenriched dietary protein (Reynal et al., 2005). The
observed differences among MI in N enrichment would result in different estimates of microbial
N flow to the duodenum depending on the MI used as a reference sample.
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Precursors for the synthesis of citrulline in mice fed arginine free diets
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Introduction

In our previous study, dietary arginine (Arg) provided the precursor for ~40% of the circulating
citrulline (Cit) in adult mice, while dietary proline (Pro) accounted for only 3.4% and the contribution
of dietary glutamine (Gln) was negligible (0.4%) (Marini et al., 2010). The aim of the present study
was to determine which precursors are utilized for the synthesis of Cit when Arg is absent in the diet.

Material and methods

Young adult ICR mice (n=10/infusion) were used in the infusion protocols described in Table 1.
An Arg sufficient (Arg+) or an Arg free (Arg-) diet was infused intragastrically to achieve a fed
steady state. The tracer infusions lasted 4 h and single blood samples were taken at the end from
the submandibular bundle.

Plasma Cit, Arg, ornithine (Orn) and phenylalanine (Phe) enrichments were determined as their
dansyl derivatives by LC MS/MS. Plasma amino acid concentrations were determined by HPLC.

The rate of appearance (Ra) of the amino acids of interest was calculated by the isotopic dilution in
plasma of the i.v. infused tracer. First pass extraction of Arg was determined based on the plasma
enrichments of the two Arg tracers infused simultaneously i.v. and i.g. The rates of conversion were
calculated based on Thompson et al. (1989).

Table 1. Infusion protocols followed in conscious mice to determine the contribution of different
precursors to the synthesis of citrulline.

Argindiet Intragastric tracer Intravenous tracers
Infusion 1 + U-13C, Arg, D, Orn, N Cit, D4 Phe
Infusion 2 - U-13C, Arg, D, Orn, 15N Cit, D4 Phe
Infusion 3 - U-13C, Pro D, Orn, 5N Cit, D; Phe
Infusion 4 - U-13C5 Gln D, O, I5N Cit, Ds Phe
Infusion 5 + U-13C, Arg 1,213C, Arg

D, Om is 5,5 D, ornithine, N Cit is '*N(ureido) citrulline and Dy Phe is D4(ring) phenylalanine.
Results and discussion

Feeding an Arg(-) diet did not affect the RaCit in mice (Arg+=164 Arg-= 154 umol/kg/h; P=0.20)
similar to what has been reported previously in other species (Hartman and Prior, 1992; Castillo
et al., 1994). No differences in the RaArg (591 vs. 555 pmol/kg/h; P=0.25) or RaPhe (349 vs. 356
pmol/kg/h; P=0.57) were observed for the Arg+ and Arg-, respectively. This indicates that there was
no increase in protein degradation as a consequence of feeding a diet devoid of Arg and that dietary
Arg was metabolized before reaching the peripheral circulation. This was supported by the observed
high first pass extraction of Arg (85.1+0.29%) and the increase in RaOrn (332 vs. 180 pumol/kg/h;
P=0.001, Arg+ and Arg-, respectively).
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Plasma Orn was the precursor for 30 and 23% of the circulating Cit for the Arg+ and Arg-, respectively
(P<0.01). Plasma Arg contributed 24% to the synthesis of Cit independently of the diet (P=0.72).
Approximately 70% of this contribution was through plasma Orn and the rest at the site of Cit
synthesis. Dietary Pro had a greater (P<0.001) contribution to the synthesis of Cit than Gln (14
and 3% of RaCit, respectively), which agrees with our previous report (Marini et al., 2010). While
Pro was utilized as a precursor for plasma Orn, Gln was not, because the labeling of plasma Orn
by the Gln tracer was undetectable. Almost 80% of the contribution of dietary Pro to the synthesis
of Cit occurred in the small intestine, whereas the remainder was due to the conversion of dietary
Pro to Orn elsewhere in the body with the subsequent utilization of this Orn by the small intestine
for Cit synthesis.

In conclusion, Cit production was maintained despite the absence of the main dietary precursor
(Arg) for its synthesis. Dietary Pro and Gln increased their contribution to Cit synthesis (compared
to our previous study), but were not able to completely replace dietary Arg as a precursor. Whereas
dietary Pro contributes to the synthesis of circulating Orn, dietary Gln did not, which suggests that
Pro is a better precursor for the ‘de novo’ synthesis of Orn. Plasma Arg was the precursor for 24% of
the circulating Cit, regardless of the presence of Arg in the diet. These results support our previous
findings (Marini et al., 2010) that ‘preformed’ Orn is the preferred precursor for Cit synthesis, rather
than ‘de novo’ Orn generated by action of ornithine amino transferase.
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Introduction

The synthesis of citrulline (Cit) relies mainly on the supply of ‘preformed’ ornithine (Orn), rather
than on the ‘de novo’ synthesis of Orn from proline (Pro) or glutamine (Gln). Thus utilization of
arginine (Arg) for Cit synthesis depends on arginase, which catalyses the hydrolysis of Arg to Orn
and urea. The aim of the present study was to determine the precursors utilized for the synthesis of
Cit when arginase II, the intestinal isoform, is absent.

Material and methods

Young adult C57BL/6J AII"~ (ARG2; n=17) (Shi et al., 2001) and C57BL/6J (WT; n=19) mice were
studied twice. Intragastric infusion of U-1*C, Arg (Inf. 1), U-13C; Gln (Inf. 2) and U-13C; Pro (Inf.
3), together with intravenous infusion of 5,5 D, Orn and >N (ureido) Cit (Inf. 1-3) were performed
to determine the incorporation of the dietary precursors into Cit. In addition, an intragastric infusion
of 1,213C2 Arg and i.v. infusion of U—”’C6 Arg (Inf. 4) was conducted to determine the first pass
extraction of Arg.

Plasma Cit, Arg, and Orn enrichments were determined as their dansyl derivatives by LC MS/
MS. Plasma amino acid concentrations were determined by HPLC. Arginase II abundances were
determined by Western analysis using an anti-arginase II antibody (Santa Cruz Biotechnology Inc.,
USA).

The rate of appearance (Ra) of the amino acids of interest was calculated by the isotopic dilution in
plasma of the i.v. infused tracer. First pass extraction of arginine was determined based on the plasma
enrichments of the two arginine tracers infused simultaneously i.v. and i.g. The rates of conversion
were calculated based on Thompson ef al. (1989).

Results and discussion

The lack of arginase II in the small intestine resulted in a reduction in RaCit in ARG2 mice compared
to WT animals (121 and 137 umol/kg/h; P<0.001); however, there were no differences (P=0.326)
in the RaOrn (273 pumol/kg/h). The lower first pass extraction of Arg in ARG2 mice (72 vs. 85%;
P<0.021), was accompanied by higher RaArg (438 vs. 302 umol/kg/h; P<0.002) and higher plasma
Arg concentration (121 vs. 55 umol/l; P<0.001).

Dietary Arg was the main dietary precursor for RaCit in WT mice contributing to the precursor for
33% of the RaCit (44.8 vs. 10 umol/kg/h; P<0.001; Figure 1), which agrees with our previous work
on ICR mice (Marini et al., 2010a,b). The lack of ARG2 in the small intestine, and thus the inability
to derive Orn from Arg locally by the enterocyte, reduced the total contribution of dietary Arg to
~8% of the circulating Cit. The precursor-intermediate-product model employed to determine the
utilization of dietary precursors indicated that no dietary Arg was utilized for Orn production at the
site of Cit synthesis in ARG2 mice, consistent with the lack of arginase I shown by western analysis
in the intestinal mucosa of these animals.

The contribution to the synthesis of Cit of both dietary Pro and Gln was increased in ARG2 mice,
and this occurred at the site of Cit synthesis (Figure 1). Thus the reduction in Orn availability, due
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Figure 1. Utilization of dietary arginine, glutamine and proline for the synthesis of citrulline (umol/
kg/h). Bars denote the total contribution of the precursor (* P<0.05), shaded portion of the bar the
contribution of the precursor through plasma ornithine (¢ P<0.05), and by difference the contribution
of the precursor at the site of citrulline synthesis.

to the lack of ARG2 in enterocytic mitochondria, increased the ‘de novo’ synthesis of Orn from Gln
and Pro and its utilization for Cit synthesis.

In conclusion, these observations support our previous conclusions (Marini et al., 2010a) that
‘preformed’ Orn (either plasma Orn or Orn from Arg hydrolyzed locally in the small intestine) is
the preferred precursor for the Cit synthesis, rather than ‘de novo’ Orn produced from Gln or Pro
by action of ornithine aminotransferase.
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Introduction

In the mammary gland (MG) of small ruminants certain amino acids (AA) are reported to be
quantitatively transferred into milk protein on a net basis, without detectable oxidation: these AA
are classified in group 1 (Mepham, 1982). Phenylalanine (Phe) and its first metabolite, tyrosine
(Tyr), are included in this group (as Phe+Tyr). Although Phe can be converted to Tyr within the MG
no appearance of 14CO2 was detected across the perfused isolated udders of two sheep receiving
['4C-U]-L-Phe, suggesting no oxidation of Phe or Tyr (Verbeke et al., 1972). This could be different
in cows where the degree of conversion of Phe to Tyr may be higher (see Verbeke et al., 1972).
Oxidation of Phe+Tyr across the MG would preclude estimation of mammary plasma flow by the
Fick principle as this assumes that net uptake of these AA is quantitatively transferred into milk
protein. We hypothesized no oxidation of Phe+Tyr across the MG of dairy cows. A first objective
was to ascertain if Phe (plus Tyr) was oxidized across the MG during infusion of large amounts of
labelled Phe. A second objective was to quantify the mammary contribution of Phe to Tyr synthesis.

Material and methods

To produce milk with high enrichment of '3C-Phe for a human study (Van Loon et al., 2009), two
Holstein dairy cows (23.3 kg/d dry matter (DM) intake; 49.9 kg/d of milk at 27.7 g/kg of true protein
content; 34 days in milk) received a diet based on maize silage (Van Loon et al., 2009). They received
a large jugular infusion of L[1-'3C]Phe (100 g/d) over 2 days while the diet was estimated to supply
125 g/d of intestinal Phe. The cows were equipped with catheters in the tail artery and in the milk
vein of the left udder. Blood samples were collected hourly during 3 periods: before the start of the
infusion (n=3) and from 6 to 11 h (n=6) and 30 to 35 h (n=6) of the infusion period. Concentrations
of CO, and isotopic enrichments (IE) were determined in triplicate on blood gas analyser and on a
isotope ratio mass spectrometer, respectively. Blood samples (1 ml) were injected into evacuated
vacutainers containing 1 ml of lactic acid, immediately mixed and kept at room temperature until
analysis. Concentrations and IE of Phe and Tyr were measured on individual plasma samples; IE in
milk were determined on milk samples collected at the milkings taken 12, 24 and 36 h after initiation
of infusion; analyses were performed by gas chromatography-mass spectrometry.

Results and discussion

Labelled 13CO2 (concentration x IE) did not increase between arterial and mammary venous blood
(Table 1), i.e. the 13CO2 arterio-venous difference (AVD) did not differ from zero (P>0.20) and
averaged +0.01 and +0.1440.11 uM for cow 1 and 2, respectively. These values need to be corrected
for sequestration of 13CO2 across the MG. This has been reported to range from 1.2 to 4.8% of
arterial 13CO2 inflow in three dairy cows (Raggio et al., 2006). Based on the extremes of these
values, adding this CO, sequestration across the MG would result in a '3CO, AVD of between -0.04
to -0.37 uM. Negative values indicate net oxidation but this represents only 0.1 to 0.7% of labelled
Phe+Tyr inflow to the MG.
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Table 1. Concentrations and enrichments of blood CO, during an infusion of L[1 -3CJPhe.

Cow# Time!  Concentrations (mM) Enrichments (ape)? 13CO2 concentration (uM)
Artery Vein Artery Vein Artery Vein
1 6-11h  22.63 24.45 0.0399 0.0367 9.03 8.94
30-35h 21.19 22.94 0.0458 0.0426 9.72 9.78
2 6-11h  24.80 26.98 0.0390 0.0351 9.70 9.49
30-35h 2435 26.51 0.0466 0.0426 11.34 11.28
SEM 0.49 0.61 0.0012 0.0011 0.39 0.34

! Time after initiation of the infusion.
2 ape: atom % excess.

Between 1.5% (cow 1) and 3.6% (cow 2) of the Tyr secreted into milk had been synthesized from
intracellular Phe within the MG. Total mammary Tyr synthesis from Phe, however, also includes that
directed towards synthesis of constitutive protein plus that exported to the mammary vein. Assuming
that milk protein secretion represent 75% of MG protein synthesis (Raggio ez al., 2006), and that
return to the mammary vein can be estimated from the ratios of the IE Tyr/IE Phe in the artery, vein
and milk protein, then total conversion of Phe to Tyr within the MG would be the equivalent of 5.2%
(cow 1) to 9.4% (cow 2) of Tyr secretion in milk. This is despite the suggestion that hydroxylation
of Phe to Tyr is markedly increased at high substrate concentration (Verbeke et al., 1972).

In conclusion, in the current study, even a large and imbalanced supply of Phe did not result in
significant oxidation of Phe (+ Tyr) across the MG. This result suggests that under normal feeding
conditions, any oxidation of Phe + Tyr is insufficient to preclude the use of these AA to estimate
mammary plasma flow using the Fick principle.

Table 2. Enrichments of Phe and Tyr in milk and plasma during an infusion of L[1-'3C]Phe.!

Cow# Time? Phe Tyr

Artery Vein Milk? Artery Vein Milk?
1 30-35h 35.13 35.19 33.58 4.04 4.37 4.47
2 30-35h 36.29 35.74 32.77 5.86 7.07 6.84

I Atom % excess.
2 Time after initiation of the infusion.
3 At the end of the period.
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Introduction

It is well known that stable isotopes are not harmful to the organism and recently several new
techniques using stable isotope labelled tracers have been successfully applied in measurements
of DNA synthesis (Perez and Reeds, 1998; Hellerstein, 2003). Measurements of stable isotopes
incorporation into DNA can now be performed with high reproducibility and stability and are powerful
tools for quantifying in vivo cellular synthesis rate (Fan et al., 2006). Although DNA is synthesised
and replicated during the whole life, this process is prevailing and crucial during embryonic life.
However, to our knowledge, there is no quantitative data describing the rate of DNA synthesis during
prenatal development. Consequently, the objective of the present experiment was to test possibilities
of measuring the rate of DNA synthesis in chicken embryos by applying a simple !N tracer technique.

Materials and methods

Fertilized eggs were divided into 4 groups (4x15): control —not treated, and treated with >N labelled
glycine, ammonium chloride and sodium nitrate. Experimental solutions were given in ovo by
injection to albumen. The quantity of each compound in the PBS solution was calculated from the
content of "N necessary to provide 5 mg of 3N per kg body weight of embryos at the conclusion
of the experiment. After 20 days of incubation eggs were opened and embryos were immediately
sacrificed by decapitation. Embryos were weighed and evaluated using Hamburger and Hamilton
(1951) standards (HH-standard), including detailed morphological evaluation of dissected organs
(heart, liver and spleen). Immediately after decapitation livers were frozen in liquid nitrogen and
stored at -80 °C until DNA purification. Determination of '>N enrichment of liver DNA was carried
out with an isotope ratio mass spectrometer (Delta S, Finnigan MAT, Bremen, Germany). The 1°N
enrichments (expressed in atom %) were calculated from the §'3N values. The 85N value is calculated
as 8 (%0) = [Ryympie/Rtandara)- 11 103, where R is the [!SN]/[!*N] ratio. The international nitrogen
standard is atmospheric N, (AIR) with a ['SN]/['#N] isotopic ratio R AR = 0.0036765 and has been
assigned a 5!5N value of 0%o. The data were analysed by ANOVA, using SAS®.

Results and discussion

After 20 days of incubation, body weight and weights of individual organs from control and treatment
groups were not significantly different (P>0.05). Furthermore, all embryos developed normally in
accordance with HH-standard. The abundance of 1’N was significantly affected by the type of labelled
substance (Table 1). The highest level was measured for ammonium chloride, being significantly
different from glycine, sodium nitrate and control groups. It is evident that both organic !N tracers
increased >N atom %, while inorganic NalSNO3 had the same level of '°N as the control group. The
level of 0.367 >N atom % was the same as the atmospheric air standard and the amount naturally
occurring in the cells of animal tissue.

The measurements of '>N enrichment have been performed on DNA isolated from chicken embryos’
liver. We have chosen chicken embryos because they develop in a ‘closed’ system without endogenous
nutrients and water supply and thus nitrogen metabolism is independent of endogenous substrates,
with the exception of exchange with atmospheric air. In this way major drawbacks of calculation
and interpretation of results from measurements of DNA synthesis by isotope tracer techniques
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Table 1. Content of total nitrogen in dry matter of liver DNA and >N abundance (N atom%) in
control group (I) and groups treated with 1N labelled glycine (II), ammonium chloride (III) and
sodium nitrate (IV).

Group I 1I 111 v SE P-value
n 14 11 12 12

%N in DM 11.20b 11.21b 11.752b 12.012 0.017 0.036
I5N atom % 0.367¢ 0.408° 0.4322 0.367¢ 0.0002 <0.001

ab.c Values that share no common superscript differ significantly (P<0.05).

(Hellerstein, 2003; Fan et al., 2006) could be avoided. Some species of bacteria and fungi can
transform inorganic forms of nitrogen into organic precursors (ammonia) of DNA (Acquisti et
al., 2009) but inorganic nitrogen assimilation has never been shown for animals. Nevertheless,
we have included '°N labelled sodium nitrate to evaluate whether such a phenomenon can occur
in chicken embryo. The present results clearly demonstrated that only organic forms of nitrogen
could be incorporated into DNA, since content of >N atom % from NaNOj; was the same as in the
control group.

Glycine is one of the main sources of nitrogen atoms for de novo synthesis of nucleotides from
purine bases and it could be expected that N from glycine was readily incorporated into DNA, to a
higher extent than nitrogen from ammonium chloride. However, in this investigation !N enrichment
from NH,Cl exceeded glycine, probably indicating that released ammonia is quickly fixed by the
process of glutamine synthesis and then glutamine amide N is used for synthesis of all nucleotide
bases, ie. purines and pyrimidines.

In conclusion, a simple !N tracer technique injecting !N in incubating eggs and then measuring
I5N enrichment by mass spectrometry can be used to evaluate incorporation of >N into embryo’s
DNA. The method is readily applied to the DNA synthesis in the liver of chicken embryos and might
be used for other tissues during embryogenesis.
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Introduction

Recycling of nitrogen compounds between blood and digesta in ruminants plays an important role in
nitrogen utilisation and metabolism (Lapierre and Lobley, 2001; Pfeffer ez al., 2009). Accumulation
of endogenous blood nitrogen in the protein of ruminal bacteria is accompanied by incorporation
into e.g. proteins of blood proteins and other tissues of animals, as well as in milk or secreted in
urine and faeces (Beitz, 2004). We hypothesised that the endogenous urea nitrogen of blood can be
utilized by ruminants for synthesis of milk proteins. Thus, the purpose of our study was to evaluate
the extent of the endogenous urea nitrogen accumulation in ruminal bacteria proteins and proteins
of milk of goats fed a low protein (LP), medium protein (MP) or high protein diet (HP).

Material and methods

The investigation was performed on three primiparous Alpine goats (~12 months old) in similar
lactation phases. Goats were provided with rumen canulas and permanent catheters into the jugular
vein. The experimental design was 3x3 Latin Square. Milked goats of average 35 kg BW were
housed in separate metabolic cages, fed every 6 h with three isoenergetic diets containing 11.4 (LP),
13.3 (MP) and 16.9% (HP) of crude protein in DM. The daily amount of the diet was divided into
4 portions (4x550 g); 1 kg of the diet contained 545.5 g hay (CP 11.3%, crude fibre 30.7%; DM
91.5%; 10.6 MJ ME/kg) and 454.5 g concentrate (CP 8.3%; DM 89.4%; 12.5 MJ ME/kg). Water
was freely available. The 22-day period consisted of 14 days of adaptation to the diets and 8 days
of milk collection. After 14 days of adaptation animals were infused with a continuous infusion of
1.6 g N-urea/day (5 mg '*N/day/kg BW) in physiological NaCl solution for 6 days into the jugular
vein. Goats were milked twice a day at 06:00 and 18:00, milk was weighed and pooled for 24 h
while rumen fluid samples (~200 ml) were collected twice a day at 08:00 and 14:00. All collected
samples were stored at -20°C until analyses. The contents of °N in ruminal bacteria, plasma and
milk samples were determined by means of isotope mass spectrometry (Voigt et al., 1980). The
concentrations of urea in milk and rumen fluid samples were quantified using high-performance
liquid chromatography with pre-column derivation (Czauderna and Kowalczyk, 2009). The data
were statistically analysed using the nonparametric Mann-Whitney U test for comparing independent
experimental groups. The Statistica v.6 package was used (2002; www.statsoft.pl).

Results and discussion

The average concentration of proteins in milk was similar in LP, MP and HP groups of goats (P>0.05)
although daily milk productions in the goat groups differed numerically (1,575, 1,492 and 1,770 g/
day/goat, respectively). Milk urea concentration was higher in the HP (451 mg/1) than in both the
LP group (139 mg/1) and the MP group (342 mg/1) (P<0.05), respectively.

Mass spectrometric analyses of milk samples showed that the level of >N in milk proteins was
negatively correlated with the level of protein in the diets (48.3, 31.6 and 15.7 mg/1 in the group LP,
MP and HP, respectively). The highest enrichment of the ruminal bacteria protein in !N was found
in the animals fed the LP diet. The amount of 13N excreted in urine was greater than in faeces and
the least in milk. Incorporation of !N into the plasma and milk protein was negatively correlated
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with the level of protein in the diet. The '>N enrichment of plasma protein during the period of
isotope infusion was greatest in goats fed the LP diet. Enrichment of !N in milk protein was
correlated (P<0.01) with 1°N in ruminal bacteria protein (Figure 1). These results showed that urea
15N efficiently accumulated in bacteria protein followed by incorporation of recycled urea N into
amino acids of milk protein. Our study indicated that endogenous urea nitrogen can be assimilated
by ruminants for milk protein synthesis.

rotein

¥=03627x+0,0867
R=10.934 “°

Enrichment of 15N in milk p

1
Enrichment of "I in ruminal hacieria

Figure 1. The correlation between enrichment of '>N in milk protein and enrichment of "°N in
ruminal bacteria protein

Acknowledgment
Supported in part by the State Committee for Scientific Research, Grant No. 2 P06Z 06329.

References

Beitz, D.C., 2004. Protein and amino acid metabolism. In: Dukes’ physiology of domestic animals. W.O. Reece (ed.)
Cornell University Press, New York.

Czauderna, M. and K. Kowalczyk, 2009. Easy and accurate determination of urea in milk, blood plasma, urine and
selected diets of mammals by high-performance liquid chromatography with photodiode array detection preceded
by pre-column derivatization. Chem. Anal. 54, 919-937.

Lapierre, H. and G.E. Lobley, 2001. Nitrogen recycling in the ruminant: A Review. J. Dairy Sci. (E.Suppl.) 84,
E223-E236.

Pfeffer, E., H. Speckter, S. Bornemann, A. Holthausen and M. Rodehutscord, 2009. Kinetics of endogenous urea nitrogen
in lactating goats and cows fed diets varying in their crude protein concentrations. Arch. Anim. Nutr. 63, 230-242.

Voigt, J., R. Krawielitzki and B. Piatkowski, 1980. Untersuchungen zur Wirkung von Phosphor-saurephenylesrerdiamid
als Inhibitor der Pansenurease bei der Milchkuh. 2. Der Umsatz von 'N. Harnstoff. Arch. Anim. Nutr. 30, 825-834.

142 Energy and protein metabolism and nutrition



Studies on amino acid metabolism in rainbow trout: effect of dietary
amino acid composition on growth performance and 5!13C of amino acids

J.S.0. McCullagh!, J. Gaye-Siessegger? and U. Focken®*

I Chemistry Research Laboratory, Oxford University, Mansfield Rd. Oxford, OX1 3TA, United Kingdom
°Fisheries Research Station Baden-Wiirttemberg, Argenweg 50/1, Langenargen, Germany
3Department of Aquaculture Systems & Animal Nutrition, University of Hohenheim, Germany
4Present address: Johann Heinrich von Thiinen-Institut, Institut fiir Fischereiokologie, Wulfsdorfer
Weg 204, Ahrensburg, Germany

Introduction

For fish, proteinogenic amino acids (AAs) are commonly divided into 10 essential (Arg, His, Ile,
Leu, Lys, Met, Phe, Thr, Trp and Val) and 10 non-essential AAs (NRC, 1993). The aim of the study
was to test whether the dietary non-essential amino acid (NEAA) composition has an effect on
growth, protein utilisation and §'3C of AAs in rainbow trout (Oncorhynchus mykiss). In addition, it
was investigated whether tissue NEA As, excluded from the diet, were derived from dietary NEAAs
provided in excess or from other carbon sources. '3Cenriched Glu was used to elucidate its metabolic
utilisation. Improvements in LC-IRMS (Surveyor HPLC system coupled to a DELTA V isotope ratio
mass spectrometer via a Finnigan LC IsoLink interface (Thermo Electron Corporation)) allow the
direct determination of §!3C of individual AAs (McCullagh et al., 2006).

Material and methods

Six diets were made from wheat starch, potato dextrin, wheat germ oil, fish oil, vitamin and mineral
premixes, cellulose, betaine as feed attractant and different compositions of synthetic amino acids.
Diet 1 was formulated to have the same AA composition as fishmeal. In diet 2, Cys, Gly, Pro and
Tyr were isonitrogenously replaced by their precursor AAs Ser, Glu and Phe, and in diet 3, Ala,
Asx, Cys, Gly, Pro, Ser and Tyr were isonitrogenously replaced by Glu. Diets 4, 5 and 6 resembled
diets 1, 2, and 3, except for Glu, which was enriched in '3C (carboxyl C). In a control diet synthetic
amino acids were replaced by defatted fishmeal. All diets were composed to be equal in nitrogen,
lipid and energy content. Forty-two rainbow trout (initial body mass 4.7+0.57 g) were divided into
7 groups of 6 fish each. Fish were fed individually at a level of 3.5% body mass equivalent per day
in aquaria of a flow-through system. The experiment lasted ten weeks. Data were analysed by two-
way ANOVA followed by Tukey’s HSD test (STATISTICA 6.0).

Results and discussion

Differences in growth between treatments were not statistically significant due to high individual
variability (P=0.059). However, protein gain was significantly influenced by the dietary AA
composition (P<0.05) with the highest gain in trout fed the diets with the full AA spectrum (diets 1
and 4). Protein gain did not differ significantly between fish fed diets 2 or 5 and those fed diets 3 or 6. It
has been shown that growth and protein utilisation significantly affect bulk §'3C of fish (Focken, 2001;
Gaye-Siessegger et al., 2004). In the present study, dietary AA composition significantly influenced
313C of some AAs in rainbow trout (Table 1, Figure 1). The effect of '3C-enriched Glu was small
(Table 1). Glu enters the Krebs Cycle via deamination that directly produces a-keto-glutarate. During
the step from o-ketoglutarate to succinyl-CoA, the C 1 atom is dissociated. Therefore, only small
effects of enriched Glu on §'3C of individual AAs were expected. The contribution of dietary Glu to
tissue Glu was low which is consistent with the fact that Glu has been shown to be used extensively
in the gut as an energy source (Reeds et al. 1997). Reeds (2000) stated that the classification of AAs
into essential and non-essential have become increasingly imprecise. While Arg is classified as an
essential AA for birds, carnivores and young mammals, it is a conditionally essential AA for adult
mammals (Tapiero et al., 2002). Catfish uses dietary Glu for the synthesis of Arg especially when
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Table 1. Effect of dietary NEAA composition and '3 C-enriched Glu on 5'3C of AAs in trout (n=36).

Parameter Ala Arg Glu Gly His Lys Met Phe Pro Ser Thr Tyr
diet Rk kERE g, RRER kR ns. ns. * ni. ni. ns. K
enrichment ns. ns. ni. ns. ns. ns. ns. ns. ni. ni. NS ns.
diet X enrichment n.s. n.s. * ns. ns. ns. ns. ns KRR KE n.s. ns.

n.s. = not significant; n.i. = non-interpretable due to significant interaction; *P<0.05; **P<0.01; ***P<0.001.
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Figure 2. 6'3C of Glu in diets and trout (means + 1 SD).

Arg is deficient in the diet (Buentello and Gatlin II1, 2000). Possibly, trout fed the high Glu diets
synthesized Arg from dietary Glu and, thus, Arg in fish tissue was enriched in '3C (-16.9%o for fish
fed diet 3 vs. -16.0%o for fish fed diet 6). Further research is required to understand the mechanisms
that lead to different §'3C of AAs, however, the results of this study show the importance of dietary
NEAA composition for the growth performance of trout.
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Introduction

Piétrain crossbreds are commonly known as lean genotypes with a slow growth (Labroue ez al., 1999).
Nevertheless, it remains unclear whether the lower feed intake capacity of Piétrain crossbreds is the
most restrictive factor to realize higher maximal protein deposition (Hermesch et al., 2003). The
objective of this study is to increase the energy content in the diet of Piétrain crossbreds to compensate
lower intake capacity in order to investigate whether the nitrogen (N) deposition rate can be modified.

Materials and methods

Three Piétrain crossbred types of pigs were selected according to their leanness: a lean (n=78), an
intermediate (n=31) and a less lean (n=41) type. As the lean type functions as a pair wise control
group to the other two genotypes, the experiment is unbalanced for sample size. At approximately
20 kg, the at random selected animals were housed individually in a pen for a 7-day period. The
animals were fed ad libitum either a standard energy (9.8 MJ of NE/kg) or a high energy (10.4 MJ
of NE/kg) isonitrogenous (18% N) diet. N and net-energy(NE) retention were calculated based on
Dual Energy X-ray absorptiometry measurements (DEXA). Daily N and NE retention were analyzed
in relation to N intake by using the mixed model procedure within SAS, with the individual pig as
the experimental unit and N-intake as covariate. The influence of genotype, dietary energy level and
the diet x genotype interaction were investigated.

Results and discussion

Initial body composition and N-intake were similar across genotypes and dietary energy concentrations.
The results in Table 1 show two significant effects of diet and genotype. The NE intake is higher if
the pigs are fed a higher energy diet. The less lean type reveals a significant higher NE retention,
suggesting a higher fat tissue gain, since N retention is equal to the other genotypes. These results
are in line with the characteristics of the genotypes. Furthermore, interaction between diet energy
level and type of pig was not significant (Quiniou ef al., 1996).

Regression analyses indicate that pigs fed a high energy level diet have a higher N retention in
comparison to the standard energy level diet at low N intakes, but a lower retention at high intakes.
This is demonstrated by the values of the regression equations at 20 and 60 g N intake per day in
Table 1, indicating a point between 20 and 60 g N intake per day where the N retention of pigs
fed a standard energy level diet becomes higher than the N retentions of the pigs fed a high energy
level diet. This point is situated further away from the average N intake for the Piétrain pigs, but
around the level of the mean N intake per day for the other two genotypes (not shown), explaining
the overall insignificance of the diet in the results, but a trend for the Piétrains” higher average daily
gain (ADQG) fed the high energy level diet.

Concerning the regression analyses of the NE retention, there are small differences between the
genotypes. For the lean type, the high energy level diet has a positive effect on the NE retention.
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Table 1. Lsmeans (and standard error) of ADG, N intake, N retention, NE intake, NE retention.
Regression parameters of N retention and NE retention of pigs at a body weight of 20 to 25kg.

Genotype (G)  Lean Intermediate lean ~ Less lean P-values

Diet (D) Standard High Standard High Standard High G D G*D

No. of animals 38 40 15 16 21 20

ADG (g/d) 510.5 584.4 660.2 657.4 710.0 709.5 ns  ns ns
(70.6) (69.4) (115.6) (109.4) (92.4) (92.6)

Nintake (g/d)  35.23 36.11 40.07 40.98 37.43 36.99 ns ns ns
(1.46) (1.43) (2.41) (2.26) (1.92) (1.98)

N retention (g/d)
Intercept -12.00  -4.83 -9.03 -3.19 -8.39 7.76 ns  0.007 ns
Slope 0.760 0.613 0.700  0.518 0.700 0.324 ns  0.010 ns
Mean 16.15 18.07 17.28 15.55 19.57 19.98 ns  ns ns
(1.39) (1.36) (2.26) (2.16) (1.82) (1.87)
at 20g N intake 3.2 7.43 4.97 7.17 5.61 14.24

at 60g N intake 33.6 31.95 32.97 27.89 33.61 272
R-squared 5431 49.87 49.48 42.85 19.75 39.53
RootMSE  6.03 5.13 4.74 3.43 7.90 3.46

NE intake (kJ/d) 12,019 12,983 13,677 14,748 12,776 13298 ns  0.040 ns
(511.96) (499.24) (844.35) (790.41) (673.26) (694.32)
NE retention (kJ day™!)

Intercept -3,626 -3,527 -5,136  -2,228 -2,211 -1,624 ns ns ns
Slope 220 224 250 165 249 203 ns ns ns
Mean 4,564.83 4,808.25 4,260.71 3,658.84 6,097.95 5,954.30 0.005 ns ns

(341.40) (334.85) (555.51) (529.46) (446.79) (458.11)
at20g Nintake 769.6 94647  -143.09 1,069.4 2,777.19 24352
at 60g N intake 9,560.8  9,892.87 9,843.31 7,663.4 12,752.79 10,553.6
Rsquared 6647 6831 6749 5813  39.64  43.25
Root MSE  1,344.46 1,193.08 1,113.91 747.83  1,689.15 1,705.57

ns: not significant.

However, for both the intermediate and less lean type there is a point in between 20 and 60 g N
intake per day where the NE retention of pigs fed a standard energy level diet becomes higher than
the N retentions of the pigs fed a high energy level diet.

In conclusion, increasing the dietary energy level of Piétrain crossbreds at a body weight of
approximately 20 kg cannot improve their growth rate, however the less lean type is sensitive to
the E-content of diet, resulting in a higher fat tissue gain.
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Introduction

The survival of low birth weight pigs in particular may depend on energy stores in the body. The
growth and composition of the neonatal pig is also of interest because of potential impact on
subsequent growth and composition. Studies have found that factors such as birth weight (Powell
and Aberle, 1980; Poore and Fowden, 2004) and nutrition (Pond ez al., 1965; Campbell and Dunkin,
1983) during the neonatal period can affect both growth and composition. Most studies have relied
on chemical analysis of the carcass to measure composition (fat and lean) of the neonatal pig, thus
the impact on subsequent composition can only be inferred. QMR is an NMR approach to measuring
total body fat, lean and water (Taicher et al., 2005). These measurements are based on quantifying
protons associated with lipid and water molecules in the body. Since QMR is very rapid and does
not require that the pig be anesthetized, these measurements can be made without interfering with
the pig’s growth.

Material and methods

Using a QMR instrument (EchoMRIO), a total of 60 pigs were scanned an average of 5 times starting
at2.7+1.3 d of age (1.95+0.42 kg) and finally at 13.1+4.3 d (4.14+0.52 kg). Each scan consisted of
triplicate measurements. The rates of total body growth and fat and lean deposition were analyzed by
linear regression analysis. Subsequently 107 piglets were scanned twice, first at 3+1 d of age and then
at 13+4 d of age. Fat, lean and water growth were calculated based on differences between the two
measurements. Protein deposition was estimated as 0.25-water deposition (Campbell and Dunkin,
1983). The accuracy of the instrument for measuring total body fat and water had been previously
calibrated and validated based on measurements and chemical analysis of 50 piglets weighing 1.2
to 4.3 kg (Kovner et al., 2010).

Results and discussion

Table 1 shows the rates of fat and lean deposition that were observed when pigs were measured
by QMR an average of five times during growth from approximately 2 to 4 kg body weight. The
mean (£SD) rate of total body growth was 236476 g/d and was linear throughout the study period
(R2=0.98+0.04). There was a wide range in the rates of both fat and lean deposition and both were
linear throughout the study period (R?=0.97+0.04 and R?=0.95+0.10, respectively). Consistent
with the results by Noblet and Etienne (1987), the rates of both fat and lean deposition were highly
correlated (P<0.001) with total body growth rate (r=0.88 and 0.94, respectively). The correlation
between the rates of fat and lean deposition was 0.74 (P<0.001).

Table 2 shows the rates of fat and lean deposition that were observed when pigs were measured
by QMR only twice during growth from approximately 2 to 4 kg body weight. Similar to the first
group, the mean (£SD) rate of total body growth was 230457 g/d. Likewise, measurements of the
rates of fat and lean deposition were similar to the first study, confirming that these rates were linear
and that only the two measurements are needed for this growth period. Again, the rates of both fat
and lean deposition were highly correlated (P<0.001) with total body growth rate (r=0.88 and 0.97,
respectively). In this study, the ratio of total body growth rate to the rate of fat deposition was 5.6,
compared to 6.9 reported by Noblet and Etienne (1987). The ratio of protein gain (estimated) to lipid
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Table 1. Rates of fat and lean deposition — Linear regression, based on individual measurements
(n=60).

Measurement Mean (g/d) = SD Range (g/d) R? (mean + SD)
Fat deposition rate 32+13 10.6-64.9 0.97+0.04
Lean deposition rate 188+60 39.1-353.6 0.95+0.10

Table 2. Measurement of growth and composition based on two observations per pig (n=107).

Scans Age (da) Body Wt (g) Fat(g) Fat (%) Lean (g) Water (g)
1%t Scan 3.0+1.3 21524428 122+66 54423 20144364 16924291
2nd Scan 12.9+4.0 4271+601 491+111 11.4+1.7 37674526  3091+432
Growth Fat (g) Fat(g:d!)  Lean (g) Lean (g-d’!) Water (g)  Water (g/d)
Mean 369+93 41+13 1755€369  191+£50 1400+91 152+41
Range 133-631 8-68 810-2532 83-310 600-2033 66-252

gain was 0.93 in this study compared to 1.06 reported by Noblet and Etienne (1987). The correlation
between the rates of fat and lean deposition was 0.83 (P<0.001).

The results of these studies demonstrate that QMR is a useful method for measuring changes in
body composition in neonatal pigs. Furthermore, the results indicate that during the period of growth
from birth to 4 kg, the rates of both fat and lean deposition are linear and highly correlated with
total body growth

References

Campbell, R.G. and A.C. Dunkin, 1983. The effects of energy intake and dietary protein on nitrogen retention, growth
performance, body composition and some aspects of energy metabolism of baby pigs. Br. J. Nutr. 49, 221-230.

Kovner, ., Taicher and A. Mitchell, 2009. Calibration and validation of EchoMRI whole body composition analysis
based on chemical analysis of piglets. Int. J. Body Comp. Res. (in press).

Noblet, J. and M. Etienne, 1987. Body composition, metabolic rate and utilization of milk nutrients in suckling piglets.
Reprod. Nutr. Dev. 27, 829-839.

Pond, W.G., R.H. Barnes, R.B. Bradfield, E. Kwong and L. Krook, 1965. Effect of dietary energy intake on protein
deficiency symptoms and body composition of baby pigs fed equalized but suboptimal amounts of protein. J.
Nutr. 85, 57-66.

Poore, K.R. and A.L. Fowden, 2004. The effects of birth weight and postnatal growth patterns on fat depth and plasma
leptin concentrations in juvenile and adult pigs. J. Physiol. 558, 295-304.

Powell, S.E. and E.D. Aberle, 1980. Effects of birth weight on growth and carcass composition of swine. J. Anim.
Sci. 50, 860-868.

Taicher, G.Z., F.C. Tinsley, A. Reiderman and M.L. Heiman, 2003. Quantitative magnetic resonance (QMR) method
for bone and whole body composition analysis. Anal. Bioanal. Chem. 377, 990-1002.

148 Energy and protein metabolism and nutrition



The change in threonine requirement from early to late pregnancy in
sows

C.L. Levesque, S. Moehn, P.B. Pencharz and R.O. Ball
Swine Research and Technology Centre, University of Alberta, Edmonton, AB, Canada

Introduction

Current NRC (1998) amino acid requirements for sows are based on growing pig data from the
1970’s and 1980’s; however, genetic selection over the last decade has dramatically increased lean
body gain and litter size. The constant values recommended for amino acid requirements during
pregnancy (NRC, 1998) assume an equal distribution of nutrient demand throughout pregnancy.
However, metabolism in early pregnancy focuses on development of maternal body tissue whereas in
late pregnancy foetal and mammary growth makes up the primary demand for nutrients (McPherson
et al., 2004). This change in metabolic focus is hypothesized to result in a higher requirement for
amino acids during late pregnancy compared to early pregnancy.

Materials and methods

Eight multiparous sows (21111 kg BW) were used to determine the threonine (THR) requirement
during early (25 to 55 d) and late (81 to 111 d) pregnancy using the indicator amino acid oxidation
method utilizing L[1-'3C]phenylalanine. A corn, cornstarch and sugar base diet was formulated
to contain THR at 20 and 60% of NRC (1998) recommendations in early and late pregnancy,
respectively. Crystalline THR was used to create 6 diets ranging from 20 to 120% (early pregnancy)
and 6 diets from 60 to 180% (late pregnancy) of the current recommended THR intake (10 g/d)
based on BW, expected pregnancy gain and litter size.

The trial consisted of 6 consecutive periods (3 d of adaptation + 1 d of expired CO, and plasma
collection). On collection day, tracer phenylalanine was given orally in 8, half-hourly meals and
expired 13CO2 was quantified. Plasma samples were taken during tracer infusion and analyzed for
free amino acid concentration.

Data were analyzed using a nonlinear Mixed model in SAS (2001).

Results and discussion

Sow reproductive performance was similar to commercial standards (litter size: 14.0+2.6; litter birth
weight: 21.344.3 kg). Figure 1 shows the response of sows to increasing dietary THR based on L[1-

13C]phenylalanine oxidation. The THR requirement in early pregnancy was 5.0+1.0 g/d (R2=0.71)
and in late pregnancy 12.3+2.3 g/d (R?=0.58) based on indicator amino acid oxidation (Table 1).

A 25 - 55 d gestation B 81 - 111 d gestation
5 24 Breakpoint 5.0 + 1.0 g/d kal Breakpoint 12.3 + 2.3 g/d
& 2 R?=0.71 ) R? = 0.58
2 20 2 20
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g 16 1 T S 1.6
S 14 L ¥ 5 14
T 12 g2
10 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ® 10 : : : : : : : ‘
0 2 4 6 8 10 12 14 4 6 8 10 12 14 16 18 20
THR intake (g/d) THR intake (g/d)

Figure 1. The response of sows to increasing levels of dietary threonine intake based on [1-'3C]
phenylalanine oxidation (A: early gestation, B: late gestation).
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Table 1. Threonine requirement of sows in early and late gestation based on indicator amino acid
and plasma threonine concentration.

Stage of gestation TAAO! se Plasma THR se
Early (25-55 d) 5.0 1.0 39 0.5
Late (81-111 d) 12.3 2.3 10.5 2.8

I TAAO: indicator amino acid oxidation (L[1-'3C] phenylalanine.

The THR requirement in early pregnancy was 3.9£0.5 g/d (R?=0.90) and in late pregnancy was
10.5+2.8 g/d (R2=0.68) based on plasma THR concentration (Table 1).

The demand for THR increases more than 2-fold in late pregnancy compared to early pregnancy.
The requirement for THR was 50 and 125% of the NRC (1998) recommended intake of 10 g/d in
early and late pregnancy, respectively.

These results support recently published recommendations for sow feeding that the requirement for
amino acids increase in late gestation (Kim et al., 2009; GfE, 2008). Srichana (2006) found that the
lysine requirement of sows in early and mid pregnancy was lower than in late pregnancy, 15 and
20 g, respectively.

Feeding a constant level of amino acids during pregnancy does not meet the demand for protein in
late pregnancy and results in maternal protein catabolism to support foetal growth. Phase feeding
sows during pregnancy will (1) account for changes in amino acid requirements during pregnancy,
(2) reduce feed costs by reducing the risk of over feeding AA in early pregnancy and underfeeding
amino acids in late pregnancy, and (3) potentially increase sow reproductive performance.
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Introduction

Total tract apparent digestibility of nutrients is traditionally assessed by either total collection (TC) or
by the indicator method (IM). The IM saves labour by measuring the concentration of an indigestible
indicator (e.g. Cr,0,) in feed and feces, purportedly resulting in similar digestibility values as TC
(Schurch et al., 1952). Our previous efforts have demonstrated that the IM methodology may not
be as discriminating for the detection of treatment differences as TC, depending on how the IM is
conducted. We have reported that a multiday IM sample is better than a single grab sample, and
that several days of marker observance in feces are required before the marker content stabilizes
in the feces (Agudelo et al., 2010). The objective of this experiment was to further define a more
efficacious manner of pooling fecal samples that will provide a digestibility value that most closely
approximates that obtained by TC and that minimizes variation and thereby equals the precision of TC.

Materials and methods

Crossbred pigs (n=24; mean BW=46.3 kg) were fed one of 4 diets: (1) low P corn-soybean meal basal
diet, (2) basal + virginiamycin (11 mg/kg diet), (3) basal + phytase (300 PU/kg diet), and (4) basal
+ virginiamycin + phytase. Diets were designed to have differences in P digestibility that would be
detectible by TC. Pigs were individually housed in metabolism crates for a 7-day (d) adaptation and
5-d TC. Pigs were fed at 3% of BW divided into 2 equal meals with the beginning and ending meals
of the TC marked with indigo carmine. The IM phase immediately followed the TC by including
Cr,0; at 0.25% in the feed for 10 days. Collection of fecal samples for IM started the day after Cr,O,
was first fed and continued for 9 consecutive d. Feces from collection d 1-9 were kept separated
and labelled ‘D 17, ‘D 2’, etc. to ‘D 9. Similar portions of feces from d 5-9 were then composited
into 4 additional samples: d 5-6, d 5-7, d 5-8, and d 5-9. The number of samples analyzed was 13/
pig for a total of 312 samples for IM digestibility in addition to the 24 samples from TC. All diets
and fecal samples were then analyzed for dry matter (DM), gross energy (GE), N, P, acid detergent
fiber (ADF), and neutral detergent fiber (NDF). Descriptive statistics of the data were computed in
an Excel spreadsheet (Microsoft, Redmond WA, USA). TC data were further analyzed for treatment
differences by the GLM procedure (SAS, 2004).

Results and discussion

An extremely large number of samples were analyzed. The information provided by examining 4
diets was similar for many nutrients. In general, the key observations can be summarized by the
information for DM and P digestibility from Diets 1 and 3 which provided the largest treatment
differences in P digestibility. In general, the highest digestibilities were for DM (>90%), GE (88-89%),
and N (89-90%), intermediate for ADF (67-68%) and NDF (62-63%), and lowest for P (33-47%)).
Table 1 reports the digestibility of DM and P (the extremes of digestibility observed). For all analyzed
nutrients, the mean IM digestibility values were less than those by TC (the last row of values in Table
1); the most likely reason for this observation is low marker analysis in the diet because low marker
analysis in feces is associated with abnormally high or low digestibility values (as is demonstrated by
the values on D 1 of collection). For highly digestible components of the diets, mean values tended
to stabilize by D 5 or D 6 and pooling of feces for multiple days (the composited means in the table)
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improved little the mean or the CV. For the lowest digestible component measured (P), means were
never very stable with the IM method and the CV was much greater; in this instance the pooling
of samples did improve the CV. Interestingly, the use of phytase (Diet 3 compared to Diet 1) was
associated with a lower CV of at least 35% for the composited samples for all measured components
except N. While a low digestible component like P had variability for the mean values, a treatment
difference of >20% was observed by D 6. In summary, the need for, and potential advantage of,
pooling of fecal samples depends on the component of interest.

Table 1. Mean IM digestibility (and associated CV) for dry matter and phosphorus compared to TC
based on day of fecal collection.’

Dry matter Phosphorus

Diet 1 Diet 3 Diet 1 Diet 3
Day Mean CV,% Mean CV,% Mean CV,% Mean CV,%
1 -11,275 208 -32,036 -153 81,067 -214 166,740  -154
2 -37.9 -508 0.1 216,128 -821  -158 -447  -178
3 80.2 11.6 87.3 22 -37.1 -205 323 396
4 878 23 88.6 2.1 16.2 1033 428 189
5 87.5 1.1 89.2 1.4 472 877 53.8 430
6 88.3 1.6 89.2 1.3 23.1  29.0 44.6 163
7 879 2.0 89.1 1.5 182  53.6 40.6  17.0
8 88.4 1.2 89.2 0.7 22.7 431 44.0 9.4
9 88.5 22 89.0 0.8 22.0 37.6 41.6 122
Composited samples
5-6 88.6 1.5 89.7 0.6 254 242 45.6 8.2
5-7 88.2 1.7 89.4 0.9 21.1 283 428 119
5-8 88.9 1.2 89.3 0.6 22.8  28.1 435 10.1
5-9 88.9 1.6 89.2 0.8 23.1 342 432  10.0
TC 90.1 0.8 90.0 0.6 33.4% 143 472> 93
ab p<0.01.

! Each mean represents values from 6 pigs.
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Introduction

In the last century the primary role of the of the liver in producing glucose either by glycogenolysis
or gluconeogenesis was acknowledged at a point that the appearance of endogenous glucose in the
bloodstream was usually referred to as ‘hepatic glucose production’. It had been known for a long
time that the kidney has the machinery to synthesize de novo glucose and that it is indeed a source
for endogenous glucose in mammalians. Nonetheless, the kidney was considered a gluconeogenic
organ only in case of severe acidosis and prolonged fasting.

It was also believed that the gluconeogenic machinery, including four critical enzymes pyruvate
carboxylase, PEP carboxykinase, fructose-1,6-diphosphatase, and glucose-6-phosphatase could
be fully expressed exclusively in the liver and in the kidney. Specifically, with the exception of
hepatocytes and renal cortical cells, it was considered impossible that any glucose synthesized de
novo or released from local glycogen stores could be released in the systemic circulation, because
of the absence of glucose-6-phosphatase.

At the end of the century experimental evidence unequivocally challenged the latter dogma, and a
whole family of functionally active glucose-6-phosphatases, variously expressed in several tissues,
was discovered. Consequently, many kinetic studies tried to quantify glucose release from various
organs besides the liver. However, due to inherent technical problems limiting the accuracy in the
estimates of glucose fluxes across organs, controversies still exist about the extent of non-hepatic
glucose production in various conditions in humans.

The gluconeogenic potential of extrahepatic organs

Despite conflicting evidences still existing regarding actual gluconeogenic potential of the kidney
and other organs (Gerich et al., 2001, Previs et al., 2009), the issue whether humans can produce
significant amounts of glucose outside the liver has been conclusively solved. Two critical groups
of experiments, although performed after the renal glucose production had already been considered
non-negligible in humans with various arterio-venous balance and tracer infusion techniques,
definitely and unequivocally demonstrated a significant non-hepatic glucose production. These
studies used as an experimental model the anhepatic phase of liver transplantation i.e. the lag-time
in which the recipient’s liver has been removed but the donor’s liver has not yet been replaced. This
is a non-physiological, clear-cut model, to demonstrate nonhepatic gluconeogenesis, in the absence
of the liver confounding the results with its large output of glucose.

The study published first came from Dr Amiel’s group (Joseph et al., 2000). The experimental
approach consisted of a primed continuous glucose tracer infusion coupled to an exogenous glucose
infusion regulated to maintain moderate hyperglycaemia (7.5-8 mmol/l) through the experiment.
The glucose clamp procedure was maintained for the whole duration of the surgical operation, and
any variations in the rate of glucose infusion required to maintain the glucose target were recorded.
Compared to the other surgical phases, during the anhepatic phase the rate of glucose infusion
required only a modest increment in the exogenous glucose infusion, suggesting that either glucose
clearance was reduced or endogenous glucose production was maintained. Based on the analysis of
tracer derived data, the authors calculated that at the end of the anhepatic phase endogenous glucose
was released at a rate approximately 50% of the basal state.
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The second group of studies followed a slightly different experimental approach (Battezzati et al.,
2002; Battezzati et al., 2004). Subjects undergoing liver transplantation wee studied during the
procedure and again several months after its successful completion, and compared to a control
group. The experiment begun as soon as the recipient’s liver was removed, and ended when the graft
circulation was re-established by portal unclamping. In order to obtain all experimental evidence
for non hepatic glucose production within this time frame, glucose and amino acid kinetics were
investigated by means of stable-isotopes labelled tracers bolus injections followed by frequent arterial
glucose sampling. In this way the kinetics of glucose, of the gluconeogenic amino acids alanine and
glutamine and of leucine were measured. In addition, the gluconeogenic transfer of 13C of glutamine
and alanine tracers to glucose could be determined.

It was found that without the liver, the body can produce and dispose an increased load of
gluconeogenic amino acids without net changes in the proteolytic rate, i.e. in their appearance from
endogenous proteins catabolism. The plasma and whole-body alanine content and kinetics increased
three and two fold respectively compared to controls, with a halved metabolic clearance and a doubled
production rate, which was 2% greater than for disposal and caused the increment in concentrations.
Free whole-body glutamine decreased 25%, but increased 50% in plasma. Glutamine clearance was
halved, and the production decreased by 25%, but remained 2% greater than for disposal. Liver
replacement decreased alanine and glutamine concentrations, leaving leucine unchanged.

At the beginning of the anhepatic phase, plasma glucose concentration was increased and then
slowly declined, approximately by 15% per hour. Sampling across artery and renal vein showed
an arteriovenous gradient of 3.7 mg/dl, proving in line of principle that the right kidney released
glucose. In contrast, arterial and portal glucose concentrations were not significantly different, a fact
that does not exclude simultaneous glucose uptake and release from the gut. The glucose clearance
was 25% reduced, but glucose uptake was similar to that of the control groups. Glucose production
without liver was only 30% reduced compared to controls. Glucose became enriched with 13C from
glutamine and at a minor extent from alanine, proving conclusively the extrahepatic gluconeogenesis.
In addition to alanine and glutamine, the gluconeogenic precursors lactate, pyruvate, and glycerol,
and insulin, and the counterregulatory hormones epinephrine, cortisol, growth hormone, and glucagon
were all increased severalfold.

The studies during the anhepatic phase of liver transplantation proved that extrahepatic organs
synthesize glucose at a rate similar to postabsorptive healthy subjects, when gluconeogenic precursors
and counterregulatory hormones are markedly increased. They also suggested that the kidney is the
main but possibly not the unique source of the extrahepatic glucose production. The liver proved
to be necessary to the disposal of three-carbon compounds as pyruvate, lactate and alanine, but not
for glutamine disposal and gluconeogenesis.

Evidence supporting renal glucose production

It is well known that the renal cortex is provided with the full set of enzymes necessary to
gluconeogenesis, as evidentiated by the studies of Hans Krebs already in the midst of the last century
(Nishiitsutsuji-Uwo et al., 1967; Weidemann and Krebs, 1969). The gluconeogenic potential of the
kidney has therefore never been questioned in line of principle, but the quantification of the actual
contribution of the kidney to glucose production has been subject of considerable debate. Most of
the controversies have arisen from the inaccuracy in measurement of the renal blood flow (which is
large), of the glycemic gradient across the renal bed (which is small or even neutral, because the kidney
can simultaneously produce and take up glucose), and of the gradients in glucose tracer enrichments
or specific activities across the same districts when tracers are simultaneously administered in order
to quantify organ glucose uptake and release (Moller et al., 2001).
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The estimates of the renal contribution to endogenous glucose production range from almost zero to
30% of the endogenous glucose production (Cersosimo et al., 2000; Ekberg et al., 1999; Moller et
al.,2001; Stumvoll et al., 1995). The most consistent contribution of the kidney to the postabsorptive
glucose production came from lactate and glutamine, with minor contributions of alanine (Stumvoll
et al., 1998a). Reenal glucose production was also suppressed by insulin (Meyer et al., 1998),
stimulated by epinephrine and insensitive to glucagon (Stumvoll ef al., 1998a, Stumvoll, 1998b).

This issue has been reviewed in 2001 by Gerich ez al. summarizing the evidence available at that time,
providing the following conclusions: (1) the human kidney both consumes and releases glucose in
the postabsorptive state. (2) hepatic glucose release cannot account for overall endogenous glucose
glucose production. (3) as far as gluconeogenesis is concerned, the kidney may be roughly as important
aas the liver. (4) renal glucose release and uptake are under insulin and epinephrine control. (5) during
hypoglycemia the kidney can compensate at least partially for impaired hepatic glucose release.
(6) in both types 1 and 2 diabetes the kidney releases more glucose contributing to hyperglycemia.
Up to now there are unresolved issues concerning the role of the kidney gluconeogenesis in the
pathogenesis of renal and hepatic failure, severe infections and aging.

Evidence supporting intestinal glucose production

The existence of intestinal gluconeogenesis in humans is currently matter of debate. In 1978 evidence
for gluconeogenic conversion of glutamine carbons in the rat small intestine was provided by
Windmueller and Spaeth (Windmueller, 1978), but the idea that fructose and other gluconeogenic
substrates could be converted to glucose in the human intestine thanks to a functionally active
glucose-6Pase dates back to in vitro studies of White and Landau in 1965. It has also been known
for a long time that the complete set of gluconeogenic enzymes is expressed in the small intestine of
rats, mice, and rabbits at the time they are suckling even though their activities decrease to very low
levels thereafter (Hahn and Wei-Ning, 1986; Anderson and Rosendall, 1973; Hahn and Smale, 1982;
Watford and Tatro, 1989; Westbury and Hahn, 1984). Recently, when northern blotting and reverse-
transcription polymerase chain reaction and highly specific Glc6Pase assay become available, Rajas et
al. (1999) studied the expression of the Glc6Pase gene in human and in rat tissues and demonstrated
that the Glc6Pase gene is expressed in the duodenum, jejunum, and ileum in humans. The same
group also showed that both the intestinal rat Glc6Pase and phosphoenolpyruvate carboxykinase
(another major regulatory gene of gluconeogenesis) mRNA abundances and protein activities are
markedly increased by fasting and insulinopenia (Croset et al., 2001).

The latter findings have substantially contributed to the hypothesis that in mammalians the small
intestine might possess the capacity to produce glucose in portal blood and that this production
might be augmented in insulinopenic states. This hypothesis requires to be unequivocally proved
by kinetic studies quantifying enteral gluconeogenesis.

In suckling rats intestinal mucosa in vitro, low-rate gluconeogenesis was quantified by Hahn and
Wei-Ning (1986). Critical studies in the adult rat in vivo were performed by Croset ef al. (2001)
combining arteriovenous balance and isotopic techniques. They found that in insulinopenia the
rat small intestine can contribute up to one fourth of the total endogenous glucose production.
Similarly to liver glucose production, small intestine glucose production is acutely suppressed by
insulin infusion. The preferred gluconeogenic substrate is glutamine and, to a much lower extent,
glycerol. In a subsequent study using this technique, the same group showed that 72 h fasting can
increase the contribution of the small intestine up to one third of glucose production (Mithieux et al.,
2004). These findings prompt to speculate that the small intestine plays an important regulatory role
during prolonged fasting, when increased enteral glucose production is counterparted by decreased
hepatic glucose production and increased glycogen stores, hence sparing liver protein catabolism
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for gluconeogenesis. A second speculation points to the potential role of the small intestine in the
production of hyperglycemia in uncompensated diabetes.

Martin et al. (2007) challenged this view with in vitro and in vivo studies published in 2007. They
showed that segments from the small intestine of 72 h-fasted rats, incubated with 13C-labelled
glutamine, did not synthesize 13C-labelled glucose at all despite a high rate of glutamine utilization
and metabolism. In addition they contended that their arteriovenous metabolite concentration
difference measurements across the portal vein-drained viscera of 72 h-fasted Wistar and Sprague-
Dawley rats couldn’t in any way account for the rate of intestinal gluconeogenesis reported by Croset
and Mithieux in their 72 h-fasted rats. Finally, they stated that glutamine gluconeogenesis would not
be detectable by the currently available methods because the dilution of circulating glucose by newly
synthesized glucose would be much smaller than the margins of error of the methods employed.
This work and further negative data reported in abstract form from two other groups in piglets, rats
and dogs (Burrin et al., 2005; Brunengraber et al., 2007), have led Previs et al. (2009) to critically
evaluate in a recent review the radioactive and stable isotopic techniques used to measure intestinal
gluconeogenesis. In a theoretical work he simulated the impact of unavoidable measurement errors
on apparent rates of intestinal gluconeogenesis and concluded that it is currently not possible to
provide anything more than rough estimates of intestinal glucose production. In face of the current
controversy it is therefore necessary to provide more detailed evidence in order to have the hypothesis
generally accepted.

Evidence supporting muscle glucose production

It has been known for years that patients with glycogen storage disease type 1, despite their enzymatic
defect, can maintain a residual endogenous glucose production acconting fot up to 50% of healthy
subjects, especially when they become older (Kalhan ef al., 1982; Tsalikian et al., 1984; Weghuber
et al., 2007). The source of this glucose could either derive from residual G6Pase or non specific
phosphatases, from amylo-1,6-glucosidase or from acid alpha glucosidase activity (Moses, 2002).
Recently, endogenous glucose production was investigated in a patient virtually lacking liver, kidney
and intestine glucose production because of an absolute defect of the glucose-6-phosphatase isoform
a expressed in these tissues (Huidekoper ez al., 2010). In this patient a residual endogenous glucose
production was found both from gluconeogenesis and glycogenolysis, accounting for approximately
30% of the rate in healthy subjects.

The authors speculated that this glucose must derive from tissues expressing the glucose-6-phosphatase
isoform f3, recently proposed by Shieh et al. (2003). The expression of this phosphatase, renamed
to GO6PC3 (glucose-6-phosphatase catalytic subunit) (Hutton et al., 2009) is much lower in kidney
and small intestine than in muscle and has been shown to be functionally active in the muscle that,
in addition has the largest body reservoir of glycogen. Muscle is therefore the most likely candidate
tissue for extrahepatic and extrarenal glucose production. However, direct evidence for the muscular
origin of glucose production has to be provided yet.

Evidence supporting brain glucose production

In the brain, neuronal and glial cells are thightly interconnectd from the metabolic standpoint. The
human brain contains a substantial amount of glycogen, that can be non invasively detected by in
vivo with localized 13C-NMR spectroscopy (Oz ef al., 2007). At the cellular level, this glycogen
is stored in astrocytes and not in neurons even though both cell types use glucose for their energy
needs. The glycogen stores are regulated by glucose, hormones, and neurotransmitters, suggesting
an important metabolic function: it has been shown that astrocytic glycogen utilization can support
neurons during hypoglycemia and during periods of high neuronal activity (Brown and Ransom,
2007). In humans, brain glycogen supports energy metabolism when glucose supply from the blood
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is inadequate and glycogen levels rebound higher than normal after a single episode of moderate
hypoglycemia (Oz et al., 2009). It has been shown that after glycogen breakdown, neurons can
export glucose to other cells via gap junctions, or lactate for the use of surrounding neurons (Rouach
et al., 2008; Suh et al., 2007).

Astrocytes have recently been found to express the ubiquitous glucose-6Phosphatase also expressed
in the muscle, and the glucose-6-P transporter necessary to provide a functional complex (Ghosh
et al., 2005). This concept would lead to the consequence that astrocytes could release the stored
glycogen as glucose in the brain. Therefore, Shieh et al. (2003) hypothesized that in hypoglycemia,
astrocytes may provide glucose directly to neurons and possibly to plasma. This issue was addressed
with brain microdialysis studies that found evidence of compartmentalisation of brain glucose,
suggesting that neurons obtain the majority of glucose reaching via the astrocytic intracellular
space and the ECF. Astrocytic glucose-6-phosphatase may therefore permit astrocytes to modulate
the trans-astrocytic flux of glucose to adjacent neurons in response to signals reflecting increased
neuronal demand. (Forsyth et al., 1996).

Evidence for such release in humans is currently lacking, and it would be difficult to provide by
conventional arterio-venous balance techniques coupled to metabolic tracers infusions, because of
the complexity of the brain vascularization. However, Eyre et al. (1994), documented in 19 children
undergoing cardiopulmunary bypass surgery, transitory periods in which the jugular vein glucose
concentration exceded the aterial value by up to 5.3 mmol/l. They concluded that the magnitude
of the release implies the presence of a glucose reservoir in brain, supporting the idea that that
astrocytic glycogen can be exported as glucose, permitting spatial and temporal modulation of
glucose delivery to neurons.

Conclusion

In recent years, advances at the molecular level in the knowledge of the gene expression profile of
gluconeogenic enzymes in various cells and tissues have opened new perspectives. The idea that
endogenous glucose production for the use of other tissues is a function exlusively performed by the
liver has been seriously challenged. Specifically a whole family of glucose 6P phosphatase has been
discovered, with one subtype ubiquitously distributed. In addition to the liver, the small intestine,
the muscle and the brain have been individuated as possible sources of endogenous glucose.

The final proof of these hypothesis depends on the quantification of glucose release from specific
organs and tissues in various conditions in vivo. Unfortunately, methodologies and studies for substrate
kinetics and interorgan metabolic exchanges have not kept the pace with molecular methodologies
and studies. The invasiveness of catheterization organ balance studies, the inherent inaccuracy of
tracer methodologies, and the complexity of mathematical modelling of biological systems, have not
substantially improved in the last two decades. These difficulties continue to be the limiting factors
to the full understanding of the metabolic picture at the whole-body level in vivo.

The existence and the extent of glucose production from the small intestine, the muscle and the
brain, therefore continues to be a matter of debate. Any advancement in this field, however, will
have the potential to change the way we consider the concept of liver and kidney reciprocity, the
physiological response to exercise and to feeding, and the pathogenesis of many conditions like
diabetes, hypoglycecemia, liver and hepatic failure, ischemic and neurodegenerative diseases.
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Abstract

To meet the new constraints and/or objectives of ruminant production systems, feeding systems
have to evolve to be more nutrient based. The energy value of feeds being still defined as an
aggregated unit, objective of the present work was to evaluate the feasibility of describing energy
by the amount of energetic nutrients appearing in the portal vein and released by the splanchnic
area towards peripheral tissues. Using the exhaustive Flora database which includes all published
data on net splanchnic fluxes of nutrients measured in ruminants, empirical prediction equations
were derived by meta-analysis. Equations were validated against other databases established for
related parameters and a few unpublished data. Dietary and animal characteristics as defined by
INRA proved to be valuable predictors of the net splanchnic release of energetic nutrients. Their
use as additional rationing tools to predict animal responses, unaccounted for in present system,
is promising. The quantitative coherence between the Metabolisable Energy and Absorbed Energy
concepts shows that the necessary condition for energy feeding systems to evolve towards nutrient-
based systems will soon be met.

Introduction

For ruminant nutrition research, an improved control of the transformation of feeds into animal
tissues and production of economical interest (meat, milk, etc.) has been a long standing goal. Major
progresses have been made in the chemical characterization of feeds as well as of their extent and
site of digestion. Wells of knowledge have also been accumulated on quantitative in vivo tissue and
nutrient metabolism. At the same time, ruminant production systems have been facing additional
constraints of improved efficiency, product quality, feed security and animal health while limiting
wastes to the environment besides productivity.

The present challenge is to select and aggregate the most relevant knowledge into tools that could
be used in rationing practices to address the multiple objectives that the ruminant industry is now
facing. A number of the newly arising production objectives depend of the adequate prediction of
amount and nature of nutrients available for absorption through the gut, following digestion processes,
and of their metabolic fate among and within the different body tissues (gut, liver, muscles, adipose
tissues, mammary gland, etc.). An evolution towards mechanistic nutrient based systems has been
proposed (Reynolds, 2000). Mechanistic digestion and metabolism models exist (as summarised by
Noziére et al., 2010b). They have been developed, however, for research purposes and numerous
variables and parameters which limit their use in rationing tools. Alternatively, can existing feed
evaluation systems integrate nutrient based rationing criteria and thereby accommodate for these
multiple objectives?

Energy and protein metabolism and nutrition 163



The French ruminant energy feeding system and objectives of evolution

Existing feeding systems have been developed to adjust rations to the genetic potential of animals, the
main issue being productivity and profitability. The INRA feeding system includes a feed evaluation
system that defines two nutritional values for each feed, an energy and a protein value, as well as
a fill value. It also includes a nutritional requirement system applicable to all types of ruminants.
The system is developed for animals as individuals and the metabolic animal unit is considered as
a black box. This system is widely used in practice and has proved its robustness (INRA, 2007).

The present paper focuses on energy. Unlike the protein value of feeds, which is now described in
terms of Amino Acids Digestible in the Intestine (AADI; INRA, 2007) from feed characteristics,
energy is still defined as an aggregated unit. The energy value depends on the chemical composition
of feeds and their digestibility (associating in vivo and in situ data at ruminal and intestinal levels)
as well as the efficiency of energy utilisation at reference feeding levels. A specificity of the French
energy system was to choose net energy as the unit to define the energy value of feeds and rations.

On these bases, our research objective was to evaluate the feasibility of describing the energy value
of feeds and diets in terms of nutrients made available to tissues (in quantity and quality), first at
portal and second at splanchnic level. Two constraints were set. The first one was to select predictors
of energetic nutrients from the newly revised INRA feed tables (INRA-AFZ, 2004; INRA, 2007).
These objectives were set in light of the recent advances towards the prediction of the amount
of digestion end-product [starch, fatty acid, volatile fatty acids (VFA)...] from (1) a precise and
thorough description of the chemical characteristics of feeds and (2) the introduction of the site
and extent of digestion of these individual chemical entities (Offner and Sauvant, 2004). Indeed,
only feed characteristics are measurable and available in practice and the objective was to develop
prediction models fully compatible with the INRA Feeding System and its associated rationing tool
(INRATion). The second one was for the prediction models to apply to the diversity of animal types
used in the major ruminant production systems.

Two major questions were formulated:
1. Can net portal absorption of the major energetic nutrients be predicted from dietary characteristics?
2. Can the net splanchnic release of nutrients be predicted from dietary and animal characteristics?

Energetic nutrients considered were the hydrosoluble ones, absorbed into portal blood circulation
and contributing for 90 to 95% to metabolisable energy (Journet ez al., 1995): major VFA (acetate,
propionate and butyrate), glucose and L-lactate, B-hydroxybutyrate (BHBA) and o-amino-nitrogen
[a-amino-N, as an indicator of total amino nitrogen (Martineau ef al., 2009)]. Long-chain fatty acids
absorbed into lymph and not measured with blood trans-organ balances were not considered here.

An empirical meta-analysis modelling approach

An empirical meta-analysis approach was applied in order to develop a quantitative review of the
available data and their aggregation towards response laws (Sauvant, 1992). The definite strength
of this approach lays in the robustness of the empirically derived response laws, with the limit that
the derived laws depend on the physiological and nutritional conditions associated to the data used.
Their application is defined by the range of validity of the meta-design. Outside this range of validity,
the derived predictions have to be used with caution.

Database and range of validity of the models
The Flora (Flux of nutrients across tissues and Organs in Ruminant Animals; Vernet and Ortigues-

Marty, 2006) database was used. It is an exhaustive compilation of the approximately 250 international
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publications on splanchnic net flux measurements in ruminants (Vernet ez al., 2007). It encompasses
a wide range of nutritional and physiological conditions.

Intake levels ranged up to 42 g DM / d / kg BW for diets containing up to 100% concentrate (Table
1). The most frequent feeds were the cocks-foot and lucerne hays and corn silage for forages, and
corn grain, wheat, corn gluten meal and soya bean meal for concentrates. Lipid supplementation,
use of feed additives such as buffers, probiotics, or changes in feed particle size were lacking.
Animals included cattle and sheep (no goats), either at or below maintenance, or growing, fattening,
gestating or lactating. Milk yields were up to 47.7 kg a day. Body weight gains were up to 1,920
g/d, intensive finishing beef cattle were missing. Low feeding levels and even fasting conditions
were represented in sheep.

Considering the work load involved and the public concern on animal experimentation and ethics,
it is unlikely that forthcoming research will completely fill the gaps.

Table 1. Range of validity of the prediction models as defined by data available within the Flora
database.

Item Mean SE Min Max

Diet composition (g’kg DM)

Digestible organic matter 646 94 442 852
Neutral detergent fibre 455 156 133 736
Crude protein 134 35 45 247
Crude fibre 233 94 40 417
Starch 34 36 0 709
Rumen fermentable organic matter 502 43 401 633
Rumen digestible NDF 239 88 85 427
PDI! 91 15 28 142
UFL! 0.84 0.17 0.44 1.19
% concentrate 37 35 0 100
ME (MJ/ kg DM) 9.95 1.61 6.44 13.12
Intake (g/d/kg body weight)

DM 21.5 7.64 0 42
Digestible organic matter 139 5.02 0 29
Neutral detergent fibre 9.88 5.41 0 27
Starch 3.81 4.06 0 17
Rumen fermentable organic matter 10.9 3.98 0 21
Rumen digestible NDF 5.22 2.72 0 14
Rumen digestible starch 247 2.76 0 12

I Protein digestible in the intestine and feed unit for lactation as defined by INRA (2007).
Homogeneous characterisation of animals, feeds and diets

Aggregation of nutritional results requires that animals, feeds and diets are described on a common and
homogenous basis. Breed, animal type, sex, age and physiological status were the obvious criteria to
homogenously describe animals. These qualitative descriptors were completed by quantitative ones:
the net energy for production and the energy balance calculated according to INRA (1987, 1988).
Tissue energy deposition or mobilisation could thus be estimated. In case of energy mobilisation,
the composition of mobilised tissues was estimated and the arterial supply of endogenous nutrients
(long chain fatty acids, glycerol and alanine) to splanchnic tissues was estimated (Loncke, 2009).
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Major efforts were developed to homogeneously characterise feeds and diets, since publications
reporting net splanchnic nutrient fluxes do not systematically nor homogenously report the chemical
composition and nutritional value of feeds and diets. We chose to describe all feeds according to INRA
feed tables (INRA-AFZ, 2004; INRA, 2007) which give thoroughly detailed, robust and updated
information on the chemical and digestion characteristics of an extremely large panel of concentrates
(n=160) and forages (n=1,260). After selection, for each publication, of the most representative feed
ingredients, the chemical composition and nutritional value of the diets were calculated from Feed
Tables by additivity. The calculated values were validated by comparison with the values reported
by the authors, when available (Loncke et al., 2009). This strategy allowed testing, as predictors or
as secondary variation factors, criteria that were not directly mentioned in the publications. It also
allowed comparing the response equations with those derived from other databases using the same
principles (Noziére et al., 2010b).

Unit

All quantitative variables of intake, net nutrient fluxes and energy balance were expressed on a body
weight basis. Digestive processes are better expressed per kg body weight (Sauvant et al., 2006).
This unit was also the only one that allowed normal distributions of the explanatory variables and
a full overlap across cattle and sheep data, as already noted by Vernet et al. (2005). Loncke et al.
(2010Db) confirmed the relevance of this unit for the energy expenditure of portal drained-viscera.

Within-study meta-analyses, predictors and interfering factors

In order to identify the major driving forces while limiting at best the risk of biases, a within-study
approach was applied (Sauvant et al., 2005, 2008). In an iterative process, studies or groups of
treatments within publications were selected from Flora if they varied for only one variation factor,
chosen as the assumed main predictor of the relationship. The range of nutritional conditions available
within Flora could then be fully explored to compare several variation factors and identify the main
predictor. The study effect was considered as fixed on the bases that experimental conditions varied
across publications first because of clear methodological choices by the research group rather than on
arandom basis. Consequently, all parameters of the statistical models (slopes, intercepts, LSMeans,
within and across study-residues) were tested for influent data and for systematic bias due to secondary
variation factors, called interfering factors. Search for interfering factors was systematic and thorough
using all quantitative and qualitative variables available in the dataset, namely all variables describing
the animals as well as the feeds and diets including the extent and site of digestion or metabolic
interactions. Physiological relationships were first established. The predictors and the models that
explained the greater proportion of variance and that presented the least interfering factors were
considered as being the best, provided they were physiologically relevant. When possible, models
were compared with those elaborated for related variables on different databases (Noziére et al.,
2010b). When relevant, physiological predictors were then aggregated to identify rationing predictors,
easy to use in practice and more generic. In the end, two types of predictors were selected. The first
ones represented the ‘push’ regulations of the mass action law. The second ones illustrated the ‘pull’
regulations, or more accurately the balance between the genetic potential of the animals and nutrient
intake (Ortigues-Marty et al., 2003).

Prediction models of net splanchnic release
In all derived models, the driving forces were similar whatever the species (sheep vs. cattle), nutritional

or physiological (non-productive, growing, lactating, gestating) state of the animal. Models could
then be applied to all ruminants, only the numerical value of a few parameters sometimes differed.
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Table 2. Dietary and animal predictors of the net splanchnic release of energetic nutrients in
ruminants (Loncke, 2009).

Nutrient Predictors Dietary interfering Mean difference predicted-
factors observed % of observed

Ketogenic nutrients

Acetate RFOMI, RANDF/FOM none 2.7
Or RFOMI! dietary NDF 3.4
Butyrate RFOMI, RANDF/FOM! none 2.7
BHBA RFOMI, RANDF/FOM, EB! none 6.3
Glucogenic nutrients
Propionate  RFOMI, RANDF/RFOM! none 8.0
L-lactate Rd Starch, RFOMI,
RANDF/FOM! none 20
Or Rd Starch, EB! none
a-amino-N  PDIE! dietary N content 10
Glucose Rd and Id Starch, RFOMI,
RANDF/FOM, PDIE! none 14

RFOM(I): rumen fermentable organic matter (intake).

RANDF: rumen digestible neutral detergent fibre.

1d Starch: intestinal digestible starch.

Rd Starch: rumen digestible starch.

PDIE: protein digestible in the intestine, as limited by the energy supply.
EB: energy balance.

I Significant physiological status effect on intercept, LSMeans or slope.

Net splanchnic release of ketogenic nutrients

Splanchnic release of ketogenic nutrients could be predicted (Loncke et al., 2008a, Loncke, 2009;
Table 2) from two major dietary predictors: the rumen fermentable organic matter (RFOM) intake
and its content in rumen digestible neutral detergent fiber (RANDF) plus an animal predictor: the
energy balance of the animal, for BHBA.

Net splanchnic release of acetate was predicted from its net portal appearance (NPA). As for the two
other major VFA, propionate and butyrate,the NPA of acetate was predicted from a combination of
two prediction equations: first, the prediction of total VFA-NPA from RFOM intake, and second
the prediction of the pattern of portal VFA from the RANDF concentration in RFOM. Across the
liver, the release of acetate responded mainly to mass action law, as no simple relationship could
predict endogenous acetate release which accounted for 0 (non productive and gestating adults), 10
(growing) and 24 (lactating) % of NPA. Net splanchnic release of acetate could also be predicted
from RFOM intake only but with a lower adjustment and dietary NDF as an interfering factors.

The low net splanchnic release of butyrate was predicted from RFOM intake and the RANDF
concentration in RFOM. The equation combined the prediction of butyrate-NPA and of its net hepatic
uptake averaging 75% of incremental butyrate-NPA.

The net splanchnic release of BHBA was based on RFOM intake, the RANDF concentration in
RFOM as well as the energy balance of the animals. Its prediction combined that of BHBA-NPA
which depends on acetate and butyrate-NPA, and of its net hepatic release (Loncke et al., 2008a).
Basically, the equation combined two distinct responses. The first one applies to animals in positive
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energy balance where net BHBA release is tightly driven by the dietary supply of precursors. The
second one applies to animals in negative energy balance where mobilised body fat becomes the
major source of precursors of BHBA. The physiological state of the animal modified the parameters
associated to the energy balance term, indicating that fatty acids are not used to the same extent in
fat-mobilising animals.

Net splanchnic release of glucogenic nutrients

Splanchnic release of glucogenic nutrients could be predicted (Loncke, 2009; Loncke et al., 2010a;
Table 2) from a complementary and wide range of dietary predictors: the RFOM intake and its content
in RANDF, ruminally vs. intestinally digested starch and protein digestible in the small intestine as
limited by energy (PDIE), and in some cases energy balance.

The low net splanchnic release of propionate was predicted from RFOM intake and the RANDF
concentration in RFOM. The equation combined the prediction of propionate-NPA and of its net
hepatic uptake averaging 91% of incremental propionate-NPA.

The net splanchnic release of L-lactate could be predicted either from RFOM intake and the RANDF
concentration in RFOM, themselves predictors of propionate and L-lactate-NPA, or from rumen
digestible starch (to predict L-lactate-NPA) and energy balance (able to predict both net hepatic uptake
and release of L-lactate). These predictions will still require improvement to solve the remaining
high discrepancy between predicted-observed values.

The, net splanchnic release of a-amino-N was directly derived from PDIE intake, expressing the fact
that the mass action law is the first driving force of the net hepatic uptake of a-amino-N. It should
be made clear that this equation was strictly established to estimate average gluconeogenic amino
acid use in the liver, and will definitely need revision to address fate of individual amino acids.

The net splanchnic release of glucose was then predicted from the glucose-NPA and hepatic supply in
gluconeogenic precursors of either dietary or endogenous origin as detailed in the present symposium
(Loncke et al., 2010a). This work clearly showed that in growing, finishing or non productive
ruminants, net glucose release was directly related to the sum of all potential precursors. Precursor
carbons for glucose synthesis were missing only for dairy cows.

Push versus pull type criteria

Two types of prediction criteria of net splanchnic fluxes of nutrients were thus identified. Predictors
of nutrient-NPA were under the only control of dietary supply, thus driven by push-type regulations
with no interfering factors. However for the liver, both types of predictors were significant. When
hepatic metabolism of nutrients responds directly to a mass action law, then the NPA of the nutrient of
interest or of its precursors were the best predictors. However, when hepatic metabolism is regulated
by an intricate balance between nutrient supply and demand, the energy balance of the animal was an
additional appropriate predictor of net hepatic flux. In fact, calculated energy balance was a relevant
indicator of the supply of endogenous precursors to the liver, considering the scarcity of quantitative
information especially on long chain fatty acid or glycerol. In this respect, NPA and energy balance
can both be considered as predictors of nutrient fluxes driven by mass action law. However, it is in
these later situations that prediction equations depended most on physiological status of the animals,
reflecting additional intricate metabolic regulations and coordination between tissues for nutrient use.
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Evaluation of prediction equations

Present models have first been extensively evaluated by comparing the derived predictions with other
predictions obtained on related variables (e.g. amount and profile of VFA produced in the rumen)
from other databases, characterised according to the same INRA dietary criteria. These evaluation
steps have already been published (Noziére et al., 2010a,b).

Absorbed energy versus metabolisable energy

Absorbed energy [AE, Loncke et al., (2010b)] was defined as the difference between digestible
energy and energy lost as methane or fermentation heat. It was calculated as:

AE =PDE-EE + PDV-NE + Energy-NPA, and

where PDE-EE: energy expenditure of portal drained-viscera (calculated from oxygen consumption);
PDV-NE: net energy deposited in the portal-drained viscera (assumed as negligible); Energy-NPA:
NPA of energy nutrient (acetate, propionate, butyrate, glucose, L-lactate, BHBA, total amino acids) +
absorbed fatty acids; total amino acid-NPA derived from a-amino-N-NPA according to Martineau et
al. (2009); absorbed fatty acids being estimated from dietary lipids assuming an apparent digestibility
of 80% (Glasser et al., 2008).

Loncke et al. (2010b) was able to demonstrate that a global quantitative coherence existed between
the classical energetic model of Metabolisable Energy (ME) and the more physiologically based
concept of AE. AE was composed of 80.2+4.1% of Energy-NPA and 19.8+4.06% of PDV-EE. It was
linearly related to ME [ , expressed either per unit body weight of the animal or per unit dry matter
of the diet. Urinary energy and fermentation heat, both calculated according to Sauvant and Giger-
Reverdin (2007a), were numerically but not significantly different (urinary energy being higher by
0.75 percentage units). Thus, AE was lower than MEy 4 by an average of 9.75% of ME\p 5. The
difference increased with level of intake probably because of digestive interactions, not accounted
for in the INRA calculation of ME. These results suggest that quantification of digestive interactions
(Sauvant and Giger-Reverdin, 2007b) will probably improve our models.

INRA criteria selected as predictors
Dietary criteria

The dietary criteria selected from the INRA Feed Tables proved relevant to predict the NPA of all
nutrients. Of primary importance were the criteria reflecting the site and extent of digestion of the
different chemical fractions of the diet (Loncke et al., 2008b, 2009). The initial and most important
predictor was the RFOM intake which predicted the NPA of total volatile fatty acids and of BHBA.
Molar proportions of VFA could then be predicted from the composition of RFOM (its content
in RANDF). Diet characteristics which take into account the site and extent of digestion of starch
were the best predictors of glucose-NPA (amount of starch digested in the small intestine calculated
according to Offner and Sauvant, 2004) and of L-lactate-NPA (amount of starch digested in the
rumen). Finally, NPA of a-amino-N was best predicted by PDIE intake, rather than total N intake.

The RFOM is defined within the INRA (2007) PDI system as the sum of digestible organic matter
— fat —undegradable crude protein —undegradable starch — fermentation products in the feed. In the
INRA feed evaluation system, the digestibility of organic matter content is predicted from NDF,
ADF and/or crude fiber contents for concentrates, and from crude protein and crude fiber contents
for forages according to plant species and preservation methods. Undegradable crude protein and
undegradable starch are estimated by the in sacco method. The RFOM criteria assumes that all
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digestible fibers and no fat are digested within the rumen. These approximations have probably
little impact on predicted VFA-NPA as VFA are also produced in the large intestine and digestion
of fat within the rumen is limited. This criteria which had proved its relevance to predict the energy
available for microbial protein synthesis, also appeared fully relevant to predict other digestion end-
products of ruminal origin. Two limits will have to be overcome; first, it is a calculated entity rather
than a measured one. Second, despite the assumed additivity of this criteria, it does not account for
digestive interactions.

The INRA Feed Table (2007) defines digestible NDF values for forages only. For concentrates,
rumen digestible NDF was calculated as ‘NDF - undigestible organic matter - undigestible crude
protein - undigestible fat - undigestible starch’, assuming a constant fat digestibility of 80% (Doreau
and Ferlay, 1994). Digestible NDF from concentrates contributed up to 20% to dietary dNDF and
uncertainties associated to this calculation were thus considered to have little impact on the dietary
dNDF content. Rumen digestible NDF for all feeds was then defined assuming that 90% of NDF
digestion took place in the rumen (Sauvant ez al., 2007). Finally, as predictor for VFA profile, RANDF
was expressed as a proportion of RFOM which reduces biases due to digestive interactions as both
criteria are positively correlated (Archimede et al., 1997).

Ruminally digested starch was calculated from starch concentration, in sacco degradability (INRA,
2007) and the empirical model of ruminal starch digestion (Offner and Sauvant, 2004). This model
accounts for the difference between in sacco and in vivo ruminal degradation of starch and the
effects of intake level.

The last relevant dietary criteria was the dietary PDIE content which showed a slightly better
adjustment than the strict dietary N content or event PDIN. PDIE is the sum of PDIA (dietary protein
undegraded in the rumen, but truly digestible in the small intestine) and PDIME (microbial protein
that can be synthesized from the energy available in the rumen, when degraded N and other nutrients
are not limiting, and which is truly digestible in the small intestine). The PDI system tolerates a
deficit in degradable N, evaluated at -20 g maximum (PDIN-PDIE)/Feed Unit (INRA, 2007). Most
Flora diets presented a limited degradable N deficit. For 95% of the diets, the (PDIN-PDIE)/Feed
Unit value was within the defined boundaries of -20 and +20. It would remain to be tested whether
PDIE is also the best predictor in case of higher degradable N deficits.

Animal criteria

The relevant quantitative animal criteria, energy balance, is common to several Feeding Systems.
Uncertainties are certainly higher for this criteria compared to dietary criteria because of limited
data within Flora on animal performance and measured energy balance. Assumptions had to be
made. For growing and non-productive adults, the net energy value of feeds was used rather than the
actual net energy of tissues was considered. For lactating cows, the energy and fat content of milk
(when not reported) were assumed at 3.1 kJ/l and 40 g/kg milk (INRA, 2007), implying an error in
the calculated energy balance of 15% for a difference in fat content of 10 g/kg milk. The amount of
endogenous substrates (non esterified fatty acids, glycerol and alanine) made available from body
tissue mobilisation was also estimated (Loncke, 2009). Despite these uncertainties, energy balance
proved to be a fully relevant predictor and forthcoming efforts to improve the accuracy of theses
predictions are warranted.

Use of RFOM in rationing practices
A direct application of our work is the use of the above identified predictors in rationing practices,

as indicators of nutrient supply, in addition to the well defined rationing criteria. Indeed, some
nutritional situations are not explained by the existing feeding systems. For example, the different
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growth performances and carcass measured in fattening cattle fed iso-energetic (on a net energy
basis) and iso-nitrogenous (PDI basis) hay or maize silage diets (Table 3; Micol et al., 2007). The
forage diet was composed of 44% hay, 43% ground maize grain and 13% soybean meal, and the
maize silage diet 58% silage, 24% ground maize grain and 18% soybean meal. These iso-energetic
and iso-nirogenous diets differed by their RFOM content and their FOM composition. The maize
silage diet was associated to a higher RFOM intake and a lower RANDF content of RFOM. An
increased amount of VFA appearing in the portal vein was predicted with little difference in VFA
profile and amount of a-amino-N-NPA. The increased ratio of AE/PDI probably explained the higher
proportion of adipose tissues in the carcass (Table 3).

Table 3. Measured intakes and performances in Blonde d’Aquitaine fattening steers (as reported by
Micol et al., 2007) in relation to predicted dietary criteria and net portal appearance or splanchnic
release of nutrients according to INRA (2007) and Loncke (2009).

Diets
Hay Maize silage
Intake (g/d/kg body weight)
UFV 0.018 0.019
PDIE 2.09 2.10
PDIN 2.02 2.00
Predicted FOM 9.78 10.64
Predicted RANDF/FOM 0.38 0.30
Performances
Average daily gain (g/d) 1,494 1,709
Adipose tissue (% carcass weight) 8.7 11.3
Predicted net portal appearance (mmol/d/kg body weight)
Total VFA 59.4 64.5
B-hydroxybutyrate 5.86 6.90
Glucose 0.12 0.12
Lactate 5.58 6.39
o-amino-N 16.1 16.4
Acetate/propionate 2.6 23
Predicted net splanchnic release (mmol/d/kg body weight)
Acetate 44.2 533
B-hydroxybutyrate 12.7 13.9
Glucose 16.8 18.5
Lactate 2.64 0.96
a-amino-N 15.5 15.9
Predicted absorbed energy (MJ/d/kg BW) 0.18 0.22
Absorbed energy / PDI 0.086 0.11
Conclusions

Present work resulted in three important outcomes: first, the relevance of the INRA dietary criteria
which account for the extent and site of digestion of the different chemical entities as predictors
of splanchnic released energetic nutrients and as criteria to be used in rationing practices; second,
the relevance of the prediction models for sheep and cattle in different physiological conditions;
and third, the quantitative coherence between the ME and AE concepts. It is now likely that after
solving the 10% discrepancy between AE and ME  »» the necessary condition for energy feeding
systems to evolve towards nutrient-based systems will be met. The next step will be to widen the
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range of validity of the models in order to encompass the inclusion of buffers, probiotics ... or fat
supplements in the diets or of diet granulometry.
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Abstract

In lactating dairy cows, yields of milk lactose and protein increase in response to increasing supply
of intestinal protein or glucogenic nutrients (GN: ruminal infusion of propionic acid or post-ruminal
infusion of glucose), but to a different extent. What are the common and the different changes in
mammary metabolism explaining that both type of nutrients (protein or GN) increased both yields
of protein and lactose? To answer this question a meta-analysis on mammary uptake data was
performed. To analyse intra mammary metabolism and to estimate the requirement and supply of
ATP to support the increases in milk synthesis, a modelling approach was performed on one study.
Increased protein yield was associated with an increase in mammary net uptake of AA from group I
(His, Met, Phe+Tyr), in response to extra protein or extra GN. However, this increased uptake was
achieved differently. In response to protein supply, it was linked to an increase in mammary arterio-
venous differences whereas in response to GN, it was linked an increase (tendency) in mammary
plasma flow. In response to increasing protein supply, the mammary uptake of essential AA from group
II (Tle, Lys, Leu and Val) as well as their ratio of mammary uptake to milk output (>1) also increased.
This brought extra carbon skeletons and nitrogen for mammary synthesis of other components as
non essential AA (NEAA), whereas the mammary uptake of two NEAA, Ala and Glu decreased. By
contrast, NEAA uptakes (Ala and Glu) increased in response to GN supply (quadratic effect). Milk
fatty acid synthesis was only increased in response to increasing protein supply, supported by an
increase in b-hydroxybutyrate (BHBA) uptake. If lactose yield increased in parallel to milk protein
yield both in response to protein or GN supply, glucose uptake did not follow lactose yield. Mammary
glucose partition between lactose and oxidative pathways seemed a key mechanism to explain the
increased lactose yield, in particular in response to GN supply. The increased protein synthesis was
the only synthesis that required a substantial increase in ATP production, based on the modelling
approach. The extra ATP required could be supplied by the catabolism of BHBA and group Il AA
in response to protein or the catabolism of extra glucose and lactate in response to GN supply. This
meta-analysis confirms that the increase in uptake of AA from group I is a common mechanism to
support an increase in milk protein yield. It also confirms that the regulation of the partition of their
precursors (acetate, glucose, BHBA, group II AA and NEAA) towards milk component synthesis
or oxidation is probably one of the key factors in the regulation of milk volume and composition.

Introduction

Yields of milk, protein and lactose increase curvilinearly in response to increasing either energy
or protein supply in dairy cows (Vérité and Delaby, 2000; Brun-Lafleur et al., 2010). By contrast,
increasing protein supply by post-ruminal infusions of casein (CN) increased milk fat yield (Lemosquet
et al., 2007) whereas increasing the supply of glucogenic nutrients (GN: ruminal propionic acid
(C3) or intestinal glucose (GLC)) decreases milk fat yield (Rigout et al., 2003). The main nutrients
metabolised by the mammary gland are amino acids (AA), glucose, acetate and b-hydroxybutyrate
(BHBA). They mainly contribute to the synthesis of protein, lactose and fatty acids (FA) with short
and medium carbon chains (C4 to half of C16), respectively, in the mammary gland (Smith et al.,
1983). Increasing protein or energy supply differently modifies the types of nutrients absorbed and
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available for mammary metabolism. Accordingly, the total splanchnic flux of AA (Raggio et al., 2004)
increases with increasing protein supply while whole body glucose rate of appearance increases in
response to GN and protein supply (Lemosquet et al., 2007, 2009a,b). Given such different patterns
in nutrient availability, how does mammary metabolism adjust to increase yields of milk protein
and lactose and to modify yields of synthesised FA with increased supplies of protein and/or GN?

The literature offers no clear answer to this question, probably because the mammary metabolism
can adapt differently between studies, depending of the nutritional status of the animal and its great
metabolic flexibility to produce milk (Lobley, 2007). Most nutrients taken up by the mammary gland
do not only contribute to milk synthesis but can also be oxidized to supply ATP (Smith et al., 1983),
which probably contribute to metabolic flexibility of this organ. Interestingly, when energy or GN
supply result in increased milk protein yield, assumed ATP availability for the mammary gland could
be a limiting factor for milk protein synthesis because synthesis of a peptide bond is energetically
costly (4 to 5 ATP per link: Lobley, 1990; Van Milgen, 2002).

In this work, two complementary approaches were applied. First, a meta-analysis approach was used
to determine how the uptakes of major nutrients by the mammary gland were modified to support
increased secretion of milk components in response to increased supplies of protein and/or GN.
This approach was chosen to discern the common and the differing metabolic pathways used by the
mammary gland to increase milk protein and lactose yields. Second, the contributions of nutrients to
the synthesis of milk components per se and the ATP needed for these syntheses by the mammary
were both estimated. For this purpose, the biochemical model proposed by Van Milgen (2002)
adapted to the mammary gland of ruminants (Lemosquet et al., 2010a) was used in one example.

Materials and methods

A database was built to analyse mammary gland metabolism through the net balance technique. It
comprised 4 small sub data-basis. The effect of increasing the protein supply (7 through CN infusion
and 3 through diets) was analysed using 10 studies (13 redesigned experiment nt=31; indicated ! in the
reference list and also analysed by Lemosquet et al., 2007). The effect of GN infusion was analysed
using 5 studies (9 redesigned experiments, nt=21 indicated 2 in the reference list) including 3 studies
analysing the combined effect of increasing protein and GN. Only 3 studies in two publications
reported ruminal C3 infusions. The data in the database did not allow analysing the partitioning of
acetate and BHBA for FA synthesis or oxidation because the milk FA profile was not reported in
most experiments. Therefore, the database was completed with 7 studies reporting the FA profile
of milk fat in response to protein 2 studies, nt=11, indicated 3 in the reference list) or GN supply (6
studies; nt=29 indicated # in the reference list), although not reporting mammary net flux.

Diet composition and dry matter intake were required to calculate metabolisable protein supply
(i.e. the amount of AA absorbed in the small intestinal) using the INRA (1989) feeding system and
expressed in PDIE (protein truly digestible in the small intestine as allowed by available energy in
the rumen). By pass starch and total C3 produced in rumen were estimated using the INRA (1988)
feed tables and the calculations of Rigout er al. (2003) to compare the present response curves to
this previous work. The molar proportion of C3 in the rumen reported in each publication on GN
supply was required (Rigout et al., 2003).

In the database, dry matter intake (DMI) ranged between 10.4 kg/d and 28 kg/d (mean + SE =
17.8£3 kg/d) in link with milk yield that ranged between 11.1 kg/d to 38.2 kg/d (25.4+5.7 kg/d).
Milk protein, fat and lactose contents ranged between 23.8 g/d and 38.5 g/d (31.0+3.0 kg/d), 27.1
and 54.3 g/d (40.5£5.9 g/d) and between 44 g/d to 51.2 g/d (48.0+2.0 g/d), respectively. Net energy
supply of lactation (NE; by diet plus infusion) ranged between 16 Mcal/d to 46 Mcal/d (28.8+5.5
¢/d) and PDIE supply (by diet plus infusion) ranged between 837 g/d and 3335 g/d (1764+£507 g/d).
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Intestinal glucose (diet plus infusion) ranged between 0.2 kg/d to 3.0 kg/d (1.0+0.8 kg/d). The molar
proportion of ruminal C3 in and the estimated quantity of C3 produced in the rumen ranged between
15.6% and 37.2%, (21.0£5.6%), and between 8.5 mol/d and 35.4 mol/d (18.6+5.2 mol/d), respectively.

The total amounts of GN (i.e. total intestinal GLC or ruminal C3 produced from diet plus infusion)
and PDIE (from diet plus infusion) were expressed as the flow of carbon units (mmol C/h) using the
Rulquin ez al. (2001) tables to calculate the AA (AADI) composition of each diet (in of %PDIE).
Lactose, protein and FA synthesised by the mammary gland were also expressed as the flow of
carbon units (mmol C/h) using the calculations of Raggio et al. (2006a) for protein and of Lemosquet
et al. (2009d) for other nutrients. For simplicity, the calculations for FA, all C4 to C14 FA were
considered to be synthesised by the mammary gland while 55% of the C16 FA was considered to
be synthesised by the mammary gland (Smith et al., 1983). The longer chain FA (45% of C16, all
C18) were not considered since they are not synthesised within the mammary gland (Smith ez al.,
1983). Mammary uptake was calculated from measurement on the half-udder by multiplying half-
udder plasma flow (MPF) by arterio venous (AV) concentration differences. Mammary plasma
flow (MPF) was measured in one half-udder using an ultrasound probe (2 studies, nt=7), p-amino
hippurate dilution (2 studies nt=5), or estimated by the Fick principle using Phe+Tyr (nt=30) as AA
markers (Mepham, 1982). The ratio of mammary uptake and milk protein output of AA (U:0O) was
calculated to analyse mammary metabolism using the classification of Mepham (1982). For this,
His, Met and Phe+Tyr were included in group I because these AA are taken up by the mammary
gland, on a net basis, at a level close to their secretion in milk protein (i.e. their U:O ratio is close to
1). On the other hand, Ile, Leu, Lys and Val were included in group II because their U:O ratio can
be significantly greater than 1. Data underwent analysis of covariance using the GLM procedure of
SAS (2004) according the following model:

B . 2
Yij = Experiment; +a + (b x x;) + (¢ X x;7) + g

where y is the variable to study and x is the supply of either PDIE or GN (diet + infusions). Experiment
was included as a fixed effect (Loncke ez al., 2009). Significance was declared at P<0.05 and tendency
at 0.05<P<0.1. Equations were included in Table 1 only if the slope (the quadratic term) and the
experiment effects were significant.

The ATP cost of milk synthesis was calculated using the stoichiometry model of Van Milgen (2002)
adapted to the ruminant mammary gland (Lemosquet et al., 2010a). This biochemical model is
based on the concept that there is no accumulation of any intermediary metabolites (i.e. pyruvate,
a-ketoglutarate) in the mammary epithelial cell (i.e. pyruvate, a-ketoglutarate). It was used in one
experiment (Raggio et al., 2006a,b; Lemosquet et al., 2009¢) increasing protein supply through
duodenal CN infusions and increasing energy supply through ruminal C3 infusions. This experiment
was chosen because enough nutrients were taken up to account for the nitrogen and carbon output
in milk and as blood carbon dioxide (without any excess).

Results and discussion

Supply of both protein and GN increases milk protein yield, but to a different extent

In the database, milk protein yield increased in response to increasing protein and GN supply in
agreement with results reported in the literature (Vérité and Delaby, 2000; Rigout et al., 2003; Brun-
Lafleur et al., 2010). Milk protein yield increased in a quadratic curve (ranged: 501 g/d to 1,014 g/d)
in response to increasing PDIE (867 g/d to 3,335 g/d and 38 mmol C/g):

Protein yield (g/d) = 191 (£86) + 0.41 (£0.09) x PDIE (g/d) - 4.9x10-3(2.3x10%) x PDIE? (g/d);
n=42 from sub data-bases ! and 3, Sxy=35.2, adjusted RZ = 0.96; “P<0.05.
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Protein yield (mmol C/h) = 342 (£146)" + 0.46 (£0.1)" x PDIE (mmol C/h) - 3.4x10% (£1.5x1075)"x
PDIE? (mmol C/h); n=42, Sxy=60.7, adjusted RZ = 0.97, *P<0.05.

This efficiency of PDIE utilization (first slope in g/d: 0.41) for milk protein yield was probably due
to the fact that the PDI balance (intake — requirement) was higher than -100 g/d in most (33 on 42)
experiments (Vérité and Delaby, 2000; Brun-Lafleur et al., 2010).

The responses of milk yield and protein content to GN were close to that reported by Rigout et
al. (2003), with a linear increase in milk protein yield to GN nutrient supply when expressed as in
Rigout ez al. (2003) in NE,; (ranging between 2,080 mmol C/d and 4,000 mmol C/d or 4.5 and 8.5
Mcal/d using 0.495 and 0.266 Mcal of NE; per mol of GLC and 0.266 Mcal of NE, per mol of C3):

Protein yield (g/d) = 700 (+21)" + 13.7 (+3.1)" x GN (Mcal/d of NE, ); n=50 from sub data-bases >
and 4, Sxy=24.0; adjusted RZ = 0.97; *P<0.05.

Protein yield (mmol C/h) = 1,228 (£36)" + 0.048 (£0.11)" x GN (mmol C/h); n=50, Sxy=42.0,
adjusted RZ=0.97; *P<0.05.

However, the increase in milk protein yield in response to increasing GN supply was limited to one
tenth of the increase (slope 0.048 vs. 0.048 in mmol C/h) observed with increasing protein supply
because GN supply ranged from 2,122 mmol C/h to 5,500 mmol C/h and protein supply 1,500 mmol
C/h to 5,500 mmol C/h. In cows producing 800 g/d of milk protein, increasing milk protein yield
by 30 g/d (52 mmol C/h) required an large increase in ruminal C3 supply of 1,130 mmol C/h (i.e.
an increase in C3 molar proportion in the rumen from 17% to 27% in Lemosquet et al., 2009c). By
contrast, increasing milk protein yield about 30 g/d (52.4 mmol C/h) required only about 120 g/d
(200 mmol C/h) of PDIE.

Milk lactose increases in parallel to milk protein but not milk fatty acid

The variations in yields of protein, lactose and FA synthesised by the mammary gland induced by
the supply of protein and GN were compared on a carbon unit basis. Milk lactose yield increased
linearly in parallel with milk protein yield (Figure 1) in response to increasing both protein supply
and GN supply, with slopes significantly lower than 1 (0.64+0.05 for protein and 0.76+0.15 for
GN; Figure 1). Conversely, yield of FA synthesised only increased in response to protein supply
(Figure 1) with a slope of 0.49. Long chain FA (C18), not synthesised in the mammary gland, also
increased in response to protein supply (not shown). At the opposite, the amount of carbon utilized
in FA synthesis did not change in response to GN supply due to a decrease of short chain FA and a
greater elongation of FA (Hurtaud et al., 1998). The decreased amount of carbon from milk fat was
thus explained by a decrease in long chain FA (not shown).

Increasing milk protein yield requires increased uptake of group I but not group II AA

In response to protein and GN supplies, the increase in milk protein was linked in both cases to an
increased uptake of AA from group I (His, Met, Phe+Tyr) whereas the uptake of other AA varied
differently depending on the type of nutrients supplied (Table 1). Interestingly, the increase in uptake
of AA from group I occurred through different mechanisms according to whether protein or GN
was supplied. In response to an increasing protein supply, group I AA uptake can be explained by
an increase in arterial concentrations and AV differences probably linked to the overall increase in
intestinal AA supply while MPF did not change (not shown). By contrast, in response to increasing
GN supply, the arterial concentration of AA from group I did not increase and the AV difference
decreased (not shown). The increased uptake of AA from group I was therefore linked to a tendency
of MPF to increase linearly (Table 1) in response to increasing GN supply. In individual experiments,
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Figure 1. Within experiment relationships between increased milk lactose yield and milk fatty
acid (FA) synthesised in the mammary gland and increased milk protein yield. (For increasing
protein supply from sub data-bases ' and : lactose yield = 676 (£69)* + 0.64 (£0.05)* x x, n=32,
Sxy=32.2, adjusted R? (adj.R?)=0.99, *P<0.05; FA synthesised = 405 (£81)* + 0.49 (£0.07)* x
x + Experiment®, n=23, Sxy=33.4, adj.R? = 0.98, *P<0.05; for increasing glucogenic nutrients
(GN: ruminal propionic acid or post-ruminal glucose) from sub data-bases ! and *: lactose yield
=646 (£81)* + 0.76 (£0.15)* x x, n=46, Sxy=47.3, adj.R>=0.98, *P<0.05; x = milk protein yield,
all values in mmol c/h).

the increase was only observed (Clark ez al., 1977; Rigout et al., 2002; Raggio et al., 2006) with an
increase in GN higher than 2500 mmol C/h (>17% of the lower GN level). An increased splanchnic
blood flow and cardiac frequency was observed in response to increasing energy (Huntington, 1990,
personal results in Lemosquet et al., 2009a) suggesting an increased blood flow at whole body level.

In this database, the MPF was estimated using the Fick principle in 8 out of the 12 studies. This
principle is based an U:O of Phe+Tyr equal to 1 whatever the situation which can be questionable
when protein supply varied. Several arguments validate the utilisation of the Fick principle. First,
MPF measured using an ultrasound flow did not change in response to increased protein supply
(Guinard et al., 1994b) and increased in response to increased GN or energy supplies (Rulquin
et al., 2004) as measured in a recent experiment (Table 2; Lemosquet et al., 2009a). Second, this
hypothesis of an U:O of Phe+Tyr equal to 1 was recently supported in an ‘extreme’ situation, as
almost no oxidation of Phe+Tyr was observed in the mammary gland of two cows given a large
amount of Phe (Lemosquet et al., 2010b).

Among group I AA, it was also possible to study the mammary uptake of Met+His and the U:O ratio
of Met and His (Table 1). The Met+His uptake significantly increased in response to both treatments
and the U:O ratio did not differ from 1 for Met and His suggesting that milk protein secretion was
mostly linked to mammary net uptake of almost all Met and His. Overall, the increased mammary
uptake of AA from group I is a necessary mechanism to support an increase in protein synthesised
by the mammary gland, which basically fits with the (almost) complete conversion of AA taken up
for milk protein output.

Among the other AA (Table 1), the uptake of AA from group II (Ile, Leu, Lys, Val) and the uptake of
Ala and Glu (NEAA) did not vary in the same way in response to increasing protein and GN supplies.
The mammary uptake of AA from group Il increased in response to increasing protein supply as did
their AV differences (one component of the uptake). The AV difference increased in relation with
the increased arterial concentration, probably due to their increased intestinal supply. In addition,
the mammary U:O ratio of group I AA increased. This excess uptake relative to milk protein output
could supply extra carbon for oxidative pathways or as carbon skeletons for the synthesis of other
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Table 1. Half-udder uptake of nutrients in response to increasing protein supply (PDIE) or glucogenic

nutrients (intestinal glucose and ruminal propionic acid): only significant equations were reported.

n  Equation' Sxy adj.R?
a+ (b x X+ (c x X2) + Experiment
PDIE? (mmol C/h) from sub data-base ! (Range: 837 to 3,335 mmol C/h)
AA
Group I* AS (umol C/1I) 31 252(+138)T +0.32(+0.05)* x X 92.8  0.77
Group I* AV® (umol C/I) 31 78(x121)+0.11(£0.04)* x X 814 031
Group I* uptake’ (mmol C/h) 31  53(£12)* + 0.039(x0.006)* x X 823 0.93
Group 118 AS (umol C/I) 31 -1505(£541)* + 1.45(x0.17)* x X 364 0.86
Group 118 AV® (umol C/1) 31 -43(£160) + 0.36(x0.05)* x X 108 0.84
Group II8 uptake’ (mmol C/h) 31 -3.5(:39) +0.10(x0.01)* x X 262 0.88
Group II® U:0° ratio 31 0.50(20.14)* + 2.7x104+(5x10%)* x X 0.10 0.84
Ala+Glu'® AV® (umol C/L) 27 378(£60)* -0.042(x0.02)* x X 39.6  0.81
Ala+Glu'0 uptake” (mmol C/h) 27  114(x18)* - 0.013(x0.006)* x X 1.7 0.86
Ala+Glu'® U:0? ratio 27 4.95(£0.58)* - 8.4x10*(1.9x10%* x X 028 0.74
Glucose AV® (umol C/1) 24 2.33(x0.38)* +7.4x10%+(1.3x10%* x X 024 0.88
BHBA! A5 (umol C/1) 20 2.39(x0.42)* +3.0x104+(1.5x10% x X 026 0.93
BHBA!! AV (umol C/1) 20 0.16(£0.41) + 3.8x104£(1.5x104)* x X 026 0.81
BHBA!! uptake” (mmol C/h) 20  80(x27)* + 0.02+(0.01)* x X 17.1  0.69

Glucogenic nutrients (mmol C/h)!? from sub data-base 2 (Range: 2,122 to 3,947 mmol C/h)

MPF (I/h) 21 140(x80)" +0.055(+0.028)" x X 459 031
AA
Group I* uptake (mmol C/h) 21  103(£15)* +9.6x103+(5.3x104)f x X 843 0.87
Group 118 AS (umol C/I) 21 4321(£353)* - 0.58(x0.13)* x X 203 0.91
Group 118 AV® (umol C/1) 21 1493(£153)* - 0.17(0.06)* x X 88.0  0.87
Ala+Glu'® uptake” (umol C/h) 18 314(£104)* - 0.17(£0.07)* x X +3.1x10" 102  0.77
5(£1.1x107%)* x X2
Ala+Glu!® U:0? ratio 18 11.2(£3.3)* - 6x103(#2x1073)* x X + 0.32 0.75
1.1x10°0(0.3x1070)* x X2
Glucose A3 (umol C/I) 17 17.3(x0.94)* + 1.1x103(20.3x103)* x X 0.515 0.77
Glucose AV® (umol C/I) 17 6.0(£0.4)* - 6.4x104(*1.3x104)* x X 0.207 0.84
Lactose: glucose uptake ratio 17 -0.8(£0.7) + 1.1x103(£0.5x103)* x X - 0.074 0.56

1.8x107(20.8x107)* x X2

*P<(0.05, TP<0.01; 'Equations of analysis of covariance (experiment effect: P<0.05); 2adjusted R?; 3X = Protein
Digestible in the Intestine (PDIE; INRA, 1989); “His+Met+Phe+Tyr; > Arterial concentration; ®Arterio venous
differences; "Half-udder net uptake; ®Ile+Lys+Leu+Val; *Uptake to output in milk protein ratio; '°Alanine plus
glutamate; !'b-Hydroxybutyrate; '2X = intestinal glucose and ruminal propionic acid (infusions plus diet).

nutrients. Similarly, extra nitrogen, could be used for synthesis (Lapierre et al., 2009) of non essential
AA (NEAA). In parallel, the uptake of Ala plus Glu (Table 1), two NEAA that can be synthesised
by the mammary gland, decreased when milk protein yield increased in response to protein supply,
leading to a significant decrease in their U:O ratio.

Conversely, the uptake of group II AA was not affected by GN supply because the two components of
uptake varied in opposite direction: the AV difference decreased as arterial concentration while MPF
increased. In the absence of any significant increase in net uptake of group Il AA by the mammary
gland, the increased uptake of nitrogen required for the increased milk protein yield could be supplied
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Table 2. Comparison of the mammary (half-udder) plasma flow (MPF, L/h) accuracy observed in
lactating cows receiving two levels (Low: L and High: H) of energy (E) in combination with two
levels of protein (P).

Type of measurement Treatments Root  P<
of MPF MSE!
LELP LEHP HELP HEHP E P ExP
n=4 n=4 n=4 n=3
Ultrasound probe? 260 280 353 305 346 002 049  0.13
Fick principle? GC-MS* 221 254 309 279 343 0.03 0.95 0.15
Cationic® 262 296 370 283 740 029 055 0.19

I Standard error of the GLM model (SAS, 2004).

2 MPF measured using an ultra sound probe (Probe A; f = 20 mm; transonic).

3 MPF estimated using the Fick principle with Phe+Tyr as AA markers.

4 Phe+Tyr concentrations measured by isotopic dilution (GC-MS; Calder et al., 1999).

3 Phe+Tyr concentrations measured with a cationic exchange column as in Guinard ez al. (1994b).

by an increased NEAA uptake. The uptake of Ala plus Glu tended to increase (quadratic curve) in
response to increased GN supply, and their U:O increased providing extra nitrogen and carbon for
synthesis of other NEAA.

Taken together, this meta-analysis indicates that the increased uptake of AA from group I is the
common mechanism needed to support an increase in milk protein secretion in response to increasing
protein or GN supplies. However, the mechanisms by which the uptake of AA from group I increased
were different, probably linked to the nature of nutrients absorbed and available and by characteristics
that affect the nutrient supply, like MPF. In addition, the uptake of group II AA and of two NEAA by
the mammary gland as well as the metabolism by the mammary gland varied differently in response
to protein and GN supply. The increase in milk protein yield, was more limited in response to GN
supply than to milk protein supply probably because less nitrogen was provided to the mammary
gland with GN supply through the increased uptake of AA from group I AA and NEAA than through
the increased uptake of AA from groups I and II with protein supply (Raggio et al., 2006a). These
different variations reflect the metabolic flexibility of the mammary gland concerning AA metabolism.

Increasing protein supply increases 3-hydroxybutyrate uptake and fatty acid synthesis

The increase in milk FA synthesis in response to increasing protein supply was not linked to changes
in uptake of acetate carbon but to an increase in BHBA uptake due to an increase in AV difference
(Table 1). There also was a tendency to an increase in arterial BHBA concentration. As milk C18
FA (directly taken up by the mammary gland) also increased, it suggested an increased body fat
mobilisation. Conversely, increasing GN decreased the uptake of BHBA by the mammary gland in two
experiments (Rigout ez al., 2002; Raggio et al., 2006) although the synthesis of FA was not affected.

Increasing milk lactose yield does not require an increased uptake of glucose

No clear relationship was observed between increased lactose yield and uptake of glucose in response
to increased protein supply. With increasing protein supply, AV differences of glucose increased but
not the net uptake of glucose did not as MPF. Arterial concentration of glucose significantly increased
in response to GN supply but AV difference decreased, whereas MPF increased and therefore glucose
net uptake did not change with GN supply. However, the lactose-to-glucose uptake ratio increased
curvilinearly in response to GN supply (Table 1) suggesting a change in glucose partitioning in the
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mammary gland. The utilization of glucose for lactose synthesis increased at low GN supply (<2,500
mmol C/h when MPF did not increase). Above 2,500 mmol C/h of GN supply, the ratio decreased
suggesting an increased utilization of glucose in other pathways than lactose synthesis.

Can metabolic flexibility of the mammary gland explain the increased lactose synthesis?

It can not be completely excluded that the absence of an increase in glucose uptake might be for
a part explained by the limitations of this meta-analysis approach. The uptakes of energy-yielding
nutrients were less documented than the uptake of EAA and the precision of the AA analysis could
set a limit to accurate estimate of MPF as shown by the standard errors of the model in Table 2.
However, several points strongly suggested a high metabolic flexibility of the mammary gland,
utilising different nutrients in different pathways to achieve milk synthesis (Lobley, 2007) as observed
for AA since uptakes of group II AA, Ala and Glu were altered differently in response to supply
of protein or GN. The extent of glucose utilisation for lactose synthesis and in oxidative pathways
varied widely between experiments based on the lactose-to-glucose uptake ratio representing between
0.49 and 1.03 of mammary gland glucose uptake (on a carbon basis: mean + SE: 0.69+0.15). When
GN supply was limited, a greater proportion of glucose uptake was utilized for lactose synthesis
whereas with a greater GN supply a greater proportion of glucose was utilised in other pathways
including oxidation. Indeed, acetate, BHBA and also AA (from group II and NEAA) as well as
glucose can be oxidised to provide ATP (Smith et al., 1983; Bequette et al., 1996; Raggio et al.,
2006a). In addition, these nutrients can also provide 3-carbon intermediates that could substitute for
glucose in a variety of metabolic pathways (Bequette et al., 2006). Tracer studies conducted in vitro
with mammary gland explants from goats (Roets et al., 1983; Bequette et al., 2006) have shown
incorporation of AA-carbon into lactose (most EAA) and milk fat (Leu). All these findings point to
a metabolic flexibility of the mammary gland (Lobley, 2007) and may explain part of the variation
between experiments in glucose utilization for lactose synthesis.

The next question concerns the origin of ATP required by the mammary gland to support milk
production. In particular, in response to the increased protein supply, can the uptake of group I AA
and BHBA supply enough ATP to support the increase in yields of protein, lactose and FA? When
increasing GN supply does not significantly increase GLC uptake how can milk protein and lactose
yield increase?

Much ATP is required for milk protein synthesis

In the experiment (Raggio et al., 2006a,b) utilised in the model (Van Milgen, 2002), the increase in
milk protein yield was lower than predicted by the meta-analysis (166 g/d vs. 250 g/d) in response
to CN infusion into the duodenum and was similar to the prediction (36 g/d vs. 30 g/d) in response
to increasing C3 infusions (Control: Ctrl vs. C3). In addition, uptakes of nutriments (Lemosquet et
al., 2009c) varied similarly than in the present meta-analysis.

In this experiment, the increased lactose yield induced by the CN treatment required only an additional
22 mmol ATP/h/half-udder (Table 3). Milk FA synthesis did not necessarily require ATP and could
even produce ATP depending on which biochemical pathways were taken account to estimate the
ATP cost. In fact, synthesis of milk triglycerides (FA and glycerol-3-Phosphate) required a lot of ATP
(Table 3) and also a lot of NADPH and glycerol-3-phospate. If the acetate and BHBA required for
NADPH synthesis and the amount of glucose required for glycerol-3P for triglycerides are both used
in the biochemical pathways, this will generate intermediary metabolites (in particular a-ketoglutarate,
Van Milgen, 2002). Their subsequent oxidation in the tricarboxylic acid cycle will generate NADH
and ATP. The ATP balance for FA synthesis will then correspond to a net gain (Table 3).
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Table 3. Comparison of ATP synthesis and utilisation in response to increasing protein supply or
increasing ruminal propionic acid supply in one experiment.!

ATP (mmol/h/half-udder): Treatments

Ctrl? CN3 Cc3¢

Cost for lactose synthesis -149 -171 -149
Cost of FA? + glycerol-3-P° synthesis’ -1,066 -1296  -1,083
Gain by acetate+ BHBAS + glucose required for NADPH and +1,362  +1,588  +1,337
glycerol-3-P%?

Balance for FA + glycerol-3-P synthesis +296 +292 +254
Cost of total protein synthesis and turnover -857  -1,027 -998
Gain by AA!? catabolism +280  +391 +389
Gain’ by BHBA® catabolism +1,138  +2,647 +934
Gain by glucose and lactate oxidation +1,429 +125  +3,650

I Raggio et al. (2006a,b); Lemosquet et al. (2009d).

2 Control (diet + water infusion).

3 CN infusion in the duodenum.

4 Ruminal propionic acid infusion.

3 Fatty acids synthesised in the mammary gland.

6 Glycerol-3- phosphate required for milk triglycerides.

7 Using the hypothesis that half of the primer carbon chain for FA came from acetate and a half from
b-hydroxybutyrate (the hypothesis was different in Lemosquet et al., 2010a).

8 b-hydroxybutyrate maximal oxidation through isocitrate dehydrogenase (ICDH) pathway.

9 using the hypothesis of 66% of NADPH produced through pentose phosphate pathway and 33% through ICDH
pathway.

10 Amino acids.

Overall, only the increased protein yield required an increase in ATP production in the mammary
gland. The extra ATP production required for the increased milk protein yield was 170 mmol/h/
half-udder in response to increased CN supply and 141 mmol/h/half-udder in response to increased
C3 supply (Table 3). In fact, the amount of protein synthesised in the mammary gland is always
higher to the amount secreted in milk because of the protein turnover (Lobley, 1990; Hanigan et al.,
2009). Protein turnover is extremely costly in ATP since synthesis of each peptide bond required
5 ATP in the present model (Van Milgen, 2002) and the subsequent protein degradation required 1
ATP (Lobley et al., 1990). In the present experiment, total mammary protein synthesis (including
constitutive proteins) was calculated to amount to 130, 130 and 140% of milk protein secretion
in Ctrl, CN, and C3 treatment, using L[1-'3C]Leu leading to a mammary protein degradation
estimated at between 30 and 40% of milk protein synthesis. However, the calculation of the rate
of protein turnover depends of the labelled AA used and the precursor pool chosen to analyse the
enrichment (venous plasma, or intra cellular). In lactating goats, mammary tissue protein synthesis
could represent up to 300% of milk protein synthesis (Hanigan et al., 2009). The real ATP cost lies
probably between the two calculated values because with Hanigan et al. (2009) estimation, there
was not enough ATP to account for NEAA synthesised in the mammary gland that returned in the
mammary vein (Lapierre et al., 2009).

In this experiment, the catabolism of AA taken up in excess could explain a part of the increase in

ATP requirement for milk protein synthesis in CN and C3 treatments. The increased catabolism
of AA (mainly from Group II) in CN and of NEAA in C3 compared with Ctrl increased the ATP
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production by +111 mmol/h/half-udder and +109 mmol/h/half-udder, respectively (Table 3). With
the Hanigan estimates, additional ATP was required to support the increased protein yield in the
CN treatment. However, in this experiment, there were other additional sources of ATP to explain
the increase in milk synthesis: in addition to AA catabolism, mammary uptake of BHBA highly
increased in response to CN (compared to other experiment of the databases) and BHBA oxidation
could provide until +1,519 mmol/h/half-udder of ATP. A higher glucose and lactate oxidation could
provide until +2,221 mmol/h/half-udder of ATP in response to C3 that largely cover the increased
ATP cost needed to cover the increased protein synthesis.

Overall, protein synthesis in the mammary gland is costly in term of ATP because of the cost of
peptide bonds and because protein synthesis is greater than protein secretion in the milk because of
the protein turnover. However several other nutrients (glucose, lactate, BHBA and AA from group
II) could provide these additional ATP required, confirming the metabolic flexibility of the mammary
gland to increase milk protein yield.

Conclusion

Whether induced by increasing the supply of protein or of GN, the increase in milk protein yield
is linked to an increase in group I AA because their net uptakes are close to the secretion in milk
protein. The mammary gland seems to use different mechanisms to support the increased protein
yield and to provide the additional ATP. Several nutrients can be used to synthesise this ATP, thereby,
allowing mammary gland metabolic flexibility. When extra protein is supplied, the catabolism of AA,
especially group I AA and of BHBA seemed to be able to meet a large proportion of the increased
ATP cost of protein synthesis. Overall, the regulation of milk lactose and fat yield seems to depend on
the partitioning of their precursors (acetate, glucose, BHBA and also AA from group Il and NEAA)
towards milk component synthesis or oxidation. Further work is required to determine the rate of
protein turnover in the mammary gland and to identify the driving forces regulating the partitioning
of nutrients in the mammary gland between synthesis of milk component and oxidative pathways.
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Introduction

Maternal nutrition restriction during late gestation influences foetal development, and impacts
glucose-insulin homeostasis in adult offspring. Additionally, intrauterine under-nutrition followed
by postnatal over-nutrition leads to rapid catch-up growth, altered adiposity, and impaired glucose
tolerance in young age (Ozanne and Hales, 2005; Hernandez-Valencia and Patti, 2006). Skeletal
muscle is an important site for glucose and fatty acid catabolism, and reduced glucose uptake and
intra-muscular lipid accumulation are related to impaired insulin sensitivity in skeletal muscle
(DeFronzo and Tripathy, 2009; Kraegen and Cooney, 2008). The aim of this experiment was to
demonstrate if foetal programming leads to changes in catabolic preferences in skeletal muscle.

Materials and methods

Twenty twin-pregnant Shropshire ewes were fed either an Norm (~requirements) or Low (50% of
requirements) diet the last 6 weeks of gestation (term=147d). From 3-days until 6-months of age,
twin lambs were assigned to each their feeding: CONV (moderate hay feeding) or HCHF (high-
fat-high-carbohydrate) supplemented with milk replacer between 0-8 weeks of age. From 6 to 24
months of age, sheep were raised on the same moderate grass based diet. Biopsies of m. longissimus
dorsi were obtained post mortem at either 6 or 24 months of age. Target genes mRNA levels were
measured by qPCR, and were grouped into four categories: (1) glucose metabolism: /NSRS, IRS1,
and GLUTH4, (2) regulators of oxidation: PPARo and PPARG, (3) coordinators: PGCla and PGCIp,
and (4) mitochondrial FA oxidation regulators: CPT1b and UCP3. ACTB served as an endogenous
control. All samples were run in triplicate, and expression data were calculated by using the AACt
method and expressed as a ratio to the ACTB reference. The data were analyzed by the PROC
MIXED procedure in SAS (v9.2, SAS institute, USA). Variables in the statistical models included
age at slaughtering (6 or 24 months old), maternal diet (Norm or Low), and postnatal diet (CONV
or HCHF), and their interactions as fixed effects; and interaction of the factors ewe no and lamb_no
was included as random effect. Normality of data was achieved by logarithm-transformation and
outliers identified based on residual plots. Presented results are expressed as least squares means
(LSM) with standard error of mean (SEM) of logarithm-transformed data. The PDIFF option in
SAS was used to generate comparisons between treatment means.

Results

Postnatal HCHF feeding significantly up-regulated the mRNA level of genes involved in both
glucose uptake (/NSRp, IRS1 and GLUT4), mitochondrial FA oxidation regulators (CPT1b and
UCP3), as well as the metabolic coordinator PGC1p. Expression of these genes were not affected
by age (except for a downregulation of /NSRS with age), or by prenatal diet despite the fact that the
animals fed the HCHF diet in early postnatal life had been switched back to a low-fat moderate diet
for 18 months before the sampling in young adult life (24 months of age). Increased mRNA levels
were found also for skeletal muscle PGC! f5, PPARo. and PPARJ in response to the HCHF diet and
the postnatal dietary effect appeared to be more pronounced in young as compared to older animals.
However, this pattern of development was influenced also by the prenatal diet, although not in a
very clear pattern (see Table 1).
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Table 1. Sheep m. longissimus dorsi mRNA expression of target genes as affected by late gestation
maternal diet (Low or Norm), postnatal diet (conventional moderate CONV or high-carbohydrate-
high-fat HCHF) and age (6 or 24 months).

Postnatal! CONV HCHF

IRS1 0.12+0.042 0.26+0.04°

GLUT4 -0.12+0.043 0.06:£0.04°

CPT1b -0.10+0.042 0.080.04°

UCP3 -0.13+0.062 0.05+0.06°

Postnatal-age? CONV-6 CONV-24 HCHF-6 HCHF-24

INSRB -0.03+0.04¢ -0.17+0.044 0.09:0.042bd -0.02+0.04°

Postnatal® CONV HCHF

Maternal-age: Low6 Low24 Norm6 Norm24 Low6 Low24 Norm6 Norm 24

PGC1p 0.11£  -0.16= -024+ -0.02+ -0.12+  0.04+ 003+  0.00
0.073¢  0.06%¢  0.06°  0.07°¢  0.072b¢ 0.07°  0.07°¢  0.07b°

PPAR« -0.18+  0.02+ -0.03+ -0.13+ -0.01+ -0.12+ 0.03x  0.06%
0.072 0.06° 0.06®®  0.072>  0.072®  0.072> 0.07° 0.07°

PPARS 0.02+  0.04+ 022+ -0.12&4 032+ -0.07+ 0.19+  0.06+
0.09b¢  0.08>c  0.08  0.09>c  0.09° 0.09b¢  0.08? 0.092be

Data are presented as LSM + SEM of logarithm-transformed data. Values within a row with different superscripts differ
significantly (P<0.05). HCHF up-regulated /RS1, GLUT4, CPT1b, UCP3 (1) and INSRS (P<0.05); INSRf was also
up-regulated with age (P<0.05); PGC1p: Lowest value in CONV-Norm-6, lower than HCHF-Norm-6, HCHF-Norm-24,
HCHF-Low-24, and CONV-Norm-24 (P<0.05), highest value in HCHF-Low-24, higher than HCHF-Norm-6 and
CONV-Low-6 (P<0.05); PPARa: Lowest value in CONV-Low-6, lower than HCHF-Norm-6, CONV-Low-24 and
HCHF-Norm-24 (P<0.05), highest value in HCHF-Norm-24, higher thanCONV-Low-6 (P<0.05). PPARJ: Lowest
value in CONV-Norm-24, lower than HCHF-Low-6, HCHF-Norm-6, and CONV-Norm-6 (P<0.05), highest value in
HCHEF-Low-6, higher than CONV-Low-6, CONV-Low-24, HCHF-Low-24, and CONV-Norm-24 (P<0.05).

Conclusion

Postnatal nutrition is a determinant of the metabolic pattern of skeletal muscle during early life
and has long-term implications for the metabolic pattern later in life even after dietary correction.
The increased expression of glucose uptake related genes would be a compensatory mechanism
to counteract lowered insulin sensitivity (results not shown). The effects of intrauterine nutrition
restriction were observed on the metabolic regulators (PP4Rs) and PGCI1f but not other genes
analyzed. Prenatal nutrition did not appear to have major influence on gene expression in early
postnatal life, but the metabolic long-term adaptive response to an adverse diet early in postnatal
life was apparently influenced. Foetal nutrition may have implications for the metabolic flexibility
to adapt to a postnatal over-nutrition environment.
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Introduction

Weaning is the process of switching young mammals from milk to solid feed. In ruminants, weaning
is not just an event, but a period in which milk is progressively substituted by forage and concentrate
or grain-based diets, which are processed in the developing rumen. During the weaning period, the
diet switches from a mixture of casein, lactose and triglycerides to a more complex nutrient mixture
and the pattern of nutrients absorbed shifts from glucose, long-chain fatty acids, and milk-derived
amino acids to volatile fatty acids, ketones and amino acids from feed and microbial sources.
This change requires the adaptation of liver metabolism and activity, that shifts from glycolytic to
gluconeogenic pathways. In particular, amino acids from the breakdown of dietary proteins can
be used either for synthesis of new proteins and in the production of glucose and/or ketone bodies
(Baldwin et al., 2004). For this latter purpose, amino acids must be transaminated and deaminated
so that the carbon skeleton can be utilized in gluconeogenic and/or ketogenic pathways (Hagopian
etal., 2003). In light of this, the aim of the present study was to investigate the effect of weaning on
plasmatic and hepatic activity of aminotransferases in goats. Moreover, considering that in modern
intensive farms weaning is often conducted with the use of a milk replacer, instead of whole milk
(since it is cheaper and gives the opportunity to save milk for human consumption), the effect of
milk replacer feeding was also investigated in goat kids.

Materials and methods

Thirty-six three-day old Saanen goat kids were divided into four groups (GM, WGM, MR and
WMR). GM kids received goat milk to age 48 days. WGM group was initially fed goat milk,
but started weaning at 25 days and was completely weaned by 40 days. MR kids were fed a milk
replacer to age 48 days. WMR kids were initially fed the milk replacer and then subjected to the
same weaning program used for WGM kids. The