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Abstract
Obesity is associated with many
adverse conditions. Adipose tissue
contributes significantly to these
conditions. Maintaining lean body
mass is essential not only to the
success of decreasing adipose
mass but also to the maintenance of
a healthy weight. We have investi-
gated common cellular mechanisms
in adipose tissue associated with
lean body mass phenotypes in-
duced by a high-protein diet, a diet containing conju-
gated linoleic acid, or exercise. Mechanisms include a
decrease in inflammation, a decrease in fatty acid meta-
bolic processes, as well as growth and development
changes. These mechanisms and associated benefits
stress the importance of maintaining lean body mass in
animals. 

Obesity and Lean Body Mass
Obesity has become a major health problem in Western

civilizations as well as in developing countries worldwide.
There now may be as many obese individuals in the world
as those suffering from hunger. Over 72 million people
are obese in the United States alone.1 There are a multi-
tude of health issues and chronic diseases associated with
obesity. These include diabetes, hypertension, coronary
heart disease, certain cancers, osteoarthritis, as well as
many others. In addition to humans, the obesity epidemic
also affects pets. At least one-third of dogs and cats are
overweight or obese.2,3

Obesity is characterized by the excessive storage of
body fat due to an imbalance between caloric intake and
energy expenditure tipped in favor of intake. Address-
ing obesity by decreasing caloric intake is obviously an
important part of successful weight management, but it
only represents one-half of the equation. Maintaining or
increasing energy expenditure represents the other half.
Lean body mass (LBM) is defined as the mass of the body
minus the fat. This includes bones, muscle, skin and organs.
LBM makes significant contributions to the energy expen-
diture. Therefore, maintaining LBM plays a critical role

in the prevention of obe-
sity and maintenance of a
healthy weight. 

In addition to serving as
a reservoir for amino acids
for endogenous protein
synthesis and hepatic 
gluconeogenesis,4,5 muscle
is a major player in the 
expenditure of energy.
Total energy expenditure
includes the thermic effect

of food, energy related to exercise or activity, and resting
energy expenditure (REE). Of these, REE is the largest
component.6 Multiple tissues contribute to REE; however,
muscle is the single largest contributor and the tissue
that has the greatest ability to vary in energy expendi-
ture.5 Protein turnover,
which is the synthesis
and breakdown of endo -
g enous proteins, uses 
between 20% and 33% of
REE and is the principle
contribution of resting
muscle to REE.5,7 A 5 kg
difference in muscle
roughly equals 50 kcal/
day of energy expendi-
ture for protein synthesis.
This energy, stored as fat, would equal approximately
2.5 kg of fat mass per year.5 This estimate may be low
since the energy cost of protein breakdown was not con-
sidered in this estimate and requires additional energy.

High-Protein Diets 
One of the most common methods of maintaining

LBM during weight loss is a high-protein diet. This has
been well-documented in multiple species, including
humans, dogs and cats.8-13 In addition, REE is increased
and the weight regain after loss decreased in subjects fed
a high-protein diet.9,14 Energy intake to maintain the rate
of weight loss was lower and energy consumption to
maintain a constant body weight after weight loss was
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higher in cats fed a high-protein diet as compared to
control.14 Additionally, an increase in heat production has
been shown in lean cats fed a high-protein diet during
weight loss.15

The Role of Adipose Tissue in Obesity
While the bottom line of obesity is represented simply

by more energy being stored as compared to energy
being spent, the tissues, cells, molecules and systems
involved are anything but simple. The process of body
weight maintenance is a complex homeostatic system
that involves both genetic and environmental factors. It
involves multiple tissues and cell types, including brain,
specifically the hypothalamus, gut, liver, pancreas, muscle,
and adipocytes from various types of fat depots, immune
cells such as macrophages, and many others. Additionally,
these tissues and cell types are linked via hormones,
cytokines, chemokines and other signaling molecules.
Within each of these cell types are biological pathways
represented by metabolic pathways, signaling pathways,
genes and other molecular mechanisms.

Adipose tissue is now recognized as a dynamic tissue
involved in autocrine, paracrine and endocrine signaling
associated with many, if not all, tissues involved in obesity.
Adipose tissue is comprised of multiple cell types that
communicate among themselves through many of
these same mechanisms. Adipose cells include adipocytes,
preadipocytes, endothelial cells, blood cells, macrophages,
as well as others. Signaling mechanisms include the
production and expression of receptors for adipokines,
cytokines, hormones, growth factors, etc., which allows for
crosstalk between the cells contained in adipose tissue.16

There are a multitude of adverse effects associated with
adipose tissue during obesity. These effects include in-
flammation, oxidative stress, macrophage infiltration,
hypoxia, necrosis and a decrease in insulin sensitivity.
However, inflammation plays a role in all these. Inflam-
matory responses in adipose tissue involves the abnormal

production of proinflammatory cytokines, including
tumor necrosis factor- (TNF- ), interleukin-6 (IL-6),
interleukin-1 (IL-1 , chemokines such as monocyte
chemoattractant protein 1 (MCP-1), hormones such as
adiponectin (decreases with obesity), among others. In
addition to its proinflammatory activities, TNF-  has
been shown to decrease insulin sensitivity.17

Adiponectin production is also involved, although a
decrease in production contributes to a decrease in insulin
sensitivity.16,18 MCP-1 is produced by adipocytes and may
be responsible for the recruitment of macrophages into
adipose tissue.19,20 Macrophages are a major source for
the production of both TNF- and IL-6.19,21 Macrophage
infiltration is high in obese, but not lean, individuals
and is usually localized around necrotic adipocytes.22

Local hypoxia may be a major cause of adipocyte cell death
and has also been associated with the inhibition of insulin
action in adipocytes.23 All these adverse obesity-associated
events have detrimental effects on adipose tissue and
also contribute to more general disorders such as high
blood pressure, coronary heart disease, diabetes, etc.

The Role of Adipose Tissue in the 
Lean Body Mass Phenotype

Inherently the induction of a LBM phenotype involves
an increase in the ratio of lean to fat. This is normally
obtained via a decrease in the mass of body fat with an
increase, or maintenance, of muscle mass. Understand-
ing the mechanisms associated with this phenotype in
involved tissues, including adipose, can provide valuable
insight into the underlying cellular and molecular pro -
cesses involved in weight management, as well as provide
novel targets for future studies. We previously investi-
gated the mechanisms associated with the induction of
a LBM phenotype in adipose tissue.24 The goal of this

Figure 1. Fat pad weight of rats on control diet, conjugated linoleic acid
(CLA) diet, exercise, and high-protein diet. Values represent the mean
(g) ± SEM. * = P<0.05 and ** = P<0.01 as compared to the control.

Figure 2. Body weight without fat pads (% of total body weight) of
rats on control diet, conjugated linoleic acid (CLA) diet, exercise, and
high-protein diet. Values represent the mean percentage ± SEM.
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work was not to evaluate weight changes but to elucidate
the mechanisms of and metabolic responses to maintain-
ing (or increasing) LBM while decreasing fat. In order to
differentiate common mechanisms associated with this
phenotype from individual treatment effects, rats were
put on three different LBM-enhancing treatments. The
overlap of the molecular responses to those treatments
served as the focus of this study.

Exercise, a high-protein diet and a diet containing
conjugated linoleic acid (CLA) were used independently
to induce LBM phenotypes. Exercise was used due to its
ability to increase fat oxidation and modulate muscle
metabolism. High-protein was used due to its ability to
increase protein turnover, fat oxidation25 and thermoge-
nesis.26 CLA was used due to its ability to increase body
protein and reduce body fat.27,28

LBM phenotypes were validated by a significant re-
duction in fat pad weight as compared to control in the
high-protein and CLA groups with a marginal reduction
in response to exercise (Figure 1). Fasting blood glucose
followed a similar trend with significant reductions in
the high-protein and CLA groups with a marginal re-
duction in the exercise group. Insulin levels were direc-
tionally similar without significance.

The treatments had no significant effects on body
weight, food intake or weight gain. Additionally, there
was no significant increase in body weight without fat
pads (percentage of total weight) representing the spar-
ing effects of the treatments on LBM (Figure 2).

In order to elucidate the molecular mechanisms asso-
ciated with LBM phenotypes, gene expression changes
were assessed in adipose tissue samples using microarray
technology. Gene expression is the process of transcribing
DNA (a copy of a gene) into a messenger form (messenger
RNA) and translating that message into its protein prod-
uct. Alterations in gene expression occur in response to
its environment, needs, etc. While the activity of proteins
can be regulated at different levels (e.g., phosphorylation),
gene expression is the main regulation step in overall
activity of the protein. 

The microarray used in our study contained over
30,000 different messenger RNAs. The overlap of changes,
common to all three treatments, identified 784 significantly
different gene expression changes as compared to control
(Figure 3). These genes, and their protein products, were
associated with three major areas of physiology. They are
inflammation, metabolism and growth/development.

Inflammatory gene expression changes were mostly
downregulated, implying a less inflammatory state in
the LBM phenotype. One particular pathway within in-
flammation was leukocyte transendothelial migration.
Macrophage infiltration is common in the adipose tissue
of obese individuals.19 However, we observed a down-

regulation of this pathway even though our control animals
were not obese, indicating that LBM phenotype can re-
sult in less inflammation partially due to a reduction in
macrophage infiltration.

Metabolic changes included many enzymes (many
rate-limiting) involved in fatty acid, lipid and cholesterol
metabolism. Most of these enzymes were downregulated.
Fatty acid metabolic changes included rate-limiting 
enzymes specifically involved in fatty acid synthesis,
fatty acid breakdown and fatty acid elongation. This
less active state is most likely due to the overall decrease
in fat mass. The rate-limiting enzyme in cholesterol 
metabolism, HMG-CoA reductase, was also downregu-
lated. This enzyme is the target of the cholesterol lower-
ing drugs, statins. In addition to their cholesterol-lowering
ability, statins are known for their anti-inflammatory
effects.29 The decrease in expression of HMG-CoA reduc-
tase in our study may indicate this as one of the major
players in the decrease in inflammation associated with
the lean body mass phenotype.

Growth and development changes included mecha-
nisms associated with apoptosis, adipogenesis, as well
as others. Most of these were downregulated in response
to the LBM phenotype. Apoptosis has previously been
shown to be associated with obese conditions,22,30 and
the decrease in fat mass may be reflected here. A decrease
in adipogenesis may reflect the decrease in need, or ability,
to replace fat cells. Since this study was performed with
adult animals, adipogenesis would only represent the
replacement of existing cells since the majority of new
adipocytes are produced shortly after birth.31,32

Figure 3. Gene expression changes in adipose tissue from rats on
conjugated linoleic acid (CLA) diet, exercise (Exe) and high-protein
(HP) diet as compared to control diet. Numbers under treatments rep-
resent total number of differentially expressed genes for that treatment
compared to control, while other numbers represent genes differen-
tially expressed in common among multiple treatments. Genes were
determined as differentially expressed based on P<0.01 for overall
treatment effect and P<0.01 for the specific treatment versus control.
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Conclusion
Obesity is associated with increased risk of many

chronic diseases that are detrimental to the health and
longevity of animals. Underlying these disorders are
various changes that contribute to the pathologies of
the disorders. Adipose tissue is a major player in these
pathological changes including inflammatory-related
events that can result in a decrease in insulin sensitivity,
hypoxia, macrophage infiltration and cell death. Decreas-
ing adipose tissue mass is critical to reversing these
pathological changes. However, the maintenance of
LBM is also important. Preservation of LBM is not only
critical to the success of weight management but also 
to the success of preventing weight regain as has been
shown with multiple species using high-protein diets.
In addition, preserving LBM during weight loss of obese
animals and maintenance of LBM in non-obese animals
results in favorable molecular events in adipose tissue,
especially a decrease in inflammation. 

References
1. Ogden CL, Carroll MD, McDowell MA, Flegal KM.
Obesity among adults in the United States–no change
since 2003-2004. NCHS data brief. 2007;1:1-6.

2. Lund EM, Armstrong PJ, Kirk CA, Klausner JS.
Prevalence and risk factors for obesity in adult cats
from private US veterinary practices. Int J Appl Res Vet
Med. 2005;3:88-96.

3. Lund EM, Armstrong PJ, Kirk CA, Klausner JS.
Prevalence and risk factors for obesity in adult dogs
from private US veterinary practices. Int J Appl Res Vet
Med. 2006;4:177-186.

4. Felig P. The glucose-alanine cycle. Metabolism.
1973;22(2):179-207.

5. Wolfe RR. The underappreciated role of muscle in
health and disease. Am J Clin Nutr. 2006;84(3):475-482.

6. Schoeller DA, Ravussin E, Schutz Y, et al. Energy expen-
diture by doubly labeled water: validation in humans and
proposed calculation. Am J Physiol. 1986;250(5 Pt 2):R823-
R830.

7. Schutz Y, Rueda-Maza CM, Zaffanello M, Maffeis C.
Whole body turnover and resting energy expenditure
in obese, prepubertal children. Am J Clin Nutr. 1999;
69(5):857-862.

8. Leidy HJ, Carnell NS, Mattes RD, Campbell WW.
Higher protein intake preserves lean mass and satiety
with weight loss in pre-obese and obese women. Obesity
(Silver Spring). 2007;15(2):421-429.

9. Larsen TM, Dalskov SM, van BM et al. Diets with high
or low protein content and glycemic index for weight-loss
maintenance. N Engl J Med. 2010;363(22):2102-2113.

10. Hannah SS, Laflamme D. Increased dietary protein
spares lean body mass during weight loss in dogs. J Vet
Int Med. 1998;12:224.

11. Diez M, Nguyen P, Jeusette I, et al. Weight loss in
obese dogs: evaluation of a high-protein, low-carbohy-
drate diet. J Nutr. 2002;132(6 Suppl 2):1685S-1687S.

12. Bierer TL, Bui LM. High-protein low-carbohydrate
diets enhance weight loss in dogs. J Nutr. 2004;134(8
Suppl):2087S-2089S.

13. Laflamme D, Hannah SS. Increased dietary protein
promotes fat loss and reduces loss of lean body mass
during weight loss in cats. J Appl Res Vet Med. 2005;3:62-68.

14. Vasconcellos RS, Borges NC, Goncalves KN et al.
Protein intake during weight loss influences the energy
required for weight loss and maintenance in cats. J Nutr.
2009;139(5):855-860.

15. Hoenig M, Thomaseth K, Waldron M, Ferguson DC.
Insulin sensitivity, fat distribution, and adipocytokine
response to different diets in lean and obese cats before
and after weight loss. Am J Physiol Regul Integr Comp
Physiol. 2007;292(1):R227-R234.

16. Fruhbeck G. Overview of adipose tissue and its role
in obesity and metabolic disorders. Methods Mol Biol.
2008;456:1-22.

17. Hotamisligil GS, Murray DL, Choy LN, Spiegelman
BM. Tumor necrosis factor alpha inhibits signaling from
the insulin receptor. Proc Natl Acad Sci USA. 1994;
91(11):4854-4858.

18. Yamauchi T, Kamon J, Waki H, et al. The fat-derived
hormone adiponectin reverses insulin resistance associ-
ated with both lipoatrophy and obesity. Nat Med.
2001;7(8):941-946.



13

19. Weisberg SP, McCann D, Desai M, et al. Obesity is
associated with macrophage accumulation in adipose
tissue. J Clin Invest. 2003;112(12):1796-1808.

20. Christiansen T, Richelsen B, Bruun JM. Monocyte
chemoattractant protein-1 is produced in isolated
adipocytes, associated with adiposity and reduced after
weight loss in morbid obese subjects. Int J Obes (Lond).
2005;29(1):146-150.

21. Fantuzzi G. Adipose tissue, adipokines, and inflam-
mation. J Allergy Clin Immunol. 2005;115(5):911-919.

22. Cinti S, Mitchell G, Barbatelli G et al. Adipocyte
death defines macrophage localization and function in
adipose tissue of obese mice and humans. J Lipid Res.
2005;46(11):2347-2355.

23. Yin J, Gao Z, He Q, et al. Role of hypoxia in obesity-
induced disorders of glucose and lipid metabolism in
adipose tissue. Am J Physiol Endocrinol Metab. 2009;
296(2):E333-E342.

24. Middleton RP, Pan Y, Holzwarth JA et al. Common
molecular mechanisms in adipose tissue associated with
three lean body mass phenotypes in rats. Submitted 2011.

25. Labayen I, Diez N, Parra D, et al. Basal and post-
prandial substrate oxidation rates in obese women 
receiving two test meals with different protein content.
Clin Nutr. 2004;23(4):571-578.

26. Dauncey MJ, Bingham SA. Dependence of 24 h 
energy expenditure in man on the composition of the
nutrient intake. Br J Nutr. 1983;50(1):1-13.

27. Pariza MW, Park Y, Cook ME. Mechanisms of action
of conjugated linoleic acid: evidence and speculation.
Proc Soc Exp Biol Med. 2000;223(1):8-13.

28. Park Y, Storkson JM, Albright KJ, et al. Evidence that
the trans-10,cis-12 isomer of conjugated linoleic acid in-
duces body composition changes in mice. Lipids. 1999;
34(3):235-241.

29. Liao JK, Laufs U. Pleiotropic effects of statins. Annu
Rev Pharmacol Toxicol. 2005;45:89-118.

30. Lee YH, Nair S, Rousseau E, et al. Microarray profiling
of isolated abdominal subcutaneous adipocytes from
obese vs non-obese Pima Indians: increased expression
of inflammation-related genes. Diabetologia. 2005;48(9):
1776-1783.

31. Cartwright MJ, Tchkonia T, Kirkland JL. Aging in
adipocytes: potential impact of inherent, depot-specific
mechanisms. Exp Gerontol. 2007;42(6):463-471.

32. Spalding KL, Arner E, Westermark PO, et al. Dynamics
of fat cell turnover in humans. Nature. 2008;453(7196):
783-787.


