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Series Editor’s Introduction

The Nutrition and Health™ series of books has as an overriding mission to provide
health professionals with texts that are considered essential because each includes: (1) a
synthesis of the state of the science; (2) timely, in-depth reviews by the leading research-
ers in their respective fields; (3) extensive, up-to-date, fully annotated reference lists; (4)
a detailed index; (5) relevant tables and figures; (6) identification of paradigm shifts and
the consequences; (7) virtually no overlap of information between chapters, but targeted,
interchapter referrals; (8) suggestions of areas for future research; and (9) balanced, data-
driven answers to patient/health professional’s questions, which are based on the totality
of evidence rather than the findings of any single study.

The series volumes are not the outcome of a symposium. Rather, each editor has the
potential to examine a chosen area with a broad perspective, both in subject matter as well
as in the choice of chapter authors. The international perspective, especially with regard
to public health initiatives, is emphasized where appropriate. The editors, whose trainings
are both research- and practice-oriented, have the opportunity to develop a primary
objective for their book, define the scope and focus, and then invite the leading authorities
from around the world to be a part of their initiative. The authors are encouraged to
provide an overview of the field, discuss their own research, and relate the research
findings to potential human health consequences. Because each book is developed de
novo, the chapters are coordinated so that the resulting volume imparts greater knowl-
edge than the sum of the information contained in the individual chapters.

Adipose Tissue and Adipokines in Health and Disease, edited by Drs. Giamila Fantuzzi
and Theodore Mazzone, is a very welcome addition to the Nutrition and Health Series and
fully exemplifies the Series’ goals. This volume is especially timely because the obesity
epidemic continues to increase around the world and the comorbidities, such as type 2
diabetes, are seen even in very young children. It is only recently that scientists have
begun to think about adipose tissue as more than a fat storage site. The last decade has
seen an explosion of identification and characterization of the many bioactive molecules
that are synthesized and secreted by adipose cells (adipokines). Adipokines have been
associated with the development of obesity and its comorbidities as well as many, often
thought of as unrelated, consequences including insulin resistance, cardiovascular com-
plications, lipid disorders, hypertension, hormonal imbalances, endometriosis, asthma,
kidney disease, certain autoimmune diseases, brain and peripheral nervous system dis-
orders, inflammatory bowel disease, as well as cancer. Thus, the relevance of adipocyte
pathophysiology to the clinical setting is of great interest to not only academic research-
ers, but also to health care providers. This text is the first to synthesize the knowledge base
concerning adipose tissue, adipokines, and obesity for the practicing health professional
as well as those professionals who have an interest in the latest, up-to-date information
on fat cell function and its implications for human health and disease.
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Adipose Tissue and Adipokines in Health and Disease serves a dual purpose of pro-
viding in-depth focus on the biological functions of adipocytes, as well as examining the
current clinical findings associated with the consequences of obesity and putting these
into historic perspective, as well as pointing the way to future research opportunities.
Both of the editors are internationally recognized leaders in the field of adipocyte re-
search as well as clinical outcomes. Both are excellent communicators and they have
worked tirelessly to develop a book that is destined to be the benchmark in the field
because of its extensive, in-depth chapters covering the most important aspects of the
complex interactions between cellular functions, diet and obesity, and its impact on
disease states. The introductory chapters provide readers with the basics so that the more
clinically related chapters can be easily understood. The editors have chosen 55 of the
most well-recognized and respected authors from around the world to contribute the 27
informative chapters in the volume. Hallmarks of all of the chapters include complete
definitions of terms with the abbreviations fully defined for the reader and consistent use
of terms between chapters. Key features of this comprehensive volume include the infor-
mative abstract and key words that are at the beginning of each chapter, appendices that
include a detailed list of abbreviations as well as extensive lists of relevant books, jour-
nals, and websites, more than 80 detailed tables and informative figures, an extensive,
detailed index and more than 2500 up-to-date references that provide the reader with
excellent sources of worthwhile information about adiposity and health.

Drs. Fantuzzi and Mazzone have chosen chapter authors who are internationally
distinguished researchers, clinicians, and epidemiologists who provide a comprehensive
foundation for understanding the role of adipose tissue and its secretions in the mainte-
nance of human health as well as its role in obesity and related comorbidities. Outstanding
chapters have been contributed by the actual discoverers of potent adipokines, including
Dr. Matsuzawa, the discoverer of adiponectin, who provides an historical perspective on
his research since his discovery (in Chapter 9). There are more than a dozen chapters that
cover the most important aspects of the complex interactions between adipose cell func-
tions including the synthesis of more than 20 adipokines, receptors for these active
molecules, and consequent activation of other cells and tissues in the central nervous
system as well as peripherally. The volume includes separate chapters on leptin and
adiponectin, as well as several chapters that include significant analyses of the roles of
factors including interleukin-6, tumor necrosis factor, adipsin, resistin, visfatin, and
prostaglandins as examples. Likewise, the different cells that comprise fat tissue have the
capacity to produce signals that lead to the production of other active biomolecules. One
example that is discussed in detail is the interaction between interleukin-6 from adipose
tissue that triggers the production of C-reactive protein in the liver. Thus, the chapter
authors have integrated the newest research findings so the reader can better understand
the complex interactions that can result from adipocyte function. Another important
chapter highlights the novel interactions between adipose tissue and lymph nodes that are
physically in close proximity and influence the functioning of both tissues (Chapter 11).
Moreover, wherever there is sufficient evidence, the authors have highlighted the poten-
tial impact of these interactions on disease states and health conditions that may increase
or decrease the risk of chronic disease.

Given the growing concern with the increase in adult as well as childhood obesity, it
is not surprising to find 15 chapters in this book that are devoted to the clinical aspects



of obesity, weight control, diabetes, and other chronic diseases associated with obesity.
Unique to Adipose Tissue and Adipokines in Health and Disease are chapters that exam-
ine the biological plausibility of the “thrifty gene” hypothesis; the potential functions of
bone marrow adipose tissue and bone formation; the cultural aspects of weight gain; three
in-depth chapters on the effects of weight loss that is either deliberate, genetically inher-
ited, or acquired because of cultural factors or as a consequence of obesity-related dis-
eases. The growing awareness that obesity is associated with a low-grade inflammatory
state is examined extensively in each of the chapters on insulin resistance, non-alcoholic
liver disease, kidney disease, and joint disease, as well as in the chapters on heart disease,
asthma, and cancer. The editors and authors have integrated the information within these
chapters so that the health care practitioner can provide guidance to the patient about the
potential consequences of chronic obesity. The inclusion of both the earlier chapters on
the complexity of adipose tissue and the chapters that contain clinical discussions help
the reader to have a broader basis of understanding of fat cells, adipose tissue, obesity,
and disease.

In conclusion, Adipose Tissue and Adipokines in Health and Disease provides health
professionals in many areas of research and practice with the most up-to-date, well-
referenced volume on the importance of adipose tissue and its secretions in determining
the potential for obesity-related chronic diseases that can affect human health. This
volume will serve the reader as the benchmark in this complex area of interrelationships
between fat cells, adipose tissue, the adipose organ, and the functioning of all other organ
systems in the human body. Moreover, the interactions between obesity, genetic factors,
and the numerous comorbidities are clearly delineated so that students as well as prac-
titioners can better understand the complexities of these interactions. The editors are
applauded for their efforts to develop the most authoritative resource in the field to date
and this excellent text is a very welcome addition to the Nutrition and Health Series.

Adrianne Bendich, PhD, FACN

Series Editor’s Introduction ix
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Nearly 35% of the American population is now considered obese, with a projected
increase expected to reach nearly 50% by the year 2025 unless there are major changes
in the obesifying environment that promotes a sedentary lifestyle and overconsumption
of calories. In addition, effective treatments must be developed for the most severely and
morbidly obese. Understanding the pleiotropic effects of the adipose organ on health and
disease is crucial to achieving the goal of preventing the comorbidities associated with
obesity and abdominal fat distribution.

Adipose tissue is a highly specialized tissue that stores excess energy in the form of
triglyceride and releases it when energy is needed by other tissues. As pointed out in
Chapter 1 of Adipose Tissue and Adipokines in Health and Disease, the adipose organ
includes multiple adipose depots in distinct anatomical locations, and it can comprise up
to 70% of body mass in massively obese individuals. Too little or too much adipose tissue
has deleterious consequences for the function of numerous physiological systems. In
addition, excess fat deposited in the abdomen (visceral depots) increases morbidity
independent of overall adiposity. If the adipose tissue storage capacity is reached—for
example, if maximal fat cell size is reached and reservoirs of preadipocytes are
depleted—ectopic fat deposition in non-adipose organs is thought to impair cellular
function. Thus, the ability of the adipose organ to expand through hypertrophy and
hyperplasia (recruitment and differentiation of adipose precursors) is critical to the pre-
vention of obesity-related comorbidities. As highlighted in Adipose Tissue and
Adipokines in Health and Disease, understanding the basic mechanisms regulating adi-
pose tissue growth is critical to understanding the links between obesity and disease.

Different adipose tissue depots grow at different rates in males compared with
females, and depots preferentially expand (visceral) or shrink (peripheral subcutaneous)
with aging. The classic studies of Vague and others showed that body shape, largely
determined by body fat distribution in the trunk and periphery, has a large impact on risk
for metabolic diseases and complications associated with obesity. It remains unclear
whether visceral compared with subcutaneous adipocytes are truly genetically distinct or
develop different metabolic profiles as a result of their anatomy, cellular composition,
innervation, and blood flow. The cellular and molecular mechanisms that contribute to
the metabolic heterogeneity of adipose tissue depots are active and evolving topics of
research. We still do not understand why males and females preferentially deposit fat in
different depots and why upper body depots (both abdominal subcutaneous and visceral)
increase risk for insulin resistance, type 2 diabetes, and dyslipidemia, while lower body
(subcutaneous gluteal–femoral) fat depots may be protective.

The discovery of leptin in 1994 and adiponectin in 1995 ushered in a new era in the
study of the endocrine functions of the adipose organ and mechanisms that link adiposity
to the maintenance of reproductive, immunological, and endocrine function. The effects
of genetic and environmental factors on the size and distribution of the adipose organ has
an impact on the function of virtually all physiological systems. As is clear from Adipose
Tissue and Adipokines in Health and Disease, we are only beginning to understand the
crosstalk among myriad paracrine mediators that modulate the growth, remodeling, and
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functions of each adipose depot. Furthermore, the impacts of circulating adipose hor-
mones (adipokines) on the pathophysiological events in the cardiovascular, immune, and
endocrine systems in obesity are beginning to be understood. It is now known that obesity
is linked to the dysfunction of many physiological systems. As reviewed in this volume,
adipose function is mechanistically linked to diseases such as arthritis, asthma, and
inflammatory bowel disease. An exceptionally valuable feature of this book is that it
merges the medical literature with basic research related to the pathobiology of adipose
tissue and adipokines.

Adipose Tissue and Adipokines in Health and Disease highlights emerging and impor-
tant new research on the interrelationships of adipocytes with the immune system. It is
now clear that macrophages take up residence in adipose tissue in obesity and appear to
drive the local chronic inflammation and, to a large extent, the altered adipocyte function.
For example, macrophage production of tumor necrosis factor and interleukin-6, as well
as perhaps monocyte chemotactic protein-1, appears to contribute to adipocyte resistance
and elevated lipolysis through their paracrine effects. In addition, adipokines produced
by the adipocyte itself (leptin and adiponectin) act in an autocrine fashion via their
receptors to alter adipocyte function. Furthermore, understanding the interrelationships
of lymphoid and other immune tissues with surrounding adipocytes, as well as the func-
tion of resident macrophages, mast and mononuclear cells in adipose tissue are critical
areas of research in this field. This work provides insights into mechanisms linking
adiposity to inflammation, insulin resistance, atherogenesis, and cancer. Research on
adipocyte-immunocyte relationships will undoubtedly provide insights into new thera-
peutic approaches to prevent or treat adipose tissue-associated diseases.

A major issue in the field of obesity, however, that remains unresolved is: “Why do
so few obese people maintain their weight after successful weight loss?” No particular
diets effectively promote successful long-term weight maintenance, as most weight-
reduced obese people regain lost weight within 3 years, with the re-emergence of the
metabolic, cardiovascular, and cancer-related consequences of obesity. However, some
can succeed, as evidenced by the weight control registry and the success of obesity
surgeries. Thus, it will be of great interest to determine how the altered function of
adipocytes and adipose tissues, and in particular altered adipokine action, contributes to
the biological variability in response to weight loss.

The underlying molecular mechanisms by which the expanded adipose tissue organ
and circulating adipose hormones (adipokines) contribute to the pathophysiological
events in the cardiovascular, neuroendocrine, immune, gastrointestinal, renal,
hepatobiliary, and musculoskeletal systems in obesity are now beginning to be under-
stood. An exceptionally valuable component of Adipose Tissue and Adipokines in Health
and Disease is that it brings together the diverse medical literature on the roles of adipose
tissue and adipokines in the pathogenesis of disease. We are confident that Adipose
Tissue and Adipokines in Health and Disease will be of great value in supporting the
multidisciplinary efforts to understand the many functions of the adipose tissue that will
undoubtedly lead to the discovery of new pharmacological targets and therapeutic tools
for the prevention and treatment of the inflammatory, endocrine, immune, pro-carcino-
genic, and cardiovascular consequences of obesity.

Andrew P. Goldberg, MD

Susan K. Fried, PhD
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Preface

Adipose tissue has traditionally been considered as a virtually inert tissue, mainly
devoted to energy storage. As a consequence, research on the role of adipose tissue in
physiology and pathology has been relatively neglected and “out-of-fashion” until the
mid 1990s, when the discovery of leptin (in 1994) and adiponectin (in 1995) led to a major
renaissance in this field. Concomitant with the discovery of important mediators pro-
duced by adipocytes has been the awareness of a dramatically increasing prevalence of
obesity and associated pathologies worldwide in both children and adults. High rates of
overweight and obesity in the population have awakened the interest of both clinicians
and researchers in understanding the role of adipose tissue in inducing and/or participat-
ing in the array of comorbidities associated with excess adiposity, which range from
insulin resistance and diabetes to cardiovascular disease, osteoarthritis, and other chronic
pathologies.  As a consequence of the increased attention devoted to the study of adipose
tissue in the last 12–15 yr, our current understanding of the biology of adipocytes and their
role in physiology and pathology has dramatically improved.

The aim of Adipose Tissue and Adipokines in Health and Disease is to provide com-
prehensive information regarding adipose tissue, its physiological functions, and its role
in disease. We have strived to collect information spanning the entire range of adipose
tissue studies, from basic anatomical and physiological research to epidemiology and
clinical aspects, in one place. Adipose Tissue and Adipokines in Health and Disease is
addressed to both basic researchers and clinicians interested in the fields of obesity,
metabolic diseases, inflammation, and immunity, and specialists in each of the patholo-
gies associated with obesity.

In Part I (Adipose Tissue: Structure and Function), Chapter 1 provides a comprehen-
sive review of adipose tissue anatomy with the new concept of the adipose organ, and
Chapter 2 summarizes fundamental physiological aspects of adipose tissue metabolism.
Each chapter does an excellent job of incorporating late-breaking studies into what can
only be called a “classical” description of adipose tissue properties. Part I also includes
chapters on two of the best-known and best-characterized adipokines, leptin (Chapter 3)
and adiponectin (Chapter 4).  These two chapters, in addition to providing a comprehen-
sive overview of the biology of leptin and adiponectin, introduce the reader to a “novel”
view of adipose tissue, as a view that has led to a revolution in our understanding of many
metabolic and inflammatory conditions. This novel view pictures adipose tissue as a
dynamic organ regulating not only systemic substrate availability and metabolism, but
also a variety of other functions, spanning from immune responses to bone structure and
susceptibility to cancer.

Parts II (Adipokines as Regulators of Immunity and Inflammation) and III (Interac-
tions Between Adipocytes and Immune Cells) expand on the novel concept of adipose
tissue as a critical component in maintaining body homeostasis. Adipose tissue and the
immune system are engaged in a constant dialogue that leads to the modulation of both
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inflammatory and metabolic responses. Part II describes how the discovery of adipocytes
as a source of mediators that modulate immune and inflammatory responses has opened
up a whole new field of investigation. We are now able to include non-conventional
soluble mediators derived from adipose tissue, such as leptin, adiponectin, and other
adipokines (or adipocytokines), into the vast array of molecules that participate in the
control of immunity and inflammation. This section introduces the different vasoactive
and inflammatory molecules produced by adipose tissue (Chapter 5) and presents a
detailed description of the role of leptin (Chapters 6–8), and adiponectin (Chapter 9) in
modulating immunity and inflammation. In Part III, Chapter 10 describes how macroph-
ages are normal components of adipose tissue and become activated in obesity, possibly
mediating some of the metabolic alterations associated with excess adiposity. Chapters
11 and 12 deal with interactions between adipocytes and other components of the immune
system, specifically lymphocytes and mast cells, whereas Chapter 13 discusses the inter-
action between adipocytes and hematopoietic cells in bone marrow.

The authors of the chapters presented in Part IV (Weight Gain and Weight Loss),
present an overview of the worldwide trends in obesity, providing an evolutionary per-
spective and discussing possible causes. A discussion presenting updated and detailed
epidemiological data on the obesity epidemics (Chapter 14) opens this section. Chapter
15 deals with environmental contributions to the ever-increasing incidence of obesity,
including a discussion of food supply and physical activity trends, fast-food consump-
tion, portion size, and others. Two very interesting chapters discuss the genetics of
obesity from an evolutionary perspective. Chapter 16 introduces the reader to the concept
of the famine hypothesis and discusses possible problems with this notion, whereas
Chapter 17 deals with the role of intrauterine development patterns in shaping the post-
natal propensity to develop obesity and insulin resistance. Chapter 18 analyzes the meta-
bolic disturbances associated with disorders of adipose tissue development and
distribution, such as the different forms of congenital or acquired lipodystrophies. Chap-
ter 19 describes the mechanisms leading to cachexia, still an important risk factor in
chronic kidney disease and chronic pathologies. This section closes with a discussion of
different approaches to the difficult problem of inducing and sustaining weight loss in
obese subjects and the health effects of such treatments (Chapter 20).

In Part V (Adipose Tissue and Disease), researchers and clinicians describe the asso-
ciation and potential role of adipose tissue in mediating disease. Pathologies covered
range from metabolic conditions such as insulin resistance (Chapter 21) and fatty liver
disease (Chapter 22) to cancer (discussed in Chapter 23) and cardiovascular disease
(Chapter 24). Epidemiological evidence on the association between obesity and asthma
and possible underlying mechanisms are discussed in Chapter 25, whereas Chapters 26
and 27 deal with the effect of obesity in kidney and joint disease, respectively.

The amount of information regarding the role of adipose tissue in health and disease
continues to grow dramatically.  Integration of epidemiological, physiological, and patho-
physiological information will be critical for optimizing use of this information for
improving human health.   By bringing together a group of distinguished researchers,
clinicians and epidemiologists as contributors to this volume, we hope to provide a
comprehensive foundation for understanding new developments in adipose tissue biol-
ogy.
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Abstract
Mammals are provided with an organ that has been neglected by scientists in the past: the adipose

organ. This organ is formed by a series of well-defined depots mainly located at two corporal levels:
superficial (subcutaneous depots) and deep (visceral depots). In adult rodents, two main depots are
the anterior and posterior subcutaneous depots. The first consists of a central body located in the area
between the scapulae and several elongated projections abutting toward the cervical region and the
axillae. The second is extended from the dorsolumbar area to the gluteal, with an intermediate region
located in the inguinal area.

The main visceral depots are tightly connected with viscera. In adult rodents, the main visceral
depots are mediastinic, perirenal, perigonadal, mesenteric, and retroperitoneal. The weight of the adipose
organ is about 20% of the body weight and therefore it is one of the biggest organs in the body. Its color
is mainly white but some areas are brown. In young-adult rodents, maintained in standard conditions,
the interscapular region and parts of the cervical and axillary projections of the anterior subcutaneous
depot, as well as parts of the mediastinic and perirenal depots, are brown. These two colors correspond
to the two tissues: white and brown adipose tissues. The relative amount of the two tissues varies with
age, strain, environmental and metabolic conditions, and subsequently, the distribution of the two colors
is also variable and implies the ability of reversible transdifferentiation of the two types of adipocytes.
During pregnancy and lactation, the subcutaneous depots are transformed into mammary glands.

Each depot of the organ receives its own neurovascular peduncle that is specific for the subcuta-
neous depots and is usually dependent on the peduncle related to the connected organ in the case of
visceral depots. The vascular and nerve supply is much more dense in the brown areas than in the
white areas. Their density changes in conjunction with the number of brown adipocytes.

It has been shown that the white adipose tissue of obese mice and humans is infiltrated by
macrophages and that the level of infiltration correlates with body mass index and mean size of
adipocytes.

This infiltration seems to be an important cause for the insulin resistance associated with obesity.
We recently observed that macrophages are mainly located at the level of dead adipocytes in white
adipose tissue of obese mice, obese humans, and in transgenic mice, which are lean but have hyper-
trophic adipocytes (HSL knockout mice). The suggested function of these macrophages is mainly to
reabsorb the lipid droplet from dead adipocytes.

Key Words: Adipose tissue; obesity; metabolism; anatomy; adipocytes.

1. INTRODUCTION

Adipose tissues have been neglected by scientists until recently. However, adipose
tissues are now emerging as collaborative tissues into an active organ, the adipose organ,
that significantly contributes to the regulation of body's homeostasis. This chapter will



discuss the anatomy and physiology of white and brown adipose tissues in rodents
and humans, with an emphasis on two novel concepts. The first concerns  the anatomy
of the adipose organ. The second is related to a  developmental property of adipocytes:
transdifferentiation. 

2. GROSS ANATOMY

The adipose organ is a multidepot organ with a complex shape (Fig. 1) (1–4).
In small mammals there are two main subcutaneous depots (anterior and posterior)

and several visceral depots located inside the thorax (mediastinic) and abdomen (omental,
mesenteric, perirenal, retroperitoneal, parametrial, periovaric, epididymal, perivescical).
Discrete subcutaneous depots are also dissectable at the level of the major joints in the limbs.

The colors of the organ are white and brown. The white parts are made mainly by
white adipocytes. The brown parts are made mainly by brown adipocytes. The relative
amounts of white and brown parts are genetically determined and depend on several 
factors (mainly age, sex, environmental temperature, and nutritional status).

Brown adipocytes are present in all the aforementioned subcutaneous (including the
limbic ones) and visceral depots of the adipose organ, but the areas where they are most
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Fig. 1. Gross anatomy of the adipose organ. Lean Sv 129 female mouse maintained at 28 to 29°C. The
organ is composed of two subcutaneous depots and several visceral depots. The most representative of
these visceral depots are visible. Kidneys and ovaries were dissected together with the depots. White
areas are made mainly by white adipose tissue and brown areas are made mainly by brown adipose tissue.
Both are visible and indicated in the scheme. Circles indicate brown areas. Bar = 2 cm.
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constantly found in young/adult mice maintained at standard conditions are the inter-
scapular, subscapular, axillary, and cervical areas of the subcutaneous anterior depot.
Also, brown adipocytes are found in the inguinal part of the subcutaneous posterior
depot and the periaortal part of the mediastinic depot, and the interrenal part (near the
hilus of both kidneys) of the perirenal depot. It must be outlined that clear anatomical
boundaries between brown and white adipose tissues do not exist. Many other parts of
the adipose organ are mixed with brown adipocytes widespread within the white depot.
We have recently described quantitative data of the adipose organ of Sv129 adult mice
maintained at different environmental temperatures (5).

Most of the adipocytes are located in the depots of the adipose organ described
above, but white adipocytes are also found in the skin, thymus, lymph nodes, bone 
marrow, parotid, parathyroid, pancreas, and other tissues.

3. LIGHT AND ELECTRON MICROSCOPY

3.1. White Adipose Tissue
As described under the previous heading, in the areas where the adipose organ is white

(or pale) the parenchymal element is the white adipocyte. These spherical cells have a
diameter from a minimum of 30 to 40 m to a maximum of 150 to 160 m (lean, mammary
subcutaneous) and from a minimum of about 20 to 30 m to a maximum of about 90 to
100 m (lean, visceral perirenal) (by light microscopy of fixed, but not embedded, human
white adipose tissue [WAT]). In white adipocytes, most of the cytoplasm is occupied by
the lipid droplet and only a thin rim of cytoplasm is visible (Fig. 2). Here, elongated
mitochondria (Fig. 3), Golgi complex, rough and smooth endoplasmic reticulum, vesicles,
and other organelles are usually visible by transmission electron microscopy.

Many pinocytotic vesicles are present in the proximity of the plasma membrane and
an external lamina surrounds the cell.

3.2. Brown Adipose Tissue
Although these cells share the name “adipocyte,” they differ greatly in their anatomy

and, consequently, in their physiology. The common part of the name is due to the fact
that they both accumulate lipids (triglycerides) into the cytoplasm. However, white
adipocytes form only one big vacuole (unilocular cell), whereas brown adipocytes form
numerous small vacuoles (multilocular cell; Fig. 4). The shape of brown adipocytes is
polygonal or ellipsoid, with a maximum diameter between a minimum of 15 to 20 m
and a maximum of 40 to 50 m. The most important organelles are the mitochondria.
They are numerous, big, and rich in transverse cristae (Fig. 5). Peroxisomes, Golgi com-
plex, rough and smooth endoplasmic reticulum, vesicles, and other organelles are also
visible by transmission electron microscopy. Pinocytotic vesicles and external lamina
are also present in this cell. Brown adipocytes are joined by gap junctions (6).

4. VASCULAR SUPPLY

The adipose organ is diffuse into the organism. Most of its depots receive vascular
supply by regional visceral or parietal nerve–vascular bundles. Specific bundles are
present in the two main subcutaneous depots (murine adipose organ). The best studied
is the anterior subcutaneous depot: two symmetrical bundles reach the depot at the 
lateral extremities. In the superior lateral bundles, four big and two small nerves are



present. The same bundle also contains an artery and a vein. The lateral inferior bundle
does not contain nerves, but only has an artery and a vein. The main vein of the depot
is located at the apex of the deep part of the interscapular region and is directly con-
nected to the azygos vein.

The posterior subcutaneous depot is reached by two main nerve–vascular bundles.
The first is collateral of the femoral nerve–vascular tract and reaches the depot in the
inguinal part; the second is a parietal bundle peduncle and reaches the depot in the dorso-
lumbar part.

The extension of the capillary network is quite different in the white and brown parts
of the organ. In the brown areas the density of the capillaries is much higher than in the
white areas.

5. NERVE SUPPLY

The nerve supply to the adipose organ is different in the brown and white areas. The
former are more innervated than the latter (7,8). In brown areas, numerous noradrenergic
fibers are also found in fat lobules (parenchymal nerves), running with blood vessels
(until the level of precapillary and postcapillary structures) and directly in contact with
adipocytes.

6 Part I / Adipose Tissue: Structure and Function

Fig. 2. Light microscopy of human white adipose tissue. (A) subcutaneous adipose tissue (formal-
dehyde-fixed and paraffin-embedded). (B) subcutaneous adipose tissue (formaldehyde-fixed and not
embedded). Bar = 30 m.



Adrenergic receptors ( 1, 2 and 1, 2, and 3) are present in the adipose organ.
The density of parenchymal fibers varies according to the functional status of the

organ. During cold exposure the noradrenergic parenchymal fibers increase their num-
ber in the brown part of the organ (8). During fasting, the noradrenergic parenchymal
fibers increase their number in the white part of the organ (9).

Vascular noradrenergic fibers are also immunoreactive for neuropeptide Y. The vast
majority of these nerves also contain noradrenaline (9,10), suggesting that they belong
to the sympathetic nerve supply to WAT blood vessels.

Brown and white areas also have a provision of sensory nerves (11) that are capsaicin-
sensitive and are immunoreactive for calcitonin gene-related peptide and substance P.
The functional significance of these sensory nerves is not precisely known, although in
the rat periovarian adipose depot they affect the recruitment of brown adipocytes during
cold acclimation (12).

6. HISTOPHYSIOLOGY

White adipocytes’ main purpose is to be a depot of highly energetic molecules (fatty
acids) that can supply fuel to the organism during intervals between meals. When the
interval is prolonged for weeks, WAT represents the survival tissue.

Brown adipocytes use the same highly energetic molecules to produce heat (non-
shivering thermogenesis). This function is fulfilled by the activity of a unique protein,
uncoupling protein 1 (UCP1), exclusively expressed by brown adipocytes in mitochon-
dria (and therefore representing a molecular marker of brown adipocytes) (13–19).
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Fig. 3. Electron microscopy of murine white adipose tissue. Note the small and elongated mitochondria
in the perinuclear area and in the thin rim of cytoplasm surrounding the large unilocular lipid droplet. 
F, fibroblast; CAP, capillary lumen; Ma, macrophage; M, mitochondria; N, nucleus; L, liquid droplet.
Bar = 2 m.



The signal for brown adipocyte activation is a temperature below thermoneutrality
(34°C for mice, 28°C for rats, 20–22°C for humans), that induces activation of the sym-
pathetic nervous system. These neurons of the sympathetic chain directly reach brown
adipocytes in the adipose organ (14).

These two functions of the two tissues of the adipose organ (WAT and BAT) are
therefore balanced between them, because the intrinsic energy of lipids can be accumu-
lated (WAT) or dissipated (BAT). The total volume of the adipose organ is also depend-
ent on the equilibrium between WAT and BAT activities. Of note, genetic ablation of BAT
induces obesity in mice (20), although mice lacking UCP1 are cold-sensitive but not
obese (21).

In 1994, another primary function of white adipocytes was discovered: production of
leptin, a hormone able to influence animal behavior concerning food intake (22). This
hormone also induces energy dispersion (via BAT activation) and has gonadotrophic
properties. Leptinemia is positively correlated to fat mass; therefore most obese patients
are leptin-“resistant,” but rare human cases of leptin or leptin receptor congenital
absence have been found. Recombinant leptin administration has reversed cases of
human massive obesity caused by congenital leptin absence (23). Brown adipocytes in
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Fig. 4. Light microscopy of human brown adipose tissue. Note the characteristic multilocular lipid
organization of the cytoplasm of adipocytes. Hibernoma removed from the skin of a 16-yr-old male
patient. Bar = 15 m.



their classic multilocular configuration (i.e., during thermogenic activity) are not
immunoreactive for leptin (24,25).

In addition to these primary functions, the two cell types have many other “second-
ary” functions. Among them we should remember the activity as a thermo-insulator of
subcutaneous white adipose tissue and the regulation of hydric compartments of the
organism by production of receptors C and ANP and angiotensinogen II (26). Many
other functions have been recognized for WAT, as a growing body of evidence suggests
production of several factors known as adipokines, controlling several important func-
tions such as glucose and lipid metabolism, blood coagulation, blood pressure, and
steroid hormone modulation. Brown adipocytes produce and secrete many substances,
such as autocrine, paracrine, and endocrine factors. The production of all these
adipokines raised the recent concept of the adipose organ as an endocrine organ (27,28).
In this context, it must be outlined that adipocytes are not the only cell type present in
the adipose organ. It has been calculated that only about 50% of its cells are adipocytes
(29). Vascular elements, preadipocytes, fibroblasts, mast cells, macrophages, nervous
elements, and mesenchymal cells with unknown functions (1) are usually found in all
depots of the adipose organ.
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Fig. 5. Electron microscopy of mouse brown adipose tissue. Note the typical mitochondria (abun-
dant, large, and rich in cristae). L, lipid droplets; N, nucleus of the adipocyte; M, mitochondria.
Bar = 1 m.



7. DEVELOPMENT AND PLASTICITY

The origin of adipocytes is still unknown, but the in vivo and in vitro steps of their
development have been described.

7.1. White Adipocytes
In the first week of postnatal development, the most “white” depot of murine adipose

organ (epididymal depot) shows a high number of poorly differentiated cells with mini-
mum adipose differentiation; these are usually referred to as white preadipocytes.

These cells are always tightly connected to the wall of capillaries. Electron
microscopy can easily detect in these “blast-like cells” minimal signs of adipose differ-
entiation—i.e., clusters of glycogen and small lipid droplets (Fig. 6A).

Preadipocytes can be distinguished from other cell types in the tissue because they
are surrounded by a distinct basal membrane (external lamina).

Often there is a predominant lipid droplet surrounded by numerous small lipid
droplets. Very soon the growing white adipocyte assumes the characteristic aspect of a
unilocular cell. In adult human adipocytes we showed that the external lamina is
immunoreactive for laminin, collagen IV, and heparan sulfate, but not for fibronectin,
which is present in the external lamina of adipocyte precursors (30). In vitro studies by
electron microscopy confirmed these steps and showed that precursors of adipocytes in
adult rats do not reach a complete differentiation (31,32).
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Fig. 6. Electron microscopy of white (A) and brown (B) adipocyte precursors. Note the different
morphology of mitochondria (M). At this early stage of differentiation (note areas indicated by R,
occupied only by ribosomes and polyribosomes, typical of poorly differentiated cells), small lipid
droplets are visible in the white precursor. Glycogen (dark particles and “G)” and numerous pretyp-
ical M (compare with Fig. 5) are visible in the brown precursor. P, pericytes (probably an earlier
stage of adipocyte precursor development); CAP, capillary lumen; L, liquid droplets; G, glycogen.
Bar in A = 2 m; bar in B = 1 m.



7.2. Brown Adipocytes
Brown adipocyte precursors—similarly to white precursors—are always tightly asso-

ciated with the walls of capillaries. The early steps of development are characterized by
pretypical mitochondria, a morphological marker that appears earlier than the mole-
cular marker UCP1 (Fig. 6B). The second step of development is characterized by mito-
chondrial proliferation and lipid accumulation. Lipid droplets are mainly small and
similar in size; therefore lipid accumulation is quite different from that of white precur-
sors and these droplets tend to form multilocular cells. Pretypical mitochondria gradu-
ally assume the morphology of the mature adipocyte; this coincides with expression of
the molecular marker UCP1. In vitro studies have confirmed the ultrastructure of the
developmental steps described in vivo and demonstrated the importance of noradrena-
line for mitochondriogenesis (33–36).

7.3. Reversible Transdifferentiation of White Adipocytes Into Brown Adipocytes
Transdifferentiation is a process of direct transformation of a differentiated cell into

another cell type with different morphology and physiology. We are convinced that a sig-
nificant amount of adipocytes in the adipose organ can reciprocally transdifferentiate.

The concept of adipose organ discussed here implies that all depots have variable
amount of both types of adipocytes, whose proportion depends on several factors
(species, age, strain, environmental temperature, etc.) (Fig. 7). Therefore, in theory, all
depots should have both types of precursors, whose morphological characteristics are
quite different (see Subheadings 6.1. and 6.2.). The description of the developmental
steps of the two types of precursors made above refers to the ontogenetic development
into two depots that are quite characteristic for WAT (epididymal) and BAT (interscapu-
lar part of the anterior subcutaneous). In other words, the depot developed from adipocyte
precursors of that specific area in the adipose organ became predominantly WAT (epi-
didymal) or BAT (interscapular) in adult animals. Detailed morphological studies of
ontogenesis in depots becoming mixed in adult animals are lacking, but, in our experi-
ence, both types of adipocyte precursors with the morphological characteristics of those
reported in Figs. 1 and 2 are found during the ontogenesis of these depots (1).

Furthermore, it is well-known that white adipocytes develop in brown areas of the
organ (i.e., interscapular area) in genetic or diet-induced obese animals, as well as that
brown adipocytes develop in white areas of the organ during cold exposure or treatment
with 3-adreneregic (AR) agonists.

We have studied mainly the phenomenon of brown adipocyte development in white
areas of the adipose organ, because this phenomenon is associated with amelioration of
obesity and diabetes (37–40).

After exposure to cold, the increase in the number of brown adipocytes in white areas
of the adipose organ is accompanied by the appearance of brown adipocyte precursors
(41). Treatment with 3AR agonists induces development of brown adipocytes in white
areas of the adipose organ. This is accompanied by the appearance of cells with mor-
phological characteristics intermediate between white and brown adipocytes and quite
different from those of brown adipocyte precursors. These cells show a multilocular
lipid depot, usually with a predominant central vacuole and numerous small ones at the
periphery of the cell. Their mitochondria are more numerous than in white adipocytes,
but less numerous than in brown adipocytes. The mitochondrial morphology is intermediate
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between that of “white” mitochondria and that of “brown” mitochondria. We think that
this type of multilocular adipocyte rich in mitochondria is the morphological equivalent
of a white adipocyte transdifferentiating into a brown adipocyte. Some of these cells,
also found in white areas of the adipose organ of cold-exposed animals, are immunore-
active for UCP1. Of note, 80 to 95% of these cells are BrdU negative, suggesting that
their development is independent from mitotic processes (42,43).

Recently, it has been shown that Sv129 mice are quite resistant to obesity and 
diabetes in comparison with B6 mice (44). A recent morphometric investigation of the
cellular composition of the adipose organ of Sv129 mice showed that the most numer-
ous cells in the organ were multilocular (brown) adipocytes (60% of all adipocytes in
the adipose organ of controls and 80% in cold-acclimated mice). In addition, in line
with the transdifferentiation concept, cold acclimation did not significantly affect overall
adipocyte number, but induced a significant increase in the number of brown adipocytes
and an equivalent, significant reduction in the number of white adipocytes (45).

White-into-brown transdifferentiation is also suggested by in vitro studies using pri-
mary cultures from human subcutaneous adipose tissue; in these studies, UCP1 expres-
sion was induced by treatment with peroxisome proliferator-activated receptor (PPAR)
agonists (46) or PGC1 transfection (47).
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Fig. 7. Adipose organs of adult Sv129 mice maintained at 28 to 29°C (left) or 6°C (right) for 10 d.
Note the evident reduction in size of the organ and the increased brown areas in the cold-acclimated
mice. Bar = 2 cm.



All together, these data suggest a possible role for 3AR agonists in the treatment of
human obesity and diabetes. Human WAT is immunoreactive to 3AR monoclonal
highly specific antibodies (48), but a 3AR agonist producing curative effects for human
obesity has not yet been identified (49).

Energy expenditure via the sympathetic system seems to be essential for energy
balance; mice lacking all three subtypes of -adrenoceptors develop massive obesity
in the absence of alterations in food intake and locomotion. These mice show a pre-
cocious and massive transformation (we think transdifferentiation) of brown into
white adipose tissue (50). This is in line with the obese phenotype of mice lacking
brown adipose tissue (20) and with the obesity resistance of transgenic mice that
express UCP1 ectopically (51), but it must be remembered that mice lacking UCP1
do not develop obesity (21).

Studies of genetically manipulated models seem to suggest plasticity of the adipose
organ, with white-into-brown adipocyte transdifferentiation. In this context, it is inter-
esting to note that mice lacking the subunit RII (one of the regulatory subunits of
cAMP-dependent proteinphosphokinase A, abundant in adipose tissues) have a com-
pensatory hyperexpression of the RI subunit, with an increase in phosphokinase A sen-
sitivity to cAMP in white adipose tissue and activation of UCP1. These mice have a
brown phenotype of abdominal fat and resistance to obesity (52).

FOXC2 is a gene for a transcription factor that is exclusively expressed in adipose 
tissue. Its transgenic expression in the adipose tissue in mice results in a lean, obesity-
resistant, and insulin-sensitive phenotype. The adipose organ of these mice has a
browner phenotype than that of controls (53). Of note, humans with insulin resistance
have a reduction of FOXC2 expression in biopsies from the abdominal subcutaneous
adipose tissue, together with a reduction of other genes of brown adipocyte phenotype
(54).

WAT has high expression of 4E-BP1, a protein important for the posttranscriptional
regulation of protein synthesis. Mice lacking 4E-BP1show a reduction of the total fat
mass and a brown phenotype of their adipose organ, suggesting that a posttranscription-
ally regulated protein can be responsible for the white phenotype. The author suggests
that PGC1 (a cofactor of PPAR ) is the protein whose posttranscriptional synthesis is
blocked by 4E-BP1 (55).

We recently reported a completely new example of adipose organ plasticity, with
reversible transdifferentiation of adipocytes into epithelial cells. The adipose tissue of
the mammary gland is a subcutaneous adipose tissue. In female mice, all the subcuta-
neous part of the adipose organ (anterior and posterior subcutaneous depots; see
Heading 1) belong to the five symmetrical mammary glands. During pregnancy and lac-
tation almost all adipocytes in these depots disappear, in association with development
of the mammary gland (mainly the milk-producing and secreting lobuloalveolar parts).
This phenomenon was previously viewed as caused by a hiding of adipocytes, which
undergo a delipidation process and apparently disappear. In the postlactation period
the milk-secreting epithelial part of the gland disappears by massive apoptosis and
the slimmed adipocytes refill and reconstruct the prepregnancy anatomy of the gland.
We have brought evidence for a direct reversible transformation of adipocytes into the
milk-secreting alveolar cells during pregnancy (56). Of course, this example of extreme
plasticity of adipocytes needs further demonstration.
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7.4. Hypertrophy and Hyperplasia (Positive Energy Balance:
Overweight and Obesity)

When the energy balance becomes positive, the adipose organ increases its white
part. White adipocytes undergo hypertrophy followed by hyperplasia.

In fact, it has been proposed that adipocytes have a maximum volume and cannot be
further expanded. This maximum volume, also referred to as “critical cell size,” is gene-
tically determined and specific for each depot (57). Adipocytes with the critical cell size
trigger an increase in cell numbers (58,59). Not all depots have the same tendency to
hypertrophy and hyperplasia: the former seems to be more characteristic of epididymal
and mesenteric depots, the latter of inguinal and perirenal depots (57).

Hausman et al., in a recent review (60), after considering evidence supporting this
theory as well as the conflicting data, conclude that not only paracrine factors but also
circulating factors are involved; neural influences can also be important to regulate 
adipose tissue development and growth. In any case, paracrine factors seem to play a
pivotal role. Adipose tissue expresses numerous factors that could be implicated in 
modulation of adipogenesis: insulin-like growth factor-1, transforming growth factor- ,
tumor necrosis factor- , macrophage colony-stimulating factor, angiotensin-2, auto-
taxin–lysophosphatidic acid, leptin, resistin, and the like (61). Interestingly, it has been
shown in mice that obesity induced by a high-fat diet is hypertrophic, whereas obesity
induced by hypothalamic lesions caused by administration of monosodium glutamate is
hyperplastic (62).

It has been shown that the WAT of obese mice and humans is infiltrated by
macrophages and that the level of infiltration correlates with body mass index and mean
size of adipocytes (63–65). This infiltration seems to be an important cause for the
insulin resistance associated with obesity. We recently observed that macrophages are
located mainly at the level of dead adipocytes in white adipose tissue of obese mice,
obese humans, and transgenic mice that are lean but with hypertrophic adipocytes
(hormone-sensitive lipase knockout mice). The suggested function of these macrophages
is mainly to reabsorb by phagocytosis the lipid droplets from dead adipocytes (66).

Also, the brown part of the organ is modified under this condition of positive energy
balance. In obese mice, the rate of apoptosis of brown adipocytes increases; this is
strongly attenuated in mice lacking tumor necrosis factor- receptors (67). The mor-
phology of brown adipocytes gradually changes into a morphology similar to that of
white adipocytes, including transformation of the multilocular lipid depot into a uniloc-
ular one. This is accompanied by activation of the leptin gene; these cells are also
immunoreactive for leptin (24,25).

7.5. Hypoplasia (Negative Energy Balance: Caloric Restriction, Fasting)  
The morphology of the adipose organ during fasting is quite characteristic, because

a variable amount of slimmed cells are present in WAT. The slimmed cell is barely visi-
ble at light microscopy but is easily recognized by electron microscopy—i.e., it has a
specific ultrastructural morphology: cytoplasmatic irregular and thin projections with
numerous invaginations rich in pinocytotic vesicles. These projections enlarge in proxi-
mity of the nucleus and of the residual lipid droplet. In acute fasting, completely deli-
pidized adipocytes can be found near apparently unaffected unilocular cells (Fig. 8).
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Vasculogenesis and neurogenesis is also found in white adipose tissue of fasted animals.
Neurogenesis is mainly supported by an increase of noradrenergic fibers (9).

In chronic caloric restriction, the reduction in size of adipocytes is homogeneously
distributed (68).

8. THE ADIPOSE ORGAN OF HUMANS

The basic concepts of the adipose organs of small mammals reported above are appli-
cable also to the adipose organ of humans. In fact, white, brown, and mixed adipose 
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Fig. 8. Electron microscopy of white adipose tissue of fasted mouse. Numerous slimmed adipocytes
are visible (S), showing a characteristic morphology different from that of other cell types found in
the tissue. Note the dense vascular supply. CAP, capillary lumen. Bar = 4 m.



tissues are also present in the adipose organ of humans, with all the morphological and
physiological characteristics described for the murine adipose organ.

Although a detailed description of the gross anatomy of the human adipose organ has
never been performed, it is well-known that it is composed of subcutaneous and visceral
depots. In humans, the subcutaneous adipose tissue is in continuity with the dermal adi-
pose tissue (in rodents, dermal adipose tissue is separated from subcutaneous adipose
tissue by a smooth muscle layer) and it is not limited to defined areas but is present as
a continuous layer beneath the skin. Mammary and gluteofemoral subcutaneous adipose
tissue is more developed in females than in males.

Visceral depots correspond to those described previously for the rodent adipose
organ, but the omental depot is particularly well developed in humans.

The weight of the human adipose organ of lean adults is about 8 to 18% of body
weight in males and 14 to 28% in females (and about 5% in monkeys) (69).

Light and electron microscopy of human adipose tissues is identical to that of murine
adipose tissues, but the size of adipocytes is about 30 to 40% bigger than that of mice
and rats.

Development of the human adipose organ extends for a long period, until puberty,
mainly through proliferation (70). During the first year of age there is mainly an
increase in size. In line with these data, the number of adipocytes, total fat mass, and
the percentage of body fat correlate positively with age in both sexes. Instead, adipocyte
size does not seem to positively correlate with age, but it seems to be correlated to the
amount of fat mass and percentage in both sexes (71). In massively obese humans, the
adipose organ can increase four times and reach 60 to 70% of body weight (46,60).

In case of negative energy balance, the adipose organ reduces its volume and the size
of adipocytes. The reduction in size of adipocytes is important because the size of
adipocytes correlates with insulin sensitivity (72). Not all depots react in the same way
to negative energy balance. Subcutaneous adipose tissue from the gluteofemoral region
of premenopausal women is more resistant to slimming than subcutaneous abdominal
adipose tissue, but after menopause the slimming process is similar. This seems to be due
to a combination of increased lipoproteinlipase activity and reduced lipolytic activity in
the gluteofemoral adipose tissue. The reduced lipolytic activity seems to be due to a 
relative preponderance of antilipolytic activity of 2-adrenoceptors over the lipolytic 
-adrenoceptors (73). In general, 2-adrenoceptors are more abundant in human adi-

pose tissue than in murine adipose tissue. In genetically modified mice lacking 3- and
expressing human 2-adrenoceptors, obesity induces hyperplasia (but not hypertrophy)
of adipose tissue and mice are insulin-sensitive. These experiments are in line with the
importance of 2 AR for adipocyte hyperplasia and with the relationship of their size
with insulin sensitivity (74).

Like the murine adipose organ, the human adipose organ contains brown adipose tis-
sue. It is easy to understand that the relationship between surface and volume of the
human body is quite different from that of small mammals; therefore, human thermo-
dispersion is much lower than that in rodents. This alone justifies a reduced need for
brown adipose tissue in adult humans. Newborns have a different surface/volume rela-
tionship and a considerable amount of brown adipose tissue is present at that age.
Nevertheless, brown adipocytes dispersed among white adipocytes have been described
in several histological studies (including studies showing the presence of UCP1) (75,76)

16 Part I / Adipose Tissue: Structure and Function



Chapter 1 / The Adipose Organ 17

and in our own studies of a case series of 100 consecutive perirenal biopsies of adult
humans, brown adipocytes were found in 24% of cases (all ages) and in 50% of cases
after exclusion of patients over 50 yr old (unpublished data).

BAT in human newborns has been described in almost all the same sites described
for rodents, and UCP1 gene expression was found in biopsies from visceral adipose tis-
sue of adult lean and obese patients. In the same paper, the authors calculated the pres-
ence of one brown adipocyte every 100 to 200 white adipocytes in the visceral adipose
tissue of adult lean humans (77).

BAT has also been described as increased in outdoor workers in northern Europe (78)
and in patients with feocromocitoma (a noradrenalin-secreting tumor). Furthermore, rare
cases of hibernoma—BAT tumors occurring in several anatomical sites, including sub-
cutaneous and visceral fat—have been described (about 100 cases have been described
in the literature [79] and we recently observed a case [Fig. 4] in which brown adipocytes
expressed UCP1 and had the classic electron microscopy with typical mitochondria).

The physiological role of BAT in humans is debated, but the possibility to artificially
increase it in order to treat obesity and related disorders cannot be excluded. On this
matter, it is interesting to note that human adults with reduced brown phenotype of
abdominal subcutaneous adipose tissue have reduced insulin sensitivity and that human
white adipocyte precursors can be induced in vitro to express UCP1 by administration
of drugs (46).

9. CONCLUSIONS

This chapter described in detail the anatomy of adipose tissue and introduced the
novel concept of the adipose organ. Both white and brown adipose tissues are organised
into a real organ, with a complex multi-depot organisation. Each depot has its own dis-
crete vascular and nerve supply. The characteristics of the organ can be adapted to func-
tional requirements in relation to the energy balance of the organism. The two tissues
seem to derive from precursors with different morphological and functional character-
istics, but with possibilities of reciprocal conversion, with an important role played by
the nervous system. Both white and brown adipocytes produce factors that can influence
the tissue pattern, adapting it to the functional needs.
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Metabolism of White Adipose Tissue

Michel Beylot

2

Abstract
Triacylglycerols (TAGs) stored in adipose tissue are by far the largest site of energy storage.

Adipocytes continuously synthesize and break down these TAGs depending on the body energy sta-
tus and its hormonal environment. They act as a “buffer” for plasma lipids and also for lipids stored
in other tissues. This chapter presents the metabolic pathways used for adipose tissue TAG synthe-
sis and breakdown and the way they are controlled. It points out important recent findings that have
modified our conception of these pathways and of their regulation—particularly the role of glycero-
neogensis in TAG synthesis—of proteins associated to lipids droplets—particularly perilipins—and
of lipases other than the classic hormone-sensitive lipase in TAG hydrolysis.

Key Words: Triacylglycerols; lipolysis; lipogenesis; adipocyte; glyceroneogenesis; insulin; 
hormone-sensitive lipase; PAT proteins.

1. INTRODUCTION

The contribution of white adipose tissue (WAT) to whole-body oxygen consumption
and energy production is limited, as it represents about 5% of whole-body energy
expenditure (1). This is, on a per-kilogram basis, much less than organs such as the liver,
kidney, or brain. WAT is, however, continuously synthesizing and breaking down lipids
and has important metabolic functions that play a significant role in the regulation of
lipids and also in glucose metabolism. WAT is by far the largest site of energy storage
of the body. This energy, stored as triacylglycerols (TAG) within intracellular lipid
droplets, represents in a young healthy nonobese adult around 12 to 15 kg—i.e.,
110,000 to 135,000 calories. This energy is stored during the postprandial periods; most
of it comes from the ingested TAG. Some of the fatty acids used for the synthesis and
storage of TAG may be synthesized from carbohydrates through the pathway of de novo
lipogenesis, but this contribution is minor in humans except in situations of massive and
prolonged carbohydrate overfeeding. This energy is released from WAT between meals
and in situations of caloric restriction and of exercise to meet the energy needs of other
organs. This release, through the process of lipolysis—i.e. the hydrolysis of intracellu-
lar TAG—provides glycerol and fatty acids. Glycerol will be used mostly by gluco-
neogenic tissues to synthesize new molecules of glucose. Fatty acids appear in the
circulation as albumin-bound nonesterified fatty acids (NEFA) that will be used mainly
by muscles (mostly for oxidation), liver (oxidation, complete to CO2 or incomplete to
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ketone bodies, but also TAG synthesis, storage, and secretion as very-low-density
lipoprotein [VLDL]-TAG), and adipose tissue (re-esterification).

These processes of TAG storage and hydrolysis in WAT are highly regulated by hor-
monal (mainly insulin and catecholamines), metabolic (glucose, NEFA), and nutritional
(energy intake, contribution of carbohydrates and lipids to this intake) factors. These
regulations are essential to maintain body weight homeostasis; alterations in these
processes, resulting in imbalance between storage and mobilization of TAG in WAT,
may result in obesity. Moreover, the way plasma lipids are cleared from plasma by adi-
pose tissue and fatty acids released during lipolysis plays an important role in the every-
day regulation of plasma lipids concentrations, and alterations of WAT metabolism may
result in increased plasma lipids levels and therefore increased risks of cardiovascular
disease. Last, WAT, through the secretion of various hormones such as leptin or
adiponectin and the way it stores or release lipids, controls in part the amount of lipids
stored in other tissues and the sensitivity to insulin of tissues such as muscles or liver.
Therefore, modifications of WAT metabolism may be implicated in the excessive accu-
mulation of lipid substrates in other tissues, their unfavorable consequences (lipotoxic-
ity [2]), and the development of insulin resistance and diabetes.

2. TAG SYNTHESIS AND STORAGE

TAG stored in adipocytes are synthesized within these cells from fatty acids and 
glycerol-3-phosphate (G3P). Most of the fatty acids used for this synthesis are provided
by circulating plasma lipids, whereas G3P has two main possible origins, glycolysis and
glyceroneogenesis. The exact intracellular site of TAG synthesis and the way new TAG
molecules are directed toward lipids droplets is still debated.

2.1. Sources of Fatty Acids
2.1.1. FATTY ACIDS FROM CIRCULATING LIPIDS

These fatty acids are provided either by the albumin-bound NEFA pool or by the
TAG incorporated in TAG-rich lipoproteins, mainly VLDL in the postabsorptive state
and chylomicrons in the postprandial state. These lipoproteins–TAG must first be
hydrolyzed by the enzyme lipoprotein lipase (LPL) bound to the wall of capillaries in
adipose tissue (3) in order to release their fatty acids. The expression and activity of
LPL is increased in adipose tissue in the fed state, particularly during a high-carbo-
hydrate diet, probably through the action of insulin, whereas both expression and activity
are decreased in adipose tissue during fasting and high-fat diet (4). This uptake of TAG-
fatty acids is probably controlled also in part through the VLDL receptor, a member of
the LDL-receptor family that is expressed in adipose tissue (5). It binds apoprotein E-
rich lipoproteins, such as VLDL, chylomicrons, and remnants, and brings them proba-
bly in close contact with LPL, facilitating its action. Mice deficient in VLDL receptor
have a decreased fat mass and are resistant to diet-induced obesity; moreover, VLDL-
receptor deficiency reduces the obesity of ob/ob mice (6). The exact role of this recep-
tor in humans remains to be defined.

Whatever their origin, the uptake of long-chain fatty acids by adipocytes requires
specific processes in order to allow them to cross the plasma membranes (7,8). It is
probable that both a transport by specific transporters and a passive diffusion coexist in

22 Part I / Adipose Tissue: Structure and Function



most cells. Human white adipocytes express several fatty acid transporters that facilitate
and control the transport of fatty acids: the protein CD36 (homolog to the murine fatty
acid transporter [FAT]), the fatty acid transport protein (FATP), and the fatty acid bind-
ing protein plasma membrane (FABPpm), with FAT appearing as responsible for most
of fatty-acid uptake (9). This transport is dependent of the presence of lipid rafts in the
membrane (10). Insulin promotes this transport by stimulating the expression of these
transporters and their trafficking to plasma membranes (11).

Because fatty acids are not soluble in the cytosol and may exert toxic effects on mem-
branes, inside the cells they are tightly bound by cytoplasmic lipid-binding proteins also
called FABP. These proteins carry fatty acids from membrane to membrane or to the site
of action of the enzyme Acyl-CoA synthase (12,13). Human white adipocytes express
two FABPs: adipocyte lipid-binding protein (ALBP or AFABP or aP2), expressed only
in adipocytes, and keratinocyte lipid-binding protein that is expressed also in macrophages.
aP2 is much more abundant than keratinocyte lipid-binding protein in human (and
rodent) adipocytes; however, this ratio varies between different sites of adipose tissue
and this may affect the metabolism of these different fat depots (14). The first step in
the metabolism of fatty acids after their uptake and binding by FABP is their activation
in long-chain fatty acyl-CoA (LCFA-CoA) by Acyl-CoA synthase. LCFA-CoA can then
be directed toward oxidation and to the synthesis of more complex lipids, such as fatty
acids. As in other tissues, oxidation requires the entry of LCFA-CoA inside mitochon-
dria through the action of the enzyme carnitine-palmitoyl transferase I. In other tissues,
this step is an important site of the regulation of fatty acid metabolism through the inhi-
bition of carnitine-palmitoyl transferase I by malonyl-CoA, the product of acetyl-CoA
carboxylase (ACC) that catalyzes the first step in the lipogenic pathway (15). Whether
this step is also highly regulated in adipose tissue is unclear; however, the main meta-
bolic fate of fatty acids in adipocytes appears to be re-esterification into TAG.

2.1.2. DE NOVO LIPOGENESIS

De novo lipogenesis (DNL) is the synthesis of new fatty acids molecules from non-
lipid substrates, mainly carbohydrates in mammals. The expression and activity of the
glycolytic and lipogenic pathways are therefore linked together in lipogenic tissues.
The two main sites of DNL are liver and adipose tissue; the quantitative importance of
this pathway, and the respective contribution of liver and adipose tissue varies between
species (16). Overall, DNL is less active in humans than in rodents and contributes
much less than TAG dietary intake to adipose tissue lipid stores (17). Indeed studies of
hepatic DNL in healthy humans concluded that this pathway is a minor contributor to
the fatty acids used for liver TAG synthesis and secretion and represents only about 1
to 2 g per day (18–21). Liver lipogenesis is stimulated by insulin and glucose and can
be largely increased (two- to fourfold) by a high-carbohydrate (CHO) diet (18,22–24);
it is increased in ad libitum-fed obese subjects (25), hypertriglyceridemic type 2 diabetic
subjects (26), and subjects with non alcoholic fatty liver disease (27), but still remains
minor compared with oral TAG ingestion (usually more than 100 g/d). These new fatty
acid molecules provided by hepatic DNL can be exported as TAG-VLDL for uptake
and storage by adipocytes, but are a minor contributor to these stores in humans. The
key enzymes for lipogenesis are also expressed in adipocytes (28) but the expression
and activity of these enzymes are lower in human than in rat adipocytes (24). From
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data in the literature it appears than DNL in humans is less active in adipocytes than in
liver when expressed per gram of tissue but, on a whole-body basis, the contributions
of liver (1.5 kg) and adipose tissue (12 to 15 kg) appear comparable (1 to 2 g/d for each
tissue) (18).

The regulation of DNL by hormonal (insulin, glucagon), metabolic (glucose, poly-
unsaturated fatty acids [PUFA]), and nutritional (total energy intake, dietary CHO-to-fat
ratio) factors is less well defined in humans, either in liver or adipose tissue, than in
rodents, and less well-known in adipocytes than in liver. Overall it is clear that hepatic
lipogenesis is highly responsive to modifications of hormonal and nutritional condi-
tions. Insulin and glucose stimulate it, whereas glucagon and PUFA inhibit it (29). The
regulation by insulin and PUFA is mediated by the transcription factor sterol response
element binding protein 1c (SREBP-1c) (30) and also in part by liver X receptor 
(LXR ; insulin and PUFA) (31) and carbohydrate response element binding protein
(ChREBP) (PUFA) (32), whereas the inhibitory action of glucagon and the stimulatory
one of glucose are mediated by ChREBP (32). Insulin stimulates the transcription of
SREBP-1c, directly and indirectly through a stimulation of the expression of LXR .
Whether insulin stimulates also the cleavage of the precursor form of the protein
SREBP-1c and the release of its mature form is debated. LXR stimulates the expres-
sion of lipogenic genes directly and through an increase in the expression of SREBP-1c
(31). A full stimulation of liver lipogenesis requires the simultaneous and synergistic
action of insulin and glucose (29). Glucose acts by dephosphorylation of ChREBP,
allowing its entry in the nucleus and its binding to specific response element in the pro-
moter of glycolytic (L-PK) and lipogenic (FAS, ACC) genes (33–35). Glucagon and
PUFA, on the contrary, phosphorylate ChREBP, respectively, through protein kinase A
(PKA) and AMP-dependant kinase (AMPK), inhibiting its action (33,36).

The regulation of DNL in adipocytes, particularly in humans, is much less defined.
It is clear that insulin increases fatty acid synthase (FAS) expression and activity in
human and rodent adipocytes (37,38). This action involves probably both SREBP-1c
(39) and LXR , although the actual role of SREBP-1c has been questioned (40). Glucose
also stimulates lipogenesis in adipocytes (41) and, as in liver, a full stimulation requires
the simultaneous presence of insulin and glucose. The action of glucose could be trans-
mitted by ChREBP, as this transcription factor is expressed in adipocytes (24,35,42,43);
however, a stimulatory effect of glucose on ChREBP translocation to nucleus and DNA
binding activity in adipocytes has not yet been demonstrated. A stimulation of adipocyte
ChREBP expression by glucose and insulin has been reported, but only in the presence
of high, unphysiological, glucose levels (42). In vivo, ChREBP expression in liver and
adipose tissue is poorly responsive to metabolic and nutritional factors and is clearly
increased only in the situation of high CHO refeeding after starvation (42–44). Finally,
PUFA have an inhibitory action on lipogenesis in adipose tissue, but this effect is less
marked than in liver (45). Overall, the expression and activity of lipogenesis appears less
responsive to metabolic and nutritional factors in adipose tissue than in liver, in rodents
and in humans, and is still less responsive in humans than in rodents (18,24,43), although
some stimulation has been observed during prolonged carbohydrate overfeeding (46). It
is noteworthy that the expression of ChREBP, SREBP-1c, FAS, and ACC is decreased
in the adipose tissue of human obese subjects and of experimental models of obesity
with long standing obesity while the expression and activity of liver lipogenesis are
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increased (24,25,47). Whether the expression of lipogenesis in adipose tissue is
increased during the initial, dynamic phase of obesity remains to be established.

A last point is the potential importance of the renin–angiotensin system in the 
control of lipogenesis and TAG storage. WAT expresses the components of a functional
renin–angiotensin system (48,49); mice with overexpression of angiotensinogen in adi-
pose tissue have an increased fat mass with adipocyte hypertrophy (50). In vitro studies
have shown that angiotensin II stimulates lipogenesis in 3T3-L1 and human adipocytes
(51). This effect involves SREBP-1c and is mediated by the angiotensin type 2 receptor
(52). Deletion of this receptor results in adipocyte hypotrophy and resistance to diet-
induced obesity (53). These mice have a reduced expression in adipocytes of SREBP-1c,
FAS but also of LPL, FAT, and aP2, suggesting that angiotensin II stimulates several
pathways of TAG storage. Angiotensinogen is overexpressed in the adipose tissue of
obese subjects (54), particularly in visceral adipose tissue, and could therefore have a
role in the development of obesity.

2.2. Sources of G3P
TAG synthesis requires G3P for the initial step of fatty acid esterification.

Glycerokinase activity is very low in adipocytes and G3P is produced either from glu-
cose, through the first steps of glycolysis, or from gluconeogenic precursors, through
glyceroneogenesis (55). Glucose enters adipocytes through the glucose transporters 1
and 4 (Glut-1 and Glut-4) responsible, respectively, for basal glucose and insulin-
stimulated glucose uptake. Insulin acutely stimulates glucose uptake by promoting the
translocation of Glut-4 from an intracellular pool to the membrane, an effect mediated
through the PI-3 kinase Akt pathway (56). Glucose uptake is also stimulated by acyla-
tion-stimulating protein (57). The other source of G3P is glyceroneogenesis, an abbre-
viated version of gluconeogenesis that provides G3P from gluconeogenic substrates
such as lactate and pyruvate (55). The regulatory step of this way is controlled by the
cytosolic form of phosphoenol pyruvate carboxy kinase (PEPCK). PEPCK-C expres-
sion and activity are increased by PUFA and by the peroxisome proliferators-activated
receptor -agonist thiazolidinediones and inhibited by glucocorticoids (58). The relative
contribution of glycolysis and glyceroneogenesis to G3P production varies thus with
nutritional and pharmacological factors. The overall availability of G3P controls the
esterification rate of fatty acids provided by DNL and circulating lipids but also the par-
tial re-esterification of fatty acids released by the lipolysis of stored TAG.

2.3. TAG Synthesis
This biosynthesis results from the successive esterification of the alcoholic groups of

G3P by different enzymes: G3P acyltransferases (GPATs), 1-acylglycerol-3-phosphate
acyltransferases (AGPATs) and diacylglycerol acyltransferases (DGATs) (59–62). All
these enzymes exist in different isoforms and are encoded by different genes. The iso-
forms GAPT1, GAPT2, AGAPT2, and DGAT1 and 2 are present in adipose tissue (63)
but the tissue repartition and substrate specificity of these different isoforms are not yet
fully clarified. The expression of DGAT1 and 2 is stimulated in adipose tissue by glucose
and insulin (64) and both insulin and glucose increase TAG synthesis. Acylation-stimu-
lating protein also stimulates adipocyte TAG synthesis (57). The important role of these
enzymes in controlling adipose TAG stores is demonstrated by studies of mice lacking
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DGAT and of subjects with congenital lipodystrophy (63,65,66). A point discussed is
the intracellular site of TAG synthesis and how new TAG molecules are directed to lipid
droplets for storage. Classically, TAG synthesis occurs in the endoplasmic reticulum.
However, there is recent evidence that most of this synthesis takes place in a subclass
of caveolae in the plasma membrane (67). These caveolae also contain perilipin, a pro-
tein coating lipid droplets, and that could, in addition to its regulatory role of lipolysis
(see Subheading 3.3.), be involved in the incorporation of newly synthesized TAG into
lipid droplets.

3. LIPOLYSIS AND RELEASE OF FATTY ACIDS

During intracellular lipolysis, TAG is hydrolyzed successively into diacylglycerol
(DAG) and monoacylglycerol (MAG) to finally release three molecules of fatty acid and
one molecule of glycerol per molecule of TAG. This hydrolysis is usually complete,
although some DAG and MAG can accumulate. Because adipose tissue has very low glyc-
erol kinase activity, the end product, glycerol, is released in the circulation for use by other
tissues. This release of glycerol depends in part on adipose tissue aquaporin (AQPap), a
channel-forming integral protein of the cell membrane. AQPap is a member of a family of
at least 11 proteins that function as water channels (68). Its expression is increased during
fasting and reduced by refeeding and insulin (69), whereas thiazolidinediones stimulate it
(70). Deletion of AQPap in mice induces a lack of plasma glycerol increase in response to

-adrenergic stimulation and during fasting, with hypoglycemia during fasting (71), and
results in obesity (72). Missense mutations resulting in the loss of transport activity have
been described in humans (73). One subject homozygous for such a mutation had a nor-
mal body weight and normal basal plasma glycerol concentration but a lack of increase
during exercise (73), suggesting that AQPap has a role in glycerol efflux in humans but is
not the only mechanism. Fatty acids released by the hydrolysis of TAG, on the contrary,
can be either released or re-esterified into TAG without appearing in the circulation. This
intracellular recycling of fatty acids depends on the availability of G3P and of the expres-
sion and activity of esterification enzymes. In the basal, postabsorptive state, this recycling
appears limited (74), but high re-esterification rates can occur during exercise (75) or in
pathological situations such as hyperthyroidism (74) and stress (76). The mechanisms
responsible for the transport of fatty acids released by lipolysis to plasma membrane are
debated. aP2 is probably involved, as it forms a complex with hormone-sensitive lipase
(HSL) and aP2 –/– mice have a decreased release of fatty acids from adipose tissue (77).
The efflux of fatty acids probably involves both diffusion and transport by specific plasma
membrane proteins as their uptake.

Lipolysis is controlled mainly by the enzyme HSL, whose activity is regulated prin-
cipally by catecholamines and insulin through the cAMP–PKA pathway. However, it is
now clear that HSL is also controlled by other mechanisms and that other lipases are
involved in adipocyte TAG hydrolysis.

3.1. Hormone-Sensitive Lipase
HSL was first characterized in rats as an 84-kDa protein with 768 amino acids. In

human adipose tissue, HSL is an 88-kDa immunoreactive protein of 775 amino acids
encoded by nine exons and whose gene is on chromosome 19. It is expressed also in
brown adipose tissue, steroidogenic cells, skeletal muscle, heart, insulin-secreting -cells,

26 Part I / Adipose Tissue: Structure and Function



mammary glands, and, at least in rodents, in macrophages (78). HSL is a serine protease
that can hydrolyze TAG, DAG, and cholesterol esters. In adipose tissue it hydrolyzes TAG
and DAG with a higher activity for DAG and, when acting on TAG, a preference for the
sn1-ester and 3-ester bonds (78). MAGs are hydrolyzed by a different enzyme, a MAG
lipase that releases glycerol, and the last fatty acid that has no known regulatory role.

Analysis of the structure of HSL has shown several functional domains. The N-
terminal part of approximately 300 amino acids is involved in the dimerization of HSL
(79) and therefore in the activity of HSL, as there is evidence that its functional form is
a homodimer (80). Residues 192 to 200 are critical for the interaction with aP2 (78),
interaction that has probably a role in the efflux of fatty acids released by HSL and in
preventing the inhibition of HSL activity by these fatty acids. The C-terminal part con-
tains the catalytic and regulatory domains. The active serine of the catalytic triad is at
position 423 in the rat and 424 in humans, located in a Gly-Xaa-Ser-Xaa-Gly motif
found in lipases and esterases (81). This serine is encoded by exon 6. A truncated, short
form of HSL of 80 kDA generated by alternative splicing of exon 6 during the process-
ing of HSL mRNA has been described in human but not rodent tissue. This short from
lacks serine 424 and is devoid of activity (82). The presence of this variant in some
obese subjects is associated with a decreased in vitro HSL activity and a reduced max-
imal lipolytic response to catecholamines (83). The other amino acids of the catalytic
triad are Asp 703 and His 733 in rats (Asp 693 and His 723 in humans) (84). The regu-
latory domain is encoded principally by exon 7 and most of exon 8. It runs from residue
521 to 669 in rats (78) and contains the serines (serine 563, 565, 659, and 660 in rats)
whose phosphorylation status controls the activity of HSL.

HSL activity is stimulated by catecholamines through the classic adenylate
cyclase–cAMP–PKA pathway. Actually catecholamines stimulate lipolysis through
their -receptors and inhibit it through -receptors; the net result depends on the bal-
ance between the two actions and, in physiological situations in humans, is usually a
stimulation of lipolysis (85). Regional differences between different adipose tissue sites
in the proportion of - and -receptors result in differences in the response to cate-
cholamines (86) and regional differences in the regulation of adipose tissue metabolism
(87). Stimulation of lipolysis results from the phsophorylation of serine 563 that is the
regulatory site (88). Serine 565 (basal site) is phosphorylated in basal conditions. The
two sites are mutually exclusive and the basal site can block the phosphorylation of ser-
ine 563 and thus exerts an antilipolytic action (89). Serine 565 can be phosphorylated
by several kinases, particularly the AMPK (89). Compounds activating AMPK, such as
metformin, may thus have an antilipolytic action (90). Last, evidence has been provided
that serines 659 and 660 are also phosphorylated by cAMP-dependent protein kinase in
vitro in rat adipocytes and that this phosphorylation could also stimulate lipolysis (91).

Other pathways of phosphorylation have been described. Increased cAMP concentra-
tion can activate the mitogen-activated protein kinase/extracellular-regulated kinase
(ERK) pathway (92,93). Activated ERK phosphorylates HSL at serine 600 and increases
its activity (92). Finally, the natriuretic peptides atrial natriuretic peptide and brain natri-
uretic peptide have been shown to phosphorylate HSL and stimulate lipolysis (94). This
effect is present only in primates. Atrial natriuretic peptide and brain natriuretic peptide
activate guanylate cyclase and stimulate cGMP-dependent protein kinases. They pro-
bably play a role in the stimulation of lipolysis during exercise (94).
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Dephosphorylation of the regulatory site(s) inhibits HSL. Insulin, the main
antilipolytic hormone, acts by phosphorylating and stimulating the activity of phospho-
diesterase 3B that breaks down cAMP and reduces thus the phosphorylation of HSL
(95). This action is mediated by the PI3kinase–PKB pathway (96). Insulin also activates
ERK in adipocytes, but the relation of this action with the regulation of lipolysis is
unclear. Ser-563 can also be dephosphorylated by the protein phosphatases 2A and 2C
(97) and insulin could stimulate these phosphatases. Other mechanisms are also possi-
ble: internalization of -adrenoreceptors (98) or disruption by insulin of -adrenergic
signaling (99).

3.2. Other Lipases
HSL was long considered as the only, and therefore regulatory, enzyme hydrolyzing

adipose tissue TAG. This view was challenged by studies of mice lacking HSL. These
mice do not develop obesity and have a reduced fat mass (100,101). They always have
a marked basal lipolysis and a response of lipolysis to -adrenergic stimuli (100–102).
These findings suggested than another lipase was present and active in the absence of
HSL. The finding that DAG accumulates in adipocytes of these mice (103) suggested
that this lipase had a preference for the hydrolysis of TAG, and was rate-limiting for this
first step of lipolysis, whereas HSL was limiting for the hydrolysis of DAG. Such a
lipase, named adipose tissue lipase (ATGL), has been described recently (104). This
enzyme is identical to the protein desnutrin (105) and to the calcium-independent phos-
pholipase A2 (106), described nearly simultaneously.

In mice and humans ATGL is expressed predominantly in white and brown adipose
tissue, localized to the adipocyte lipid droplet. It is also present, to a lesser extent, in
heart, skeletal muscle, and testis (104,105). It hydrolyzes specifically TAG, has low
activity against DAG, and has little or no activity against cholesterol esters. Its expres-
sion is increased by fasting and glucocorticoids and reduced by refeeding (105). ATGL
expression increases during the differentiation of human preadipocytes in adipocytes,
simultaneously with HSL expression, and the expression of these two lipases appears
coregulated in human adipose tissue (107). Its expression is also reduced in the adipose
tissue of ob/ob and db/db mice (105). To our knowledge, no data on ATGL expression
in human obesity are available. ATGL contains in its N-terminal part a patatin domain
and belongs thus to a large family of proteins with patatin domains that have acylhydro-
lase activity (see ref. 108 for more details on this family of proteins). The N-terminal
part also contains a consensus sequence Gly-Xaa-Ser-Xaa-Gly for serine lipase, with
the possible active serine at position 47. Another domain, between residues 309 and
391, contains large amounts of hydrophobic residue, suggesting that it could be a
lipid/membrane binding site; this domain could be responsible for the constitutive pres-
ence of ATGL on the lipid droplet. ATGL can be phosphorylated. This phosphorylation
is independent of PKA (104) and the kinases involved and the consequences on enzyme
activity remain to be established.

ATGL appears thus as the lipase that is probably responsible for the physiological
hydrolysis of most of TAG and of the residual lipolytic activity in mice lacking HSL;
however, much still has to be learned about the physiological regulation of its activity
and about possible abnormalities of its expression and activity in pathology such as obe-
sity and type 2 diabetes. Other potential lipases have been described in adipocytes.
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Carboxyl esterase 3 (also known as hepatic triglyceride hydrolase) is present in
adipocytes (109–111) but its quantitative contribution to lipolysis remains to be deter-
mined. Adiponutrin is expressed exclusively in adipose tissue and has high sequence
homology with ATGL with a patatin domain, the consensus sequence for serine hydro-
lase, and possible lipid/membrane binding domains (112). The regulation of its expres-
sion is quite different, however, as it is repressed during fasting and increased in fa/fa
rats (112,113). Divergent results on a possible TAG hydrolase activity of adiponutrin
have been reported (104,106) and its role in adipose tissue lipolysis remains uncertain.
Finally, two other members of the adiponutrin family (GS2, GS2-Like) that were
recently described could also be involved in lipolysis (114).

3.3. Perilipin and HSL Translocation
Phosphorylation of purified HSL induces only a modest two- to threefold increase in

activity, whereas the stimulation of lipolysis in intact adipocytes by -adrenergic agents
induces a much larger increase of lipolytic rate. A first explanation for this discrepancy
appeared when it was demonstrated that phosphorylation of HSL induced, in addition
to a stimulation of its activity, its translocation from the cytosol to the surface of lipid
droplets, where it can hydrolyze TAG (115). This requires the phosphorylation of ser-
ines 659 and 660 (116). A second explanation emerged when it appeared that PKA
phosphorylated not only HSL but also perilipin, a protein surrounding lipid droplets and
which acts as a gatekeeper for the access of HSL to TAG. Perilipin is one of the numer-
ous proteins surrounding lipid droplets and belongs with adipophilin (or adipocyte-
related differentiation protein) and TIP-47 to the PAT family (for a recent review of PAT
proteins see ref. 117). Adipocyte-related differentiation protein is expressed in all cells
storing lipids (118). In adipocytes, it is highly expressed during the differentiation of the
cells and the constitution of lipid droplets, and its expression decreases in mature
adipocytes. Its role is still unclear but it could be involved in the transport of lipids to
droplets (119). Perilipins are expressed in adipocytes, steroidogenic cells (120), and
foam cells of atheroma plaques (121). Perilipin expression appears during the differen-
tiation of adipocytes and is high in mature adipocytes. This expression requires the pres-
ence, and intracellular metabolism, of fatty acids (122) and is also stimulated by
peroxisome proliferators-activated receptor -agonists (123). There are at least three
forms of perilipins, A, B, and C, resulting from different splicings of a common pre-
messenger RNA, and sharing a common N protein part (120). Perilipin A and B are
expressed in adipocytes, A being the predominant form. Perilipins are phosphorylated
on multiple serine sites by PKA (three serines on the N-terminal part common to peri-
lipin A and B and three other on the C-terminal part specific to perilipin A). In the basal,
unphosphorylated state, perilipin opposes the hydrolysis of TAG by HSL (124). The
phosphorylation of perilipin facilitates the interaction of HSL with TAG (125), and their
hydrolysis, probably through translocation of the phosphorylated perilipin from the sur-
face of lipid droplets to the cytosol (126). This role of perilipin is demonstrated by the
studies of perilipin-null mice. These mice have a reduced fat mass and are resistant to
genetic and diet-induced obesity (127,128). Their lipolysis is increased in the basal state
but the response to -adrenergic stimulation is reduced (127,128). Perilipins are
expressed in human adipose tissue and evidence for a role in the regulation of lipolysis
in humans was provided (129–131). These studies showed that a low total perilipin 
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content was associated with a high basal lipolytic rate of isolated adipocytes and high
concentrations of glycerol and NEFA in vivo, thus supporting a role for perilipin in the
regulation of lipolysis in humans (130). The possible role of perilipin in human obesity
remains unclear; both decreased (130,131) and increased expression (129) in obese 
subjects have been reported.

4. CHOLESTEROL METABOLISM

Adipocytes store TAG but also relatively large amounts of cholesterol (1 to 5 mg/g
of total lipids) (132). Contrary to what is observed in steroidogenic cells and foam cells,
most (about 95%) of this cholesterol is in the free, nonesterified, form. This cholesterol
is present in two major pools, the plasma membrane and the phospholipid monolayer
surrounding the lipid droplets. Because the cholesterol synthetic rate is very low in
adipocytes (133), most of the adipocyte cholesterol comes from plasma lipoproteins.
The LDL-receptor LRP and the scavenger receptor BI (SR-BI) are expressed by
adipocytes but their respective quantitative importance in the uptake of cholesterol has
not been defined. Interestingly, the expression of SR-BI is stimulated during the differ-
entiation of adipocytes (134) and most of the cholesterol taken up through this receptor
is targeted in mature adipocytes toward lipid droplets (135). In addition, insulin and
angiotensin induce the translocation of SR-BI from intracellular pools to the plasma
membrane and stimulate the uptake of cholesterol from high-density lipoprotein; these
actions are mediated by the PI3-kinase pathway (134). There is a strong correlation
between fat cell size and its cholesterol content. This content thus increases during
replenishment of lipid droplets and increases further in hypertrophic adipocytes in
obese states (136). Thus adipose tissue can store large amounts of cholesterol, particu-
larly during obesity. Adipocytes express the transporter ABCA1 (137) and can also
release cholesterol. However, a significant increase in this efflux is observed in vitro
only during prolonged stimulation of lipolysis by lipolytic agents (137). Whether this
influx is increased during reduction of total body fat mass and how it is regulated in this
situation remains to be investigated. Overall these data suggest that adipose tissue could
play a significant role in whole-body cholesterol metabolism and have a buffering role
of not only plasma TAG but also plasma cholesterol.

Increased fat cell size results also in modifications of the intracellular repartition of
cholesterol: more of the cholesterol is present on the surface of lipid droplets and
despite the increase in cell total cholesterol content, the membrane of hypertrophied
adipocytes contains less cholesterol (132). This depletion in membrane cholesterol
results in a stimulation of the expression of SREBP-2 and its target genes HMG-CoA
reductase and synthase and LRL-r, whereas expression of ABCA1 is repressed (136),
modifications aimed at restoring the membrane pool of cholesterol. FAS expression is
also stimulated; because SREBP-1c is not modified, this increase of FAS expression is
perhaps mediated by LXR . In addition, relative cholesterol depletion in the membrane
of the adipocyte decreases the expression of Glut-4, with reduced glucose uptake and
metabolism, and increases those of tumor necrosis factor- , interleukin-6, and
angiotensinogen (136); all these modifications favor the development of insulin resist-
ance. These data suggest the interesting possibility that cholesterol might be a sensor for
the amount of fat stored in adipocytes and serves as a link between the increase in fat
stores and some of the modifications of metabolism observed in obesity (132,136).
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5. CONCLUSIONS

The past years have brought important and exciting insights into adipocyte meta-
bolism and changed our view of how processes such as lipolysis are controlled. Further
developments are expected soon, particularly on the role of proteins surrounding lipid
droplets and also on adipocyte cholesterol metabolism. These data could also shed a
new light on the physiopathology of obesity and its complications and open the way to
new therapeutic approaches.
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Abstract
Recent evidence has shown that adipose tissue is an active participant in maintaining energy and

glucose homeostasis and plays crucial roles in controlling neuroendocrine, autonomic, and immune
functions. Leptin is a hormone secreted by adipose tissue. Deficiency of leptin or its receptor results
in hyperphagia, morbid obesity, insulin resistance, hyperlipidemia, hypothalamic hypogonadism,
and immunosuppression. These abnormalities are reversed by leptin treatment in patients with con-
genital leptin deficiency or lipodystrophy. In contrast, diet-induced obesity is associated with ele-
vated leptin levels and blunted response to leptin. Leptin resistance has been ascribed to the reduced
entry of leptin into the brain or impairment of leptin signal transduction. This chapter focuses on the
current understanding of leptin’s actions, with particular emphasis on transport across the blood–brain
barrier, signaling via JAK-STAT and PI3-kinase, neuropeptide targets, and electrophysiological
effects.

Key Words: Adipocyte; adipokine; leptin; hypothalamus; neuropeptide; obesity.

1. ADIPOCYTE BIOLOGY AND LEPTIN

Adipose tissue is a type of loose connective tissue made up of an extensive network
of blood vessels, collagen fibers, fibroblasts, and immune cells that surround lipid-laden
cells, known as adipocytes. In humans, the principal form of adipose tissue is white adi-
pose tissue, whose adipocytes have an eccentric nucleus and a single lipid droplet (1).
Until recently, adipose tissue was viewed primarily as a specialized tissue for storing
energy mainly in the form of triglycerides. However, it is clear that adipose tissue plays
an active role in energy homeostasis as well as the control of neuroendocrine, auto-
nomic, and immune functions (1). Adipose tissue synthesizes and secretes “adipokines”
such as leptin, adiponectin, and resistin. Additionally, adipocytes secrete proinflamma-
tory cytokines, such as tumor necrosis factor (TNF)- and interleukins, and proteins
involved in coagulation and vascular function (1). Furthermore, adipose stromal cells
mediate the metabolism of glucocorticoids and sex steroids, which exert profound local
and systemic effects on adipogenesis, glucose and lipid metabolism, and cardiovascular
function (1,2). This chapter will focus on the biology of leptin—in particular, its role in
metabolism and control of neuroendocrine function.

As early as the 1950s, it was proposed that that a factor existed whose circulating
levels increased with energy stores and signaled the brain to inhibit feeding and
decrease body weight and fat (3). The discovery of recessive mutations of obese (ob) and
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diabetes (db) loci in mice, coupled with hypothalamic lesion and parabiosis studies, led
to the suggestion that the ob locus encoded a circulating “satiety factor,” whereas the db
locus was required for the response to this factor (4,5). These predictions were con-
firmed more than four decades later by the discovery of the leptin (lep) and leptin recep-
tor (lepr) genes (6–9). Leptin is expressed mainly in adipose tissue, although low levels
have been found in the placenta, skeletal muscle, gastric fundic mucosa, and mammary
epithelium (10). Leptin has a relative mass of approx 16 kDa and circulates as both a
bound and a free hormone, the latter likely representing the bioavailable hormone. The
primary and complex structures of leptin are highly conserved in mammals (6,10).
Leptin concentration is dependent on the quantity of stored energy in fat, as well as the
status of energy balance (10). As such, plasma leptin is higher in obese than in lean indi-
viduals, falls rapidly during fasting, and increases after feeding. This nutritional regula-
tion of leptin is controlled at least partly by insulin (10).

The concept that leptin acts as an “antiobesity hormone” was based on two key obser-
vations: first, rodents and humans deficient in either leptin or its receptors developed
insatiable appetite and morbid obesity, associated with insulin resistance, diabetes, and
hyperlipidemia (6,11). Second, leptin administered peripherally and more potently via
intracerebroventricular (icv) injection in rodents, decreased food intake, body weight
and fat content, consistent with the idea of negative feedback action in the brain
(12–14). The latter was supported by the localization of leptin receptors in the hypo-
thalamus and various CNS nuclei associated with feeding and energy balance (15).
However, it was soon obvious that leptin expression in adipose tissue and plasma leptin
levels increased in obesity, and the rise in endogenous leptin levels did not prevent obe-
sity (16). In the absence of obvious leptin receptor abnormalities, leptin treatment in
humans and rodents with “common” (diet-induced) obesity has little effect to suppress
feeding or reduce weight (16). This blunted response to leptin, termed “leptin resist-
ance,” may underlie the progression of obesity, impaired insulin action, diabetes, and
elevated lipid levels, characteristic of “metabolic syndrome” (16). Leptin resistance may
result from diminution of leptin transport across the blood–brain barrier (BBB) or
impairment of leptin signal transduction in the brain (16).

There is strong evidence showing that leptin acts mainly as a “starvation hormone”
(17). Leptin falls rapidly during fasting or chronic food deprivation, leading to suppres-
sion of thermogenesis and of thyroid, sex, and growth hormones (10,17). Moreover, low
leptin levels during fasting mediates immunosuppression, torpor, and activation of the
hypothalamic–pituitary–adrenal axis (HPA) in rodents (18,19). These fasting-induced
changes mediated by low leptin resemble the metabolic phenotype of congenital leptin
deficiency in Lepob/ob and or lack of leptin response in Leprdb/db mice, suggesting that
leptin deficiency is perceived as a state of unmitigated starvation, leading to adaptations,
such as hyperphagia, decreased metabolic rate, and changes in hormones, intended to
restore energy balance (16). As predicted, leptin treatment prevents the suppression of
reproductive axis, thyroid and growth hormones and energy expenditure, and hyper-
phagia typical of food deprivation or sustained weight reduction (17–22).

2. LEPTIN’S EFFECTS ON THE NEUROENDOCRINE AXIS 

Congenital leptin deficiency in rodents and humans is associated with hypothalamic
hypogonadism and lack of pubertal development (10,23,24). Leptin treatment restores
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gonadotropin and sex steroid levels and puberty, confirming a primary role in reproduc-
tion (10,23,24). However, studies in Lepob/ob mice indicate that leptin is not needed for
gestation, parturition, or lactation (25). Leptin exerts a permissive action to restore normal
hypothalamic–pituitary–gonadal axis function during caloric deprivation (26–29). In
rodents and nonhuman primates, these actions involve stimulation of gonadotropins as
well as interaction with other metabolic signals (28,29). Women with hypothalamic amen-
orrhea have low leptin levels associated with blunted luteinizing hormone (LH) pulses
(20,30). Leptin administration in these patients restores LH pulses and menstrual cycles,
confirming that leptin signals the status of energy stores to the neuroendocrine axis (20).

Lipodystrophy is characterized by generalized or partial loss of adipose tissue, excess
lipid accumulation in nonadipose tissues (steatosis), hypoleptinemia, insulin resistance,
diabetes, dyslipidemia, hyperandrogenism, and amenorrhea, the last being of a central
origin (31). In affected females, treatment with recombinant methionyl human leptin in
physiological doses reduced steatosis, insulin resistance, glucose and plasma lipids, and
free testosterone, increased sex hormone binding globulin, and produced robust LH
pulses and integrated levels (32,33). Importantly, most patients who had amenorrhea
prior to leptin therapy developed normal menses after treatment (33). Nonetheless,
polycystical ovaries associated with lipodystrophy were not reversed by leptin (33).
Serum testosterone tended to increase and sex hormone binding globulin increased
following leptin treatment therapy in male lipodystrophic patients (33). In contrast to
congenital leptin deficiency, hypoleptinemia did not inhibit pubertal development in
lipodystrophy, pointing to a crucial role of other metabolic factors (23,24,33).

The control of thyroid hormone is coupled to energy balance (34). Under normal 
fed conditions, a fall in thyroid hormone stimulates the synthesis and secretion of
thyrotropin-releasing hormone (TRH) and thyroid-stimulating hormone (TSH). Con-
versely, a rise in thyroid hormone suppresses TRH and TSH. This feedback response is
disrupted during fasting and illness, culminating in low thyroxine (T4) and triiodotyro-
nine (T3) levels, low or normal TSH, and suppression of TRH. The dampening of the
hypothalamic–pituitary–thyroid axis response during caloric deprivation has been
termed “euthyroid sick syndrome.” Leptin deficiency reduces the response of pituitary
thyrotropes to TRH stimulation, whereas leptin treatment reverses the suppression of
T3, TSH, and TRH levels in congenital leptin deficiency and fasting (34). Studies indi-
cate that low leptin levels during fasting control the thyroid axis directly through
hypophysiotrophic TRH neurons in the paraventricular nucleus (PVN) or indirectly
through neurons expressing melanocortin 4 receptors (MC4R) (35–37).

Leptin and growth hormone receptors belong to a family of cytokine receptors cou-
pled to the JAK–STAT pathway (38). In rodents, growth hormone is decreased in states
of leptin deficiency (10). Growth hormone pulses are diminished during fasting, and
restored by leptin replacement (39,40). In contrast, immunoneutralization of leptin
decreased growth hormone secretion in fed rats (40). Leptin receptors and STAT3 have
been colocalized with growth hormone-releasing hormone (GHRH) and somatostatin,
suggesting a direct interaction (40). Leptin infused into the hypothalamus stimulated
growth hormone release more robustly in fasted than fed animals; this was associated
with an increase in GHRH and a decrease in somatostatin (41).

Koutkia et al. (41) investigated the regulation of leptin and growth hormone secretion
and pulsatility by sampling plasma overnight every 20 min. There was synchronicity
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between growth hormone and leptin with a lag time of 39 min (41). Ghrelin is a gastric
peptide that stimulates appetite, glucose oxidation, and lipogenesis, in contrast with
growth hormone, which promotes lipolysis, glucose production, and insulin secretion
(42). Plasma ghrelin levels increase at night in lean individuals and in synchrony with
leptin (42). This nocturnal rise of ghrelin is blunted in obesity (42). The HPA is activated
in leptin-deficient rodents (10,11). Moreover, elevated leptin levels during fasting or
immobilization stress lead to corticotropin-releasing hormone (CRH), adrenocorti-
cotropin (ACTH), and glucocorticoid inhibition (17,43). Diurnal and pulsatile leptin
secretions are inversely related to ACTH and cortisol in humans (44), yet the HPA axis is
not significantly altered in congenital leptin deficiency, lipodystrophy, or fasting (21,24).

Although prolactin and leptin are both influenced by body fat content, the link
between these hormones in humans is unclear (45). In contrast, a constant infusion of
leptin increases prolactin in fed rats, and in particular during fasting (46). Because the
leptin receptor is very scant in lactotropes and direct leptin infusion into the arcuate
nucleus and median eminence stimulates prolactin secretion, it has been proposed that
leptin controls prolactin release through a hypothalamic target (47).

3. LEPTIN RECEPTORS AND SIGNAL TRANSDUCTION 
IN THE BRAIN

Soon after it was shown that low doses of leptin, when administered directly into the
brain, decreased food intake and body weight (14), leptin receptors were discovered
through expression cloning in mouse brain and by positional cloning of the db locus (7,8).
The leptin receptor (LEPR) belongs to the cytokine receptor class I superfamily (38). Five
alternatively spliced isoforms, a, b, c, d, e, differing in the lengths of their carboxy termini,
have been identified (refs. 10,38; Fig. 1). The short leptin receptor isoform, LEPRa, is
expressed in several peripheral tissues, choroid plexus, and brain microvessels, and
thought to be involved in the transport of leptin across the BBB or efflux from the brain
(48–50). The long leptin receptor (LEPRb) that has intracellular domains necessary for
signaling via the JAK–STAT pathway is highly expressed in the hypothalamus—e.g.,
arcuate (Arc), dorsomedial (DMN), ventromedial (VMN), and ventral premamillary
nuclei (PMN). Moderate LEPRb expression is found in the periventricular and lateral
hypothalamic areas, and nucleus solitarius and various brainstem nuclei (51). The PVN,
which integrates energy balance, neuroendocrine function, and glucose homeostasis, has
a very low level of LEPRb (51). LEPRb has been colocalized with neuropeptides involved
in energy homeostasis (52). Neuropeptide Y (NPY) and agouti-related protein (AGRP),
which stimulate feeding, are present in the same neurons in the medial Arc. An increase
in leptin directly suppresses NPY and AGRP. Leptin increases the levels of anorectic pep-
tides, -melanin-stimulating hormone ( -MSH) derived from proopiomelanocortin
(POMC), and cocaine and amphetamine-regulated transcript (CART), in the lateral Arc
(53). Second-order neurons that synthesize CRH, TRH, and oxytocin in the PVN are con-
trolled indirectly by leptin targets in the Arc, and mediate the inhibitory effects of leptin
on food intake, stimulation of thermogenesis, and neuroendocrine secretion (52). Other
orexigenic peptides, such as melanin-concentrating hormone (MCH) and orexins,
expressed in the lateral hypothalamus, are inhibited indirectly by leptin (51). Outside the
hypothalamus, LEPRb mRNA has also been found in the thalamus and cerebellum (52).
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Binding of leptin to LEPRb in hypothalamic and brainstem neurons results in rapid
activation of intracellular JAK-2, leading to tyrosine phosphorylation of LEPRb on
amino acid residues 985 and 1138, which provide binding motifs for src homology 2
(SH2)-domain containing proteins—i.e., STAT-3 and SH-2-domain-phosphotyrosine
phosphatase (SHP-2) (ref. 54; Fig. 2). STAT-3 binds to Y1138, becomes tyrosine-phos-
phorylated by JAK-2, then dissociates and forms dimers in the cytoplasm, which are
translocated to the nucleus to regulate gene transcription (Fig. 2). The importance of
Y1138 has been demonstrated in mice by replacing this amino acid with serine (55).
The Y1138S (LeprS1138) mutation disrupted STAT-3 activation, resulting in hyperpha-
gia, impairment of thermoregulation, and obesity (55). However, in contrast to Leprdb/db

mice, Y1138S mutation did not affect sexual maturation and growth, and glucose levels
were lower, pointing to a specific physiological role of this domain (55).

Leptin regulates insulin receptor substrate 1 (IRS-1) and IRS-2, mitogen-activated pro-
tein kinase, extracellular-regulated kinase, Akt, and phosphatidylinositol-3 (PI3)-kinase
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Fig. 1. Leptin receptors. Five leptin receptor isoforms result from alternate splicing of lepr mRNA
transcript. Receptors LEPRa–LEPRd contain identical extracellular ligand binding and cytoplasmic
signaling domains. Despite having the same extracellular N-terminal, each isoform has a different 
C-terminal. However, unlike the other leptin isoforms, LEPRe has neither a transmembrane nor intra-
cellular domains. LEPRa is the principal “short leptin receptor” and lacks the cytoplasmic domain
necessary for signaling through the JAK–STAT pathway. LEPRb, the “long leptin receptor,” is prima-
rily responsible for the leptin-mediated effects on energy homeostasis and endocrine function through
activation of the JAK–STAT pathway. Terminal amino acid residues for each isoform are represented
by the alphabetic code.



through LEPRb, raising the possibility of crosstalk between leptin and insulin (56). Leptin
enhances IRS-2-mediated activation of PI3-kinase in the hypothalamus, concomitant with
its ability to inhibit food intake (56,57). In contrast, blockade of PI3-kinase activity pre-
vents the anorectic action of leptin (56).

Bjørbaek et al. (58,59) first proposed a role of SOCS-3 in leptin signaling, based on
the observation that leptin rapidly increased the levels of this cytokine mediator in hypo-
thalami of Lepob/ob but not Leprdb/db mice. In situ hybridization for SOCS-3 mRNA in
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Fig. 2. Leptin signal transduction. Leptin binding to the hypothalamic LEPRb results in activation and
autophosphorylation of JAK-2. Subsequently STAT-3 is phosphorylated then translocated to the
nucleus, where it acts together with a variety of transcription factors to regulate the expression of
neuropeptides and other genes. In congenital or acquired leptin deficiency or leptin receptor defect,
failure to activate LEPRb results in increased orexigenic neuropeptide expression (NPY and AGRP),
and decreased anorexigenic neuropeptide expression (POMC), and uncoupling protein (UCP)-1
expression in brown adipose tissue (BAT). The net effect is hyperphagia and a decrease in metabolic
rate, resulting in severe obesity, markedly elevated insulin levels and steatosis. Another manifestation
of leptin deficiency is hypothalamic hypogonadism. The fall in leptin during fasting triggers hyperpha-
gia, metabolic and neuroendocrine responses similar to congenital leptin deficiency. An increase in lep-
tin within the physiological range inhibits feeding and increases the metabolic rate, resulting in weight
loss. In contrast, polygenic (diet-induced) obesity results in elevated leptin levels, which promote phos-
phorylation of Tyr1138 on the intracellular domain of LEPRb, resulting in inhibition of leptin signal-
ing by induction of SOCS-3 and inhibition of JAK–STAT and SHP-2 pathways. These mechanisms
result in “leptin resistance” that blunts the ability of leptin to suppress feeding and increase metabolic
rate, resulting in obesity. The degree of obesity, steatosis, insulin resistance, and hyperlipidemia in diet-
induced obesity is less severe than that seen in congenital leptin deficiency or lipodystrophy.



the rat and mouse brains showed that leptin-induced SOCS-3 expression colocalized
with LEPRb and neuropeptides in the hypothalamus (58). Furthermore, expression of
SOCS-3 prevented the tyrosine phosphorylation of LEPRb and downstream signaling
(59). STAT-3 DNA binding elements are present in the socs-3 promoter, and because the
lack of the STAT-3 binding site on LEPRb prevents induction of SOCS-3 mRNA by
leptin, this indicates that leptin stimulates socs-3 transcription via the STAT-3 pathway
(59). The crucial role of SOCS-3 as a negative regulator of leptin signaling was demon-
strated in two studies (60,61). SOCS-3 haploinsufficiency increased leptin sensitivity
and prevented diet-induced obesity in mice (60). More specifically, neuron-specific
ablation of SOCS-3 enhanced leptin sensitivity, resulting in activation of STAT3,
increase in hypothalamic POMC expression, reduction in food intake, and resistance to
obesity, hyperlipidemia, and diabetes (61).

Protein tyrosine phosphatase 1B (PTP1B), an insulin receptor phosphatase that
inhibits insulin signaling, was implicated in leptin action, based on the finding that mice
lacking PTP1B were less hyperphagic and resistant to obesity despite having low serum
leptin levels (62–64). In vitro studies revealed that PTP1B directly inhibited JAK2
kinase, and leptin-induced tyrosine phosphorylation of JAK-2 and STAT-3 was attenu-
ated in cells overexpressing PTP1B (63). PTP1B mRNA is colocalized with STAT-3 and
neuropeptides in the Arc and various hypothalamic nuclei (64). Importantly, STAT-3
phosphorylation in the hypothalamus is enhanced following leptin treatment in mice
lacking PTP1B (PTP1B–/–), suggesting that PTP1B inhibits the signal transduction of
leptin in the brain (63,64). This idea was tested by comparing the effects of leptin treat-
ment on energy balance in wild-type (WT) and PTP1B –/– mice.As predicted, PTP1B –/–
and heterozygotes PTP1B+/– mice exhibited greater leptin sensitivity than WT (63).

4. IMPLICATIONS OF LEPTIN SIGNAL TRANSDUCTION

As mentioned earlier, the fall in leptin during fasting is a potent signal to the brain to
increase feeding, reduce energy expenditure, and mediate changes in hormone levels
designed to conserve energy (10,17). Low leptin level directly stimulates the expression
of NPY and AGRP in the Arc, and indirectly increases MCH in the lateral hypothalamus,
leading to hyperphagia and restoration of body weight (10,52). Concurrently, low leptin
disinhibits POMC neurons in the Arc, thereby decreasing the synthesis and release of the
anorectic peptide -MSH (10,52). -MSH normally acts on melanocortin 3 and 4 recep-
tors (MC3/4-R) in the PVN and various hypothalamic nuclei to mediate the satiety effect
of leptin (52). -MSH is antagonized by AGRP, resulting in hyperphagia and weight
increase (52). CART, another potent inhibitor of feeding, is directly suppressed by low
leptin level during fasting (52). NPY/AGRP and POMC/CART neurons in the Arc send
extensive projections to the PVN, perifornical, and lateral hypothalamic areas (52). There
are compelling data in rodents showing that leptin controls energy balance and the neuro-
endocrine axis indirectly via CRH, TRH, vasopressin, and oxytocin producing neurons
in the PVN (52). The fall in leptin during fasting decreases TRH mRNA expression in
the PVN, resulting in suppression of TSH and thyroid hormone (34,36). Reduced leptin
level also suppresses brown adipose tissue thermogenesis (ref. 19; Fig. 2).

In contrast to the robust response to energy deprivation mediated centrally by low
leptin, an increase in leptin in the overfed or obese range has little effect on neuronal or
physiological functions (65). This resistance to leptin in diet-induced obesity may
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involve inhibition of leptin signal transduction through leptin-mediated activation of
SOCS-3 or PTP1B (59,63,67). Expression of neuropeptide targets of leptin such NPY
and POMC have been shown to be dysregulated and the transport of leptin across the
BBB is impaired in obese rodents, but whether these are relevant to the onset or
progression of human obesity remain to be determined (68–70).

AMP-activated protein kinase (AMPK) is another CNS leptin target of interest (71).
AMPK is phosphorylated and activated in the hypothalamus in response to fasting, lead-
ing to increased fatty acid oxidation and inhibition of anabolic pathways in peripheral tis-
sues (71). Conversely, feeding inactivates AMPK and promotes fatty acid synthesis. In the
hypothalamus, AMPK is colocalized with STAT-3, NPY, and other peptides implicated in
energy balance (71). The activity of AMPK appears to be linked to feeding via the MC4R.

Aside from the regulation of gene expression, leptin has rapid effects on neurotrans-
mission and neuropeptide secretion (72–75). Initial studies showed that leptin rapidly
inhibited NPY secretion from hypothalamic explants (73). Subsequently, leptin was
shown to depolarize hypothalamic POMC neurons through a nonspecific cation chan-
nel, and to decrease the inhibitory tone of -amino butyric acid on POMC neurons
(74,75). Conversely, leptin hyperpolarized and inactivated NPY neurons in the Arc
(74,75). The fall in leptin during fasting increases the action potential frequency in
NPY/AGRP neurons (76). The latter is blunted by leptin treatment (76). Similar to fast-
ing, Lepob/ob and Leprdb/db mice, which exhibit hyperphagia, have increased spike fre-
quency in NPY/AGRP (76). Leptin inhibits the activity of NPY/AGRP neurons in 
Lepob/ob but not Leprdb/db, confirming a direct action of leptin (76). Significant differ-
ences in excitatory and inhibitory synapses in the Arc related to feeding have been
demonstrated between Lepob/ob and WT mice (77). These changes are reversed by leptin
treatment, suggesting an important role in synaptic plasticity (77). Leptin also activates
adenosine triphosphate (ATP)-sensitive potassium (K+) channels, which may play a
role in the hyperpolarization of VMN neurons through activation of IRS-associated
PI3-kinase activity (78,79). Electrophysiological effects of leptin have also been noted
in the supraoptic nucleus as well as vagal afferents in the gastrointestinal tract.

Leptin increases insulin sensitivity in peripheral tissues via a CNS mechanism
(80–82). Our studies and others have demonstrated a profound trophic action of leptin in
the brains of adult Lepob/ob mice (83,84). Leptin deficiency is associated with deficits in
brain weight and neuronal and glial proteins, some of which are restored by leptin treat-
ment (83,84). Analogous to the mouse studies, treatment of leptin-deficient humans with
recombinant methionyl human leptin not only decreases body weight, but also increases
the volume of the anterior cingulate gyrus, inferior parietal lobule, and the cerebellum,
within 6 mo (85). These brain volume increases were maintained over 18 mo, demon-
strating that leptin can have sustained effects on the human brain (85). Bouret et al. (86)
reported that projections from the Arc to PVN were disrupted in Lepob/ob mice. Leptin
treatment reversed this defect in neonatal Lepob/ob but not adults, indicating that leptin
plays a neurotrophic role during a critical stage of hypothalamic development (86).

5. LEPTIN ACTION IN PERIPHERAL TISSUES

Ablation of the Arc, Leprdb/db, or loss of LEPRb in neurons and specifically in
POMC neurons have all confirmed that leptin acts primarily in the brain (36,87–90).
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Nonetheless, numerous studies have demonstrated leptin signaling in blood cells, pan-
creatic -cells, pituitary, kidney, hepatocytes, muscle, and adipocytes (18,91–100).
Apart from immune cells, most of these tissues lack functional LEPRb or at best express
very low levels, suggesting that short-form leptin receptors may mediate leptin signal-
ing (91–100). Ex vivo studies of isolated T-lymphocytes from mice and humans indi-
cate that leptin promotes cellular survival and enhances immunity, especially during
starvation (91). Leptin inhibits insulin secretion from isolated pancreatic islets, although
the opposite effect has been reported (92,93). Furthermore, leptin induces LH and
follicle-stimulating hormone (FSH) release from pituitary explants and sympathetic
nerve activity to the kidneys (94,97).

Kim et al. (95) found that intravenously injected leptin increased STAT1 and STAT3
phosphorylation and, to a lesser extent, MAP-kinase and PI3-kinase, in adipose tissue.
Leptin did not affect signaling in Leprdb/db mice, supporting a role for LEPRb in
adipocyte leptin action (95). The latter is consistent with the presence of LEPR on
human and rodent adipocytes (96). Leptin has no direct effect on glucose uptake in
adipocytes, but induces lipolysis in adipose explants and isolated adipocytes (99–101).
Furthermore, leptin antagonizes the effects of insulin to inhibit lipolysis; this response
is abolished in Zucker fa/fa rats or Leprdb/db mice, both of which lack functional leptin
receptors (96,100). Direct effects of leptin on hepatic gluconeogenesis have been
reported (102); however, a major role of leptin in the liver is doubtful, given the appar-
ently normal phenotype of mice with targeted ablation of LEPR in the liver (88).

Minokoshi et al. (103) demonstrated a biphasic action of leptin on muscle after intra-
venous injection. The initial increase in AMPK activity in soleus muscle occurred
rapidly within 15 min, and was not affected by sympathetic blockade (103). In contrast,
a later, more sustained, increase in AMPK activation (60 min to 6 h) was mimicked by
intrahypothalamic leptin injection and abolished by sympathetic blockade (103). A
direct action of leptin was confirmed by incubating soleus muscle with and without
leptin and demonstrating a robust leptin-dependent stimulation of AMPK activity.
Direct or indirect activation of muscle LEPRb by leptin results in phosphorylation and
activation of AMPK (103). AMPK phosphorylates acetyl-CoA carboxylase (ACC),
leading to inhibition of ACC activity and thus decreasing formation of malonyl-CoA,
which in turn disinhibits carnitine palmitoyltransferase 1 (CPT-1), a critical step for
translocation of fatty acids into mitochondria to undergo -oxidation (104). It has been
proposed that this leptin–AMPK pathway may play a role in protecting nonadipocytes
from lipid accumulation (steatosis) and lipotoxicity (105). Obesity and aging are asso-
ciated with leptin resistance, leading to steatosis, lipotoxicity, and pancreatic -cell failure,
diabetes, cardiomyocellular damage, and dysfunction of various organs (105).

6. CONCLUSIONS

Major advances have been made over the past decade in understanding the actions of
leptin on energy homeostasis, neuroendocrine function, and a variety of physiological
functions. Although the signaling mechanisms of leptin have been delineated in cell
lines and rodents, crucial questions remain as to how leptin acts specifically through
JAK, STAT3, SCOS-3, PI3K, and AMPK to exert these diverse roles in humans; how
the leptin signal integrates with hypothalamic and various CNS neurons; the mechanims



underlying leptin resistance in obesity; and how leptin and insulin interact in the brain
and peripheral tissues leading to metabolic abnormalities associated with obesity.
Characterization of the biology of leptin in normal and disease states could benefit the
diagnosis and treatment of obesity and related metabolic disorders.
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Abstract
Adiponectin is a glycosylated adipokine selectively secreted from adipocytes. The native

adiponectin forms several oligomeric complexes, including trimer, hexamer, and high-molecular-
weight (HMW) 12–18 multimers. In the past 5 yr, numerous clinical studies have demonstrated a
close association between low plasma levels of adiponectin (hypoadiponectinemia) with obesity-
related diseases, including dyslipidemia, atherosclerotic cardiovascular diseases, type II diabetes,
hypertension, fatty liver, and certain types of cancers. Mounting experimental evidence shows that
adiponectin is an endogenous insulin sensitizer with potent antidiabetic, anti-atherogenic, and anti-
inflammatory properties. It also has profound protective actions against hepatic and cardiac injury.
Different oligomeric forms of adiponectin might act on different tissue targets and stimulate distinct
cellular pathways. Two putative adiponectin receptors (adipoR1 and adipoR2) have recently been
cloned. In vitro studies indicate that adipoR1 and adipoR2 mediate the metabolic actions of
adiponectin via activation of AMP-activated protein kinase. Although the pathophysiological rele-
vance of adiponectin and its receptors need to be further investigated, this adipokine may represent
a novel target for the prevention and treatment of obesity-related pathologies.

Key Words: Adipokine; adiponectin; obesity; metabolic syndrome; diabetes.

1. INTRODUCTION

Adiponectin—also termed ACRP30, AdipoQ, Apm1, and GBP28—is one of the
most abundant adipokines produced by adipocytes. This adipokine was first character-
ized in mice as a transcript selectively expressed during the differentiation of
preadipocytes into mature adipocytes (1). The human homolog was subsequently iden-
tified as the most abundant transcript in adipose tissue during large-scale random
sequencing of a human adipose tissue cDNA library (2). The human adiponectin gene
was localized to chromosome 3q27, a region highlighted as a genetic susceptibility
locus for type 2 diabetes and metabolic syndrome.

Since 2001, adiponectin has attracted much attention because of its potential antidia-
betic, antiatherogenic, and anti-inflammatory activities. Numerous animal experiments
and clinical studies have demonstrated the utility of adiponectin as a plasma biomarker
of metabolic syndrome and a possible therapeutic target for the treatment of type 2 dia-
betes and cardiovascular disease. Furthermore, research on adiponectin has recently
been expanded to explore its potential roles in chronic liver diseases and cancers. Here,
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we will review the current knowledge on structure and biological functions of
adiponectin and discuss its relevance with respect to human health and disease.

2. STRUCTURAL FEATURES OF ADIPONECTIN

2.1. Primary Sequence, Domain Organization, and Post-Translational
Modifications

Adiponectin structurally belongs to the soluble defense collagen superfamily sharing
significant homology with collagen X, collagen VIII, and complement factor C1q (3).
The primary sequence of adiponectin is composed of a signal sequence, a hypervariable
NH2-terminal domain, followed by a collageneous domain comprising of 22 Gly-X-Y
repeats and a COOH-terminal C1q-like globular domain (Fig. 1). The detailed structural
information for full-length adiponectin is not available at this stage. Nevertheless, the
crystal structure for the globular domain of murine adiponectin has been resolved at a
resolution of 2.1 Å (4). Notably, this structure reveals an unexpected homology to the
tumor necrosis factor (TNF) family of cytokines. Despite the lack of homology at the
primary amino acid sequence level, the structural features between TNF- and globular
adiponectin are highly conserved. Both TNF- and globular adiponectin have a 10-
strand jellyroll folding topology and form bell-shaped homotrimeric oligomers.

Adiponectin is modified at the post-translational level during its secretion from
adipocytes (5). Several lysine and proline residues within the collagenous domain are
hydroxylated (Fig. 1). Hydroxylysine residues at position 68, 71, 80, and 104 are fur-
ther modified by a glucosyl (1–2)galactosyl group, as determined by nuclear magnetic
resonance analysis (6). Notably, each of these four lysines and their surrounding con-
sensus motif (GXKGE[D]) are highly conserved across all species of adiponectin. Post-
translational modifications on these four lysines have been shown to play important
roles in enhancing adiponectin’s ability to inhibit gluconeogenesis in hepatocytes (5). In
addition, adiponectin was reported to be an 2,8-linked disialic acid-containing glyco-
protein (7), although the functional relevance of this post-translational modification
remains to be determined.

2.2. Oligomerization of Adiponectin and Its Regulation
In the circulation, adiponectin is present predominantly as three different oligomeric

complexes (8,9). The monomeric form of adiponectin has never been detected in native
conditions. The basic building block of adiponectin is a tightly associated homotrimer,
which is formed via hydrophobic interactions within its globular domains (Fig. 1).
Freeze–etch electron microscopy showed the trimer to exhibit a ball-and-stick-like
structure containing a large globular sphere, an extended collagen stalk, and a smaller
sphere on the opposite end of the stalk (10). Two trimers self-associate to form a disul-
fide-linked hexamer, which further assembles into a bouquet-like higher molecular-
weight (HMW) multimeric complex that consists of 12 to 18 protomers.

The assembly of hexameric and HMW forms of adiponectin depends on the forma-
tion of a disulfide bond mediated by an NH2-terminal conserved cysteine residue within
the hypervariable region. Substitution of this cysteine with either alanine or serine leads
exclusively to trimer formation (10–12). Notably, adiponectin produced from different
sources have different compositions of the oligomeric complexes. The full-length
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adiponectin expressed in mammalian cells can form all three oligomeric forms, a pat-
tern reminiscent of those observed in the circulation (8,12). On the other hand, full-
length adiponectin produced from Escherichia coli can form the trimeric and hexameric
forms, but not the HMW species. These findings suggest that post-translational modifi-
cations at the collagenous domain might contribute to the formation and/or stabilization
of the HMW oligomeric complex. An adiponectin mutant lacking hydroxylation and
glycosylation on the conserved lysine residues cannot form the HMW oligomers even
when expressed in mammalian cells (Wang and Xu, unpublished data).

A growing body of evidence suggests that different oligomers of adiponectin possess
distinct biological activities. Earlier studies from Tsao’s group showed that the trimeric
adiponectin, but not the hexameric and HMW forms, could activate AMP-activated
protein kinase (AMPK) in skeletal muscle (10). On the other hand, the HMW oligomeric
complex of adiponectin has been the major bioactive form responsible for inhibition of
hepatic glucose production (13), and for protection of endothelial cells from apoptosis
(14). It has recently been proposed that the oligomeric complex distribution, but not the
absolute amount of total adiponectin, determines insulin sensitivity (15).

In both human and rodents, the ratio of HMW to total adiponectin in females is much
higher than in males (9,11). This gender difference is primarily attributed to the selec-
tive inhibition of testosterone on secretion of the HMW species from adipocytes (9). In
addition, acute treatments with insulin and glucose selectively decrease plasma levels of
the HMW form and the ratio of HMW/total adiponectin in mice (11). Neverthelss, the
mechanism that regulates the formation of adiponectin oligomeric complexes remain
largely obscure at this stage.

3. PLEIOTROPIC BIOLOGICAL FUNCTIONS OF ADIPONECTIN

Over the past several years, the functions of adiponectin have been extensively stud-
ied in numerous animal models and in vitro systems. It is now appreciated that
adiponectin is a multifunctional protein that regulates insulin sensitivity, energy homeo-
stasis, vascular reactivity, inflammation, cell proliferation, and tissue remodeling. Thus
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Fig. 1. Structural features of adiponectin protein. Upper panel: the schematic diagram of the primary
amino acid sequence of murine adiponectin. The numbers below correspond to the sites of hydroxy-
lated prolines or lysines. Hydroxylated lysines are further glycosylated. SS, signal sequence; VR,
hypervariable region. Lower panel: oligomeric complex formation of adiponectin. The disulfide
bridge “S–S” is mediated by cysteine residue 39 at the hypervariable region.
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far, the identified targets of adiponectin include liver, skeletal muscle, adipose tissue,
heart, brain, pancreas, macrophages, and blood vessels (Fig. 2).

3.1. Adiponectin as Insulin-Sensitizing Hormone
The role of adiponectin as an important regulator of insulin sensitivity was first

reported by Fruebis and colleagues in 2001 (16). The authors found that injection of a
COOH-terminal globular adiponectin into mice acutely decreased postprandial blood
glucose levels and enhance lipid clearance via increasing fatty acid -oxidation in skele-
tal muscles. This observation was subsequently confirmed and extended by several
pharmacological studies using different forms of recombinant adiponectin. Yamauchi’s
group demonstrated that chronic infusion of full-length or globular adiponectin pro-
duced from E. coli significantly ameliorated insulin resistance and improved lipid
profiles in both lipoatrophic diabetic mice and diet-induced obese mice (17). On the
other hand, Berg’s group showed that intraperitoneal injection of full-length adiponectin
expressed in mammalian cells triggered a significant and transient decrease in basal
blood glucose levels by inhibiting the rates of endogenous glucose production in both
wild type mice and several diabetic mouse models (18).

The chronic effects of adiponectin on insulin sensitivity and energy metabolism were
also investigated in adiponectin transgenic mice or adiponectin knockout (KO) mice.
Scherer’s group generated a transgenic mouse model with approximately threefold
elevation of native adiponectin oligomers (19). The authors demonstrated that hyper-
adiponectinemia significantly increased lipid clearance and lipoprotein lipase activity,
and enhanced insulin-mediated suppression of hepatic glucose production, thereby
improving insulin sensitivity. Kadowaki’s group showed that transgenic overexpression
of globular adiponectin in the genetic background of ob/ob obese mice led to partial
amelioration of insulin resistance, hyperinsulinemia, and hyperglycemia (20).
Conflicting results have been obtained from adiponectin KO mice studies. Yamauchi et al.
found no impact of adiponectin depletion on insulin sensitivity under either normal
chow or after 7 mo of feeding with a high-fat diet (21). In contrast, adiponectin KO mice

Fig. 2. Major target tissues and biological actions of adiponectin.



reported by Maeda et al. exhibited more severe high-fat diet induced insulin resistance
and dyslipidemia, despite having normal glucose tolerance when fed with regular chow
(22). Kubota et al. observed mild insulin resistance in the heterozygous adiponectin KO
mice and moderate insulin resistance in the homozygous adiponectin KO mice even
when fed with a regular chow (23). The latter two studies support the role of adiponectin
as an endogenous insulin sensitizer in mice.

The insulin-sensitizing effect of adiponectin appears to be primarily attributed to its
direct actions in skeletal muscle and liver, through the activation of AMPK and peroxi-
some proliferator-activated receptor (PPAR) (24,25). In liver, stimulation of AMPK by
full-length adiponectin leads to decreased expression of gluconeogenic enzymes, such
as phosphoenolpyruvate carboxykinase and glucose-6-phosphatase, which may account
for its glucose-lowering effect in vivo (19,24). In skeletal muscle, activation of AMPK
by globular or full-length adiponectin causes increased expression of proteins involved
in fatty acid transport (such as CD36), fatty acid oxidation (such as acyl-coenzyme A
oxidase) and energy dissipation (such as uncoupling protein-2), resulting in enhanced
fatty acid oxidation and energy dissipation, and decreased tissue triglyceride (TG) accu-
mulation. Excessive tissue TG accumulation has been proposed to be a major causative
factor of insulin resistance in skeletal muscle (26). Therefore, reduction of tissue TG’s
contents by adiponectin might be the major contributor to the insulin-sensitizing activ-
ity of this adipokine.

In addition to liver and muscle, adiponectin can also act in an autocrine manner on
adipocytes. It can antagonize the inhibitory effect of TNF- on insulin-stimulated glu-
cose uptake (27), and blocks the release of insulin resistance-inducing factors from
adipocytes (28). Furthermore, it has recently been suggested that adiponectin also acts
in the brain to increase energy expenditure and cause weight loss (29).

3.2. Antiatherogenic Actions
In addition to its insulin-sensitizing effect, adiponectin possesses direct antiathero-

genic properties (30,31). Both adenovirus-mediated overexpression of full-length
adiponectin (32) and transgenic overexpression of globular adiponectin (20) have been
shown to inhibit atherosclerotic lesion formation in the aortic sinus of apoE-deficient
mice. On the other hand, disruption of the adiponectin gene results in impaired vaso-
reactivity (33) and increased neointimal thickening in response to external vascular cuff
injury (23,34).

Adiponectin can act directly on the vascular system to exert its vasoprotective functions.
In endothelial cells, full-length adiponectin enhances eNOS activity and increases nitric
oxide (NO) production, which in turn improves endothelium-dependent vasodilation (35).
This protein also suppresses TNF- -induced production of proinflammatory chemokines
and adhesion molecules, including interleukin-8 (36), intracellular adhesion molecule-1,
vascular cellular adhesion molecule-1, and E-selectin (37). Globular adiponectin has been
shown to inhibit cell proliferation and suppress superoxide release induced by oxidized
LDL in bovine aortic endothelial cells (38). In addition, the HMW form of adiponectin can
protect endothelial cells from apoptosis by activation of AMPK (14).

In cultured aortic smooth muscle cells, adiponectin inhibits cell proliferation and
migration induced by several atherogenic growth factors, including heparin-binding epi-
dermal growth factor-like growth factor, platelet-derived growth factor BB, and basic

Chapter 4 / Adiponectin 51



fibroblast growth factor (12,39). Adiponectin oligomers interact with these growth fac-
tors and subsequently block their binding to the respective cell membrane receptors. In
macrophages, adiponectin prevents lipid accumulation and suppresses foam cell transfor-
mation by inhibiting expression of the class A scavenger receptors and uptake of acety-
lated low density lipoprotein particles (40). It also blocks the attachment of monocytes
to endothelial cells, which is the first and crucial step of atherosclerosis (41). A more
recent study has shown that adiponectin increases tissue inhibitor of metalloproteinase-1
through inducing interleukin-10 expression in primary human macrophages (42).

3.3. Hepatoprotective Effects
Several recent studies suggest that adiponectin is protective against various types of

liver injuries, steatosis, and fibrosis (43–46). Our group has examined the potential roles
of adiponectin in alcoholic and nonalcoholic fatty liver diseases in mice (43). In both
ob/ob obese mice and mice fed with a high fat–ethanol diet, chronic treatment with
recombinant adiponectin dramatically alleviated hepatomegaly and steatosis (fatty
liver), and also significantly attenuated inflammation and the elevated levels of serum
alanine aminotransferase (ALT), a marker of liver injury. These protective effects were
partly attributed to adiponectin’s ability to increase carnitine palmitoyltransferase I
activity and enhance hepatic fatty acid oxidation, and to decrease hepatic lipogenesis
and TNF- production (43).

Masaki et al. investigated the effect of adiponectin on liver injury induced by D-
galactosamine/LPS (GalN/LPS) in KK-Ay obese mice (44). The authors found that pre-
treatment with adiponectin ameliorated the GalN/LPS-induced elevation of serum AST
and ALT levels, and also decreased the apoptotic and necrotic changes in hepatocytes,
resulting in a marked reduction in lethality. Kamada et al. demonstrated that adiponectin
KO mice were more susceptible to liver fibrosis induced by carbon tetrachloride (CCl4),
whereas adenovirus-mediated overexpression of adiponectin prevented the development
of this disease (45). In cultured rat hepatic stellate cells, adiponectin suppressed cell
proliferation and migration and attenuated transforming growth factor (TGF)- 1-
induced nuclear translocation of Smad2 (45,46). In addition, adiponectin has been
shown to accelerate the apoptosis of activated hepatic stellate cells (46), and protect
hepatocytes from TNF- -induced death (47).

3.4. Protection Against Myocardial Injury
The beneficial effects of adiponectin on heart diseases have recently been demon-

strated in several different animal models. Shibata et al. reported that pressure overload
in adiponectin KO mice resulted in enhanced concentric cardiac hypertrophy and
increased mortality that was associated with increased extracellular signal-regulated
kinase (ERK) and diminished AMPK signaling in the myocardium (48). Consistent
with this finding, a recent study from Liao et al. also showed the exacerbation of heart
failure in adiponectin-KO mice (49). On the other hand, adenovirus-mediated supple-
mentation of adiponectin attenuated cardiac hypertrophy in response to pressure over-
loads in adiponectin KO, wild-type and db/db diabetic mice.

Shibata et al. also examined the role of adiponectin in myocardial remodeling in
response to acute injury. They demonstrated that ischemia-reperfusion in adiponectin
KO mice resulted in enlarged myocardial infarction size and apoptosis, and enhanced
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TNF- expression compared with wild-type mice (50). Adiponectin treatment dimi-
nished infarction size, apoptosis, and TNF- production in both adiponectin KO mice
and wild-type mice, through the activation of AMPK and induction of cyclooxygenase
(COX)2-dependent synthesis of prostaglandin E2.

More recently, Takahashi et al. studied the effects of adiponectin replacement ther-
apy on myocardial damage in ob/ob obese mice with acute viral myocarditis (51). The
results from this study demonstrated that intraperitoneal injection of encephalomyo-
carditis virus into ob/ob obese mice led to elevated cardiac weights and severe inflam-
matory myocardial damage; these abnormalities were reversed following treatment with
adiponectin.

4. PUTATIVE ADIPONECTIN RECEPTORS

4.1. Adiponectin Receptor 1 and Adiponectin Receptor 2
These two putative receptors were identified from human skeletal muscle cDNA

library by screening for adiponectin binding (52). Both adiponectin receptor 1 (adipoR1)
and adiponectin receptor 2 (adipoR2) are predicted to contain seven transmembrane
domains that are structurally and functionally distinct from classical G protein-coupled
receptors (GPCRs). Unlike all the other GPCRs reported, adipoR1 and adipoR2 have an
inverted membrane topology with a cytoplasmic NH2-terminus and a short extracellular
COOH-terminal domain of approx 25 amino acids (53). AdipoR1 is a high-affinity recep-
tor for globular adiponectin and also a low-affinity receptor for full-length adiponectin. On
the other hand, adipoR2 is an intermediate-affinity receptor for full-length and globular
adiponectin. In C2C12 myotubes, siRNA-mediated suppression of both adipoR1 and
adipoR2 expression abolishes adiponectin-mediated increase in AMPK activation,
fatty-acid oxidation and glucose uptake, suggesting that at least some of its metabolic
functions are mediated by these two receptors (52).

In mice, adipoR1 is ubiquitously expressed with the highest expression levels in
skeletal muscle, whereas adipoR2 is most abundantly expressed in the liver. The mRNA
expression levels of adipoR1 and adipoR2 in the liver and skeletal muscles increases
after fasting, and decreases after refeeding (54). The expressions of adipoR1/R2 in
ob/ob mice are significantly decreased in skeletal muscle and adipose tissue, which is
correlated with decreased adiponectin binding to membrane fractions of skeletal muscle
and reduced AMPK activation by adiponectin. These data suggest that decreased
expression of adipoR1/adipoR2 might contribute to adiponectin resistance observed in
ob/ob mice.

Both hyperglycemia and hyperinsulinemia decrease adipoR1 expression in skeletal
muscle (54–56). On the other hand, hyperinsulinemia increases adipoR2 expression in
L6 rat myotubes (56). Interestingly, hyperinsulinemia-induced suppression of adipoR1
and upregulation of adipoR2 in L6 myotubes is associated with diminished sensitivty of
the cells to globular adiponectin but increased sensitivity toward full-length
adiponectin.

In humans, both adipoR1 and adipoR2 are highly expressed in skeletal muscle, with
the expression ratio of adipoR1 to adipoR2 approx 6:1 (57,58). A significant correlation
between the expression levels of these two receptors and insulin sensitivity was reported
in nondiabetic Mexican Americans with or without a family history of type 2 diabetes (57).



In addition, the expression of adiponectin receptors were found to be decreased in obese
subjects and type 2 diabetic patients (59,60). Notably, two more recent studies have
found that the effect of globular adiponectin to stimulate fatty acid oxidation and glu-
cose uptake in skeletal muscles was blunted in obese subjects (58,61). However,
whether adiponectin resistance observed in obese subjects is caused by the defects of
adipoR1 and adipoR2 remains to be clarified.

4.2. T-Cadherin
By using an expression cloning strategy, Hug’s group has identified T-cadherin, a

glycosylphosphatidylinol-linked cell surface molecule, as a potential receptor for
adiponectin (62). In contrast to adipoR1 and adipoR2, only eukaryotically expressed
adiponectin binds to T-cadherin, implying that post-translational modifications of
adiponectin are critical for binding. In addition, T-cadherin binds only to hexameric and
HMW oligomers of adiponectin, but not to its trimeric and globular forms. T-cadherin
is highly expressed in the heart, smooth muscle, and vascular endothelium, which are
also the targets of adiponectin. However, the functional relevance of adiponectin bind-
ing to T-cadherin remains to be demonstrated.

5. CLINICAL STUDIES ON ADIPONECTIN 

5.1. Plasma Adiponectin Levels and Adiposity
Unlike most adipokines, adiponectin levels in the circulation are paradoxically

decreased in obese subjects (63). On the other hand, weight reduction by gastric partition
surgery or calorie restriction leads to an increase in plasma levels of total adiponectin
(64). There is a strong inverse correlation between plasma levels of adiponectin and
measures of adiposity, including body mass index (BMI) and total fat mass (15).

Besides total fat mass, body fat distribution appears to be another important determi-
nant of adiponectin production. Intra-abdominal fat is an independent negative predic-
tor of plasma adiponectin (65). In both lean and obese individuals, adiponectin mRNA
abundance and protein levels in intra-abdominal fat are much lower than in subcuta-
neous fat. Furthermore, hypoadiponectinemia has been found to be closely associated
with both congenital and HIV-related lipodystrophy, a disease characterized by body fat
redistribution (15).

5.2. Correlation of Hypoadiponectinemia With Insulin Resistance
Low plasma adiponectin concentrations are observed in several forms of diabetes

with insulin resistance, including type 2 diabetes (66), gestational diabetes (67), and
diabetes associated with lipodystrophy (68). Hyperinsulinemic–euglycemic studies
show that plasma levels of adiponectin are positively associated with insulin-stimulated
glucose disposal (69), but inversely related with basal and insulin-stimulated hepatic
glucose production (70), suggesting a potential role of adiponectin as an endogenous
insulin sensitizer in humans. Multivariate analysis demonstrates that hypoadiponectine-
mia is more closely associated with the degree of insulin resistance and hyperinsuline-
mia than with the degree of glucose intolerance and adiposity (71). Case-controlled
studies show that subjects with low concentrations of adiponectin are more likely to
develop type 2 diabetes than those with high concentrations (72,73).
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The causative role of hypoadiponectinemia in the development of insulin resistance and
type 2 diabetes is further supported by the data from human genetic studies on the
adiponectin gene (74–77). Single nucleotide polymorphisms (SNPs) at positions 45, 276,
and in the proximal promoter region and exon 3 of the adiponectin gene have been found
to be closely associated with insulin resistance and type 2 diabetes in several ethnic groups.
Notably, subjects with the G/G phenotype at position 276 in intron 2 have lower
adiponectin levels and higher insulin resistance index, and are more susceptible to type 2
diabetes than those with the T/T phenotypes (74–76,78). In addition, eight rare missense
mutations in the collagenous domain (G84R, G90S, R92X, and Y111H) and globular
domain (R112C, I164T, R221S, and H241P) of the adiponectin gene have been detected,
some of which are closely related to hypoadiponectinemia and insulin resistance (75,77).
Among these mutations, R112C and I164T mutants are associated with impaired trimeric
formation and secretion of adiponectin from the cells (79). G84R and G90S mutations can
form trimers and hexamers, but lack capacity to form the HMW oligomers, suggesting that
impaired oligomerization might also be an important causative factor for type 2 diabetes.

5.3. Adiponectin Deficiency and Cardiovascular Diseases
Adiponectin is inversely correlated with a panel of traditional cardiovascular risk fac-

tors, including blood pressure, heart rate, and total and low-density lipoprotein (LDL)
cholesterol and triglyceride levels, and is positively related to high-density lipoprotein
(HDL) cholesterol levels (80,81). Hypoadiponectinemia has been shown to be an inde-
pendent risk factor for endothelial dysfunction and hypertension, regardless of insulin
resistance (82,83). In addition, the association of hypoadiponectinemia with coronary
heart disease (84), ischemic cerebrovascular disease (85), and coronary artery calcifica-
tion (86) was also reported to be independent of classical cardiovascular risk factors,
such as diabetes, dyslipidemia, and hypertension.

A recent report by Kumada et al. showed that the prevalence of coronary artery dis-
ease in male subjects with hypoadiponectinemia (<4 μg/mL) was 2.05-fold higher than
those with adiponectin concentrations of more than 7.0 μg/mL, after adjustment for
classical cardiovascular risk factors (87). In a large nested case–control study, Pischon
et al. showed that high plasma levels of adiponectin are associated with a significantly
decreased risk of myocardiac infarction over a follow-up period of 6 yr among 18,225
male participants without previous history of cardiovascular disease (88). This associa-
tion was independent of hypertension, diabetes, or inflammation, and was only partly
explained by changes in lipid profiles. Taken together, these data suggest a protective
effect of adiponectin against cardiovascular disease in human subjects.

5.4. Plasma Adiponectin Levels and Chronic Liver Diseases  
Many recent studies have demonstrated a close association of hypoadiponectinemia

with nonalcoholic fatty liver disease (NAFLD) and nonalcoholic steatohepatitis
(NASH) (89–92). Plasma levels of adiponectin are inversely correlated with hepatic fat
contents, the grade of hepatic necroinflammation, and measures of liver injury, such as
serum alanine aminotransferase and -glutamyltranspeptodase (43,93–95). Importantly,
this association remains significant even after adjustment for sex, age, BMI, and insulin
resistance. In a multiple logistic regression analysis model, low adiponectin level was
found to be the only independent predictor of NAFLD in men (96).
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In contrast to NAFLD and NASH, plasma levels of adiponectin are significantly ele-
vated in patients with liver fibrosis and cirrhosis (97,98). This increase is thought to
reflect one of the body’s compensatory responses against these diseases, although it is
unclear whether the mechanism by which this occurs involves enhanced adiponectin
expression or decreased protein clearance.

5.5. Hypoadiponectinemia and Cancers
Low levels of plasma adiponectin are closely correlated with several obesity- and

insulin resistance-related cancers. A strong inverse association between plasma
adiponectin levels and the risk of both breast cancer and endometrial cancer has recently
been reported in two case–control studies (99,100). Importantly, these associations are
independent of adiposity, insulin resistance, and other classical risk factors. Another study
by Miyoshi et al. has shown that breast cancers arising in women with low adiponectin
levels are more likely to show a biologically aggressive phenotype (101). Plasma
adiponectin levels in patients with gastric cancer, especially those with upper gastric
cancer, were also reported to be much lower than in control subjects (102). Interestingly,
in patients with undifferentiated cancer, serum adiponectin showed a negative correlation
with pathological findings such as tumor size, depth of invasion, as well as tumor stage.
In a large prospective study comprising 18,225 subjects, hypoadiponectinemia was found
to be an independent predictor for the future development of colorectal cancer (103).
Together these data suggest that adiponectin deficiency might partly account for the
increased risk of the aforementioned cancers in obese and insulin resistant subjects.

6. ADIPONECTIN AS A POTENTIAL THERAPEUTIC TARGET

As discussed above, promising results obtained from numerous animal experiments
and human epidemiological studies support the role of adiponectin as a potential drug
target for developing novel therapeutics against a panel of obesity-related chronic dis-
eases. However, adiponectin is an abundant plasma protein (5–30 μg/mL). The produc-
tion of recombinant adiponectin is also challenging because of the complex tertiary and
quaternary structure of the protein and the distinct activities of the different isoforms.
Direct supplementation of recombinant adiponectin in human subjects would be
extremely expensive. An alternative approach is to use pharmacological or dietary inter-
vention to increase the suppressed endogenous adiponectin production in obesity, or to
enhance adiponectin actions in its target tissues. In this respect, it is interesting to note
that the PPAR agonists thiazolidinediones (TZDs), such as rosiglitazone and pioglita-
zone, which increase adiponectin production in both humans and rodents, demonstrate
many of the therapeutic effects of adiponectin, such as insulin-sensitizing, vasoprotec-
tive, and anti-inflammatory properties (13,17). Whether the therapeutic effects of the
PPAR agonists are mediated via induction of adiponectin remain to be investigated. In
addition, metformin, another commonly used antidiabetic drug, has been shown to
mimic the action of adiponectin in stimulating AMPK in liver (104).

7. CONCLUSIONS

Adiponectin is a multifunctional adipokine that forms several oligomeric complexes in
the circulation. This adipokine possesses antidiabetic, antiatherogenic, anti-inflammatory,
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and antitumor properties, and also protects against various cardiac and liver injuries. The
pleiotropic effects of adiponectin are dependent on its oligomerization status. Data from
clinical studies support a causative role of hypoadiponectinemia in the development of a
wide spectrum of obesity-related metabolic and cardiovascular disorders, liver diseases,
and certain types of cancers. Therefore, adiponectin holds great promise to serve as an
attractive therapeutic target as well as a diagnostic parameter for these diseases. However,
many fundamental questions remain to be answered on the relationship between the struc-
ture and function of adiponectin. In particular, further investigation is needed to address
how oligomeric complex formation of adiponectin is regulated under various pathophy-
siological conditions and why different adiponectin oligomers possess distinct functions.
The physiological relevance of the newly identified putative adiponectin receptors
remains to be demonstrated. The mechanism of adiponectin resistance, which has recently
been reported in obese subjects (58,61), needs to be elucidated. Further studies on these
research areas will help transform our current knowledge on adiponectin into clinical
practice.
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II
ADIPOKINES AS REGULATORS

OF IMMUNITY AND INFLAMMATION



Vasoactive Factors and Inflammatory
Mediators Produced in Adipose Tissue

Gema Frühbeck
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Abstract
In the search for mechanisms of obesity-mediated vascular pathology, attention has been focused

on the role played by adipose tissue, a multifunctional organ involved not only in fat storage but also
in the production of numerous hormones, growth factors, and cytokines with pleiotropic features. In
the last decade the list of adipose-derived factors shown to be implicated either directly or indirectly
in the regulation of vascular homeostasis through effects on blood pressure, inflammation, athero-
genesis, coagulation, fibrinolysis, angiogenesis, proliferation, apoptosis, and immunity has increased
at a phenomenal pace. By definition, adipocytokines are cytokines produced by adipocytes.
Although adipose tissue secretes a wide variety of factors, strictly speaking, not all of them can be
contemplated as cytokines. Interleukin-6, tumor necrosis factor- , leptin, adipsin, resistin,
adiponectin, and visfatin fall within the category that satisfies the stricter requirements to be prop-
erly classified as adipocytokines. However, the less strict term of adipokines has been coined to
include a wider range of factors such as PAI-1, C-reactive protein, monocyte chemoattractant
protein-1, serum amyloid A, and vascular endothelial growth factor, among others. Adipokines are
known to contribute to the low-grade inflammation state observed in obese patients at the same time
as participating in the development of obesity-related comorbidities, such as insulin resistance, meta-
bolic syndrome, and atherogenesis. The molecular mechanisms linking the adiposity–inflamma-
tion–immunity cluster are complex. The triad of obesity–insulin resistance–cardiovascular disease is
interwoven in a setting of inflammation, endothelial dysfunction and atherosclerosis in which
adipokines act as markers of the acute phase reaction at the same time as being directly involved as
causative factors in an extensive crosstalk between adipocytes and elements of the stroma vascular
fraction. The current knowledge in this field is reviewed with a broad perspective approach.

Key Words: Adipokines; proinflammatory cytokines; adipocytes; vascular reactivity; obesity;
cardiovascular disease.

1. INTRODUCTION

Already in 1998, in response to epidemiological data linking excess body weight to
coronary heart disease (CHD), the American Heart Association reclassified obesity as a
major, modifiable risk factor for CHD (1). In fact, the incidence of obesity and its main
associated comorbidities, such as type 2 diabetes mellitus (T2DM), hypertension
(HTA), and cardiovascular disease (CVD), has increased in the last decade, reaching
epidemic proportions (2,3). The multifaceted influences involved in CVD appearance
include ordinary lifestyle habits that share common ground with obesity and metabolic
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syndrome (Fig. 1). Interestingly, an increased adiposity has been shown to lie at the
center of the clustering of insulin resistance, dyslipidemia, HTA, and atherothrombosis,
among others. In recent years the notion that white adipose tissue (WAT) represents an
important determinant of a chronic low-grade, inflammatory state has gained more pre-
ponderance at the same time as providing a potential link between obesity and CVD
(Fig. 2). A mounting body of knowledge has drawn attention to the pathophysiological
relation of adipose tissue-derived factors in the development of a low-grade systemic
inflammation through the induction of insulin resistance and endothelial dysfunction
that contribute to obesity-associated vasculopathy and cardiovascular risk (4–24).
Because blood vessels and the heart express receptors for most of adipose tissue-derived
factors (Fig. 3), this extremely active endocrine organ seems to play a key role in
cardiovascular physiology and pathophysiology through the existence of a network of
local and systemic signals. This chapter reviews the current knowledge in this field in
the broader perspective of vasoactivity control and inflammation.

2. ADIPOSE TISSUE AS A DYNAMIC ENDOCRINE 
AND PARACRINE ORGAN

The primary role of adipose tissue has been related to its ability to store triglycerides
during periods of positive energy balance and to mobilize this reserve when expenditure
exceeds intake. Adipose tissue is a special loose connective tissue composed not only of
adipocytes, but also of other cell types, termed the stromavascular fraction, comprising
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blood cells, endothelial cells, pericytes, and adipose precursor cells, among others, which
warrant an extensive crosstalk at a local and systemic level in response to specific
external stimuli or metabolic changes. It is now widely recognized that adipose tissue lies
at the heart of a complex autocrine, paracrine, and endocrine network participating in the
regulation of a variety of quite diverse biological functions. Furthermore, the
multicellular nature of adipose tissue provides the basis for the secretion of an extreme
diversity of molecules including a wide variety of group types, which ranges from hor-
mones to cytokines and chemokines, at the same time as encompassing transcription fac-
tors, proinflammatory peptides, participants of the coagulation cascade, growth factors,
enzymes involved in glucose and lipid metabolism, complement factors, as well as
elements of the renin–angiotensin–aldosterone system. A key group is represented by
proinflammatory–proliferative–atherosclerotic–vascular factors such as tumor necrosis
factor (TNF)- , plasminogen activator inhibitor (PAI)-1, tissue factor, nitric oxide (NO),
angiotensinogen, metallothionein, C-reactive protein (CRP), and interleukins (IL)—in
particular, IL-6, IL-1, IL-10 and IL-8. Growth factors include insulin-like growth factor
(IGF)-1, macrophage colony-stimulating factor, transforming growth factor (TGF)- ,
vascular endothelial growth factor (VEGF), heparin-binding epidermal growth factor,
leukemia inhibitory factor, nerve growth factor, and bone morphogenetic protein.
Glucocorticoids, sex steroids, prostaglandins, adipsin, leptin, resistin, and adiponectin/
Acrp30/adipoQ are now among the better known secretions of adipose tissue. In the 
category of nonsecreted factors, perilipin, adiponutrin, adipophilin, uncoupling proteins,
and the membrane channel proteins Glut-4 and aquaporin-7 stand out.
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The observation that regional distribution of body fat is an important determinant in
the development of metabolic and cardiovascular alterations was formulated more than
a century ago (25). Since then, numerous prospective studies have revealed that android
or male-type obesity, characterized by increased visceral fat accumulation, correlates
more often with an elevated mortality and risk for the development of T2DM, dys-
lipidemia, hypertension, and atherosclerosis than gynecoid or female-type obesity with
fat depots predominantly located in the subcutaneous femorogluteal region (26).

3. ADIPOKINES WITH VASOACTIVE OR INFLAMMATORY EFFECTS

IL-6 and TNF- are among the well-known cytokines consistently found to be
increased in obesity, comprising elevations both at the adipose tissue expression level
and the bloodstream (11,27). The list of factors shown to be implicated either directly
or indirectly in the regulation of vascular homeostasis through effects on blood pressure,
inflammation, atherogenesis, coagulation, fibrinolysis, angiogenesis, proliferation,
apoptosis, and immunity has increased at a phenomenal pace (5–12,14–18,21,24). By
definition, adipocytokines are cytokines produced by adipocytes. Although adipose
tissue secretes a variety of factors, strictly speaking, not all of them can be contemplated
as cytokines. Therefore, the less strict term of “adipokines” has been coined to include
a wider range of factors. Leptin, adipsin, resistin, adiponectin, and visfatin fall within
the category that satisfy the more strict requirements to be properly classified (11).
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Fig. 3. Schematic representation of the multiple adipose-derived factors impinging on the cardio-
vascular sphere.



3.1. Interleukin-6
IL-6 exhibits pleiotropic effects on a variety of tissues, including stimulation of acute

phase protein synthesis, activation of the hypothalamic–pituitary axis, and thermo-
genesis (4). The participation of IL-6 as an inflammatory mediator as well as a stress-
induced cytokine merits particular interest (10,11). During acute inflammation IL-6
might favor the resolution of the neutrophilic infiltrate and the initiation of the immune
response, whereas in chronic inflammation it might increase the mononuclear-cell infil-
trate, thus facilitating leukocyte recruitment transition and a shift in chemokine produc-
tion, which contribute to the progress and pathogenetic manifestations of inflammatory
diseases (28).

The proinflammatory role of IL-6 and its involvement in CHD development are
based on an increased production of IL-6 at both the mRNA level and the circulating
concentrations (8). A rapid and sustained production of IL-6, with concomitant expre-
sion of IL-6R and gp130, supports their participation in a local inflammatory cascade
after myocardial ischemia and reperfusion, revealing the involvement of these cytokines
in the signaling cascade of postischemic myocardium (29). IL-6 has a proved pro-
inflammatory effect by itself as well as through increasing IL-1 and TNF- , with all
three cytokines being implicated in atherogenesis (30). In addition, the effects of IL-6
on vascular smooth muscle cells (VSMC), platelets as well as macrophages, and their
production of chemokines and adhesion molecules further impair endothelial dysfunc-
tion at the same time as inducing a procoagulant state (8). Therefore, IL-6 represents an
important mechanistic link relating obesity, inflammation, atherothrombosis, and CHD.

Adipocytes themselves secrete IL-6, with approx 30% of total circulating IL-6 con-
centrations originating from adipose tissue in obese states (8,31). However, other cell
types within the adipose tissue mass also contribute to the high release of IL-6.
Interestingly, adipocytes isolated from the omental depot secrete more IL-6 than fat cells
from the subcutaneous site (31). Modulators of IL-6 expression in fat depots include
TNF- , glucocorticoids, and catecholamines (4,31). Although TNF- , noradrenaline,
isoprenaline, and -adrenergic receptor activation stimulate IL-6 gene expression and
protein secretion, dexamethasone markedly suppresses its production (4,8).

3.2. Tumor Necrosis Factor-
TNF- was originally identified as a macrophage product implicated in the metabolic

disturbances of chronic inflammation and malignancy. Later on, its biological actions
were shown to further extend to anorexia, weight loss, and insulin resistance (7).
Elevated adipose tissue expression of TNF- mRNA has been reported in different
rodent models of obesity as well as in clinical studies involving obese patients (23).
TNF- mRNA expression is positively correlated with body adiposity as well as with
hyperinsulinemia, showing positive associations with fasting insulin and triglyceride
concentrations. TNF- inhibits the expression of the transcription factor CCAAT/
enhancer binding protein- (CEBP ) and the nuclear receptor peroxisome proliferator-
activated receptor (PPAR) 2 (8,12,14). Furthermore, TNF- stimulates the nuclear fac-
tor- B transcription factor (NF B), which orchestrates a series of inflammatory events,
including expression of adhesion molecules on the surface of both endothelial cells and
VSMC (8,11,24). Regarding the impact on the cardiac sphere, the deleterous effects of
TNF- on left ventricular dysfunction reportedly take place in the short term through
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stimulation of the neutral sphingomyelinase pathway, whereas the more delayed
response is mediated by a NO-induced blunting of the -adrenergic signaling, resulting
in a negative inotropism (17). Further inflammatory cytokines, such as IL-1, IL-18, and
IL-6, are also known to be released and activated in heart failure.

3.3. Leptin
The involvement of leptin in the pathogenesis of atherosclerotic disease and other

cardiovascular complications started to unfold shortly after its identification as a
cytokine (7,8,32). In this respect, the functional relationship between leptin and NO
emerges as a relevant signaling pathway (2,33). Leptin administration has been
observed to increase circulating concentrations of NO (33,34). The leptin–NO relation
has an impact on blood pressure control, with leptin simultaneously producing a neuro-
genic pressor action and an opposing NO-mediated depressor effect (33). Furthermore,
in VSMC and aortic rings leptin reportedly counteracts the angiotensin II-induced intra-
cellular calcium increase and vasoconstriction via an NO-dependent mechanism (35).

The effects of leptin on inflammation and immunity are complex. The consensus
attributes to leptin a proinflammatory role, although the increase of leptin mRNA WAT
expression and circulating concentrations triggered by inflammatory stimuli in experi-
mental animals have not consistently been observed in humans (36). The immune-
modulating properties of leptin are plentiful. This adipokine protects T-lymphocytes
from apoptosis and modulates T-cell proliferation by elevating the proliferation of naive
T-cells at the same time as it reduces the proliferation of memory T-cells (11,37,38).
Furthermore, leptin has been shown to modulate cell-derived cytokine production and
to upregulate the expression of CD25 and CD71, activation markers of CD4+ and CD8+

cells. The effects of leptin on monocytes also include upregulation of cytokine produc-
tion, activation markers, and phagocytosis (11). On endothelial cells leptin has been
shown to upregulate endothelin-1 and NO synthase, as well as to stimulate the expres-
sion of adhesion molecules and monocyte chemoattractant protein (MCP)-1 at the same
time as inducing oxidative stress (16). In addition, leptin has been observed to stimulate
angiogenesis, platelet aggregation, and atherothrombosis. Furthermore, leptin exerts a
direct effect on macrophages, promoting cholesterol accumulation in them at the same
time as leading to an increased release of monocyte colony-stimulating factor.

3.4. Adipsin
Adipocytes and monocytes–macrophages express several components of both the

classical and alternative complement cascade. Adipsin, which corresponds to comple-
ment factor D in humans, represents the rate-limiting enzyme in the alternative pathway
of complement activation (11). Adipsin was originally identified as a highly differenti-
ation-dependent gene in 3T3-L1 adipocytes, with its expression being markedly down-
regulated in rodent models of obesity, probably owing to increased concentrations of
insulin and glucocorticoids (7). Whereas in murine models of obesity adipsin expres-
sion has been shown to be decreased, in obese patients either unchanged or increased
levels have been reported (39). In cultured fat cell lines and other tissues the activity of
the alternative complement pathway requires stimulation by cytokines. However, the
proximal pathway is fully functional in adipose tissue fragments even without stimula-
tion by cytokines, probably as a result of endogenous cytokine production. Interestingly,
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the complement system has been evoked as a key effector in the cascade mediating post-
myocardial ischemia reperfusion injury.

3.5. Resistin
The name of this adipokine was derived from the seminal observation that it induced

insulin resistance in mice (40). Circulating resistin concentrations were shown to be
increased in genetically obese rodents (ob/ob and db/db mice) as well as in high-
fat-diet-induced obesity. Immunoneutralization of resistin was shown to improve hyper-
glycemia and insulin resistance in high-fat-induced obese mice, whereas recombinant
resistin administration impaired glucose tolerance and insulin action in normal 
mice. Insulin, TNF- , epinephrine, -adrenoreceptor stimulation, and thiazolidine-
diones reportedly decrease resistin gene expression. However, insulin, 3-adrenorecep-
tor stimulation, and thiazolidinediones have been also observed to increase the
expression of resistin, together with other factors such as glucose, growth hormone, and
glucocorticoids (41). The real contribution of resistin in human pathophysiology
remains controversial. Although resistin transcripts have been found in WAT of obese
patients, no correlation between resistin mRNA levels with body weight, adiposity, and
insulin resistance was obtained (8). Resistin has been shown to be expressed in the stromo-
vascular fraction of WAT and in peripheral blood monocytes, but its mRNA is unde-
tectable in human adipocytes of lean, insulin resistant, obese, and diabetic patients (41).
Given the expression of FIZZ1/RELM in inflammatory regions as well as in inflam-
matory cells, resistin emerges as a critical mediator of the insulin resistance associated
with sepsis and possibly other inflammatory settings (42,43). Resistin has been shown
to increase the expression of MCP-1 and cell adhesion molecules (VCAM-1 and
ICAM-1) in endothelial cells (44), key processes in early atherosclerotic lesion forma-
tion. Moreover, resistin-treated cells have been reported to express lower TNF- recep-
tor-associated factor (TRAF-3), a potent inhibitor of CD40 ligand-mediated endothelial
cell activation (16). Interestingly, the resistin-induced upregulation of adhesion mole-
cules is antagonized by adiponectin (45). Furthermore, the participation of resistin in
endothelial dysfunction of insulin resistance patients has been related to its direct effect
on endothelial cells promoting the release of endothelin-1 (16). The proliferative effect
of resistin on VSMC has been suggested to underlie the increased incidence of reste-
nosis common among diabetic patients.

3.6. Adiponectin
Adiponectin (also identified as Acrp30, AdipoQ, apM1, or GBP28) is completely dif-

ferent from other known adipokines in that it is the only one known so far to improve
insulin sensitivity, inhibit vascular inflammation, and exhibit a cardioprotective effect
(7,11,12,21,24,30,41). An evident hypoadiponectinemia has been observed in patholog-
ical conditions such as obesity and the insulin resistance accompanying a prediabetic
state and manifest T2DM (7). Adiponectin paralleled the decreased insulin sensitivity
and remained suppressed when frank diabetes had developed. Surprisingly, no inde-
pendent association between adiponectin and insulin concentrations has been observed.
In lean subjects and women, WAT adiponectin expression has been found to be higher
and to be associated with higher degrees of insulin sensitivity and lower expression of
TNF- (46). Adiponectin gene expression in human visceral adipose tissue is inhibited
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by glucocorticoids, TNF- , and IL-6, whereas it is increased by insulin, IGF-1, and
PPAR agonists. Three putative adiponectin receptors have been cloned so far and
shown to be abundantly expressed in skeletal muscle in the case of AdipoR1, predomi-
nantly present in liver for AdipoR2, whereas a third one was observed in endothelial
cells and smooth muscle (47).

During the last years adiponectin has been shown to exhibit particular cardioprotec-
tive properties (16). Adiponectin has been proved to participate in processes related to
atherosclerotic plaque formation prevention such as inhibition of monocyte adhesion to
endothelial cells by decreasing NF B signaling through a cAMP-dependent pathway
(45,48). In addition, adiponectin has been reported to protect atherosclerotic rodent
models such as ob/ob and apoE-deficient mice from both atherosclerosis and T2DM
(8,16). The findings relating hypoadiponectinemia with obesity-associated metabolic
syndrome and atherosclerosis in animals have a clinical parallel in humans as evidenced
by studies showing a negative correlation of adiponectin with markers of inflammation
(49,50). The hypoadiponectinemia characteristic of obesity is inversely correlated to
insulin resistance and CRP levels (16). In addition, patients with CHD exhibit lower
adiponectin concentrations compared with age- and body mass index (BMI)-adjusted
controls. Moreover, adiponectin has also been shown to control vascular inflammation
via a direct effect on endothelial cells and by decreasing VSMC proliferation and migra-
tion by reducing the effects of growth factors such as platelet-derived growth factor and
heparin-binding epidermal growth factor (7). Even more, high plasma adiponectin
concentrations have been reported to be associated with lower risk of myocardial infarc-
tion in men (51).

An anti-inflammatory activity of adiponectin on macrophages has been observed,
thus strengthening the detrimental effects of hypoadiponectinemia in obesity, T2DM,
and CVD. Adiponectin exerts its antiatherogenic characteristics through suppression of
the endothelial inflammatory response, inhibiting VSMC proliferation and decreasing
VCAM-1 expression (16). Adiponectin further supresses transformation of macro-
phages into foam cells. Furthermore an increased neointimal proliferation in response
to injury has been observed in adiponectin-deficient mice (16).

3.7. Visfatin
Visfatin is a recently discovered adipokine, which is apparently produced and

secreted mainly by visceral WAT, with putative antidiabetogenic properties by binding
to the insulin receptor and exerting an insulinomimetic effect both in vitro and in vivo
(52,53). Visfatin was originally identified as pre-B-cell colony-enhancing factor
(PBEF), a cytokine with increased presence in the bronchoalveolar lavage fluid of
animal models of acute lung injury as well as in the neutrophils of septic patients (11).
Despite its name, plasma concentrations of visfatin and visceral visfatin mRNA expres-
sion have been reported to correlate with measures of obesity but not with visceral fat
mass or waist-to-hip ratio. Moreover, no differences in visfatin mRNA expression
between the visceral and subcutaneous fat depots have been observed (54). Regarding
its regulation, it has been reported that IL-6 exerts an inhibitory effect on visfatin
expression, which is in part mediated by the p44/42 mitogen-activated protein kinase
(55). In T2DM patients a twofold increase in circulating concentrations of visfatin has
been recently reported (56). However, the independent association between visfatin and
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T2DM disappeared after adjustment for body mass index and waist-to-hip ratio. Currently,
the pathophysiological relevance of visfatin remains unclear, with the paradoxical
effects simultaneously favoring fat accretion and promoting insulin sensitivity, thus
deserving further analysis (57). Visfatin may participate in the mechanisms facilitating
fat accumulation in the intra-abdominal depot or as a feedback control preventing the
detrimental effects of increased visceral fat on insulin sensitivity, or may simply repre-
sent an epiphenomenon that might be useful as a surrogate marker of increased omen-
tal adipose tissue.

4. OTHER ADIPOSE-DERIVED FACTORS

In response to various infectious and inflammatory signals, WAT has been shown to
induce the expression and secretion of several acute-phase reactants and mediators of
inflammation different from those mentioned previously. These include diverse inter-
leukins to IL-6, such as IL-1 , IL-8, IL-10, IL-15, IL-17, and IL-18. Leukemia
inhibitory factor, hepatocyte growth factor, haptoglobin, complement factors, and
prostaglandin E2 also share the inflammatory modulator properties. Although for many
of them their area of influence is restricted to autocrine and paracrine effects, part of the
cytokines or chemokines secreted from adipocytes and adipose-resident macrophages
are known to make a significant contribution to systemic inflammation (12). Some of
the main factors are briefly discussed in this section.

4.1. Plasminogen Activator Inhibitor-1
Although PAI-1 is primarily derived from platelets and the endothelium, it has been

demonstrated that most of the elevated concentrations of this regulatory protein of the
coagulation cascade in inflammatory and obese states is attributable to an upregulated
expression by adipose tissue itself (12,58). Therefore, WAT represents a quantitatively
relevant source of PAI-1 production, with consequently increased circulating concentra-
tions present in obesity. Stromal cells have been shown to be the main PAI-1 producing
cells in human fat, with a fivefold higher expression in the visceral than in the subcuta-
neous depots, which is in agreement with the strong relationship observed between
circulating PAI-1 concentrations and visceral fat accumulation (59). However, whether
adipose tissue itself directly contributes to circulating PAI-1, or whether it exerts an
indirect effect via adipokines, such as TNF- , IL-1 , and TGF- , to stimulate PAI-1
production by other cells has not been clearly established. Moreover, PAI-1 gene
expression is increased by hyperglycemia, insulin, glucocorticoids, angiotensin II,
thrombin, and LDL cholesterol, whereas IL-6, estrogens, and -adrenoceptor agonists
exert an inhibitory effect (8). PAI-1 activity has been shown to play a key role in throm-
bus formation upon unstable atherosclerotic plaque rupture through the inhibition of
fibrin clot breakdown. In addition, by altering the fibrinolytic balance, PAI-1 also con-
tributes to vascular structure remodeling. A close correlation between plasma PAI-1
with visceral adiposity and increased myocardial infarct was established a decade ago
(7). In fact, in humans plasma PAI-1 concentrations correlate with atherosclerotic events
and mortality, with some studies suggesting that PAI-1 may be an independent risk
factor for coronary artery disease. In this respect, increased plasma PAI-1 concentra-
tions have been observed in obese patients and a close correlation with an abdominal
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pattern of adipose tissue distribution in both men and women, as well as a positive asso-
ciation with other components of the insulin resistance syndrome, have been reported
(7,59).

4.2. C-Reactive Protein
The liver represents the main source of production of CRP, with its synthesis being

largely regulated by IL-6 (60). Hepatic CRP production is also responsive to TNF- ,
which simultaneously induces IL-6 expression. However, it has been shown that human
adipose tissue itself expresses CRP mRNA, which is negatively correlated with
adiponectin expression in the same tissue (61). Therefore, hypoadiponectinemia can be
responsible for a low-level systemic chronic inflammation state, which is closely related
to increased high-sensitivity CRP concentrations. In both cross-sectional and longitudi-
nal studies, CRP concentrations have been observed to be associated with CHD,
whereby plasma CRP predicted CV events or CHD mortality during variable follow-up
periods encompassing between 2 and 17 yr (8). These observations support the assump-
tion that increased CRP concentrations may predict atheroma progression and plaque
instability. Interestingly, whether the relationship between CVD and CRP reflects
vascular wall inflammation or an inflammatory response originating in more remote
sites, with secondary effects on the vascular system through cytokines and other medi-
ators, has remained debatable.

Even before myocardial infarction, circulating CRP has proven atherogenic effects
on vascular endothelium and smooth muscle (12). Furthermore, CRP reportedly induces
the endothelial adhesion molecules VCAM-1 and ICAM-1, as well as E- and P-selectin.
CRP appears to operate as an amplifier of vascular inflammation even in the absence of
tissue injury through activation of endothelial NF B, induction of endothelial IL-6,
TNF- , IL-1 , PAI-1, MCP-1, endothelin-1, and tissue factor, together with inhibition
of endothelial NO synthase and NO signaling (62–64). Moreover, CRP accumulation
within damaged myocardium has been shown to participate in postinfarction pathology
through its complement-activating and opsonizing activities (12). All together, these
findings support the notion that CRP operates as an active mediator of inflammatory
vasculopathy.

4.3. Monocyte Chemoattractant Protein-1
The mounting evidence of the relevance of inflammation in vascular disease has

focused attention on the molecules that modulate leukocyte migration from the blood-
stream to the vessel wall. Macrophages play a wide array of roles in atherogenesis,
operating as scavengers, immune mediators, or as a source of chemokines and cytokines
(65). MCP-1 attracts monocytes bearing the chemokine receptor CCR-2. In fact,
macrophage expression of cyclooxygenase-2, a key enzyme in inflammation, has been
shown to stimulate atherosclerotic lesion formation, whereas chemokines reportedly
promote migration of monocytes into the arterial intima (65,66). Monocytes
differentiate into macrophages in the arterial intima, where they accumulate cholesterol
esters to form lipid-laden foam cells. Visceral adipose tissue has the ability to produce
large amounts of MCP-1, which has been shown to relate to morphological and func-
tional echocardiographic abnormalities (67). Myocardial infarction is known to be asso-
ciated with an inflammatory response leading to leukocyte recruitment. MCP-1 is
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directly involved in ventricular remodeling with elevated circulating concentrations
being observed in patients at risk for coronary artery disease (68). Recent evidence further
supports the contribution of MCP-1 to thrombin generation and thrombus formation via
tissue factor production (66). Given their pivotal roles in monocyte recruitment in vascular
diseases, MCP-1 and CCR-2 may turn out as attractive therapeutic targets to counteract
vascular disease pathogenesis.

4.4. Serum Amyloid A
Serum amyloid A (SAA) corresponds to an acute-phase reactant protein secreted by

diverse cell types, including adipocytes, which has been associated with systemic
inflammation at the same time as being linked to atherosclerosis and to serve as a
predictor for coronary disease and cardiovascular outcome (16). Circulating SAA con-
centrations are increased in obese and diabetic patients (12). Under normal conditions
WAT is known to express low levels of SAA, which are extraordinarily upregulated in
obesity (69). Mechanistically the detrimental effects of elevated SAA seem to be related
to the displacement of apolipoprotein A1 from HDL cholesterol, increasing its binding
to macrophages, thus decreasing the availability of cardioprotective HDL cholesterol
(16). Furthermore, SAA operates as a chemoattractant, an inducer of remodeling metallo-
proteinases, and a stimulator of T-cell cytokine production (12).

4.5. Vascular Endothelial Growth Factor
VEGF is a well-recognized angiogenic factor that induces migration and prolifera-

tion of vascular endothelial cells (12). VEGF is encoded by a single gene; however, four
isoforms are produced by alternative splicing, which have been implicated in both
normal blood vessel development and in pathogenic neovascularization and athero-
sclerosis. In obese patients serum concentrations of the 164-amino-acid-long isoform
has been observed to be dependent on intra-abdominal fat accumulation (70). VEGF
mRNA expression has been identified in various cell types, including endothelial,
epithelial, and mesenchymal cells. Recently, attention has been focused on the altered
expression profile of VEGF in omental WAT obtained from obese individuals (71).
Given the growth potential of adipose tissue, it is not surprising that adipocytes express
an angiogenic factor like VEGF implicated in vascular bed expansion to support fat
mass accretion. The participation of VEGF in vascular inflammation and remodeling
through increased subendothelial macrophage accumulation and intima media thicken-
ing merits further consideration in the context of atheroma initiation and restenosis
events.

5. MOLECULAR LINKS UNDERLYING THE ADIPOSITY–
INFLAMMATION–IMMUNITY CLUSTER

The body of knowledge of the pathophysiological effects of adipokines on vaso-
activity and inflammation has been gathered from different types of studies, including
epidemiological observations, animal model experiments, in vitro approaches, and
microarray application. The consistent interrelationship between several adipokines
with known effects on inflammation, atherosclerosis, and insulin resistance provides
support for the crucial role of adipose tissue in the regulation of obesity-linked CV
derangements. Although the existence of inflammatory events is well-known to exert a
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relevant role in CHD etiology, the exact mechanisms underlying this relationship have
not been completely disentangled. For instance, it has not been established whether
adipokines simply act as markers of the acute phase reaction or are directly involved as
causative factors. Most probably both statements are applicable, with adipokines oper-
ating as markers and simultaneously exhibiting a causal implication.

The molecular mechanisms linking the adiposity–inflammation–immunity cluster
are complex and their understanding is in continous evolution. The triad of obesity–insulin
resistance–CVD is interwoven in a setting of inflammation, endothelial dysfunction,
and atherosclerosis. Obesity is characterized by a low-grade systemic inflammation and
a hypercoagulable state contributing to atherosclerosis. Endothelial dysfunction repre-
sents an early pivotal event in the pathogenesis of atherosclerosis, with a manifest
imbalance between endothelium-dependent vasodilation and vasoconstriction taking
place in a prothrombotic environment. The endothelial vasodilatory capacity is main-
tained by NO, which opposes the vasoconstrictor influences of angiotensin II and
endothelin-1 (72). The maintenance of the endothelium as a smooth nonthrombotic bar-
rier is further acomplished by prostacyclins and the inhibitory effect on leukocyte and
platelet activation and aggregation (16). Adhesion molecules such as the vascular
(VCAM-1) and intercellular (ICAM-1) ones are known to be increased in response to
inflammatory insults. The elevated expression of P- and E-selectins contributes—
together with MCP-1 and integrins—to increase leukocyte recruitment, transmigration,
and subsequent adherence to the intima media (73). Phagocytosis of oxidized LDL par-
ticles by monocytes leads to foam cell formation and the development of fatty streaks
and plaques together with VSMC proliferation (16). In addition, the inflammatory I B
kinase- /NF B pathway has been demostrated to also mediate insulin resistance (74).
Adipokines are known to impinge on all these pathways, which provide the complex
molecular links underlying obesity and the development of CV alterations (Fig. 4).

6. CONCLUSIONS

In conclusion, the notion of adipose tissue as a passive bystander in energy homeo-
stasis has been surpassed. This almost ubiquitously distributed, extraordinarily active
endocrine organ has emerged as a dynamic and pleiotropic tissue. The multifunctional
nature of adipose tissue is based on the ability of its cellular constituents to secrete a
large number of hormones, growth factors, enzymes, cytokines, complement factors,
and matrix proteins, collectively termed adipokines or adipocytokines, at the same
time as they express receptors for most of these factors. Only recently has attention
been devoted to the vasoactive factors produced by adipose tissue. The extensive
crosstalk at both a local and systemic level in response to neuroendocrine stimuli as
well as metabolic changes warrants a key role in processes well beyond body weight con-
trol and insulin resistance, such as inflammation, coagulation, fibrinolysis, and athero-
sclerosis.

The exact contribution of the complex network of bioactive mediators on vasoactiv-
ity and inflammation remains to be fully determined. Furthermore, it will be interest-
ing to gain more insight into the mechanisms involved in the activation and integration
of the diverse signaling pathways. It will be also worthwhile to focus on how the
known vasoactive factors are related to the more recently discovered hormones,



adipokines, receptors, channels, and peptides such as obestatin, adrenomedullin, hypoxia-
sensitive molecules, aquaporins, and caspases. In addition, major advances in disent-
angling the molecular mechanisms underlying inflammation and atherogenesis are to
be expected. Undoubtedly, given adipose tissue’s versatile and ever-expanding list of
activities, additional and unexpected vasoactive peptides are sure to emerge. The
intense studies under way on many different frontiers of cardiovascular investigation
will add more information to the already large body of knowledge representing a 
fertile and exciting research field.
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Abstract
Adipose tissue is no longer considered as a mere energy store, but an important endocrine organ

that produces many signals in a tightly regulated manner. Leptin is one of the most important hor-
mones secreted by the adipocyte, with a variety of physiological roles related with the control of
metabolism and energy homeostasis. One of these functions is the connection between nutritional
status and immune competence. Leptin’s modulation of the immune system is exerted at the devel-
opment, proliferation, anti-apoptotic, maturation, and activation levels. The role of leptin in regulat-
ing the immune response has been assessed in vitro as well as in clinical studies. Both the innate and
adaptive immune responses are regulated by leptin. Every cell type involved in immunity can be
modulated by leptin. In fact, leptin receptors have been found in neutrophils, monocytes, and
lymphocytes, and the leptin receptor belongs to the family of class I cytokine receptors. Moreover,
leptin activates similar signaling pathways to those engaged by other members of the family. The
overall leptin action in the immune system is a proinflammatory effect, activating proinflammatory
cells, promoting T-helper 1 responses, and mediating the production of other proinflammatory
cytokines, such as tumor necrosis factor- , interleukin (IL)-2, or IL-6. Leptin receptor is also upreg-
ulated by proinflammatory signals. Thus, leptin is a mediator of the inflammatory response, and
could have also a permissive role in the development of autoimmune diseases.

Key Words: Leptin; cellular immnunology; immnune response; lymphocytes; monocytes;
neutrophils; inflammation; leptin receptor; leptin signaling.

1. INTRODUCTION

During the last 10 yr, evidence has been accumulating from data obtained from basic
work in animal models, ex vivo cell experiments, and clinical studies, demonstrating
that the control of orexigenic–anorexigenic circuits regulates not only body weight but
also other important physiological functions, mainly acting at the central level in the
hypothalamus. One of the functions that is regulated by the control of energy balance is
the immune system.
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Different cytokines, hormones, and neuropeptides play important roles in both meta-
bolic and immune processes. However, even though the correlation of nutritional status and
immune competence has been known for many decades, the molecular and physiological
mechanisms underlying this connection have not been unraveled until very recently.

Cytokines are circulating signaling molecules that mediate intercellular communica-
tion contributing to the regulation of the innate and adaptative immunity, inflammation,
and metabolic function. These cytokines exert their function within a complex net of
interactions in which a cytokine may influence both the production and the response of
other cytokines.

White adipose tissue (WAT) plays a very important role in the energetic balance of
mammals. This tissue is specialized to store lipids and supply fuels to the whole body
whenever it is necessary. In order to face energetic requirements, adipocytes regulate
fatty acid mobilization in response to catabolic and anabolic stimuli. However, adipose
tissue is not only a reserve organ; it is also an endocrine organ that is able to release
hormones, peptides, and cytokines that affect both the energetic status and the immune
system. That is why these adipocyte-derived molecules are called adipokines. Members
of this family of adipokines include interleukin (IL)-1, IL-6, IL-8, interferon (IFN)- ,
tumor necrosis factor (TNF)- , transforming growth factor (TGF)- , leukemia inhibitory
factor (LIF), monocyte chemoattractant protein (MCP)-1, macrophage inflammation
protein-1, and leptin. Leptin is one of the most important hormones secreted by adipose
tissue (1) and its implication in energetic homeostasis has been largely described (2).

Leptin is a signal of starvation, in that a falling serum leptin concentration leads to
neurohumoral and behavioral changes, trying to preserve energy reserves for vital func-
tions. Thus, during a fasting period and after reduction of body fat mass, there is a
decrease in leptin levels that leads to a reduction in total energy expenditure to provide
enough energy for the function of vital organs—i.e., the brain, the heart, and the liver
(3). Even though these effects of leptin decrease are aimed at improving the survival
chances under starving conditions, the fall in leptin levels may lead to immune suppres-
sion (4), in addition to other neuroendocrine alterations affecting adrenal, thyroid, and
sexual/reproductive function (5). At least, these alterations observed during fasting par-
allel the decrease in circulating leptin levels. In fact, both ob/ob mice (lacking leptin
secretion) and db/db mice (lacking leptin receptor) are not only obese but they also
show the immune/endocrine deficiencies observed during starvation (4,6). Moreover, it
has been recently shown that leptin withdrawal during 8 d in experimental animals leads
to the same effects regarding central control of endocrine systems, including sexual
function (7). Even in humans, it has been found that leptin levels are associated with
immune response in malnourished infants (8).

The leptin modulation of the immune system is also mediated by the regulation of
hematopoiesis and lymphopoiesis (6,9), which are the topics of chapters 11 and 13.

In this chapter we will summarize data from literature that demonstrate the regula-
tion of the immune response by leptin, as well as the known signaling mechanisms
whereby leptin activates immune cells (10).

2. LEPTIN MODULATION OF INNATE IMMUNITY

The primary amino acid sequence of leptin indicated that it could belong to the long-
chain helical cytokine family (11), such as IL-2, IL-12, and growth hormone (GH). In



fact, leptin receptor (Ob-R) shows sequence homology to members of the class I
cytokine receptor (gp130) superfamily (12), which includes the receptor for IL-6, LIF,
and granulocyte colony-stimulating factor (G-CSF). Moreover, Ob-R has been shown to
have the signalling capabilities of IL-6-type cytokine receptors (13); this is detailed later
in this chapter. In this context, a role for leptin in the regulation of innate immunity has
been proposed (10,14). Figure 1 summarizes the role of leptin modulating the function
of cells involved in both innate and adaptive immunity.

Consistent with this role of leptin in the mechanisms of immune response and host
defense, circulating leptin levels are increased upon infectious and inflammatory stim-
uli such as lipopolysaccharide (LPS), turpentine, and cytokines (15,16). On the other
hand, unlike other members of the IL-6 family, it is not clear that leptin may induce the
expression of acute phase proteins, and contradictory data have been provided (16,17).
The role of leptin regulating innate immunity has been previously reviewed (5) and it
has been depicted in Fig. 1.

2.1. Leptin Regulation of Monocytes/Macrophages
Studies of rodents with genetic abnormalities in leptin or leptin receptors revealed

obesity-related deficits in macrophage phagocytosis and the expression of proinflamma-
tory cytokines both in vivo and in vitro, whereas exogenous leptin upregulated both
phagocytosis and the production of cytokines (18). Furthermore, phenotypic abnormal-
ities in macrophages from leptin-deficient, obese mice have beeen found (19). More
important, leptin deficiency increases susceptibility to infectious and inflammatory
stimuli and is associated with dysregulation of cytokine production (16). More specifi-
cally, murine leptin deficiency alters Kupffer cell production of cytokines that regulate
the innate immune system. In this context, leptin levels increase acutely during infec-
tion and inflammation, and may represent a protective component of the host response
to inflammation (20).

Human leptin was found to stimulate proliferation and activation of human circulat-
ing monocytes in vitro, promoting the expression of activation markers CD69, CD25,
CD38, CD71, in addition to increasing the expression of monocytes surface markers,
such as HLA-DR, CD11b and CD11c (21). In addition, leptin potentiates the stimula-
tory effect of LPS or phorbol myristate acetate on the proliferation and activation of
human monocytes. Moreover, leptin dose-dependently stimulates the production of pro-
inflammatory cytokines by monocytes, i.e., TNF- and IL-6 (21). The presence of both
isoforms of the leptin receptor was also assessed. Later, it was found that leptin directly
induces the secretion of interleukin 1 receptor antagonist in human monocytes (22) and
upregulates IP-10 (interferon- -inducible protein) in monocytc cells (23). In alveolar
macrophages, leptin augments leukotriene synthesis (24).

A possible role of leptin as a trophic factor to prevent apoptosis has also been found
in serum-depleted human monocytes (25), further supporting the role of leptin as a
growth factor for the monocyte. Moreover, leptin regulates monocyte function, as
assessed by in vitro experiments measuring free-radical production. Thus, leptin was
shown to stimulate the oxidative burst in control monocytes (26), and binding of leptin
at the macrophage cell surface increases lipoprotein lipase expression, through oxida-
tive stress- and protein kinase C (PKC)-dependent pathways. In this line, leptin has been
found to increase oxidative stress in macrophages (27). Finally, leptin can also increase
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Fig. 1. Role of leptin activating immune-competent cells.



chemotaxis of blood monocytes and may mediate the inflammatory infiltrate (28). On
the other hand, human leptin seems to downregulate oxidative burst in previously acti-
vated monocytes (26).

Dendritic cells belong to the same cell lineage as monocytes/machrophages and also
present leptin receptor (OBRb) in the cell surface (29). Thus, leptin has been also found
to increase the production of IL-8, IL-12, IL-6, and TNF- , whereas it decreases MIP-
1- production by dendritic cells. Similarly to leptin’s effect on monocytes, it may also
increase the survival of dendritic cells, and increase the expression of surface molecules,
such as CD1a, CD80, CD83, or CD86.

2.2. Neutrophils
Human polymorphonuclear neutrophils (PMN) have been found to express leptin

receptor in vitro and in vivo (30,31). However, Zarkesh-Esfahani et al. (32) demon-
strated that neutrophils express only the short form of the leptin receptor, which is
enough to signal inside the cell, enhancing the expression of CD11b, and preventing
apoptosis (31,32). Therefore, leptin seems to behave as a survival cytokine for PMN,
similar to G-CSF.

Leptin promotes neutrophil chemotaxis (16,33). In fact, the chemoattractant effect is
comparable to that of well-known formyl–methionyl–leucyl–phenylalanine (FMLP).
Moreover, leptin also has a stimulating effect on intracellular hydrogen peroxide
production in PMN, although this effect seems to be mediated by the activation of
monocytes (32). More specifically, leptin modulates neutrophil phagocytosis of
Klebsiella pneumoniae (34).

2.3. Natural-Killer Cells
Human natural-killer (NK) cells constitutively express both long and short forms of

Ob receptor. Moreover, the leptin receptors can signal in NK cells, as leptin activates
STAT3 phosphorylation in NK cells. Moreover, leptin increases IL-2 and perforin gene
expression at the transcription levels in NK cells. Consistent with this role of leptin regu-
lating NK cells, db/db mice have been found to have impaired NK cell function (35,36).

Leptin action in NK cells include cell maturation, differentiation, activation, and
cytotoxicity (17).

Leptin enhances both the development and the activation of NK cells (37), increas-
ing IL-12 and reducing the expression of IL-15 (38). In addition, leptin mediates the
activation of NK cells indirectly by modulation of IL-1 , IL-6, and TNF- by mono-
cytes and macrophages (29).

3. LEPTIN MODULATION OF ADAPTIVE IMMUNE RESPONSE

Faggioni et al. (16) have reviewed the role of leptin in cell-mediated immunity, from
data obtained working with ob/ob mice. These mice have a decreased sensitivity of
T-cells to activating stimuli. Furthermore, these animals show atrophy of lymphoid
organs (4–6), with a decrease in the number of circulating T-cells and an increase in the
number of monocytes. In addition, ob/ob mice have a decrease in TNKCD4+ in the liver
(39). The ability of leptin to prevent thymic atrophia is due to a direct antiapoptotic
effect on T-cells (6).
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Acute deficiency of leptin has a potent effect in the immune system, which is even
higher than that observed in ob/ob mice (genetic defect). Acute hypoleptinemic mice
show a higher decrease in the total number of thymocytes, and double the number of
apoptotic cells, than ob/ob mice. Moreover, the acute deficiency of leptin also causes a
decrease in splenic cellularity, which does not occur in ob/ob mice, even though they
have a smaller spleen than control mice (7).

Both ob/ob and db/db mice show defects in cell-mediated immune response that lead
to impaired reaction of delayed hypersensibility, suppression of skin allograft rejection,
and inhibition of footpad swelling by recall antigens (5,40,41).

Lord et al. (4) demonstrated that mouse lymphocytes express the long form of lep-
tin receptor, and that leptin modulates cytokine production in these cells. Leptin also
regulates the number and activation of T-lymphocytes. The proliferative response to
leptin seems to be produced in naïve T-cells (CD4+CD45RA+), whereas it has been
shown that leptin inhibits proliferation of memory T-cells (CD4+CD45RO+) (4). Leptin
provides a survival signal in double-positive T-cells (CD4+CD8+) and simple positive
CD4+CD8– thymocytes during thymic maturation (6). In addition, leptin promotes 
the expression of adhesion molecules in CD4+ T-cells, such as VLA-2 (CD49b) or
ICAM-1 (CD54) (4,15).

More recently, we have reviewed the role of human leptin on T-cell response (10).
Human leptin alone is not able to activate human peripheral blood lymphocytes in vitro
(21). However, when T-lymphocytes are co-stimulated with PHA or concanavalin A
(Con A), leptin dose-dependently enhances the proliferation and activation of cultured
T-lymphocytes, achieving maximal effect at 10 nM concentration (42). Thus, leptin
increases the expression of early activation markers such as CD69, as well as the expres-
sion of late activation markers, such as CD25, or CD71 in both CD4+ and CD8+

T-lymphocytes in the presence of suboptimal concentrations of activators such as PHA
(2 μg/mL). However, when maximal concentrations of PHA or Con A are employed,
leptin has no further effect. These effects of leptin on T-lymphocytes are observed even
in the absence of monocytes, suggesting a direct effect of human leptin on circulating
T-lymphocytes when they are co-stimulated (42). The activation of T-cells induces the
expression of the long isoform of the Ob receptor (43). The need for co-stimulation with
mitogens to get the effect of leptin in lymphocytes may be partly explained by this effect
of activation, increasing leptin receptor expression in T-lymphocytes. Besides, these
data suggest that the leptin receptor may be regulated in a similar way to other cytokine
receptors, such as the IL-2 receptor (CD25).

Human leptin not only modulates the activation and proliferation of human T-lympho-
cytes, but it also enhances cytokine production induced by submaximal concentrations of
PHA (42). Thus, human leptin enhances the production of IL-2 and IFN- in stimulated
T-lymphocytes. It had been previously shown in mice that leptin can enhance cognate
T-cell response, skewing cytokine responses toward a Th1 phenotype in mice (4). These
data are in agreement with the observation of the leptin effect on anti-CD3 stimulation
of T-cells, which increases the production of the proinflammatory cytokine IFN- (44).
The effect of leptin polarizing T-cells toward a Th1 response seems to be mediated by the
stimulation of IL-12 production and the inhibition of IL-10 production (29).

These data regarding leptin modulation of Th1 type cytokine production are in line
with the observed effects of leptin stimulating TNF- and IL-6 production by monocytes
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(21), further suggesting the possible role of human leptin in the regulation of the
immune system inducing a proinflammatory response.

On the other hand, leptin promotes T-cell survival by modulating the expression of anti-
apoptotic proteins, such as Bcl-xL, in stress-induced apoptosis (45). This trophic effect of
leptin on T-cell is consistent with the reduction in lymphocyte numbers observed in fasted
mice, that might be explain by the acute decrease in leptin levels (6,15).

The role of leptin modulating T-cell function in human being has been finally defined
by clinical studies in specific and rare cases of monogenic obesity. In human obesity,
due to congenital leptin deficiency, there is a T-cell hyporesponsiveness (in addition to
neuroendocrine/metabolic dysfunction); leptin treatment in these patients not only is
effective to lower body weight, but also can revert T-cell response to mitogen activation
in vitro (46).

4. MECHANISMS OF LEPTIN ACTION IN IMMUNE CELLS

Leptin receptor (Ob-R) belongs to the family of class I cytokine receptors, which
include receptors for IL-2, IL-3, IL-4, IL-6, IL-7, LIF, G-CSF, growth hormone-releasing
hormone, prolactin, and erythropoietin (12). As mentioned in the previous section, Ob-R
expression is present in hematopoietic cells as well as the cells that participate in the innate
and adaptive immune response. Leptin signaling has recently been reviewed (47,48), and
we have previously reviewed leptin signaling in mononuclear cells (10). Most members
of the cytokine family of receptors stimulate tyrosine phosphorylation of signal transduc-
ers and activators of transcription (STAT) proteins by activating JAK kinases, which are
associated with the intracellular part of the transmembrane receptor (49,50).

Tyrosine phosphorylation of the activated leptin receptor has already been reported
in other systems (51,52). In human blood mononuclear cells, we have also found that
human leptin stimulates tyrosine phosphorylation of the long form of the leptin recep-
tor (53), as assessed by immunoprecipitation with an antibody against the C-terminal of
the protein and immunoblotting with antibodies against phosphotyrosine. This effect is
dependent on the dose at 5 min incubation. Maximal phosphorylation can be observed
with 10 nM leptin.

The leptin receptor lacks intrinsic tyrosine kinase activity, but requires the activation
of receptor-associated kinases of the Janus family (JAKs) (54), which initiate down-
stream signalling including members of the STAT family of transcription factors
(13,51). After ligand binding, JAKs autophosphorylate and tyrosine phosphorylates var-
ious STATs. Activated STATs by leptin stimulation in the hypothalamus dimerize and
translocate to the nucleus, where specific gene responses are elicited (55,56). In this
context, we have studied the JAK–STAT signaling pathway triggered by leptin stimula-
tion in human peripheral blood mononuclear cells (10,57). To investigate the activation
of JAK kinases by leptin receptor in human peripheral blood mononuclear cells, we
studied the effect of leptin on tyrosine phosphorylation of immunprecipitated JAK pro-
teins by immunoblot. We found that both JAK-2 and JAK-3 are transiently activated,
with maximal response at 5 min after leptin stimulation. Moreover, both isoforms have
been found physically associated with the leptin receptor, as assessed by coimmunopre-
cipitation studies. This association turned out to be constitutive, and it occurs both in the
absence and presence of leptin in peripheral blood mononuclear cells. Preassociation of
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JAK proteins with cytokine receptors has been described for other members of the fam-
ily (58), and for the leptin receptor itself with JAK-2 (51). The relative contribution of
each JAK isoform in leptin receptor signaling in human peripheral blood mononuclear
cells, however, remains to be assessed.

The possible activation of STAT-3 by human leptin in mononuclear cells has also
been studied at different time-points in peripheral blood mononuclear cells (57) by
antiphosphotyrosine immunoblotting of anti-STAT-3 immunoprecipitates. The effect of
leptin promoting STAT-3 tyrosine phosphorylation is maximal at 10 min, and the effect
is dose-dependent, reaching maximal effect at 10 nM leptin. Leptin stimulation of
mononuclear cells not only activates and phosphorylates STAT-3 but also promotes the
tyrosine phosphorylation of the RNA binding protein Sam68, which has been previ-
ously found to be recruited upon TCR, and insulin receptor activation (59,60) associates
with STAT-3 in the same signaling complex (57). Tyrosine phosphorylation of Sam68
by the Src family kinase p59fyn has been shown previously to regulate negatively its
association with RNA (61). In mononuclear cells we have found that leptin not only
promotes the tyrosine phosphorylation of Sam68 (57), but also inhibits the RNA bind-
ing efficiency of this protein (53). This effect of leptin was also found to be dependent
on the dose. Even though we do not know the role of Sam68 in leptin signaling and lep-
tin action, the effect of leptin regulating the RNA binding capacity of Sam68 may be
involved in the post-transcriptional modulation of RNA, regulating either the meta-
bolism, the splicing, or the localization of RNA. In this way, Sam68 has been proposed
to provide the means for a rapid pathway to regulate protein expression by modifying
the mRNA stability and/or mRNA translation.

Leptin has been shown to promote the translocation of STAT-3 to the nucleus in the
rat hypothalamus (55,56). Some STAT-3 can be detected in nuclear lysates in basal con-
ditions, but a significant increase in the amount of STAT-3 is found in the nuclear extract
from cells stimulated with human leptin (10 nM) for 15 min, suggesting the transloca-
tion of STAT-3 to the nucleus upon leptin stimulation. Other STAT isoforms (STAT-1,
STAT-5, STAT-6) have also been shown to be activated by the leptin receptor, although
only in transfected systems (62,63). However, other STAT forms have not been assayed
in lymphocytes and therefore we cannot rule out the possible implication of STATs
other than STAT-3. Nevertheless, STAT-3 is the only STAT that has been shown to be
activated by leptin in the hypothalamus (64).

In this context, the tyrosine phosphorylation of leptin receptor and the activation of
JAK-2 and STAT-3 by leptin stimulation has been confirmed in a murine macrophage
cell line (65).

Different pathways in addition to STATs are known to be involved in leptin receptor
signaling in a similar way to other members of the cytokine family. Thus, leptin has
been shown to activate mitogen-activated protein kinase (MAPK) (52,66,67) and phos-
phatidylinositol 3-kinase (PI3K) (68,69). More precisely, leptin receptor signaling in
mononuclear cells has been shown to activate MAPK and p70 S6K pathways (70). We
have also found that leptin stimulates tyrosine/threonine phosphorylation of MAPK in
blood mononuclear cells, as assessed by immunoblot (53). Both Erk-1 and Erk-2 were
phosphorylated after 10 min incubation with leptin. This effect was dose-dependent and
maximal response was obtained at 10 nM leptin. The activation of MAPK was transient
and decreased after 15 to 30 min incubation (53). More important, we have found that
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MAPK activation by leptin is necessary for the antiapoptotic effect in human mono-
nuclear cells (25).

Evidence that leptin initiates a signaling cascade involving MAPK-dependent path-
way has been also found in neutrophils (31), whereby leptin also inhibits apoptotic path-
ways. Neutrophils seem to express only the short isoform of leptin receptor, Ob-Ra (32),
which does not signal via the JAK–STAT pathway, but may be sufficient to stimulate
the MAPK pathway.

We have also explored the PI3K pathway in peripheral blood mononuclear cells
(PBMC) in response to human leptin. Thus, PI3K activity associated with tyrosine
phosphorylated proteins is found to be increased more than threefold after 10 nM lep-
tin stimulation (53). PI3K activation is regulated by the association of tyrosine phospho-
rylated proteins with the SH2 domains of p85. Thus, in response to leptin, a band
corresponding to the molecular mass of the insulin receptor substrate (IRS)-1 and sev-
eral bands of 60 to 70 kDa (including Sam68) are phosphorylated and associated with
p85 in a dose–response manner, similar to our previous data in response to insulin
(53,60,71). Maximal response is observed at 10 nM leptin and 5 min incubation time.
The activation of PI3K in a macrophage cell line has also been demonstrated (65).
Leptin also initiates the activation of PI3K pathway in neutrophils, even though they
express only the short isoform of leptin receptor (31). This signaling pathway is
involved in transducing leptin-mediated antiapoptotic signals into neutrophils.

Finally, new mechanisms by which leptin can promote inflammatory responses have
been recently provided, at least in alveolar macrophages—i.e., the upregulation of
phospholipase A2 activity and phospholipase A2 protein levels (24).

5. LEPTIN AND PATHOPHYSIOLOGY OF THE IMMUNE SYSTEM

It seems to be generally accepted that leptin may be an important signal that connects
energy stores with the immune system (3,5,10). In fact, leptin has been considered an
indicator of nutritional status. Thus, falling leptin levels in starvation may alert the
organism to avoid energy wasting and to seek energy storing. Therefore, the lack or
decrease of leptin levels may play a role in the immunosuppression of starvation. In this
context, leptin may serve to signal the organism to conserve energy by shutting down
nonessential systems. Moreover, leptin might be not only a signal for the adaptation
of starvation, but in addition, leptin could have played a role in selection, helping the
better nourished to survive under starving conditions, allowing the defense against
infection to those better prepared.

The same immune deficiency observed in starvation has been found in human obe-
sity syndromes caused by a deficiency of leptin production or leptin action (46). In addi-
tion, leptin administration in obesity caused by lack of leptin can restore immune
function as observed in a similar way as that seen in starving conditions (6–8).

On the other hand, an excess of leptin in the circulation that occurs in obesity and
overweight could have a role in pathological conditions mediated by an excess of
immune response (73). This “proinflammatory state” may be relevant for cardiovascular
disease and the risk for myocardial infarction that is increased in obese people.
Moreover, leptin, together with other adipokines, could be a common link between
obesity and cardiovascular risk in metabolic syndrome. Because obese people do not
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respond to leptin properly, central versus peripheral leptin resistance may underlie the
pathophysiology of obesity, and therefore, the study of leptin signaling at central versus
peripheral levels may improve our understanding of the mechanisms involved in the
metabolic and immune alterations in the metabolic syndrome that lead to increased
cardiovascular risk. These molecular defects may connect the thrifty phenotype with the
proinflammatory phenotype in a common trait that turns out to be lethal in the
Westernized way of life.

Recent data also suggest the possible role of leptin in the pathophysiology of some
autoimmune diseases. This has already been demonstrated in some animal models, such
as the experimental autoimmune encephalomyelitis, antigen-induced arthritis, models of
type 1 diabetes, autoimmune colitis, and experimental hepatitis, as well as some clinical
studies (15,17,72–74). However, this is the subject of other chapters in this book, and we
are not reviewing the possible role of leptin in the pathophysiology of immune diseases.

Finally, leptin administration has been proposed as a possible treatment, not only for
the immunodeficiency of obesity syndromes caused by a deficit of leptin (46), but also
in some immunodeficiency syndromes, such as the common variable immunodeficiency,
to improve both function of T-cells and the synthesis of immunoglobulins. In this line,
recent data obtained using cells from patients in vitro support this hypothesis (75).

6. CONCLUSIONS

In conclusion, leptin may be considered as a therapeutic target in some clinical situations,
such as proinflammatory states or autoimmune diseases, to control an excess of immune
response, as well as in other clinical situations, such as starving, excess of exercise, or immune
deficiencies, to improve the impaired immune response. That is why the investigation of the
role of leptin in the regulation of the immune response is still a challenge for the future. 
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Leptin in Autoimmune Diseases

Giuseppe Matarese

7

Abstract
Over the last few years, a series of molecules known to play a function in metabolism have also

been shown to play an important role in the regulation of the immune response. In this context, the
adipocyte-derived hormone leptin has been shown to regulate the immune response both in normal
as well as in pathological conditions. More specifically, it has been shown that conditions of reduced
leptin production are associated with increased infection susceptibility. Conversely, immune-mediated
disorders such as autoimmune diseases are associated with increased secretion of leptin and produc-
tion of pro-inflammatory pathogenic cytokines. In this context, leptin could represent the “missing
link” between immune response, metabolic function, and nutritional status. Strategies aimed at
interfering with the leptin axis could represent innovative therapeutic tools for infections and
autoimmune disorders. This chapter reviews the most recent advances in the role of leptin in
autoimmune responses.

Key Words: Leptin; metabolism; autoimmunity; inflammation; immune tolerance.

1. INTRODUCTION

Over the past century, improved hygienic and nutritional conditions have signifi-
cantly reduced the incidence of infectious diseases, at least in the most developed coun-
tries (1). In parallel with the improvement in nutritional status, however, an increase in
susceptibility to autoimmune disorders has emerged (2,3). Recently, it has been pro-
posed that the lifestyle in developed countries, with reduced exposure to environmental
pathogens, could be relevant to the increase in the prevalence of autoimmune disorders
(3). Conversely, in less-affluent societies, exposure to microorganisms, pathogens, and
other environmental influences might promote the development of T-regulatory res-
ponses that protect against autoimmune responses (3,4). Leptin, an adipocyte-derived
hormone of the long-chain helical cytokine family, has recently been proposed to act as
a link between nutritional status and immune function (5,6). Leptin has multiple bio-
logical effects on nutritional status, metabolism, and the neuro–immuno–endocrine
axis. The circulating concentration of leptin is proportional to fat mass (6), and reduced
body fat or nutritional deprivation—typically associated with hypoleptinemia—is a
direct cause of secondary immunodeficiency and increased susceptibility to infections
(5,7,8). The reason for this association was not apparent until recently. Now, it can be
hypothesized that a low concentration of serum leptin increases susceptibility to infec-
tious diseases by reducing T-helper (Th)-cell priming and direct effects on thymic function
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(8,9). Furthermore, congenital deficiency of leptin has been found to be associated with
increased frequency of infection and related mortality (9,10). By contrast, the Th1-
promoting effects of leptin have been linked recently to enhanced susceptibility to
experimentally induced autoimmune diseases, such as experimental autoimmune
encephalomyelitis (EAE), type 1 diabetes (T1D), antigen-induced arthritis (AIA), and
others. These latter observations suggested a novel role for leptin in determining the
gender bias of susceptibility to autoimmunity, because female mice and humans, which
are relatively hyperleptinemic, have an increased frequency of autoimmune diseases
compared with males, which are relatively hypoleptinemic (5,6). In view of these find-
ings, we suggest leptin as novel candidate able to explain at least in part the increased
frequency of autoimmune disorders in the more affluent countries and in females.
Further experimental evidence is needed to address the precise role of leptin in auto-
immune disease susceptibility.

2. LEPTIN IN MULTIPLE SCLEROSIS

Multiple sclerosis (MS) is a chronic, immune-mediated, inflammatory disorder of the
central nervous system (CNS) myelin. The most studied model of multiple sclerosis in
animals is the EAE that can be induced in susceptible strains of mice by immunization
with self-antigens derived from myelin. The disease is characterized by autoreactive
T-cells that traffic to the brain and the spinal cord and injury myelin, with the result of
chronic or relapsing-remitting paralysis, depending on the antigen and the strain of mice
used. It is known that myelin-reactive Th1 CD4+ cells induce and/or transfer disease and
that Th1 cytokines are present in inflammatory EAE lesions in the central nervous sys-
tem. In contrast, Th2 cytokines are associated with recovery from EAE or protection
from the disease.

Leptin is involved in both the induction and progression of EAE in mice (11–13).
Analysis of the disease susceptibility in naturally leptin-deficient ob/ob mice before
leptin replacement revealed resistance to both active and adoptive EAE that was
reversed by leptin administration. Leptin replacement converted Th2- to Th1-type
response and shifted IgG antibodies from IgG1 to IgG2a. In addition, leptin administra-
tion to susceptible wild-type C57BL/6J mice worsened the disease by increasing proin-
flammatory cytokine release and IgG2a production (11). In addition, it has also been
recently observed that a serum leptin surge precedes the onset of EAE in susceptible
strains of mice (12). This peak in serum leptin is correlated with inflammatory anorexia,
weight loss, and development of a pathogenic T-cell response against myelin (12). In
animals with EAE, inflammatory brain infiltrates have also been shown to be a source
of leptin, attesting to an in situ leptin production in active lesions (12). Systemic and/or
in situ leptin secretion was not observed in EAE-resistant mice. Taken together, these
data show an involvement of leptin in the pathogenesis of central nervous system
autoimmunity in the EAE model.

In human MS, it has been reported that secretion of leptin is increased in serum and
cerebrospinal fluid (CSF) of naïve-to-treatment MS patients and positively correlated
with the secretion of interferon (IFN)- in CSF and inversely with the percentage of
circulating regulatory T-cells (TRegs), a key cellular subset in the suppression of immune
and autoimmune responses, involved in the maintenance of T-cell tolerance (14). In
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addition, TRegs in patients with MS were not only inversely related to the leptin levels
but also were reduced in percentage and absolute numbers when compared with
healthy controls (14). This suggests that the number of TRegs can be affected by leptin
secretion. Because of thymic generation of TRegs, it is possible to speculate that leptin
produced in the mediastinic perithymic adipose tissue could be able to affect TRegs
generation/function in autoimmunity-prone subjects. This hypothesis is object of
extensive investigation.

The evidence that a significant increase of leptin secretion occurs in the acute phase
of MS and that this event positively correlates with CSF production of IFN- is of par-
ticular interest for the pathogenesis and clinical follow-up of patients with MS.
Increased secretion was present in both the serum and CSF of MS patients and deter-
mined loss of correlation between leptin and body mass index (BMI) (14). Moreover,
the increase of leptin in the CSF was higher than in serum, possibly secondary to in situ
synthesis of leptin in the central nervous system (CNS) and/or an increased transport
across the blood–brain barrier (BBB), upon enhanced systemic production.

Recently, gene-microarray analysis of Th1 lymphocytes and active MS lesions in
humans revealed elevated transcripts of many genes of the neuro–immuno–endocrine
axis, including leptin (15). Its transcript was also abundant in the gene-expression pro-
file of human Th1 clones, demonstrating that the leptin gene is induced in and associ-
ated with polarization toward Th1 responses, commonly involved in T-cell-mediated
autoimmune diseases such as MS (15). Recently, Sanna et al. reported in situ leptin
secretion by inflammatory T-cells and macrophages in active EAE lesions (12). More
recently, Matarese et al. reported that autoreactive human myelin basic protein (hMBP)-
specific T-cells from patients with MS can produce immunoreactive leptin and upregu-
late the leptin receptor after activation, possibly explaining in part the increased in situ
CSF leptin levels in patients with MS (14). Interestingly, both anti-leptin as well as anti-
leptin receptor-blocking antibodies reduced the proliferative responses of hMBP-
specific T-cell lines, underlying possibilities of leptin-based intervention on this
autocrine loop (14). In addition, recent reports (16) have shown increased secretion of
serum leptin before relapses in patients with MS during treatment with IFN- and the
capacity of leptin to enhance in vitro secretion of tumor necrosis factor (TNF)- , IL-6,
and IL-10 by peripheral blood mononuclear cells (PBMCs) of patients with MS in the
acute phase of the disease but not in patients in stable phase (16). In view of the above
considerations, we suggest that in MS leptin may be part of a wider scenario in which
several proinflammatory soluble factors may act in concert in driving the pathogenic
(autoreactive) Th-1 responses targeting neuroantigens.

3. LEPTIN IN TYPE 1 AUTOIMMUNE DIABETES

Leptin is involved in other autoimmune conditions (17). Leptin accelerates auto-
immune diabetes in female NOD/LtJ mice (18). Fluctuations in serum leptin levels have
also been observed in a study performed by our group in an animal model of CD4+

T-cell-mediated autoimmune disease, such as T1D. Nonobese diabetic (NOD/LtJ)
female mice, spontaneously prone to the development of -cell autoimmunity, have
higher serum leptin levels, as compared with NOD/LtJ males and nonsusceptible strains
of mice, and show a serum leptin surge preceding the appearance of hyperglycemia (19).
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Furthermore, leptin administration early in life significantly anticipated the onset of dia-
betes and increased mortality and inflammatory infiltrates in beta-islets; this phenome-
non correlated with increased secretion of IFN- in leptin-treated NOD mice (20). More
recently, it has been found that a natural leptin receptor mutant of the NOD/LtJ strain
of mice (named NOD/LtJ-db5J) displays reduced susceptibility to T1D (21). These data
further support the role of leptin in the pathogenesis of T1D. These NOD-db5J mice are
obese, hyperphagic, and show hyperglycemia associated with hyperinsulinemia. The
leptin receptor mutation affects the extracellular domain of the leptin receptor, probably
impairing leptin binding and/or receptor dimerization. This effect is likely able to alter
the intracellular signaling machinery, thus impairing the pathogenicity of anti-islets
autoreactive T-cells. Indeed, these mice show low-grade infiltration of the islets. This
model nicely complements the previously published data from our group, hypothesiz-
ing a key role for leptin in the development of T1D. Further studies are needed to
address the molecular machinery determining the phenotype of resistance observed in
these mice, as well as the possibility to interfere with T1D pathogenesis by blocking the
leptin axis.

4. LEPTIN IN RHEUMATOID ARTHRITIS

AIA is a model of immune-mediated joint inflammation induced by administration
of methylated bovine serum albumin (mBSA) into the knees of immunized mice (21).
The severity of arthritis in leptin- and leptin receptor-deficient mice was reduced in this
model (22). The milder form of AIA seen in ob/ob and db/db mice, as compared with
their controls, was accompanied by decreased synovial levels of interleukin (IL)-1 and
TNF- , decreased proliferative response to antigen of lymph node cells in vitro, and a
switch toward production of Th2 cytokines (22). Serum levels of all isotypes of anti-
mBSA antibodies were significantly decreased in arthritic ob/ob mice as compared with
controls. Thus, in AIA leptin probably contributes to joint inflammation by regulating
both humoral and cell-mediated immune responses. However, joint inflammation in
AIA depends on the adaptive immune response, which is known to be impaired in ob/ob
and db/db mice, so recent studies investigated the effect of leptin and leptin receptor
deficiency on inflammatory events of zymosan-induced arthritis (ZIA), a model of pro-
liferative arthritis, which is restricted to the joint injected with zymosan A and is not
dependent on the adaptive immune response (23). The results of these experiments
showed that, in contrast to AIA, ZIA was not impaired in ob/ob and db/db mice. On the
contrary, the resolution of acute inflammation appeared to be delayed in the absence of
leptin or leptin signaling, suggesting that leptin may exert anti-inflammatory properties
and chronic leptin deficiency may interfere with adequate control of the inflammatory
response in ZIA (23).

In patients with rheumatoid arthritis (RA) it was reported that fasting leads to an
improvement of different clinical and biological measures of disease activity, which
were associated with a marked decrease in serum leptin, a decreased CD4+ lymphocyte
activation, and a shift toward Th2 cytokine production, such as IL-4 (24). These fea-
tures, resembling those seen during AIA in ob/ob mice, suggest that leptin may also
influence the inflammatory mechanisms of arthritis in humans through the induction of
Th1 responses. However, the same investigators showed that a 7-d ketogenic diet
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reduced serum leptin concentrations in patients with RA without significant changes in
any clinical or biological measurements of disease activity. In this context, Bokarewa
et al. (25) reported increased leptin plasma levels in 76 patients with RA as compared
with healthy controls. The authors also observed that leptin levels in synovial fluid were
reduced as compared with matched plasma samples and that the difference between
plasma and synovial fluid was particularly pronounced in nonerosive arthritis. In addi-
tion, the authors suggested a local consumption of leptin in the joint, which may exert
a protective effect against the destructive course of RA. Consistent with this hypo-
thesis, these investigators previously observed that treatment with recombinant leptin
reduced both the severity of joint manifestations in Staphylococcus aureus-induced
arthritis and the inflammatory response, as measured by serum IL-6 levels, without
affecting the survival of bacteria in vivo (26). Contrasting results were obtained by Popa
et al. (27). The authors found a significant inverse correlation between inflammation
and leptin concentrations in patients with active RA, although plasma leptin concentra-
tions did not significantly differ from those observed in healthy controls. They suggest
that active chronic inflammation may lower plasma leptin concentrations (27). Other
groups showed that serum levels of leptin were not increased in patients with RA as
compared with controls. In addition, they did not find any correlation between leptin
levels and either clinical or biological signs of disease activity, whereas a positive cor-
relation was seen between leptin and BMI or the percentage of body fat (28). Another
group reported lower plasma leptin levels in patients with RA than in controls (29). In
patients with RA from this cohort, leptin did not correlate with BMI, C-reactive protein
(CRP), total fat mass, or disease activity score (29). Despite the presence of methodo-
logical problems and contrasting results, all these data suggest that leptin may influence
the disease process in two opposing ways, either by enhancing the expression of Th1
cytokines or by limiting the inflammatory responses. Thus, further longitudinal studies
including patients with early RA are still needed to clarify the potential influence of
leptin on disease outcome, and particularly the progression of joint damage.

5. LEPTIN IN LIVER AND KIDNEY IMMUNE-MEDIATED DISORDERS

Protection of ob/ob mice from autoimmune damage is also observed in experimen-
tally induced hepatitis (EIH). Activation of T-cells and macrophages is one of the initial
events during viral or autoimmune hepatitis. Activated T-cells are directly cytotoxic for
hepatocytes and release proinflammatory cytokines, which mediate hepatocyte damage
in several models. A well-described mouse model of T-cell-dependent liver injury is the
iv injection of the T-cell mitogen concanavalin A (Con A), which results in fulminant
hepatitis. During Con A-induced hepatitis, TNF- is a crucial cytokine, as specific neu-
tralization of this cytokine reduces liver damage. The injection of TNF- causes acute
inflammatory hepatocellular apoptosis followed by organ failure, and TNF- appears to
cause hepatoxicity in several experimental models. Siegmund et al. (30) showed that
leptin-deficient ob/ob mice were protected from Con A-induced hepatitis. Moreover,
TNF- and IFN- levels, as well as expression of the activation marker CD69, were not
elevated in ob/ob mice following administration of Con A, suggesting that resistance is
associated with reduced levels of those selected proinflammatory cytokines and a lower
percentage of intrahepatic natural-killer (NK) T-cells, which also contribute to disease
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progression. Similar results were obtained in EIH induced by Pseudomonas aeruginosa
exotoxin A administration (31). Also in this case, leptin administration restores respon-
siveness of ob/ob mice to EIH, and T-lymphocytes and TNF- were required for induc-
tion of liver injury. The authors also demonstrated that leptin plays an important role in
the production of two proinflammatory cytokines, such as TNF- and IL-18, in the
liver.

In human inflammatory liver disorders, such as steatohepatitis, conflicting results
have been reported, in that leptin levels were increased or decreased according to the
clinical stage, sex, and age of patients. The reasons accounting for these differences may
be ascribed to different patients enrolling and different study settings. Further investiga-
tion is needed to address these points.

Most recently, protection from autoimmunity in ob/ob mice has been observed in
experimentally induced glomerulonephritis (EIG) (32). In this immune-complex-medi-
ated inflammatory disease induced by the injection of sheep antibodies specific for
mouse glomerular basement membrane into mice preimmunized against sheep IgG, the
authors observed renal protection of ob/ob mice associated with reduced glomerular-
crescent formation, reduced macrophage infiltration, and glomerular thrombosis. These
protective effects were associated with concomitant defects of both adaptive and innate
immune response (testified by reduced in vitro proliferation of splenic T-cells and
reduced humoral responses to sheep IgG, respectively). In spite of this trend, in one
experiment, ob/ob mice developed histological injury, but they were still protected from
disease, indicating that defects in effector responses were present in ob/ob mice, in line
with in vitro experiments that have indicated defective phagocytosis and cytokine
production.

It has been also demonstrated that leptin is a renal growth and profibrogenic factor
and therefore can contribute to renal damage, characterized by endocapillary prolifera-
tion and subsequent development of glomerulosclerosis (33). This is more likely to
happen in pathophysiological situations characterized by high circulating leptin levels,
such as diabetes and obesity (33). This evidence suggests that leptin may also exert
propathogenic effects in immune-mediated disorders of the kidney. Strategies aimed at
reducing leptin may envisage novel therapeutic approaches able to delay immune-
mediated kidney disorders.

6. LEPTIN IN ENDOMETRIOSIS

Pelvic endometriosis (PE) is one of the most common benign gynecological diseases,
characterized by implantation and growth of endometrial tissue in the pelvic peritoneum
and associated with infertility and pain (34,35). The most accredited pathogenetic
theory of endometriosis considers the transport of endometrial tissue to the peritoneal
cavity throughout the tubes (retrograde menstruation), adherence to the peritoneal wall,
followed by proliferation and formation of endometriotic lesions (34). However, an
abnormal peritoneal microenvironment is thought to be a “permissive” condition for
implantation and growth of refluxed endometrium. In this context, local and systemic
abnormalities in immune response have been described, such as increased frequency of
autoimmune disorders and the presence of autoantibodies (34,35). Endometriosis is, in
fact, an immune-related chronic inflammatory disease, characterized by production of
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many proinflammatory cytokines, such as interleukin (IL)-1, IL-6, TNF- , and vascu-
lar endothelial growth factor (VEGF) (34,36,37). These molecules, together with other
angiogenic factors, are thought to be of fundamental importance in the pathogenesis of
the disease. Leptin may be one of these factors, as it promotes angiogenesis and pro-
inflammatory cytokine production and induces the expression of intercellular adhesion
molecule 1 (ICAM-1) and matrix metalloproteinases (34,36,37). Evidence from the
literature demonstrates that serum and peritoneal fluid leptin is significantly higher in
endometriosis patients and correlates with the stage of disease (38). Interestingly,
endometrial cells of women with endometriosis have altered expression of ICAM-1,
matrix metalloproteinases, and increased secretion of TNF- , IL-1, and IL-6 (34).
Eutopic endometrium from patients with endometriosis might be more invasive and
prone to peritoneal implantation, as a consequence of altered production of proteolytic
enzymes such as matrix metalloproteinases (39). In addition, recent reports suggest that
endometrial cells from women with PE show a decrease in apoptosis and in sensitivity
to macrophage-mediated cytolysis (40). Indeed, an increase in endometrial expression
of the anti-apoptotic gene Bcl-2 has been demonstrated in such patients (40). It is pos-
sible to speculate that, in physiological conditions, leptin is actively involved in the reg-
ulation of cytokine production and in the control of the apoptotic rate through its
receptor expressed in normal endometric tissue and in the abundant adipose tissue
hypersecreting leptin present in the peritoneal cavity (41).

Finally, the possibility to interfere with the peritoneal microenvironment makes
endometriosis a particularly interesting model of human inflammatory disorder to be
utilized for testing innovative therapeutic approaches. Indeed, intraperitoneal injection
of leptin antagonists could be more approachable than systemic injection. Studies on
experimental models of endometriosis in mice and rats are under investigation to
explore this possibility.

7. LEPTIN AND THE HYGIENE/AFFLUENCE HYPOTHESIS 
IN AUTOIMMUNITY

Fewer infections and more autoimmunity, observed in affluent countries, lead us to
postulate the so-called “leptin hypothesis” to explain this phenomenon (42). During the
past century, in the industrialized world, the incidence of infections has diminished
greatly because of improved hygienic conditions, better nutrition, vaccination, and the
use of antibiotics (42). Interestingly, in affluent and more-developed societies, epidemio-
logical studies have revealed a parallel increase in the incidence of autoimmune dis-
eases, whereas these diseases have become less common in less-developed nations.
Thus, susceptibility to infection and autoimmunity appear to be inversely related (42).
Several factors other than nutrition might contribute to this relationship, such as the
environment, genetic background, other hormones, stress, and exposure to specific
pathogens (Fig. 1). Nevertheless, changes in diet and calorie intake and, subsequently,
serum leptin concentrations should be taken into account to explain the complex net-
work connecting nutritional status and susceptibility to autoimmune and infectious dis-
eases (42) (Fig. 1). Animal studies provide support for this concept. In some murine
models of systemic lupus erythematosus (SLE), T1D, and EAE, the induction and pro-
gression of disease can be prevented by starvation and/or reduced calorie intake, or by



administering nutrients such as polyunsaturated fatty acids, which are able to reduce the
inflammatory response and leptin secretion (42). In humans, a similar observation has
been reported by Bruining, who described an increased incidence of T1D at younger
ages in affluent countries, where affluence is associated with increased postnatal growth
and abundant nutrition (43). More specifically, children that developed diabetes had a
greater gain in BMI in the first year of life compared with healthy siblings and the early
presence of autoantibodies specific for pancreatic islet tyrosine phosphatase (IA-2).
Leptin, with its pleiotropic functions, including the promotion of Th1 responses, reduc-
tion of the apoptotic rate of thymocytes, reversal of acute-starvation-induced immuno-
suppression, and induction of expression of adhesion molecules (e.g., ICAM-1 and
CD49b [integrin 2]) (Fig. 1), is a good candidate for contributing to the pathogenesis
and maintenance of autoimmunity in genetically predisposed individuals. Conversely,
malnutrition and nutritional deficiency might protect individuals from autoimmunity by
lowering circulating leptin concentrations, but predispose to infections, such as candidi-
asis, tuberculosis, pneumonia, and bacterial and viral diarrhea. Last but not least, the
most common form of human obesity, characterized by hyperleptinemia causing central
and peripheral leptin resistance, is associated with an increased frequency of infections
(Fig. 1) (42). In this context, leptin receptor desensitization is perceived by T-cells as a
condition of leptin deficiency, leading to immune dysfunction in a similar manner to
malnutrition and genetic leptin deficiency.
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Fig. 1. Schematic representation of the pleiotropic effects of leptin in immunity and pathogenesis of
autoimmune responses. Leptin secreted by adipose tissue is involved in thymic homeostasis and pre-
vention of apoptosis, naïve T-cell proliferation/IL-2 secretion, acute phase response, innate immunity,
and angiogenesis. More specifically, on adaptive immunity, leptin favors the switch toward Th1
immunity by inhibiting Th2 cytokine release. The effect of leptin on TRegs is still under investigation.
These pleiotropic actions of leptin may contribute to the different autoimmune vs infectious disease
susceptibility observed in affluent countries together with the contribution of environmental, genetic,
and neuroendocrine factors. Th, T helper; TRegs, regulatory T-cells.
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8. CONCLUSIONS

Because of the influence of leptin on food intake and metabolism, the findings
reported here underscore the role of molecules at the interface between metabolism and
immunity in the control not only of inflammation but also of autoimmune reactivity.
Recently, molecules with orexigenic activity such as ghrelin (44) and neuropeptide Y
(NPY) (45) have been shown to mediate effects opposite to leptin not only in the hypo-
thalamic control of food intake, but also on peripheral immune responses. Indeed, ghre-
lin blocks leptin-induced secretion of proinflammatory cytokines by human T-cells (44)
and NPY ameliorates clinical score and progression of EAE (45). Given these consid-
erations, we may envisage a situation in which several metabolic regulators, including
leptin, might broadly influence vital functions not limited to caloric tuning but rather
affecting immune responses and the interaction of the individual with the environment.
Since its discovery in 1994, leptin has attracted increasing interest in the scientific com-
munity because of its remarkably pleiotropic functions. Many related aspects remain to
be investigated. However, current information on leptin function and regulation already
suggests novel possibilities, using as yet unexploited leptin-based therapeutic tools for
the treatment of both infection and autoimmune diseases.
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Leptin and Gastrointestinal
Inflammation

Arvind Batra and Britta Siegmund

Abstract
Leptin is a 16-kDa protein, predominantly produced by adipose tissue with serum leptin concen-

trations correlating to body fat mass. Initially described as a regulator of appetite, it is now well
established that this mediator exerts pro-inflammatory effects on various immune as well as non-
immune cells. In vitro as well as in vivo studies suggest an involvement of leptin in the regulation of
intestinal inflammation. The data leading to this finding are the subject of discussion in this chapter.
In particular, the various effects of leptin on different cell populations that are involved in the induc-
tion and persistence of intestinal inflammation, i.e., T-cells, antigen presenting cells, and epithelial
cells, are outlined in detail. In addition, we propose a significant role for the potential interaction of
the adipose tissue and the mucosal immune system in the pathophysiology of inflammatory bowel
disease.

Key Words: Leptin; adipokines; cytokines; inflammatory bowel disease; experimental colitis;
adipocytes; mucosal immunity.

1. INTRODUCTION

Inflammatory bowel disease (IBD) represents a chronic disease accompanying patients
throughout their life. The etiology and pathogenesis have not been finally clarified.
Various studies have led to the consensus hypothesis that genetic predisposition and
exogenous factors together result in a chronic state of dysregulated mucosal immune
function that is further modified by specific environmental factors (1). Ulcerative colitis
(UC) and Crohn’s disease (CD) are the two major types of inflammatory bowel disease.
Both diseases are characterized by a particular cytokine profile, which led in the past to
the conclusion that CD represents a T-helper cell type 1 (Th1)- and UC a T-helper cell
type 2 (Th2)-mediated disease (2). Considering the breaking paradigm of Th1 and Th2,
this general classification has to be discarded. Nevertheless, in CD, diseases severity can
be ameliorated by neutralizing antibodies to either tumor necrosis factor (TNF)- or
interleukin (IL)-12 (3,4). For ulcerative colitis, IL-13 neutralizing compounds have been
proven efficacious in animal models of experimental colitis and are currently under
clinical investigation (5).

Leptin, the product of the ob gene, is a 16-kDa mediator predominantly produced by
adipocytes, with leptin levels in the circulation correlated to body mass index (BMI).
The primary role of leptin is considered to be its inhibitory effect on appetite, as absence
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of leptin signaling results in obesity (6). However, leptin-deficient (ob/ob) mice as well
as mice deficient in the long isoform of the leptin receptor (db/db) are not merely obese.
These mice also develop a complex syndrome characterized by an abnormal reproduc-
tive function, hormonal imbalances, alterations in the hematopoietic system, and in par-
ticular, a dysfunctional immune system (7,8). Interestingly, ob/ob as well as db/db mice
exhibit immune defects similar to those observed in starved animals, malnourished
humans, as well as leptin-deficient humans, all conditions associated with low or absent
circulating leptin concentrations (9–12). Of particular interest with regard to IBD is the
evidence that ob/ob as well as db/db mice have reduced T-cell function (for a summary
see Table 1; [13]). This observation can be explained by the enhancing effect of leptin
on T-cell stimulation: leptin promotes the responsiveness of naïve T-cells, whereas it has
no activating effect on memory T-cells (14). Furthermore, leptin favors a shift to a pre-
dominantly Th1-type response. Because this phenomenon is not observed in cells from
db/db mice, this effect seems to be mediated by the long isoform of the leptin receptor
(OB-Rb), which has been proven to be involved in signal transduction, as further dis-
cussed in the following paragraph (14,15). In agreement with these findings ob/ob mice
have been shown to be protected in several models of inflammation such as con-
canavalin A (Con A)-induced hepatitis, experimental autoimmune encephalomyelitis,
and collagen-induced arthritis, suggesting a decreased responsiveness of the immune
system in the absence of this mediator (16–18).

Based on its immune modulatory effects, recently the concept emerged that leptin
should be classified as a cytokine/adipokine (19,20). Although leptin shares structural
similarities with long-chain helical cytokines such as IL-6, IL-12, or IL-15, the Ob-R, of
which six splice variants (Ob-Ra to Ob-Rf) exist, belongs—based on its sequence homol-
ogy—to the class I cytokine receptor family (21,22). Leptin is ubiquitously present
throughout the body, as adipocyte-derived leptin, the main source of leptin, is secreted
into the plasma. The different isoforms of the leptin receptor show tissue-specific distri-
bution. Most common is the Ob-Ra isoform, which is expressed on various tissues such
as lung, spleen, and kidney, as well as macrophages. As for the other short isoforms of
the OB-R, its biological significance is not completely understood, but it seems to be
involved in the transport and degradation of leptin. Although the Ob-Ra does contain
only a short intracellular signaling domain, signal transduction through this receptor has
been reported for Ob-Ra transfected cells (23,24). However, the pathways involved in
signal transduction have been studied in detail solely for the longest splice variant
Ob-Rb, which contains the longest (302 amino acids) cytoplasmatic domain. Initially the
Ob-Rb had been described in the hypothalamus, where it is expressed in areas that reg-
ulate appetite and body weight, but it is actually expressed as well by endothelial cells,
ovary cells, pancreatic -cells, CD34+ hematopoietic bone-marrow precursors, and
immune cells like monocytes/macrophages, CD4+ and CD8+ lymphocytes, as well as
colonic epithelial cells (7,25). The Ob-Rb cytosolic domain includes binding motifs
associated with the activation of the Janus-activated kinase–signal transducer and activa-
tor of transcription (STAT) pathway (7). Leptin activates STAT-1, STAT-3, and STAT-5
(7). Of particular interest for IBD is STAT-3 activation, as hyperactivation of STAT-3—
but not STAT-1 or STAT-5—results in severe colitis (26). In addition, increased levels of
phosphorylated STAT-3 were detected in colon samples from patients with CD and UC,
as well as in mice after experimental dextran sulfate sodium (DSS)-induced colitis (26).



Thus, the stimulatory effect on T-cells, the OB-Rb expression profile, the intracellu-
lar signaling pathways, and the results from the other in vivo models suggest a role of
leptin in intestinal inflammation.

2. LEPTIN AS PIVOTAL MEDIATOR OF INTESTINAL INFLAMMATION

In several experimental colitis models, such as trinitrobenzene sulfonic acid (TNBS)
as well as indomethacin-induced colitis and in spontaneously developing colitis in
IL-2–/– mice, serum leptin concentrations are increased (27,28). However, the elevated
serum concentration of a mediator during active colitis does not necessarily imply its
key function in the inflammatory process. To prove a critical role, neutralization exper-
iments or the use of knockout animals is required. Thus, we compared disease severity
in wild-type (WT) and leptin-deficient ob/ob mice using the model of DSS-induced
colitis, which represents a model of chemically induced intestinal inflammation. The
exposure of the colon to DSS results in disruption of the epithelial barrier, followed by
phagocytosis of otherwise unavailable antigen from the normal mucosal microflora by
antigen-presenting cells located in the lamina propria. Presentation of these antigens
subsequently results in activation of T-cells (29–31). These experiments indicated that
ob/ob mice were protected from DSS-induced colitis (32). This unresponsiveness
toward DSS was associated with a decrease in local production of proinflammatory
cytokines and an increase in apoptosis of lamina propria mononuclear cells (LPMC),
both mechanisms known to be associated with protection in intestinal inflammation. To
confirm that the prevention of colitis induction observed was in fact caused by leptin
deficiency rather than induced by the obese phenotype, ob/ob mice were reconstituted
with leptin and compared to accordingly obese ob/ob as well as WT mice in the same
model of DSS-induced colitis. Although ob/ob mice were protected, leptin-reconstituted
ob/ob mice exhibited equal disease severity when compared with the WT group, thus

Chapter 8 / Leptin and Gastrointestinal Inflammation 103

Table 1
Overview of Effects of Leptin on Immune and Nonimmune Cells That Might Contribute 
to Induction and Persistence of Intestinal Inflammation

Systemic leptin Colonic intraluminal leptin
Adipocyte-derived Epithelial cell-derived

Adaptive immune system Antigen-presenting cells Non-immune cells

T-cells Dendritic cells Epithelial cells
Proliferation of naïve Production of IL-10 Induction of proinflammatory

T-cells (14) resulting in promotion  cytokines and colonic 
of Th1 polarization (46) epithelial cell damage (34)

Stimulation of LPMC 
and intraepithelial 
lymphocytes (32)

Shift to Th1 (14) Macrophages/Monocytes
Survival (45)
Phagocytosis (43)



indicating that leptin deficiency and not the obesity per se is responsible for the pro-
tection observed (32).

To further evaluate the role of leptin on intestinal T-cell populations, experiments
with TNBS-induced colitis were conducted. It is hypothesized that the ethanol used as
vehicle in the rectal administration of TNBS disrupts the epithelial barrier, enabling this
hapten to bind covalently to proteins of colonic epithelial cells and modify cell surface
proteins. Fragments of these haptenized cells can be taken up by macrophages and den-
dritic cells for presentation to T-cells as antigens, resulting in a Th1-dominated colitis
(33). Again, ob/ob mice were protected in this model when compared with WT mice.

Besides T-cell activation, leptin can induce the activation of the NF B pathway in
intestinal epithelial cells, a key signaling system to proinflammatory stimuli (34). In a
recent study by Sitaraman and colleagues, rectally administered leptin induced epithe-
lial cell wall damage and neutrophil infiltration that represent characteristic histological
findings of acute intestinal inflammation. These observations provide evidence for an
intraluminal biological function of leptin and a new pathophysiological role for leptin
during states of intestinal inflammation such as IBD (34).

3. DIRECT ROLE OF LEPTIN ON T-CELL ACTIVATION 
IN INTESTINAL INFLAMMATION

Leptin has primarily been described as a regulator of appetite that exerts its regula-
tory function via a negative feedback mechanism in the hypothalamus (31). Because of
this systemic effect of leptin it was necessary to evaluate whether the alterations in the
immune system in ob/ob mice are induced by a central effect of leptin or whether leptin
can directly act on cells in the periphery. The in vitro data described in the introduction
strongly suggested that leptin in fact can directly stimulate T-cells as well as epithelial
cells (14,25). In line with these results, data from our own group indicated that leptin
exerts direct stimulatory effects on intraepithelial lymphocytes as well as LPMC in vitro
(32). However, in vivo data were lacking. In order to approach this question in vivo, the
CD4+CD45Rbhigh transfer model of colitis was chosen. In this model, naïve T-cells,
characterized by the CD4+CD45Rbhigh phenotype, are transferred into mice with severe
combined immunodeficiency (scid), lacking functional T-cells. After transfer, the cells
proliferate and home to the gut, leading to induction of intestinal inflammation. Th1
cytokines, such as interferon (IFN)- are the major players in the induction of this
disease, whereas IL-10 and transforming growth factor (TGF)- play a protective role
(35,36).

In order to characterize the effect of leptin on naïve T-cells in intestinal inflamma-
tion, either naïve WT or leptin receptor-deficient db/db cells were transferred into scid
mice. Whereas recipients of WT cells developed as expected a transmural colitis 4 wk
post-cell transfer, the recipients of db/db cells were still healthy and did not show any
signs of inflammation at this time point (37). However, 12 wk after cell transfer,
recipients of both WT and db/db cells had developed colitis with comparable disease
severity. Thus, leptin does not seem to be an essential mediator in the inflammatory
process but is rather an important costimulatory factor for intestinal immune cells (37).
In addition, these data provide the first proof in vivo for a direct stimulatory capacity of
leptin on peripheral T-cells.
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4. BIOLOGICAL SIGNIFICANCE OF LEPTIN PRODUCED AT THE SITE
OF INFLAMMATION

Adipocytes represent the primary source of leptin (38). However, several studies have
reported local leptin production by lymphocytes and other cells at inflamed areas. The
first of these studies demonstrated local leptin production in inflammatory infiltrates
around neurons in the brain and spinal cord of mice with experimental autoimmune
encephalomyelitis (39). Another study showed leptin production of colon epithelial
cells at the sites of inflammation (34). Our own group demonstrated leptin production
by LPMC as well as T-cells from mesenteric lymph nodes in the CD4+CD45Rbhigh

transfer model of colitis (37). However, it remained unclear whether or not leptin
released by these activated lymphocytes is of significance for the inflammatory process
itself. In order to address this question, the CD4+CD45Rbhigh transfer model of colitis
was used. Cells isolated from either WT or leptin-deficient ob/ob mice were transferred
into scid mice and were compared for their ability to induce inflammation. With regard
to macroscopic parameters, weight loss was more pronounced in recipients of ob/ob
cells, whereas there was no difference in stool consistency and rectal bleeding between
recipients of WT and ob/ob cells. Furthermore, the histological score indicated equal
inflammation in both experimental groups (40). These macroscopic and histological
findings allow for the conclusion that lack of T-cell-derived leptin does not protect from
intestinal inflammation. In summary, the data obtained suggest that T-cell-derived
leptin does not play a major role in the mucosal inflammatory process, thus implying
that other cellular sources of leptin—most likely, the adipose tissue—are critical in
leptin-dependent modulation of the immune system.

However, as mentioned above, local leptin production by colonic epithelial cells
occurs within the inflamed colon (34). Interestingly, those cells secrete leptin directly
into the lumen, resulting in a more than 15-fold elevation of luminal concentrations of
leptin in patients with mild to severe UC or CD. Whereas intraluminal leptin in the
small intestine is expected to be involved in absorption, it is suggested that colonic
leptin acts as a proinflammatory cytokine on colonic epithelial cells by induction of
NF B (41,42). Furthermore, at least in mice, luminal leptin induces colonic epithelial
wall damage and formation of crypt abscesses. Taken together, besides the stimulating
effect systemic leptin exerts on immune cells, local leptin production at the sites of
inflammation promotes inflammation by directly affecting epithelial cells (34).

5. INFLUENCE OF LEPTIN ON ANTIGEN PROCESSING 
AND PRESENTING CELLS

Although T-cells are key players in the development and persistence of intestinal
inflammation, these cells from the adaptive immune system rely on support by antigen
processing and presenting cells for activation. As mentioned previously, OB-R isoforms
are expressed on a variety of cell types, including macrophages/monocytes. A study
using ob/ob mice in the experimental infection model of Gram-negative pneumonia has
shown that in the absence of leptin signaling the phagocytic capacity, as well as the pro-
duction of leukotrienes, is reduced in alveolar macrophages (43). Furthermore, in vitro
studies have demonstrated that leptin enhances survival of monocytes in a concentration-
dependent manner (44,45). Macrophages/monocytes are sensitive to leptin stimulation,
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and because their activity is increased by this mediator, their efficacy as antigen-
presenting cells might be affected by leptin levels in vivo as well. In addition, a stimu-
lating effect of leptin on dendritic cells was recently demonstrated. Leptin promotes
dendritic cell survival and affects cytokine levels induced in stimulated dendritic cells,
including downregulation of IL-10, ultimately driving polarization of T-cells stimulated
by these antigen-presenting cells toward a Th1 phenotype (46).

In summary, these studies suggest that leptin not only affects effector cells from the
adaptive immunes system directly, but also positively influences the activity and sur-
vival of a variety of antigen-presenting cells (Table 1). However, although the findings
described above suggest a regulatory role for leptin on antigen-presenting cells in
the mucosal immune system, the relevance of leptin-dependent changes on antigen-
presenting cells and the subsequent impact on intestinal inflammation have not been
studied in detail so far.

6. SPONTANEOUS INTESTINAL INFLAMMATION

Despite the important observations described above, the role of leptin in regulating
inflammatory or autoimmune responses developing spontaneously as a result of alter-
ations in the immune system—a situation that more closely reflects human autoimmune
disease—has not been studied in great detail. The only published study about this topic
demonstrates that in the nonobese diabetic model of type 1 diabetes, administration of
exogenous leptin accelerates destruction of insulin-producing -cells and promotes an
increased production of IFN- (47). Concerning intestinal inflammation, it has been
demonstrated that IL-2–/– mice that develop colitis spontaneously have increased leptin
serum concentrations (28).

IL-10-deficient mice spontaneously develop chronic intestinal inflammation, which
is mediated by CD4+ T-cells and is associated with enhanced Th1 responses in the early
course of disease, with Th2 cytokines progressively increasing later on (48). As colitis
in IL-10-deficient mice is dependent on the very cell types and cytokines that are
thought to be regulated by leptin, leptin-deficient IL-10 knockout mice were generated
to evaluate the role of leptin in a model of spontaneously developing intestinal inflam-
mation. However the results of this study indicate that leptin deficiency does not alter
development of intestinal inflammation in IL-10-deficient mice (49). The data obtained
indicate that in the absence of leptin and IL-10, the net effect of the lack of the anti-
inflammatory mechanisms and subsequent lack of tolerance to colonic bacteria usually
mediated by IL-10 is predominant and cannot effectively be counter-regulated by the
absence of leptin. It should be noted that the data presented herein on the IL-10-
deficient mouse model of spontaneous colitis may not necessarily be transferred to other
models of spontaneous colitis in which the specific balance of inflammatory mediators
may well leave a critical role for leptin, as suggested in previous studies in the nonobese
type I diabetes model (47).

7. INFECTIOUS COLITIS MODELS

The role of leptin in infectious colitis models is not very well defined. There is only one
study that examined the role of leptin in Clostridium toxin A-induced intestinal inflam-
mation, the causative agent of antibiotic-related colitis (50). It could be demonstrated
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that Clostridium toxin A-induced colitis in WT mice resulted in an increase of circulat-
ing leptin concentrations. Furthermore, OB-Rb expression in the mucosa could be
induced by Clostridium toxin A at the mRNA as well as at the protein level. Thus, to
further explore the function of leptin in this model of intestinal inflammation, WT mice
were compared to leptin-deficient ob/ob as well as leptin receptor-deficient db/db mice.
Remarkably, in the absence of leptin or leptin signaling mice were partially protected
against Clostridium toxin A-induced colitis. By including studies with adrenalec-
tomized db/db as well as WT mice it could be demonstrated that corticosteroid-depend-
ent as well as -independent mechanisms are involved (50).

8. HUMAN INFLAMMATORY BOWEL DISEASE

Abnormalities of adipose tissue in the mesentery, including adipose tissue hyper-
trophy and fat wrapping, have been long recognized on surgical specimens as charac-
teristic features of Crohn’s disease. However, the importance, origin, and significance
of the mesenteric fat hypertrophy in this chronic inflammatory disease are unknown.
Desreumaux and colleagues evaluated this phenomenon and quantified intra-abdominal
fat in patients with CD vs UC by using magnetic resonance imaging (51). By applying
this technique they were able to demonstrate a significant accumulation of intra-
abdominal fat in patients with CD. This mesenteric obesity, present from the onset of
disease, is associated with overexpression of PPAR as well as TNF- mRNA, as eval-
uated by RT-PCR studies (51). In a subsequent study, the same group could demonstrate
an overexpression of leptin mRNA in the mesenteric adipose tissue in inflammatory
bowel disease, whereas no difference could be detected between UC and CD. The
increase in leptin went in parallel with an increase in TNF- mRNA expression (27).

Comparable with other cytokines known to play a local role, reports about alterations
in leptin plasma levels in IBD are inconsistent so far. Whereas some authors could
detect no increase in circulating leptin levels in IBD (52,53), one group noted a signifi-
cant increase in patients with acute UC, an observation supported by a further study
where, in patients with active CD, a nonsignificant increase of serum leptin was
detected (54,55). However, as leptin exerts stimulatory effects on a variety of cells
involved in the induction and persistence of IBD (summarized in Fig. 1) a closer char-
acterization of leptin levels during stages of IBD might be crucial to understanding its
contribution to these inflammatory diseases.

9. FUTURE PERSPECTIVE

Although the question of whether the increase of mesenteric fat as seen as in CD sup-
ports inflammation through potentially increased leptin production is not solved yet
owing to the inconsistency of reports, one has to consider that adipose tissue can play a
role in the immune system besides its capability to produce leptin. On the one hand,
adipocytes are the main energy storage of the body and the enlargement of lymphatic
tissue during immune stimulation is supported by supply with fatty acids and other
nutrients from nearby adipose tissue tissue (56). Furthermore adipocytes are potent pro-
ducers of various cytokines besides leptin, including IL-10, TNF- , macrophage migra-
tion inhibitory factor, IL-18, and plasminogen activator inhibitor-1, as well as IL-6 with,
for example adipocyte-derived IL-6 even accounting for 15 to 35% of circulating levels



of this cytokine (57–59). Based on this potent involvement of adipose tissue in immunity
and the observation that preadipocytes can convert into macrophage-like cells that are
capable of phagocytosing antigens (60), our current studies focus on whether adipocytes
and their precursors are capable of directly interacting with pathogens. Preliminary data
from these studies indicate that adipocytes as well as preadipocytes can be considered as
new members of the innate immune system, as they not only express a variety of pattern
recognition receptors but, in addition, can also functionally respond to receptor specific
stimulation (Batra et al., unpublished data). This observation might be of particular inter-
est because a recent study has confirmed a long-known concept indicating that the
mesenteric adipose tissue of patients with Crohn’s disease is colonized by bacterial flora,
previously described as bacterial translocation (61). Thus the further characterization of
the biological significance of fat hypertrophy in inflammation might be of particular
relevance for the understanding of mechanisms underlying IBD.

10. CONCLUSIONS

The data described in this chapter point to a strong regulatory role of leptin in
intestinal inflammation. More importantly, based on these results, a critical interaction
between adipose tissue and immune cells can be suggested and will open new avenues
in understanding the pathophysiology of intestinal inflammation.
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Fig. 1. Summary of the biological effects of leptin with regard to the relevance in intestinal inflam-
mation. Levels of circulating adipocyte-derived leptin influence the activity not only of T-cells but
also of antigen-presenting epithelial cells with additional action of intraluminal leptin on colonic
epithelial cells, as discussed further in the text.
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Abstract
Adipose tissue has been recognized as the organ not only storing excess energy but also secret-

ing a variety of bioactive substances named adipocytokines. Adipocytokines include tumor necrosis
factor- and interleukin-6, which are secreted from adipose tissue and may induce inflammatory
response in various tissues including vascular walls and muscles. We found a novel adipocytokine
named adiponectin, which has a strong ability of anti-inflammation. Adiponectin inhibits several
inflammatory responses in macrophages and endothelial cells. This chapter presents a variety of
anti-inflammatory functions and also discusses the mechanism of antidiabetic, anti-atherogenic, and
anti-oncogenic properties of adiponectin.

Key Words: Visceral fat; metabolic syndrome; hypoadiponectinemia; C-reactive protein; acute
coronary syndrome; insulin resistance.

1. INTRODUCTION

Excess body fat, especially intra-abdominal visceral fat accumulation, is associated
with a number of disease conditions, including dyslipidemia, type 2 diabetes, hyper-
tension, and cardiovascular disease (1). Therefore, visceral fat accumulation—esti-
mated by waist circumference—is adopted as an essential component of metabolic
syndrome, which has been recently classified as a highly atherogenic state. Recent
research, including ours, has shown that adipose tissue secretes various bioactive sub-
stances, collectively referred to as adipocytokines, that may directly contribute to the
pathogenesis of conditions associated with obesity (2). Thus, adipose tissue seems to be
an endocrine organ that can affect the function of other organs, including the vascular
walls, through secretion of various adipocytokines. These adipocytokines include
heparin-binding epidermal growth factor-like growth factor (HB-EGF), leptin, tumor
necrosis factor (TNF)- , plasminogen activator inhibitor type 1 (PAI-1), and angio-
tensinogen. The expression and plasma levels of these adipocytokines increase with
visceral fat accumulation; these molecules are implicated in insulin resistance and
atherosclerosis (3,4). In addition to the analysis of known genes, we identified adipose
tissue’s most abundant gene transcript, which we named apM-1 (5) and named the
protein encoded by apM-1 adiponectin (6). In contrast with other adipocytokines,
adiponectin levels are inversely correlated to visceral adiposity and low levels have
been associated with visceral obesity, type 2 diabetes, hypertension, and cardiovascular
disease (7).
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This article discusses the physiological roles of adiponectin in the prevention of obe-
sity-related diseases, especially focusing on its anti-inflammatory function.

2. DISCOVERY OF ADIPONECTIN AND ITS CLINICAL SIGNIFICANCE

When we started the comprehensive analysis of expressed genes in human adipose
tissue, 40% of expressed genes were unknown—in other words, they were novel genes.
The molecule encoded by apM-1 possesses a signal peptide, collagen-like motif, and a
globular domain, and has notable homology with collagen X and VIII, and complement
factor C1q (5). We termed the collagen-like protein adiponectin. The mouse homolog of
adiponectin has been cloned as AdipoQ or ACRP30 (8,9).

We established a method for measurement of plasma adiponectin levels using
enzyme-linked immunosorbent assay (10). The average levels of adiponectin in human
plasma are extremely high—up to 5 to 10 g/mL (10). Plasma concentrations are neg-
atively correlated with body mass index (BMI), whereas leptin increases with BMI. The
negative correlation of adiponectin levels and visceral adiposity is stronger than
between adiponectin levels and subcutaneous adiposity (Fig. 1) (7).

The mechanism by which plasma adiponectin levels are reduced in individuals with
visceral fat accumulation is not yet clarified. Coculture with visceral fat inhibits
adiponectin secretion from subcutaneous adipocytes (11). This finding suggests that
some inhibiting factors for adiponectin synthesis or secretion are released from visceral
adipose tissue. TNF- was reported to be a strong inhibitor of adiponectin promoter
activity (12). The negative correlation between visceral adiposity and adiponectin levels
might be explained at least in part by the increased secretion of this cytokine from accu-
mulated visceral fat.

Plasma adiponectin concentrations are lower in people who have type 2 diabetes mellitus
than in BMI-matched controls (13). Plasma adiponectin concentrations have been shown

Fig. 1. Correlation between visceral adiposity and plasma adiponectin or PAI-1 (3,7).



to correlate strongly with insulin sensitivity, which suggests that low plasma concentra-
tions are related to insulin resistance (14). In a study of Pima Indians, individuals with
high levels of adiponectin were less likely than those with low concentrations to develop
type 2 diabetes (15). High adiponectin concentration was, therefore, a notable protec-
tive factor against development of type 2 diabetes.

Studies on adiponectin knockout (KO) mice support observations in humans. The KO
mice showed no specific phenotype when they were fed a normal diet, but a high-
sucrose and high-fat diet induced a marked elevation of plasma glucose and insulin
levels (16), although other groups have reported that the KO mouse develops insulin
resistance on a regular diet (17). Insulin resistance, estimated by the insulin tolerance
test during a high-sucrose with high-fat diet, also developed in adiponectin KO mice.
Supplementation of adiponectin by adenovirus transfection clearly improved insulin
resistance (16). Although I will not mention the details of molecular mechanisms,
adiponectin has been shown to exert its actions on muscle fatty acid oxidation and
insulin sensitivity by activation of AMP-activated protein kinase (18). Plasma levels of
adiponectin are also decreased in hypertensive humans, irrespective of the presence of
insulin resistance (19). Endothelium-dependent vasoreactivity is impaired in people
with hypoadiponectinemia, which might be at least one mechanism of hypertension in
visceral obesity (20).

Most important, plasma concentrations of adiponectin are lower in people with coro-
nary heart disease than in controls, even when BMI and age are matched. Kaplan-Meier
analysis in Italian individuals with renal insufficiency demonstrated that those with high
adiponectin concentrations were free from cardiovascular death for longer than other
groups (21). A case–control study performed in Japan demonstrated that the group with
plasma adiponectin lower than 4 g/mL has increased risk of coronary artery disease
(CAD) and multiple metabolic risk factors, which indicates that hypoadiponectinemia is
a key factor in metabolic syndrome (22). A prospective study by Pischon et al. (23) con-
firmed that high adiponectin concentrations are associated with reduced risk of acute
myocardial infarction in men. In addition to hypoadiponectinemia accompanied with vis-
ceral fat accumulation, genetic hypoadiponectinemia caused by a missense mutation has
been reported to be associated with the clinical phenotype of metabolic syndrome (24).

This clinical evidence shows that hypoadiponectinemia is a strong risk factor for
cardiovascular disease.

3. ADIPOSE TISSUE AND INFLAMMATION

Recent studies have revealed that inflammatory responses contribute to the develop-
ment of a variety of common diseases, including atherosclerosis and metabolic diseases,
including diabetes mellitus. On the other hand, adipose tissue has been recognized to
secrete bioactive substances that relate to inflammation. TNF- is a typical cytokine
that plays a major role in inflammatory cellular phenomena. Since Uysal et al. first
reported that adipose tissue secretes this cytokine and proposed it as one of the candidates
for molecules inducing insulin resistance (25), TNF- has come to be recognized as an
important adipocytokine. It has been shown that adipose TNF- mRNA and plasma
TNF- protein are increased in most animal models and in humans with obesity and
insulin resistance (25,26). Neutralizing TNF- in obese rats with a soluble TNF-
receptor-immunoglobulin G fusion protein markedly improves insulin resistance (27).
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These results indicate that higher production of TNF- in accumulated adipose tissue
may be causative for obesity-associated insulin resistance. In addition to TNF- , inter-
leukin (IL)-1 , IL-6, macrophage migration factor, nerve growth factor, and hapto-
globin have been shown to be secreted from adipose tissue and linked to inflammation
and the inflammatory response. More recently one typical marker of inflammation,
C-reactive protein (CRP), was found to be produced in adipose tissue and CRP mRNA
expression was found to be enhanced in adipose tissue in adiponectin KO mice (28).

The elevated production of these inflammation-related adipocytokines is increasingly
considered to be important in the development of diseases linked to obesity, particularly
type 2 diabetes and cardiovascular disease. Namely, adipose tissue is involved in exten-
sive crosstalk with other organs and multiple metabolic systems through the various
adipocytokines.

4. ADIPONECTIN AS A POTENT ANTI-INFLAMMATION 
ADIPOCYTOKINE

As already mentioned, adiponectin has multiple functions for prevention of meta-
bolic diseases and cardiovascular diseases. More recently, adiponectin was shown to
prevent liver fibrosis and some kinds of cancer such as endometrial cancer, breast
cancer, and colon cancer, in animal models (29–32). Besides these well-characterized
biological functions, recent evidence supports a strong anti-inflammatory function. We
first reported that adiponectin strongly suppresses production of the potent proinflam-
matory cytokine TNF- in macrophages (33). Treatment of cultured macrophages with
adiponectin significantly inhibits their phagocytic activity and their lipopolysaccharide-
induced production of TNF- . Suppression of phagocytosis by adiponectin is mediated
by one of the complement C1q receptors, C1qRp, because this function was completely
abrogated by the addition of an anti-C1qRp monoclonal antibody (33). These observa-
tions suggest that adiponectin is an important negative regulator in immune and
inflammatory systems, indicating that it may be involved in terminating inflammatory
responses through its inhibitory functions. 

In the process of development of atherosclerosis, macrophages play crucial roles in
plaque formation. Adiponectin attenuates cholesterol ester accumulation in macrophages.
Adiponectin-treated macrophages contain fewer lipid droplet stained by oil red O (34).
Adiponectin suppresses expression of class A macrophage scavenger receptor (MSR) at
both mRNA and protein levels, without affecting the expression of CD36, as demon-
strated by flow cytometry (35). Adiponectin was also shown to attenuate expression of
MSR and TNF- in atherosclerotic lesions (34). Adiponectin inhibits TNF- -induced
mRNA expression of monocyte adhesion molecules without affecting the interaction
between TNF- and its receptors in human aortic endothelial cells. Adiponectin suppresses
TNF- -induced I B- phosphorylation and subsequent NF B activation without
affecting other TNF- -mediated signals, including Jun N-terminal kinase, p38 kinase,
and Akt kinase (36). This inhibitory effect of adiponectin is accompanied by cAMP
accumulation and is blocked by either an adenylate cyclase inhibitor or a protein kinase
A (PKA) inhibitor. These observations suggest that adiponectin, which is naturally
present at very high amounts in the bloodstream, modulates the inflammatory response of
both macrophages and endothelial cells through crosstalk between cAMP–PKA and
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NF B signaling pathways (Fig. 2). The anti-inflammatory function of adiponectin may
result in the prevention of atherogenic cell phenomena, such as monocyte adhesion to
endothelial cells, differentiation of monocytes to macrophages, and foam cell formation.

Recent studies demonstrate that adiponectin also induces various anti-inflammatory
cytokines, such as IL-10 and IL-1 receptor antagonist (37). Acute coronary syndrome is
considered to determine the prognosis of cardiovascular disease, in which vulnerability
of the plaque is an important determinant of plaque rupture. In this process, matrix
metalloproteinases (MMP) secreted by macrophages are thought to play an important
role in plaque vulnerability. Tissue inhibitor of metalloproteinase (TIMP) is thought to
act as protector of plaque rupture by inhibition of MMP activity. Adiponectin increases
the expression of mRNA and protein production of TIMP in macrophages (38). Prior to
the induction of TIMP formation and secretion, adiponectin induces IL-10 synthesis in
macrophages, suggesting that adiponectin induces TIMP formation and secretion via
induction of IL-10 synthesis in an autocrine manner in macrophages and may also
inhibit MMP activity (Fig. 3) (38). These functions may result in the prevention of acute
coronary syndrome.

As mentioned before, CRP is a typical marker of inflammation; increased levels of
CRP are now considered to be a risk factor for atherosclerosis (39). A number of studies
have shown that there is a reciprocal association of adiponectin and CRP in plasma in
healthy subjects and in subjects with a variety of diseases, including type 2 diabetes,
metabolic syndrome, and end-stage kidney disease (40,41). The mechanism of this
reciprocal association of CRP and adiponectin remains to be clarified. Our group
detected the expression of adiponectin mRNA in human adipose tissue and demon-
strated a significant inverse correlation between the CRP and adiponectin mRNA (27).
In addition, CRP mRNA levels in white adipose tissue in adiponectin KO mice are
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higher than those of wild-type mice (27). The reciprocal association of adiponectin and
CRP levels in both human plasma and adipose tissue might participate in the develop-
ment of atherosclerosis via inflammatory responses.

5. CONCLUSIONS

Adipose tissue has long been considered to be an organ that stores excess energy
and supplies stored energy when food is lacking, in order to favor survival. However,
recent studies have revealed that adipose tissue secretes a variety of bioactive sub-
stances—adipocytokines—controlling other organs and cells. A substantial proportion
of adipocytokines are involved in inflammatory stimulation and response, as either
proinflammatory adipocytokines or anti-inflammatory adipocytokines. As mentioned
above, adiponectin is the most potent anti-inflammatory adipocytokine. Visceral fat
accumulation causes a decrease in adiponectin plasma levels together with an increase
of proinflammatory adipocytokines, such as TNF- and PAI-1. An insufficient amount
of adiponectin may be the background of enhanced inflammatory response and may
result in the development of metabolic and cardiovascular diseases.
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Abstract
Obesity induces an inflammatory response, which is implicated in the pathogenesis of obesity-associ-

ated complications. Adipose tissue is an important, perhaps an initiating, site in the development of
obesity-induced inflammation. Macrophages are present in adipose tissue and their number and activa-
tion status correlate with measures of adiposity. Production of pro-inflammatory molecules and activation
of intracellular pathways that regulate inflammatory responses in adipose tissue macrophages implicate
these cells in development of obesity-induced complications, including insulin resistance. 

More clearly elucidating the physiology of macrophages associated with adipose tissue and their
contribution to obesity-induced inflammation will provide important insights into the physiology of
adipose tissue and the pathophysiology of obesity and its complications.  A detailed characterization
of obesity-induced alterations in monocytes and macropahges will likely identify new therapeutic
strategies to combat obesity-induced complications, such as atherosclerosis, non-alcoholic fatty liver
disease and diabetes. 

Key Words: Macrophages, inflammation, cytokines.

1. INTRODUCTION

Evidence for the association of obesity with inflammation dates back at least to the
1960s, when population studies found that obesity increases the circulating concentration
of fibrinogen and other acute phase factors (1–4). Studies of patients with type 2 diabetes
mellitus (T2DM) similarly found that acute-phase proteins, including fibrinogen, are ele-
vated in the circulation of subjects with T2DM (5–7). The circulating concentration of
more than a dozen proinflammatory cytokines (tumor necrosis factor [TNF]- , mono-
cyte chemoattractant protein [MCP]-1, interleukin [IL]-6), acute-phase reactants
(C-reactive protein [CRP], serum amyloid A [SAA]-3, lipocalin) and procoagulant
proteins (plasminogen activator inhibitor [PAI]-1, Factor VII) are now known to be
increased by obesity (8). In addition, the circulating concentration of at least one protein
with strong anti-inflammatory properties, adiponectin, is inversely related to adiposity
and insulin sensitivity (9–12). A mechanistic role for inflammation in the development
of obesity-induced complications in humans is suggested by the ability of circulating
concentration of some factors (e.g., IL-6, adiponectin, CRP) to predict the development
of obesity-associated complications in prospective human studies (13–15), and by the
protection from obesity-associated complications of mice genetically modified to reduce
proinflammatory signaling molecules (e.g. TNF- , inducible nitric oxide synthase
[iNOS], inhibitor of B kinase [I BKB]) (16–20).
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In the early 1990s Hotamisligil and colleagues reported that mouse adipose tissue
expresses TNF- and that obesity markedly increases the expression of this prototypi-
cal inflammatory cytokine (21). Treatment of insulin-responsive cells, adipocytes and
myocytes, with TNF- impairs insulin signaling by increasing inhibitory phosphoryla-
tion of insulin receptor substrate (IRS) proteins (22,23). These findings led Hotamisligil
and his colleagues to propose a model in which obesity induces insulin resistance
through adipose tissue overexpression of TNF- (24). They tested this hypothesis by
demonstrating that genetic deficiency or pharmacological antagonism of TNF- signal-
ing improved insulin sensitivity in obese, insulin-resistant mice (16). In humans, obe-
sity also increases expression of TNF- by adipose tissue (25). However, in contrast to
the mouse studies, TNF- neutralizing therapies have not proved consistently effective
at improving insulin sensitivity (26–28). Nonetheless, recognition that adipose tissue is
a source of a potent proinflammatory molecule had two important effects. It suggested
a novel paradigm in which obesity-induced complications, and specifically insulin
resistance, were due at least in part to inflammatory processes in adipose tissue. The
studies of TNF- also motivated searches for other proinflammatory molecules pro-
duced by adipose tissue and positively regulated by adiposity. More than a dozen have
been identified, including IL-6, MCP-1, IL-1 , PAI-1, and CRP (8).

In rodents, the increased expression by adipose tissue of inflammatory proteins has
been mechanistically implicated in the development of important obesity-induced com-
plications. Similar to the initial findings for TNF- , genetic deficiency of iNOS or PAI-1
ameliorates insulin resistance in dietary and genetic models of murine obesity (17,29).
Our recent findings that deficiency of the MCP receptor, CCR2, also ameliorates
insulin resistance and nonalcoholic fatty liver disease (see Headings 3 and 5) further sup-
port a model in which inflammation plays a causative role in obesity-induced compli-
cations. Conversely, obesity-induced decreases in adiponectin, an adipocyte-derived
protein with anti-inflammatory properties, contribute to insulin resistance, nonalcoholic
fatty liver disease, and atherosclerosis (30–33). Compared with wild-type mice fed a
high-fat diet, two strains of mice deficient in adiponectin developed greater insulin
resistance (30,31). Although the mechanistic role of adipose tissue-derived secretory
inflammatory factors in human disease has not been as well defined, prospective clini-
cal studies have shown that for any given body mass index or measure of adiposity, cir-
culating concentrations of adiponectin, IL-6, and IL-1 predict future development of
diabetes (13,34). These findings are consistent with inflammation playing a causative
role in obesity-induced complications in humans. 

2. OBESITY ACTIVATES INTRACELLULAR PATHWAYS 
THAT REGULATE INFLAMMATORY RESPONSES

NF B is a transcriptional complex that regulates the expression of many proinflam-
matory proteins and also regulates the transcriptional response to proinflammatory
stimuli. In the cytosol the NF B complex includes either NF B1 or NF B2, a REL
protein (REL, RELA or RELB), and an inhibitor protein, either NF BIA or NF BIB
(also known as I Ba and I Bb). I Ba and I Bb prevent translocation of the NF B
complex into the nucleus, and thereby negatively regulate NF B-dependent transcrip-
tion (35–37). Many inflammatory stimuli—including activation of Toll-like receptors,
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reactive oxygen species, ultraviolet radiation, and proinflammatory cytokines—cause
the translocation of NF B into the nucleus (38–41). These stimuli activate the I B
kinase complex (I BKA, I BKB, and I BKG), which phosphorylates the I Ba or b
component of NF B. Phosphorylation targets I Ba or b for ubiquitin-dependent degra-
dation, and thus induces translocation of the active NF B complex into the nucleus.
Once in the nucleus, the NF B complex coordinates the transcription of a large number
of genes in a cell-type specific manner (35).

Obesity increases the nuclear localization of active NF B subunits in liver and skele-
tal muscle (18,20). Targeted genetic inactivation of I B kinase, through deletion of the
Ikbkb gene in hepatocytes, reduces hepatic expression of proinflammatory molecules
(e.g., IL-1 , IL-6, Suppressor of cytokine signaling [SOCS]-1, SOCS-3) and reduces
circulating concentrations of inflammatory cytokines IL-1 and IL-6 in dietary and
genetic models of obesity (19,20). The reduction in hepatic and systemic inflammation
in obese mice with target mutations in Ikbkb also reduces insulin resistance (19,20).
Salicylates, including aspirin at high doses, impair NF B nuclear translocation by
inhibiting I B degradation. Consistent with genetic studies, inhibition of NF B activity
by treatment with high-dose salicylates improves insulin sensitivity in both obese
rodents and humans (18,42). Arkan and colleagues also provided direct evidence that
immune cells also contribute to obesity-induced inflammation and insulin resistance.
They demonstrated that targeted deletion of Ikbkb in myeloid cells of obese mice ame-
liorates insulin resistance (19).

JNK kinases are members of the mitogen activated protein (MAP) superfamily of
kinases and key regulators of inflammation that are expressed by most cell types,
including macrophages. In mammals the JNK family of kinases consists of three struc-
turally related serine/threonine kinases (JNK1, JNK2, JNK3) that phosphorylate the
activation domain of the c-JUN transcription factor (43,44). JNKs were originally iden-
tified in studies of ultraviolet radiation-induced transcription, but are now known to be
activated in response to many cellular stresses, including fatty acid treatment, reactive
oxidant species, and endoplasmic reticulum stress, and in response to treatment with
proinflammatory cytokines, including TNF- (45–47). Obesity increases JNK activity
in liver, muscle, and adipose tissue in a manner similar to that seen for NF B (48). JNK
kinases have also been demonstrated to phosphorylate the insulin-signaling protein
IRS-1, thereby attenuating insulin signaling (48,49).

Genetic studies have identified JNK1 as an important contributor to obesity-related
phenotypes. Genetic deletion of JNK1 in mice attenuates the development of obesity
in dietary and genetic models of obesity, and deficiency of JNK1 also ameliorates
insulin resistance in these rodent obesity models (48). Systemic treatment of obese, insulin-
resistant mice with a peptide that inhibits JNK kinase activity also reduces insulin
resistance in murine models of obesity (50). Impairment of hepatic JNK activity is
sufficient to improve insulin sensitivity in obese mice in the absence of effects on
weight (51). Although JNK kinase activity and NF B activity are increased in liver and
skeletal muscle by obesity, there is no evidence that obesity-induced NF B activation
is JNK-dependent. Like NF B, JNK kinases are active in hematopoietic cells and
macrophages specifically, However, unlike NF B-dependent signaling, there are no
published studies implicating hematopoietic JNK kinases in obesity-induced inflam-
mation and insulin resistance.
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3. MACROPHAGE PHYSIOLOGY

Macrophages are mononuclear phagocytes found in almost all tissues. They are
derived from a common pool of circulating monocytes. Although different macrophage
populations possess distinct tissue-specific morphologies and phenotypes, they also
share common functions that are required to maintain tissue homeostasis. As “profes-
sional phagocytes,” macrophages clear apoptotic and necrotic cells, cellular debris,
and foreign pathogens (52). They are the primary coordinators of the innate immune
response and act as immune sentries that often are the first to recognize exogenous
pathogens. Through a series of pattern recognition receptors, including Toll-like and
complement receptors and nucleotide-binding oligomerization domain and mannose-
binding proteins, macrophages are able to identify almost all common microbial pathogens
and orchestrate the initial inflammatory response. Macrophages are also responsible for
scavenging endogenous debris, including cellular byproducts of abnormal metabolism
(e.g., ferrous sulfate in iron-overloaded states), and apoptotic and necrotic cells. Through
the use of scavenger receptors, both cellular debris and dead cells are recognized and
rapidly cleared (53).

Two populations of macrophages exist within tissues—resident and elicited
macrophages. Resident macrophages are cells found in tissues in the absence of patho-
logical stimuli. They represent a stable population of macrophages that turnover at a
basal rate. Elicited macrophages arrive in tissues in response to stimuli that have classi-
cally been defined as immunological (54). However, the accumulation and maturation of
macrophages in atherosclerotic lesions is an example of a population of elicited
macrophages that are recruited in response to a stimulus that can more accurately be
described as metabolic (55–57). It seems reasonable to hypothesize that with the onset of
obesity the accumulation and maturation of macrophages occurs through a process that
entails the same basic steps of recruitment, differentiation, and activation that are charac-
teristic of macrophage populations elicited by classical immunological provocations.

The initial step in the accumulation of elicited macrophages is the recruitment of
monocytes. Monocytes and other circulating leukocytes possess on their cell surface
two classes of molecules, -integrins and mucins, that are critical for their attachment
to endothelial cells and transmigration through vessel walls. Endothelial cells express
the counter-receptors—selectins that bind mucins and receptors for -integrins. In
response to underlying activation signals, such as injury, microbial infection, or lipid
accumulation, endothelial cells become “activated” (58,59). Upon activation, endo-
thelial cells release the contents of Weibel-Palade granules that contain P-selectin and
upregulate the expression of E-selectin, and they also upregulate the expression of the
integrin receptors, including intercellular adhesion molecule (ICAM)-1 and vascular cell
adhesion molecule (VCAM)-1. The selectins are deposited on the surface of endothelial
cells and allow initial attachment and rolling of monocytes along the endothelium. Firm
adherence and efficient extravasation require the binding of -integrins on monocytes by
ICAM-1 or VCAM-1. For example, during the early evolution of an atherosclerotic
plaque, endothelial cells overlying fatty streaks become activated and increase P- and
E-selectin and ICAM-1 expression (60–62). Genetic deletion of either selectins or ICAM-1
markedly attenuates the development of atherosclerotic lesions in mouse models of
atherosclerosis (63,64).



Following attachment and extravasation, the migration of monocytes into and
through tissues is dependent on MCPs (65,66). These chemokines are released from
activated endothelia, macrophages, and mesenchymal cells in response to pathological
stimuli. MCP-1 (also known as chemokine C-C motif ligand 2 [CCL2]) is the best char-
acterized of the MCPs and binds to chemokine C-C motif receptor 2 (CCR2) (67). In
mice, genetic deletion of CCL2 or CCR2 impairs accumulation of elicited macrophage
populations, decreases the clearance of microbial pathogens, and markedly attenuates
disease in mouse models of atherosclerosis (68,69) and multiple sclerosis (70,71).

Once monocytes have been recruited and enter a tissue, their differentiation into
macrophages depends upon local signals. Colony-stimulating factors (CSFs) regulate
the proliferation, differentiation, and survival of hematopoietically derived cells. M-CSF,
also known as CSF-1, is the primary regulator of monocyte and macrophage differenti-
ation (72). In the absence of M-CSF, other CSFs, including GM-CSF and IL-3
(Multi-CSF), can partially compensate and support monocyte differentiation (73,74).
However, the compensation is typically incomplete, as demonstrated by the phenotype
of a spontaneous, inactivating mutation in the M-CSF gene (Csf1 op) (75,76). Resident
macrophage populations in Csf1 op/op mice or in mice that carry a targeted mutation in
the M-CSF receptor (Csf1r –/–) are reduced, some by as much as 80% (73,77). In the
absence of M-CSF, elicited macrophage populations are markedly reduced, so that Csf1
op/op mice that are also deficient for Apoe are completely resistant to developing ath-
erosclerosis, despite having circulating cholesterol levels 10 times higher than Csf1 +/+
Apoe –/– atherogenic mice (78).

Macrophages can exist in quiescent or activated states. As sentries monitoring the
presence of exogenous or endogenous pathogens, quiescent macrophages produce few
inflammatory signals. When their pattern recognition receptors, scavenger receptors and
cytokine receptors are engaged macrophages become activated (54,79). The varied acti-
vation phenotypes of macrophages are signal-dependent but are broadly characterized by
the expression and secretion of proinflammatory molecules, increased motility, and
phagocytosis. For example, interferon- and lipopolysaccharide (LPS) from Gram-
negative bacteria together stimulate the production of TNF- , IL-6, IL-1, and nitric oxide,
the so-called “classical activation response.” Stimulation of macrophages by IL-4 or IL-13
leads to upregulation of MHC and production of MIP1- and transforming growth factor
(TGF)- , in a response known as the “alternative activation response.” As the effects of
various stimuli have been characterized, it has become apparent that there are not a few
discrete activation states but rather a broad and varied spectrum of responses that are
stereotypical for individual stimuli and contexts. Although there are clearly many differ-
ent activation states, NF B activation is a common feature of many. For example, TNF- ,
ER stress, and Toll-like receptor activation each activate NF B (41,80,81).

4. MACROPHAGES CONTRIBUTE TO OBESITY-INDUCED ADIPOSE
TISSUE INFLAMMATION

Studies of obesity-induced inflammation have until recently focused on the effects of
specific inflammatory molecules on metabolically important cell types, including hepa-
tocytes, adipocytes, myocytes, and hypothalamic neurons (23,82–84). Several recent
analyses of adipocyte and nonadipocyte cell populations within adipose tissue
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demonstrate that much of adipose tissue inflammatory gene expression is derived from
the nonadipocyte, stromal vascular cells (85–87). In the original model proposed by
Hotamisligil and Speigelman, obesity-induced increases in lipid content of adipocytes
activate an inflammatory pathway in adipocytes. In this model, resulting proinflamma-
tory cytokines act in autocrine fashion to impair adipocyte metabolic function, in a
paracrine fashion to alter preadipocyte differentiation, and systemically to reduce
insulin sensitivity. The role of classic inflammatory and immune cells has not been
clearly delineated in adipose tissue physiology or obesity-associated phenotypes.
However, sporadic reports have noted a correlation between adiposity and circulating
leukocyte numbers, and decreases in leukocyte counts with weight loss (88–90).
Although the focus of these leukocytes studies was primarily on the effect of adiposity
on classical immune functions—i.e., responses to infections—they suggested that
obesity-induced inflammation may be, in part, attributable to immune cells. 

Studies from our laboratory, and studies performed independently by Xu and col-
leagues, revealed that macrophages accumulate in adipose tissue of obese mice (91,92)
and humans (91), and contribute significantly to obesity-induced inflammation. In mice
the percentage of macrophages contained within each depot correlates strongly with
adipocyte size (91). In lean animals, approx 5% of the cells in adipose tissue were
macrophages, but in severely obese, leptin-deficient mice, 50% or more of the cells in
mesenteric, perigonadal, and perirenal adipose tissue depots are macrophages. In these
morbidly obese mice the macrophage content of subcutaneous adipose tissue is
markedly increased, by about 30%, but slightly lower than that observed for visceral
depots. However, the average adipocyte size is also lower in the subcutaneous compared
with the visceral depots of leptin-deficient mice (91). Multinucleated giant cells formed
from macrophages are characteristic of chronic inflammatory conditions, such as
Wegener’s granulomatosis and mycobacterial infections. In adipose tissue of obese
rodents and humans multinucleated giant cells are common (91–94).

Preadipocytes have significant phagocytic capacity (95), and previous reports had
suggested that preadipocytes may transdifferentiate into authentic macrophages (96).
However, rescue of lethally irradiated mice with donor-tagged bone marrow demon-
strated that in vivo in obese mice at least 85% of adipose tissue macrophages are bone
marrow-derived (91), suggesting that vast majority of cells identified as adipose tissue
macrophages (ATMs) are of bone marrow origin and do not arise from resident
preadipocytes. 

Consistent with studies of isolated stromal vascular cells populations (86), expres-
sion studies of macrophages isolated from the stromal vascular fraction (SVC) of adi-
pose tissue reveal that ATMs are responsible for a large portion of the proinflammatory
gene expression that increases with the onset of obesity (91,92,97). Indeed, secreted
factors produced by adipocytes can induce the expression of TNF- and other proin-
flammatory proteins by macrophages, consistent with the effects of obesity on adipose
tissue gene expression (98,99). An important caveat to these ex vivo and in vitro studies
is that separation of adipose tissue cell populations or manipulation of cell lines may
induce inflammatory changes that are not physiological. Indeed, standard techniques
to isolate adipocytes and stromal vascular cells do induce, at least transiently, the
expression of proinflammatory genes (100). Nonetheless, data support a model in
which adipocytes can activate ATMs, thereby contributing to obesity-induced adipose
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tissue inflammation. Further experiments are required that will determine the contribution
of macrophages to the inflammatory profile of adipose tissue.

Adiposity also regulates macrophage content of human adipose tissue depots.
Body mass index (BMI) and adipocyte size are strong predictors of macrophage con-
tent of both subcutaneous and visceral adipose tissue depots (91,97,101). Several
studies have now shown that, similar to finding in rodents, the ATM content is a
dynamically regulated process. Weight loss and thiazolidinedione treatment, but not
metformin therapy, reduce the macrophage content of adipose tissue in humans
(93,102). However, Di Gregorio and colleagues suggest that insulin sensitivity may
be a better predictor of ATM content than adiposity. In human subcutaneous adipose
tissue they did not detect a significant (p = 0.18) correlation of BMI with the expres-
sion of the macrophage-expressed gene Cd68, but they did observe a significant
negative correlation of Cd68 expression with insulin sensitivity (p = 0.02). Larger
studies will be required to determine which metabolic characteristics independently
predict ATM content.

5. RECRUITMENT OF MONOCYTES TO ADIPOSE TISSUE 
IN OBESITY

Although recent studies have established that obesity is associated with the accumu-
lation of macrophages in adipose tissue of rodents and humans, the mechanisms that
regulate this process are just being studied. The first step in the recruitment of mono-
cytes to a tissue is the adhesion to endothelial cells. In human studies, obesity and
impaired insulin sensitivity are associated with elevated circulating concentrations of
cellular adhesion molecules, including ICAM-1, VCAM-1, and E-selectin (103–107).
In vitro adipocyte-conditioned medium can directly u pregulate the expression of
ICAM-1 and platelet-endothelial cell adhesion molecule (PECAM), and increase adhe-
sion, migration, and chemotaxis of monocytes (97). Recently leptin and adiponectin
have been shown to have opposing effects on endothelial cells: leptin increases mono-
cyte adhesion to endothelial cells, and adiponectin reduces expression of adhesion
molecules and other proinflammatory molecules by endothelium (97,108).

Several lines of evidence have also implicated MCPs—in particular, CCL2 (MCP-1)
and CCL7 (MCP-3)—as participating in the recruitment and chemotaxis of monocytes
in adipose tissue. In both rodents and humans, adipose tissue expression of CCL2 and
CCL7 are increased by obesity and reduced following weight loss or thiazolidinedione
treatment (97,102,109–112). CCR2 is a high-affinity receptor for CCL2 and CCL7, and
is expressed on hematopoietic cells, including circulating monocytes. Genetic defi-
ciency of CCR2 in a C57BL/6J background partially protects mice from obesity when
fed a high-fat diet (112). However, when obese mice are matched by body weight and
adiposity, Ccr2-deficiency reduces the macrophage content of adipose tissue. This
reduction of macrophages is associated with a reduction in proinflammatory gene
expression and a coordinate upregulation of metabolically important genes in adipose
tissue. Importantly, adiponectin adipose tissue expression and circulating adiponectin
concentrations were increased in obese Ccr2–/– mice compared with wild-type obese
animals. Glucose tolerance and insulin sensitivity were improved, and hepatosteatosis
was reduced in obese mice deficient for Ccr2. Short-term pharmacological antagonism
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of CCR2 also reduced macrophage content of adipose tissue and improved glucose tol-
erance and insulin sensitivity in obese mice (112). In contrast, deficiency of Ccr2 in
mice on the DBA/J background had no discernable effect on the inflammatory character
of adipose tissue or systemic metabolic parameters when mice were fed a high-fat diet
(113). The genotype-dependent differences in these two strains of Ccr2–/– mice may
derive from inherent differences in these strains in developing obesity-induced inflam-
mation or from differences in the manner in which the experiments were carried out.
These differences may, therefore, provide important clues as to genetic and environmental
modifiers of obesity-induced inflammation and complications.

An important unanswered question is what are the primary events that induce mono-
cyte recruitment and macrophage differentiation in adipose tissue of obese individuals.
One hypothesis is that obesity accelerates adipocyte death and turnover, and that con-
sistent with the role of macrophages in other tissue, ATMs serve to clear dead cells.
Genetically engineered mice in which apoptosis is induced specifically in adipocytes by
treatment with an exogenous drug demonstrate that massive adipocyte apoptosis does
indeed induce macrophage recruitment to adipose tissue (114). Cinti and colleagues
have suggested that obesity induces adipocyte necrosis and that electron micrographic
data suggest that macrophages form multinucleated giant cells specifically in response
to adipocyte necrosis. They argue that ultrastructure analysis is not consistent with
apoptosis but is distinctively characteristic of necrosis. They convincingly demonstrate
that multinucleated giant cells contain lipid droplets that are not perilipin-coated (115).
Further studies are needed to clarify whether the apoptosis or necrosis are in fact mech-
anistically involved in monocyte/macrophage recruitment to adipose tissue in the setting
of obesity. Another compelling hypothesis suggests that obesity induces metabolic
derangements in adipocytes that lead to the production of factors that activate endo-
thelial cells, direct chemotaxis and induce differentiation. At this time little direct evidence
exists to support this proposition (116).

6. CONCLUSIONS

Obesity induces a complex inflammatory response implicated in the pathogenesis of
obesity-associated complications. Adipose tissue is an important, perhaps an initiating,
site in the development of obesity-induced inflammation. The strong correlation of
ATM content with measures of adiposity, and the production of proinflammatory mole-
cules implicated in insulin obesity-induced complications by ATMs, suggest that ATMs
may play a role in regulating adiposity-dependent phenotypes. More clearly elucidating
the physiology of ATMs and their contribution to obesity-induced inflammation will
provide important insights into the physiology of adipose tissue and the pathophysio-
logy of obesity and its complications. A detailed characterization of obesity-induced
alterations in monocytes and macrophages will likely identify new therapeutic strategies
to combat obesity-induced complications, such as atherosclerosis, nonalcoholic fatty
liver disease, and diabetes.
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Abstract
Interactions between adipose and lymphoid tissues at the molecular, cellular, and tissue levels are

summarized, with emphasis on the special composition and metabolic properties of perinodal 
adipose tissue that is anatomically associated with lymph nodes. Perinodal adipose tissue intervenes
between the diet and nutrition of the immune system, modulating the action of dietary lipids on
immune function. The roles of peptide- and lipid-derived messenger molecules are complementary;
precursors of prostaglandins and leukotrienes are specific fatty acids that are often essential constituents
of the diet and may be supplied to lymphoid cells by paracrine interactions with adjacent adipocytes.
Prolonged stimulation of paracrine interactions may induce local hypertrophy of adipose depots
associated with lymphoid structures. Specialization of adipose tissue for paracrine interactions may
be a unique, advanced feature of mammals that supports faster, more efficient immune processes and
permits fever and other energetically expensive defences against pathogens to take place simultane-
ously with immune responses and unrelated functions such as lactation and exercise. The possible
roles of local interactions between adipose and other tissues, and defects thereof, in human diseases,
including HIV-associated lipodystrophy, Crohn’s disease, lymphedema, atherosclerosis and in
obesity and starvation, are briefly reviewed.

Key Words: Mesenteric; omental; popliteal; fatty acids; cytokines; paracrine interactions; perinodal;
mammals; anorexia.

1. INTRODUCTION

1.1. Signal Molecules
Adipose tissue has become of interest to immunologists during the past 15 yr as a

source of cytokines and other messenger molecules that modulate the immune system.
The first such secretion to be identified was adipsin, a protein that closely resembles
complement (1–3). Since then, many more protein secretions and/or cytokine receptors
have been described (4). In most cases, cytokines such as tumor necrosis factor (TNF)-
and many interleukins were isolated first from the immune system and later found to be
secreted by and/or taken up by adipose tissue, but others were identified first in adipose
tissue and later shown to modulate immune function.

Identification and characterization of lipid-derived messenger molecules has been
delayed because they are technically more difficult to characterize than proteins.
Prostaglandins, leukotrienes, and thromboxanes are now regarded as comparable to
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proteins in chemical diversity and physiological importance in the immune system and
elsewhere (5,6). They are synthesized from long-chain polyunsaturated fatty acids
(PUFA) that are dietary essentials (i.e., they cannot be synthesized de novo) and are
“stored” as components of membranes and triacylglycerols.

In addition to acting as precursors for lipid-derived messenger molecules, lipids also
modulate the synthesis, secretion, and reception of peptide messengers. Nanotubes
derived from the cell membrane have been suggested as a means by which immune cells
exchange surface proteins and perhaps larger particles (7). Nonesterified fatty acids can
act as regulators of surface receptors (8) and gene transcription (9). The incorporation
of fatty acids into complex lipids does not have the equivalents of mRNA, tRNA, and
ribosomes that ensure that the correct precursors are assembled into proteins, so many,
including phospholipids, are structurally varied. Recent experiments on Caenorhabiditis
elegans have demonstrated that fatty acid insufficiency alters neurotransmission and
behavior (10). Lipids rafts require appropriate fatty acids that are believed to have a
major role in cell signaling in lymphoid cells (11,12). Insufficiencies would impair
cell signaling and so disrupt immune function. Caveolae are also numerous in
adipocyte membranes and are essential for their responses to insulin (13), and prob-
ably other signal molecules.

Adipocytes can selectively sequester and release fatty acids that differ in molecular
weight and degree of unsaturation (13) and may supply specific fatty acid precursors to
contiguous lymphoid cells (14). By ensuring that appropriate precursors are available
where and when they are needed for synthesis of complex molecules, adipocytes can
fulfill for lipids the role of some of the protein synthesis machinery for proteins. But the
anatomical relations between adipocytes and lymphoid cells are important for the effi-
ciency of such interactions.

1.2. Cellular Interactions
The next step was the demonstration of immune cells, especially macrophages

(15,16) and dendritic cells (17,18), in adipose tissue. Although representing only a tiny
fraction of the total mass of a depot, these intercalated cells are the source of large pro-
portion of the TNF- (and probably of many other signal molecules) synthesized in
whole adipose tissue (19). The fatty acid compositions of lipids in intercalated 
dendritic cells closely resembles those of contiguous adipocytes (Fig. 1). Changing the
dietary lipids alters the fatty acid composition of both types of cells, but the correla-
tion between values for cells that were adjacent in life remains. The simplest explana-
tion for this similarity is that the dendritic cells take up their lipids from the contiguous
adipocytes, rather than from the blood or lymph, as was previously assumed (14). The
site-specific differences in adipocyte composition (20) are thus conferred on interca-
lated dendritic cells, adding another source of diversity to these cells that hitherto have
been classified by genes activated and proteins synthesized. It also may be an essential
and hitherto unrecognized link in the mechanisms by which dietary lipids modulate
immune function. Some properties of preadipocytes in vitro are strikingly similar to
those of macrophages, suggesting common pathways of early development of
macrophages and adipocytes (21,22). Preadipocytes injected into mice acquire surface
antigens characteristic of macrophages (23). Receptors for bacterial products such as
lipopolysaccharide have been demonstrated in 3T3-L1 adipocytes in vitro (24,25).
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These properties are found only in preadipocytes extracted from white adipose tissue,
not those of brown adipose tissue (26), and disappear as soon as mitosis ends and the
cells differentiate.

Dendritic cells interact with adjacent adipocytes (27). Those extracted from the
adipose tissue stimulate lipolysis, whereas those from an adjacent lymph node inhibit
the process, although the effects are strong only in perinodal and milky spot-rich
samples and minimal in the adipocytes extracted from sites more than 1 cm from
lymph nodes. Switching from antilipolytic to lipolytic secretions seems to be among
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Fig. 1. The correlations between mean unsaturation indices (UI = [% monoenoic fatty acids] + 2[%
dienoic] + 3[% trienoic]…etc.) of fatty acids extracted from complex lipids (mostly membrane phos-
pholipids) in dendritic cells (DCs) and those of adipocytes (mostly triacylglycerols) isolated from the
corresponding sample of adipose tissue (mesenteric perinodal and remote, omental with many or few
milky spots, and popliteal remote from node) from adult male rats fed on unmodified chow (circles);
rats fed on chow + 20% sunflower oil for 6 wk (squares). N = 6 sets of homologous samples from 3
similarly treated cage-mate rats for each dietary group. The standard errors of each mean are shown
as bars. Data simplified from ref. 14.



the transformations that dendritic cells undergo as they migrate between the lymph
nodes and the adjacent adipose tissue, and thus should be considered as part of the
maturation process (27). Inducing mild inflammation by injection of lipopolysaccharide
amplifies both effects, suggesting that they are integral to immune responses. Paracrine
interactions between adipocytes and macrophages have also been demonstrated (28).
The significance of these lymphoid cells in intact animals remains unclear; a role in
defense against pathogens has been suggested (29) and they may contribute to insulin
resistance and other chronic metabolic disorders (30).

1.3. Paracrine Interactions Between Adipose Tissue and Other Tissues
1.3.1. LYMPH NODES AND OMENTAL MILKY SPOTS

In most animals, including murid rodents, adipose depots (such as perirenal, epididy-
mal, and parametrial) that consist of “pure” adipose tissue are larger—in obese speci-
mens, much larger—than those with embedded lymphoid structures. These depots are
often the only ones providing enough tissue in mice and other small species, and are
preferred for study, especially for experiments in which the tissue undergoes large
changes in relative mass, as in obesity research or for the study of gene action in trans-
genic mice (31). To avoid collateral damage, biopsy sites from humans and larger ani-
mals are always chosen for their remoteness from lymph nodes and vessels.
Consequently, most of the data come from samples of large adipose depots chosen for
their surgical accessibility (32–36) rather than for known site-specific properties. Much
of the confusion and paradoxical findings about the relationship between adipose stores
and immune function can be clarified by taking account of site-specific properties of
adipose tissue and its interactions with adjacent lymphoid cells.

Recent reviews (37,38) summarize the evidence demonstrating that perinodal
adipocytes selectively take up and store dietary lipids (and perhaps other precursors)
that are released in response to local, paracrine signals from adjacent lymphoid cells
that take them up. The depots that incorporate lymphoid tissue, especially the perinodal
regions, are specialized to support the growth and metabolism of adjacent leukocytes.

Many hitherto unexplained site-specific differences in cytokine metabolism in adipose
tissue are consistent with the hypothesis of paracrine interactions between lymphoid and
adipose TNF- than those from the nodeless epididymal or perirenal depots, and their
secretions are less readily modulated by dietary lipids (39). The role of embedded lym-
phoid tissues in this finding was never investigated. Genes specific to adipocytes are
upregulated in the stomach wall of mice successfully immunized against Helicobacter,
probably arising from paracrine interactions between adipose and lymphoid tissues (40).

In vitro studies (Figs. 2,3) show that perinodal adipocytes respond much more
strongly than others to TNF- , interleukin (IL)-4, IL-6, and probably other cytokines
(41). Figure 2 shows that the response of adipocytes isolated from perinodal adipose 
tissue contiguous to nodes differ from those from a few millmeters distant, and the
site-specific differences are amplified by the neurotransmitter norepinephrine (41).
Furthermore, the action of combinations of cytokines is not predictable from that of single
agonists: although IL-6 is prolipolytic, especially for perinodal adipocytes (Fig. 2), when
combined with IL-4 it suppressed lipolysis (Fig. 3). The same is true of interactions
between IL-4 and TNF- (41). The data in Figs. 2 and 3 report only lipolysis, but similar
site-specific differences in the responses to signal molecules probably occur for other
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metabolic pathways. Greater sensitivity to cytokines is also implicated in the larger
responses of perinodal adipocytes to the presence of dendritic cells (29). The interactions
between the effects of cytokines and neurotransmitters on perinodal adipocytes (Figs. 2,3)
suggest mechanisms by which the nervous system may modulate immune processes.

IL-6 was found to be 100 times more concentrated in the interstitial fluid of human
superficial adipose tissue than in the blood plasma of the same subjects, strongly
suggesting a paracrine role for this cytokine in adipose tissue (42). Nonetheless, the
nodeless epididymal or perirenal depots remain the favorite choice of adipose tissue for
cytokine studies (34,43,44). Even where depots are compared, the largest rather than
those most strongly involved in cytokine secretion are chosen for study (45). Matters are
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Fig. 2. Rates of glycerol release over 1 h from mesenteric perinodal (darker bars) and far from
(paler bars) lymph node(s) adipocytes from adult guinea pigs (N = 12) with and without supramaxi-
mal norepinephrine, after preincubation for 24 h with and without interleukin-6 at two different
concentrations. Asterisks denote comparison of pairs of samples from the same depot under the
same conditions: ** significantly different at p < 0.01; * significantly different at p < 0.05. Daggers
denote comparison of corresponding sample incubated with and without cytokines: ††† significantly
different at p < 0.001; †† significantly different at p < 0.01; † significantly different at p < 0.05.
Data simplified from ref. 41.



further complicated by erroneously classifying the intra-abdominal perirenal/retroperi-
toneal and gonadal (i.e., epididymal or parametrial) depots in the same category 
(“visceral”) as the omentum and mesentery (46–50), although the latter have many
distinctive properties arising from the embedded lymphoid structures not found in the
former. Data from the larger, nodeless depots may elucidate the metabolic changes
associated with obesity (34,51), but could be misleading as well as irrelevant to under-
standing the source and action of adipocytes and the nutrition of the immune system.

By releasing fatty acids only to lymphoid cells and only when and where they are
required, the perinodal adipose tissue partially emancipates immune function from

138 Part III / Interactions Between Adipocytes and Immune Cells

Fig. 3. Rates of glycerol release over 1 h from mesenteric perinodal (darker bars) and far from
(paler bars) lymph node(s) adipocytes from adult guinea pigs (N = 12) with and without supramaxi-
mal norepinephrine, after preincubation for 24 h with and without interleukin-4 (10 ng/mL) alone
or with interleukin-6 (0.5 ng/mL) or TNF- (10 ng/mL). Daggers compare corresponding samples
incubated with or without cytokines: ††† significantly different at p < 0.001; † significantly differ-
ent at p < 0.05. For clarity, symbols indicating within-depot differences, and those indicating that
all the values from “near node” adipocytes, are significantly different at p < 0.001 from those from
the corresponding control samples incubated without cytokines are not shown. Double daggers
compare samples incubated with two cytokines with the corresponding sample incubated with IL-4
alone: ‡‡‡ significantly different at p < 0.001; ‡‡ significantly different at p < 0.01. Data simplified
from ref. 41.



dependence on the quantity and lipid composition of food (38). Paracrine interactions
may also account for some features of the anatomy of lymph vessels and nodes (52–54).
The branching of lymph vessels near nodes would slow the passage of lymph and bring
a greater surface area of vessels into contact with adipocytes, thus facilitating the
exchange of signals and metabolites.

1.3.2. BONE MARROW

Red bone marrow has much in common with lymph nodes in mammals, as it is the
origin of many of the lineages of lymphoid cells found in nodes (55). Adipocytes in
“yellow” marrow are smaller than those of other depots, but the roles of cell prolifera-
tion and cell expansion in tissue growth follow a similar ontogenetic time course (56).
Independent studies of the contribution of bone marrow adipocytes to the control of
lymphohematopoiesis in vitro (57,58) reveal paracrine interactions similar in principle
to those we have described between perinodal adipose tissue and lymph-node lymphoid
cells (37,38). Suggested mediators for paracrine interactions between bone marrow
adipocytes and lymphoid cells include both cytokines (59) and polyunsaturated fatty
acids (60). Bone marrow adipocytes may also interact locally with osteoblasts in bone
formation (154). However, most of the data come from in vitro experiments, and exactly
how such processes determine the course of osteoporosis in elderly people remains to
be established (61). Transgenic mice without detectable adipocytes in the bone marrow
develop normal skeletons (62).

1.3.3. OTHER PARACRINE INTERACTIONS

Local paracrine interactions between minor depots of physiologically specialized
adipocytes and anatomically contiguous tissues are increasingly recognized. Such
effects have been described for major blood vessels (63,64), skeletal muscle (65), car-
diac muscle (66,67), bone (57), and lymph nodes (37,68). All these concepts are based
on experiments using laboratory animals. Site-specific differences and paracrine interac-
tions are difficult to detect in humans, as they have little or no blood manifestation, but
they should be considered in interpreting data from the emerging field of lipidomics
(69,70) as well as the actions of dietary and blood-borne lipids on the composition of
lymphoid cells (71,72).

The concept of local, paracrine exchange of signals and nutrients between function-
ally specialized contiguous adipose tissue and other tissues provides an explanation for
why adipose tissue in mammals is partitioned into a few large and many small depots,
most of the latter associated with lymphoid structures (38). Lipid reserves that are 
dedicated to supplying the immune system may be essential to combining fever with
immune responses in defense against pathogens and to enabling both processes to be
combined with anorexia. Many of the polyunsaturated fatty acids selectively accumu-
lated in triacylglycerols of perinodal adipocytes (20) and in phospholipids in lymph
node lymphoid cells (68) and dendritic cells (14) are dietary essentials, so they can be
scarce, especially during periods of high metabolic demand (e.g., pregnancy, lactation)
and reduced food intake (e.g., while disabled by injury or disease). Local control of
lipolysis by the immune system manages supplies of these essential fatty acids effi-
ciently, and minimizes competition with other tissues (e.g., pyrogenic tissues such as
muscles and liver) for circulating lipids.
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1.4. Growth of Adipose Tissue Associated With Lymph Nodes
Control of proliferation of preadipocytes and of their maturation into adipocytes has

long been studied, because of its implications for obesity in humans and domestic live-
stock, but emphasis has been on diet and energy balance (73) and angiogenic factors
(74,75). Local growth of adipose tissue associated with long-standing lymphatic dis-
orders has long been known, though its cause is poorly understood (76). More recently,
the increasing prevalence of certain human disorders has directed attention to the pos-
sibility that inflammatory cytokines and other immune-derived factors also have a role
in regulating adipogenesis (51,77).

The actions of dietary lipids and hormones can be simulated in vitro, but demonstrat-
ing a role for the immune system requires in vivo experiments. Unfortunately, adipo-
cytes form and die very slowly, and preadipocytes cannot be recognized unambiguously,
so measuring adipocyte turnover in vivo is difficult (78,79). The total adipocyte com-
plement seems to differ substantially between individuals of similar body composition,
even among inbred mammals (80), making the detection of experimentally induced
increases in numbers of adipocytes difficult unless they are very large. Major systemic
immune responses induce anorexia, and eventually cachexia, which deplete the adipose
tissue anyway, especially in small laboratory animals. However, by comparing the num-
bers of adipocytes in the popliteal depots, and locally stimulating the lymph nodes in
one of them with small doses of lipopolysaccharide, the formation of more adipocytes
in response to chronic inflammation could be demonstrated, corresponding to the
decrease in average volume of adipocytes throughout the depot (81). After experimen-
tal lipectomy of the epididymal fat pads of adult rats, compensatory regrowth of adipose
tissue is significant 16 wk later in the node-containing mesenteric and inguinal depots
but not in perirenal depots (82).

Local hypertrophy of adipose tissue associated with lymph nodes is not reversed
within 3 mo of the end of experimental inflammation (83). Increases in infiltrating den-
dritic cells and in adipocyte apoptosis were found, as expected, in the adipose tissue
around the inflamed lymph node, and also in the perinodal mesenteric and milky spot-
rich parts of the omentum. This finding is another case in which adipocytes in these
intra-abdominal depots have well-developed properties associated with paracrine inter-
actions with lymphoid cells and actively participate in immune responses that in other
respects are confined to remote parts of the body.

The quantities of perivascular and intermuscular adipose tissue are so small and so
variable in laboratory rodents that systematic study of their growth in vivo has not yet
been possible. Human postmortem data suggest the presence of cardiac depot hyper-
trophy in chronic heart disease (66,67).

2. PARACRINE INTERACTIONS OF ADIPOSE TISSUE IN HUMAN 
DISEASES

2.1. Adipose Tissue Hypertrophy and Inflammation
One of the most radical developments in obesity research in the past few years is

recognition that low-level chronic inflammation and other forms of immune dysfunc-
tion are associated with excess adipose tissue, at least in humans and laboratory rodents
(84,85). Chronic inflammation is believed to be one of several mechanisms linking 
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obesity to increased risk of adult-onset cancer (86), type 2 diabetes (85), and athero-
sclerosis (87,88), although the causal relationships are far from clear (89). In this con-
text, it may be appropriate to point out that many and varied disorders linked to
pathological and artificial obesity have not been reported in natural obesity. The evidence
from animals that are naturally obese for all or part of the year points to the opposite
association: fatter specimens are usually more fecund and live as long or longer than
average (90).

The formation of additional adipocytes following prolonged, chronic inflammation
(81,83) may be behind reports of an association between markers of viral infection and
enlargement of certain adipose depots in domesticated birds, captive primates, and
humans (91). The fact that several different pathogens have been identified as causes of
obesity (92) points to the immune response, rather than direct action of the organisms
themselves, as the main pathological mechanism. Such “obesity” may not involve the
usual metabolic correlates and is in fact the slow, selective hypertrophy of adipose
depots that enclose lymphoid tissue (18). The effects are most obvious in (though not
necessarily confined to) the mesentery and omentum, large adipose depots that incorpo-
rate much lymphoid tissue and respond to remote as well as to local inflammation.

Hypertrophy of the mesentery and omentum eventually leads to swelling of the
abdomen and to high waist/hip ratios in humans (93). Thick waists are common among
people of average body mass who smoke heavily, which continually exposes them to 
toxins and irritants in tobacco (94), or who are frequently exposed to a wide variety of para-
sites and pathogens (95). The link between hypertrophy of intra-abdominal adipose tissue
and susceptibility to type 2 diabetes is long established (96). More recently, chronic
inflammation has been implicated in the progress of long-standing obesity to insulin
resistance (97) and diabetes (98). Obesity is accompanied by changes in blood cytokines,
at least some of which may come from “non-fat cells” found in human adipose tissue (99).

2.1.1. LYMPHEDEMA

Physicians have long suspected that long-standing lymphedema, such as that arising
from mastectomy (100) and other forms of lymph blockage (101), leads to local hyper-
trophy of adipose tissue. Studies of transgenic mice in which the lymphatic system
develops abnormally indicate that leaky and mispatterned lymph vessels induce hyper-
trophy in anatomically associated adipose tissue, such as the mesentery (53). In genet-
ically unaltered adult rats, chronic but very mild inflammation induces the formation of
additional adipocytes over several weeks, especially near a site of immune stimulation
(81). This hypertrophy reverses only very slowly, with local enlargement of adipose
depots containing stimulated lymph nodes still detectable 12 wk after experimental
inflammation ended (83). The structural adipose tissue in the orbit of the eye is normally
without visible lymph vessels, but these can develop where chronic inflammation is
present (102). The wide variation among animals in the cellularity of the intraorbital
adipose tissue (103) may arise from local inflammation early in life, leading to lym-
phangiogenesis and stimulation of adipocyte proliferation in affected individuals.

2.1.2. CARDIOVASCULAR DISEASE

Macrophages and T-cells become more numerous at the interface between perivascular
adipose tissue and the adventitia of human atherosclerotic aortas (87). Secretions from
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perivascular adipose tissue modulates contraction of the smooth muscle of rat aortas in
vitro (63). Such observations have led to the concept of “vasocrine” interactions between
perivascular adipose tissue and vascular tissues (88).

2.1.3. HIV LIPODYSTROPHY

Reports of bizarre site-specific enlargement of certain normally minor adipose depots
following drug treatment for HIV infection began appearing in the late 1990s (104) and
was named HIV-associated adipose redistribution syndrome (HARS), also known as
lipodystrophy/lipoatrophy. The syndrome is characterized by selective atrophy of certain
adipose depots and/or hypertrophy of others and is accompanied by various changes in
blood chemistry, some of them characteristic of type 2 diabetes and obesity. The mani-
festations are variable, and patterns of adipose tissue redistribution cannot easily be cor-
related with particular immunological symptoms or therapeutic regimes beyond the
generalization that, as HIV takes hold and immune function deteriorates, HARS gets
worse. The debate over how HARS should be characterized, which began as soon as it
was first noted (105–107), is still not resolved (108,109).

HARS develops gradually after several months, or sometimes years, of infection with
the human immunodeficiency virus (110). It has been described in patients in whom the
progression from HIV infection to AIDS is delayed naturally (111), although it is more
common and worse in those treated with either or both major classes of antiviral drugs,
nucleoside reverse transcriptase inhibitors (NRTIs) and protease inhibitors (PIs). HARS
has been described in both sexes and in patients of all ages, including children infected
perinatally (112), and can accompany constant, increasing, or decreasing body mass,
with or without changes in average energy intake. Typical sites of hypertrophy are the
intra-abdominal depots, probably mostly or entirely the omentum and mesentery, the
breasts, and the “buffalo hump” around the neck, all sites in which adipose and lym-
phoid tissues are in intimate contact (113). These enlargements are usually accompa-
nied by depletion of superficial adipose tissue (especially buttocks, thighs, arms, and
legs), sometimes to the extent that cutaneous veins become clearly visible, and of the
structural adipose tissue of the face, producing the hollow cheeks and sunken eyes char-
acteristic of famine-starved, elderly, and terminally ill people (110).

The role of antiretroviral drugs in inducing lipoatrophy has been extensively investi-
gated and cannot be reviewed here. Adipose hypertrophy has received less attention
(109,114). We have proposed that the presence of antiretroviral drugs may alter the
paracrine signaling between adipocytes and lymphoid cells, leading to higher rates of
lipolysis in adipocytes associated with lymphoid tissues (115), of which the mesentery
and omentum are the largest and most active depots. The higher concentration of extra-
cellular fatty acids in lymphoid tissue-containing depots slowly leads to their hyper-
trophy by cell enlargement and/or the formation and maturation of more adipocytes.
The latter process has been demonstrated experimentally in rats (81,83). The overspill
into the blood contributes to hyperlipidemia, another common side effect of HIV infec-
tion treated with antiretroviral drugs (110). This shift to local control by the immune
system diminishes the sensitivity of adipocytes in depots that contain lymphoid tissue
to the endocrine conditions of fasting (41), so the adipose tissue thus altered becomes
less available to supply other tissues’ energy needs. These processes gradually withdraw
lipid from the nodeless depots that normally respond strongly to fasting.
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This hypothesis has not been explored systematically in animals or human patients, but
certain observations are consistent with it. In monkeys experimentally infected with simian
immunodeficiency virus, the postmortem viral antigen load was higher in alimentary-
associated lymphoid tissues (tonsils, mesenteric and retropharyngeal lymph nodes, and the
gut-associated lymphoid tissue) than in nonalimentary-associated lymphoid tissues (spleen,
thymus, inguinal and axillary lymph nodes) (116). The mesenteric lymph nodes and
mucosal lymphoid tissue are also altered in the mouse model of AIDS (117). For these rea-
sons, and because they interact most strongly with activated lymphoid cells (118), our hypo-
thesis predicts that the mesenteric and omental perinodal adipocytes should be most altered
by HIV infection and its treatment. Such effects have been shown in adults (110,119) and in
children (120,121), who normally have relatively little intra-abdominal adipose tissue. HARS
is less likely to occur in those who acquired the infection through injecting drugs than in those
infected sexually (in which case HIV reaches abdominal lymph nodes first) (122). But
women taking antiretroviral drugs whose breasts enlarged and lower limb fat wasted had the
best blood indicators of effective suppression of HIV (123), suggesting that strong interac-
tions between adipose and lymphoid tissues, at the expense of “general purpose” depots, is
associated with effective immune function.

Also consistent with this hypothesis is the observation that the breast tissue (in which
adipocytes and lymphoid tissues come into intimate contact) enlarge in HARS.
Mammary adipocytes resemble those associated with lymph nodes in expressing and
responding to IL-6 and probably other cytokines (124), and in selective accumulation
(125) and release (126) of long-chain PUFAs. In view of these similarities, it is not sur-
prising that breasts enlarge in HIV-infected women (123,127,128), unilateral gyneco-
mastia is much more common among HIV-infected men (129), and the hypertrophied
tissues do not regress after patients switch to alternative drugs (130).

Detailed studies of the adipose tissue of the human face (131) clarify the important
distinction between the corpus adiposum buccae and the orbital depots, in which lipo-
lysis and lipogenesis are too slow to be measured, and the subcutaneous layer over the
cheeks that are easily depleted during illness or fasting. The structural adipose depots in
the orbit of the eye are normally metabolically inert and without lymph vessels, but after
chronic, long-standing inflammation, lymphatics may form (102), providing access for
lymphocytes. Paracrine interactions between adipocytes of the metabolically inert struc-
tural depots and resident or infiltrating T-lymphocytes in the orbit of the eye are
believed to be important to the pathogenesis of Graves’ ophthalmopathy (132). Similar
interactions with HIV-infected lymphocytes could lead to the characteristic atrophy of
the adipose tissue of the face.

2.2. Crohn’s Disease
Crohn’s disease (CD) is chronic inflammation of the alimentary canal, mostly the

bowel, that usually first appears in children or young adults. It is relevant to this review
because of a distinctive feature, the selective hypertrophy of mesenteric adipose tissue
around the inflamed area of the intestine, known as “fat wrapping,” first identified by
Crohn himself (133). It appears early in the course of the disease and persists, even
though nearly all patients become thin following prolonged disruption of appetite,
digestion, and absorption (134). CD thus shares with HARS the peculiarity of selective
expansion of certain adipose depots while others are depleted. There may also be some
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similarities between the inflammation of the intestinal mucosa in CD and that of entero-
pathies associated with long-standing HIV infection (135). The symptoms can occur even
in patients whose immune responses are severely compromised by long-standing, aggres-
sive HIV infection (136). Although the gross anatomy is obviously abnormal in CD, there
is nothing unusual in the microscopical appearance of the adipocytes themselves (137), and
there is still no comprehensive explanation for its etiology.

Most investigations focus on peptide synthesis and secretion. The mRNAs for TNF-
and possibly other inflammatory cytokines are increased in the mesenteric adipocytes
themselves, but not in other intra-abdominal adipocytes or those from superficial depots
(137). Production of TNF- may be enhanced by increased local secretion of leptin (138).
Abnormal adipokines have been implicated in a wider range of intestinal diseases (139).

Recent studies (140) show that the site-specific differences in fatty acid composition
of adipose tissue lipids in the mesentery expected from animal studies (141) are absent
from patients with CD, although they were found in similar samples from the controls.
The composition of lymphoid cells in mesenteric lymph nodes resembles that of the 
adjacent mesenteric adipose tissue in the controls, but not in diseased patients, which
suggests that their adipocytes are not supplying fatty acids to cells in the adjacent lymph
nodes. Particularly striking was the finding that lymph node lymphoid cells from
patients with CD contained only 23% as much arachidonic acid (C20:4n-6) as the con-
trols, in spite of the slightly higher ratio of n-6/n-3 fatty acids in the adipose tissue
(140). This eicosanoid precursor is relatively abundant in most lymphoid cells and
insufficiency may lead to abnormal immune function, especially of dendritic cells
(142). The discrepancy between the composition of perinodal adipocytes and that of
adjacent lymphoid cells contrasts with Fig. 1 and the concept of paracrine nutrition of
lymphoid cells (37,68), but is consistent with reports that blood-borne mononuclear
cells from patients with CD contain more, not less, n-3 PUFAs than those of the con-
trols and are deficient in arachidonic acid (20:4n-6) (143).

Clinical studies suggest that supplying more n-6 PUFAs by enteral diets relieves
some of the inflammatory symptoms (144). The fatty acid compositions of phospho-
lipids in blood cells and storage lipids in adipose tissue of patients with CD are anom-
alous, especially in patients in whom active symptoms are long established (145). Fish
oil rich in n-3 polyunsaturated fatty acids has been recommended to relieve CD (146)
and other chronic inflammatory conditions (147,148). Animal experiments show that
dietary lipids modulate the spread of local immune stimulation within and between
node-containing depots (149). But clinical evidence is paradoxical, with some studies
apparently indicating that supplying more n-6 polyunsaturated fatty acids by enteral
diets relieves inflammatory symptoms (144). The data on site-specific fatty acid com-
position help to explain this finding: although n-6 polyunsaturated fatty acids are indeed
more abundant in the adipose tissue lipids from patients with CD, they are actually less
abundant in these patients’ lymph node lymphoid cells than in those of the controls.

The abnormalities of the composition of adipose tissue and lymph node lymphoid cells
in the mesentery of patients with CD probably indicate similar deficiencies in the corre-
sponding tissues elsewhere in the body. General defects in perinodal adipose tissue lead-
ing to impaired immune function could explain the association between the bowel
disorder and other symptoms (150,151), such as arthritis, eczema, and rhinitis (152) in
CD. Bone marrow adipocytes may interact locally with osteoblasts (153) and hemopoeitic
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tissues (57). Defective paracrine interactions may contribute to the bone normalities that
accompany CD (154,155).

2.3. Energy Balance and Immune Function
It is not appropriate here to review all the voluminous literature on human and ani-

mal obesity. However, certain topics are relevant to adipokines and immunological
processes, including the action of endocrine controls of appetite and energy expenditure
on immune function and the possible role of infection.

Leptin was first identified as an adipocyte secretion that acts on the brain to regulate
energy balance and lipid storage and was later shown to act on lymphoid cells in vitro
(156). More recently, other appetite regulators, including adipophilin (157) and ghrelin
(158), have been shown to act on various kinds of leukocytes, at least in vitro. The pos-
sibility of using leptin or other appetite regulators as antiobesity drugs has prompted
intensive study of the interactions between mechanisms of energy storage and immune
function (159,160). Unfortunately much of the data come only from depots of “pure”
adipose tissue that do not incorporate lymphoid structures.

In describing observations on the effects of deficiencies in the secretion and recep-
tion of leptin on immune function, Matarese et al. mention the presence of adipocytes
associated with lymph nodes, thymus, and bone marrow, and implicate them in these
effects, although no evidence is presented that these adipocytes secrete leptin at all
(161). The limited data available indicate that their contribution would be small:
adipocytes in the omental, mesenteric, and other depots that incorporate lymphoid
structures synthesize much less leptin per unit mass than depots with little or no lym-
phoid tissue (162–165). Bone marrow adipocytes produce a fair amount of leptin, at
least in vitro (166), but so do the osteoblasts and chondrocytes themselves (167). Leptin
seems to have a major role in osteogenesis (168,169). No net uptake of leptin was meas-
ured in the human splanchnic or pulmonary regions, in spite of the presence of many
lymph nodes and other lymphoid tissues in the spleen, omentum, mesentery, gut, and
lungs, although the legs, with relatively fewer lymph nodes, are net leptin exporters
(170). In addition to adipocytes, many other cell types are now known to secrete and/or
respond to leptin. Those of the reproductive system were the first to be described (171)
and more recently, the protein has been found in skin (172), vascular endothelium (173),
the stomach of suckling rats (174), and bone and cartilage (167).

Other endocrine regulators of appetite, such as ghrelin, also act on human blood and
mouse spleen leukocytes (158). Similarly, endocrine regulators of adipocyte meta-
bolism and energy utilization, such as adenosine, also regulate the immune system
(175). These findings support the concept of “coupling the metabolic axis to the
immune system.” The problem with this approach is that it creates the impression that
competition between the immune system and other tissues for energy and other meta-
bolic resources is limiting, which is incompatible with some universal and very familiar
aspects of normal responses to infection.

For example, the “competition for resources” model fails to explain why fever gen-
erated by endogenous thermogenesis universally accompanies major immune responses
to bacteria in mammals, and many cytokines associated with reaction to infection promote
anorexia (176): nutrient intake stops just as energy expenditure increases abruptly, hardly
an efficient arrangement if the immune system and pyrogenic tissues were normally in
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direct competition for fuels and other resources. Fever and systemic immune responses
combined with anorexia cause small mammals (including human infants) to lose weight
and are thus regarded as deleterious. However, when adult mice were experimentally
infected with Listeria and fed forcibly or ad libitum over the following days, weight loss
(because of the combination of anorexia and high energy expenditure) correlated posi-
tively with survival (177). Overriding anorexia by force-feeding seems to accelerate the
progress of pathogens, and hasten death, the opposite of what would be expected if
depletion of lipid and protein reserves suppressed immune function.

Dhurandhar, Vangipuram, and colleagues have championed the view that obesity can be
promoted by long-term viral infection (92,178). Various viruses in domestic poultry,
certain rodents, and monkeys have been implicated, but it is too early to speculate on the
mechanism by which the metabolic changes associated with viral infection lead to obesity.

2.3.1. STARVATION AND CACHEXIA

Famines, wars, and other tragedies have many times demonstrated in humans the
association between undernutrition and increased susceptibility to pathogens and para-
sites, especially those that invade through the gut and skin, presumably as a result of
immune inadequacies (179). However, there are some paradoxes. Many animals man-
age to remain healthy and breed normally while very lean, and “stress” rather than
weight loss per se seems more important for impaired immune function in wild animals.
Although maintaining the immune system is energetically expensive (180), many wild
animals manage to remain healthy and breed normally while very lean, as well as while
very obese (90). Studies of human athletes (181) suggest that endocrine and paracrine
changes caused by “stress,” rather than weight loss per se, impair immune function.
Under some circumstances, notably prolonged anorexia nervosa, immune function
remains surprisingly efficient in spite of massive reduction in adipose tissue mass (182),
less fever in response to infection (183), and altered plasma cytokines (184).

A notable feature of naturally lean mammals is the retention of a small amount of
perinodal adipose tissue around major lymph nodes. Prolonged fasting in laboratory
rodents does not raise lipolysis in perinodal adipocytes as much as in adipocytes not
anatomically associated with lymphoid tissue (41). As long as local interactions between
adipose and lymphoid tissues are unimpaired, the immune system can probably function
over a wide range of body compositions. Obvious cachexia with extensive depletion of
muscle protein seems to set in at about the same time as this perinodal adipose tissue dis-
appears. Thus it is possible that deficiencies in perinodal adipose tissue and its capacity
to support immune function, rather than reduction in whole body energy supplies per se,
are the mechanism by which nutritional “stress” impairs immune function.

Trypanosoma cruzi, the protoctistan parasite that causes Chagas’ disease, can invade
preadipocytes in vitro and alter their pattern of secretions (185). Similar behavior in
vivo could explain the long-term changes in metabolism and body composition associ-
ated with this disease. 

3. CONCLUSIONS

Adipose tissue around lymph nodes is specialized and the tissues function together.
Adipose tissue in the omentum and perinodal adipose tissue elsewhere, and probably 
“yellow” bone marrow, should be regarded as integral and essential parts of their adjacent
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lymphoid structures. As well as secreting and responding to cytokines, adipocytes asso-
ciated with lymphoid structures selectively accumulate and store certain fatty acids,
especially those that are essential precursors for eicosanoids and docosanoids, and
release them in response to local lipolytic signals. Quality as well as quantity of fatty
acids is important for efficient immune function. Local provisioning of lymphoid tissues
partially emancipates immune function from changes in quantity and composition of
food. Paracrine control of lipolysis by lymphoid cells reduces competition with other
tissues for energy stores, thus enabling fever and other energetically expensive defenses
against pathogens to take place simultaneously with immune responses and unrelated
functions such as lactation and exercise. The partitioning of white adipose tissue into a
few large and numerous small depots, many associated with lymphoid structures and
other tissues (such as muscle), and its local, paracrine control evolved alongside the
more elaborate and expensive immune system (38).
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Abstract
Recently, the endocrine activity of adipose tissue cells has been intensively studied. In effect, a

wide range of exported secretory proteins, dubbed adipokines, have been identified as constituents
of the adipose proteome (adipokinome). Besides their effects on glucose and energy metabolism,
adipokines are potent modulators of inflammation. This chapter provides a state-of-the-science
review of adipokine-mediated paracrine signaling that may be implicated in the pathogenesis of
inflammation-related diseases such as atherosclerosis, thyroid-associated ophthalmopathy, and
breast cancer. We also point out a possible contribution of adipose tissue-associated mast cell secre-
tory activity to the development of these diseases. Finally, we provide arguments for yin-yang (pro-
tective vs pathogenic) roles of adipokines in inflammation. This hypothesis may provide further
novel drug targets for the development of adipopharmacology of inflammatory diseases.

Key Words: Adipobiology; atherosclerosis; breast cancer; epicardial adipose tissue; ophthal-
mopathy.

1. INTRODUCTION

Today, increasing attention is being focused on the importance of adipose tissue
in disease (1), one of the most exciting examples being the rapidly growing interest in
understanding the adipose tissue secretion of signaling proteins collectively designated
adipokines (2–5). These multifunctional molecules, via endocrine and paracrine path-
ways (6,7), are potent modulators of inflammation (reviewed in refs. 5,8–11).

This chapter reviews data of adipose tissue paracrine signaling in the pathogenesis
of low-grade inflammation-related diseases such as atherosclerosis, thyroid-associated
ophthalmopathy, and breast cancer. We also point out a possible contribution of adipose
mast cell secretory activity to the development of these disorders. Finally, we provide
arguments for differential, yin–yang (protective vs pathogenic) roles of adipokines
in inflammation-related diseases. This may provide basis of adipose tissue-targeted
pharmacology.



2. ADIPOSE TISSUE

Particularly well developed in humans is white adipose tissue (WAT), a major meta-
bolic and secretory organ. Human WAT is partitioned into two large depots (visceral and
subcutaneous), and many small depots associated with various organs, including heart,
blood vessels, major lymph nodes, ovaries, mammary glands, eyes, and bone marrow.
Another major adipose tissue subtype, brown adipose tissue, is present around kidneys,
adrenals, and aorta, as well as within the mediastinum and neck. In adult humans, brown
adipose tissue is very scarce and probably not functional.

2.1. Adipokines: Inhibitory (Yin) and Stimulatory (Yang) Signals 
in Inflammation

Celsus’s description (first century AD) of inflammation signs includes rubor et tumor
cum calor et dolor. Inflammation is an essential biological response aiming at recover-
ing from injury, wound healing being a paradigm of such a homeostatic phenomenon.
However, what begins as a protective response becomes a damaging process in excess;
hence, inflammation is increasingly recognized as the underlying basis of a significant
number of diseases. Recent studies based on a pangenomic approach in human subcu-
taneous WAT revealed that a panel of inflammatory molecules was upregulated in obese
compared to lean subjects (ref. 12 and references therein). Of note, a calorie-restriction
diet improved the anti-inflammatory profile of obese subjects via increase of anti-
inflammatory and decrease of proinflammatory molecules (12). Further, weight loss
resulted in decrease of adipose macrophage number and an increased production of
interleukin (IL)-10, a well-known anti-inflammatory cytokine (13). These sophisticated
analyses, as well as others (8–11), support the hypothesis that adipose tissue-secreted
factors may indeed be potent modulators of inflammation-related disorders such as obe-
sity, type 2 diabetes, metabolic syndrome, atherosclerosis, inflammatory bowel disease,
thyroid-associated (Graves’) ophthalmopathy, breast cancer, and nonalcoholic fatty
liver disease. Accordingly, the field of the role of adipose tissue in inflammation and
metabolism has attracted great attention, exemplified by the rapidly growing interest in
understanding adipose tissue protein secretion (1,2,5–7,12–15). A paradigm-shifting
discovery was that of leptin at the end of 1994 (16). Although the birth hour of adipoen-
docrinology may be traced to the identification of the adipocyte-secreted enzyme
lipoprotein lipase, followed in 1987 by adipsin (17), leptin’s discovery paved the way
toward intensively studying adipose tissue endocrine function. As such, adipose tissue
cells, represented by adipocytes, matrix cells, and stromovascular cells (12,13,18), syn-
thesize and release a diverse range of multifunctional molecules termed adipocytokines
(2,3) or adipokines (4,5), the latter terminology being more accurate than the former.
Adipokines have been introduced as a term (4) that should be used exclusively to cover
the secretory proteins (e.g., growth factors, cytokines, chemokines, enzymes, and
matrix proteins) that are synthesized and released not solely by adipocytes, but also by
matrix cells and stromovascular cells, including local macrophages (13,19,20) and, sup-
posedly, mast cells. Because of recent advances in genomic and proteomic approaches,
the secretory proteome of adipose cells (adipokinome) (5) is constantly being enriched
with newly identified adipokines (6,7,12,13,18–28) (Table 1). Further, the whole spec-
trum of adipose secretory products (secretome) (5) is not limited to adipokines, but also
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Table 1
Selected List of Adipokines

CYTOKINES
Leptin, IL-1a, IL-1Ra, IL-6, IL-10, IL-18, TNF- a, LIFa, oncostatin M
CHEMOKINES
MCP-1 (CCL2)a, IL-8 (CXCL8)a, Eotaxin (CCL11)a, RANTES (CCL5)a, IP-10
GROWTH FACTORS
FGFa, TGF- a, NGFa, CNTF, MCSFa, BMP-2, HB-EGF, IGF
ANGIOGENIC FACTORS
VEGFa, angiogenin, angipoietin-2, HGFa

RENIN–ANGIOTENSIN SYSTEM
Renin, angiotensinogen, angiotensin I, II, chymasea, cathepsin D/G
ACUTE PHASE REACTANTS
SAA, PTX-3, lipocalin, ceruloplasmin, MIF, haptoglobin
HEMOSTATIC FACTORS
PAI-1a, TF
ENZYMES
LPL, adipsin, MMPa, tryptasea

OTHERS
Adiponectin, FIZZ1, resistin (FIZZ3), visfatin, vaspin, omentin, ASP, PEDF, prolactin, agouti
protein, prohibitin, osteonectin (SPARC), TIMP-1, -2, adrenomedullin, CGRP, MT-1,-2, HIF-
1 , Type VI collagen

aSecreted also by mast cells.
For a more extensive list of molecules comprised the adipose tissue secretome, see refs. 12,13, and 28.

includes a variety of nonproteins such as prostaglandins, fatty acids, monobutyrin, and
steroid hormones.

In addition to their importance in lipid, glucose, and energy homeostasis, adipokines
are pivotally involved in coordinating a variety of processes such as inflammation and
immunity (8,9–11,29) and vascular biology-related processes including artery relax-
ation via perivascular adipose tissue-derived relaxing factor (30), arteriolar constriction
and insulin resistance (31), and smooth muscle cell growth (32).

3. ADIPOSE MAST CELLS

Mast cells were first described in 1878 by Paul Ehrlich (1854–1915) in his doctoral
thesis, “Contribution to the Theory and Practice of Histological Staining” (33). Ehrlich
observed that mast cells were commonly located in connective tissue near blood vessels
and nerves, as well as in inflammatory and tumor lesions. Mast cells are phenotypi-
cally and functionally versatile effector cells that have traditionally been associated
with the immunoglobulin E-mediated allergic response. However, recent studies
implicate these cells in the regulation of inflammation and fibrosis (34–36), angiogen-
esis (37), and neuroimmune interactions (34,38), which could associate with various
inflammatory diseases.

A wealth of evidence demonstrates that the mast cell is indeed “master” of protein
secretion (35). From a theoretical standpoint, adipose mast cell-secreted proteins may
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Fig. 1. Immunohistochemical localization of NGF and its high-affinity receptor TrkA in newborn
human subcutaneous skin adipose tissue. Note the preferential stromal distribution of positive signal.
TrkA protein is present also in adipocytes. Magnification, ×200.

potentially contribute to the whole body of adipokinome (see Table 1). At present, the
knowledge of the biology of mast cells in adipose tissue is, however, limited as com-
pared to that of macrophages (13,19). Indeed, one has to go back more than 10 yr to find
information, for example, about the role of brown adipose tissue-associated mast cell-
secreted histamine in thermogenesis (39). Likewise, whereas most studies deal with the
effects of adipokines on macrophages or lymphocytes, only a single paper reported a
stimulatory effect of leptin on mast cell growth, as demonstrated in biopsies of subcu-
taneous abdominal adipose tissue from patients with metabolic syndrome (40). Also,
our ongoing study on the involvement of neurotrophins in adipose tissue biology
demonstrates a prominent immonoreactivity for nerve growth factor (NGF) and its
high-affinity receptor tyrosine kinase-A (Trk-A) expressed in the stromal compartment
of subcutaneous adipose tissue (Fig. 1). Some recent data about adipose mast cells in
the pathobiology of diseases under the scope of the present chapter will be discussed
in the following sections.

4. PARACRINE EFFECTS OF ADIPOSE TISSUE

The possibility that the endocrine secretory activity of large adipose depots may
directly contribute to the altered blood plasma levels of certain adipokines has recently
gained considerable attention (1–11). Further, the paracrine secretory activity of the
small adipose depots has, at long last, become a focus in the biology of disease.
Similarly to endocrine products of large adipose depots reaching many organs through
the bloodstream, paracrine products of organ-associated adipose depots can affect their
neighboring tissues by a variety of adipokines (see subheading 4.1.3).

4.1. Perivascular Adipose Tissue and Cardiovascular Disease
In our previous papers (4,41), we emphasized the importance of investigating the mole-

cular composition of artery-associated adipose tissue, as it may yield clues to a possible



paracrine transmission of protective and pathogenic signals derived from the perivascular
adipose tissue toward the adjacent artery wall. Such an outside-to-inside signaling (30,42),
recently dubbed vasocrine signaling (31), is implicated in the obesity-related insulin resist-
ance phenotype (31) and various vascular disorders (32). Moreover, inflammatory bio-
markers measured in blood plasma may not adequately reflect local vascular inflammation.

An intriguing example of perivascular adipose tissue is the (sub)epicardial adipose
tissue (EAT) that is conjunctioned to the adventitia of the most atherosclerosis-prone
portions of the coronary artery—that is, the most proximal part of its left anterior descend-
ing branch. The possible involvement of EAT in coronary atherosclerosis and other cardiac
pathologies has recently been addressed. Epicardial adipose tissue is a visceral fat depot
around the heart, especially the right-ventricular free wall and left-ventricular apex. This
neglected tissue is now recognized as a potent producer of various inflammation-related
adipokines (43–48). Specifically, recent findings demonstrate that the portion of the left
anterior descending coronary artery running in the EAT develops atherosclerotic lesions,
whereas the portion running in the myocardium is free of atherosclerotic lesions (ref. 41
and references therein). Further, the “atherosclerotic” EAT exhibits (1) reduced levels of
adiponectin, an anti-inflammatory and antiatherosclerotic adipokine (45), (2) elevated
levels of monocyte chemoattractant protein-1, IL-1 , IL-6, tumor necrosis factor (TNF)-
(44,46,47), and NGF (43,49), and (3) the presence of inflammatory cell infiltrates, includ-
ing mast cells (43), lymphocytes (44), and macrophages (47) (reviewed in refs. 32,48,49).

4.2. Orbital Adipose Tissue and Thyroid-Associated Ophthalmopathy
Thyroid-associated (Graves’) ophthalmopathy (TAO) has an autoimmune patho-

genesis possibly related to the thyrotropin receptor (50–53). The symptoms of TAO
result from inflammation, fibrosis, and accumulation of orbital adipose tissues.
Immunohistochemical analysis of orbital tissue biopsies from patients with TAO
demonstrates that the thyrotropin receptor is expressed in fibroblast-like cells, accom-
panied by mast cell infiltrates (50,51). Whether these mast cells, via their fibrogenic
(34–36) and/or angiogenic (37) potential, may contribute to TAO-associated fibrosis
and orbital adipose tissue hypertrophy, respectively, remains to be evaluated. Further,
transforming growth factor- inhibits, whereas IL-6 stimulates, thyrotropin receptor
expression (52), suggesting that the pathogenesis of TAO may be influenced by com-
peting inhibitory (yin) and stimulatory (yang) adipokine effects within the orbit. One
study examined 2686 genes, of which 25 known genes were upregulated in TAO orbital
tissues, whereas 11 genes were downregulated (53). Upregulated genes included
secreted frizzled-related protein (sFRP)-1 and several adipocyte-related genes, includ-
ing peroxisome proliferator-activated receptor (PPAR) and adiponectin. Treatment of
TAO orbital preadipocytes in vitro with recombinant sFRP-1 significantly increased
their adiponectin and leptin secretion (53).

4.3. Mammary Adipose Tissue and Breast Cancer
It is known that inflammation can promote tumorigenesis. There is compelling evidence

indicating that both normal mammary gland development and breast cancer growth
depend, in part, on microenvironment, of which adipose tissue is a key component
(ref. 28 and references therein). Interestingly, the mammary gland microenvironment
during postlactational involution shares similarities with inflammation, which may be
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promotional for breast cancer development associated with pregnancy (54). Recently,
an elegant study by Celis et al. (28) provided the most extensive proteomic analysis of
the mammary adipose secretome in high-risk breast cancer patients.

Adipose fibroblasts are another important cellular component of breast cancer
microenvironment. These cells, being bona fide steroidogenic cells, are one of the major
extragonadal sources of estrogen secretion. Estrogen synthesis is mediated by the
enzyme aromatase cytochrome P450 (P450arom), which converts androgens to estrogens
(55). In breast cancer, one of the most aggressive human cancers, intratumoral prolifera-
tion of breast adipose fibroblasts is accompanied by increased P450arom expression by
these cells, leading to proliferation of breast epithelial cells (56). Notably, breast cancer
commonly associates with a prominent immune, especially mast cell, response (57–59).
TNF- and IL-6, which may potentially derive from both adipose cells and mast cells,
upregulate aromatase expression (60). Further, mast cell-secreted tryptase is a potent
stimulator of fibroblast proliferation (61), and adipocytes also produce tryptase (12).

A novel piece to the puzzle of breast cancer is that NGF, a molecule known to be
produced by adipocytes (5,27,28,43,49) and mast cells (34,62), stimulates breast cancer
cell proliferation (63,64). Importantly, the antiestrogen drug tamoxifen inhibits NGF-
mediated breast cancer cell proliferation through inhibition of the Trk-A receptor (63).
These data suggest a novel, NGF-mediated mechanism in the action of an old drug,
tamoxifen, in breast cancer pharmacotherapy. Together these findings open possibilities
for an adipose NGF-/mast cell-oriented therapy of breast cancer (1), and pressingly call
for studies on pharmacology of this neoplastic disorder.

5. CONCLUSIONS

Adipose tissue is a major source of and target for inflammatory signals. Although
adipocyte–macrophage (13,19,20,47) and adipocyte–lymphocyte (29) interactions enjoy
the researchers’ appreciation, adipose mast cells have been relatively less studied until
now. Nonetheless, adipocytes and mast cells share several biological features: (1) they
are bona fide secretory cell types; (2) they cover almost the same spectrum of secretory
proteins (see Table 1); and (3) they are co-implicated in the pathobiology of various
inflammatory diseases. Despite these associations, further investigations will be
required to illuminate the biology of mast cells in mast cells in health and disease. The
following example might be a “role model” for such studies: activated human mast cells
synthesize and release large amounts of plasminogen activator inhibitor type 1 through
a nonconventional secretory pathway, using multivesicular endosome-mediated
secretion of exosomes (65). If this appears to be the case for adipose mast cells, it may
further “inflame” adipose tissue. Also, comparing the biological responses of mast cells
in wild-type mice with those of genetically engineered knock-in or knockout mice may
provide new insights into adipose mast cell biology. Finally, a further suggesiton of a
possible relation between mast cells and adipocytes is underscored by the observation
that hyperlipidemia develops in mast cell-deficient W/WW mice (66).

Because the actions of adipokines are complex and diverse, we need to design novel
studies to determine how these molecules affect various inflammatory processes.
Mechanistically, promotion of anti-inflammatory (yin) and suppression of proinflam-
matory (yang) adipokine-mediated signals may result in an improvement of inflammatory



disease therapy (Table 2). The present challenge is thus to cultivate an adipocentric
thinking about how we can make adipokines work for the benefits of patients. It is our
belief that we should collaborate to more easily (and pleasantly) achieve that goal, as
advised by the yin–yang philosophy also named “The Book of Ease.”
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Abstract
Bone marrow (BM) adipose tissue should no longer be considered simply as a filling material for

bone cavities that is not needed for hematopoietic activity. In addition to its potential role as an
energy store, BM adipose tissue exhibits a considerable adaptive plasticity and secretes a broad spec-
trum of hormones, cytokines and growth factors whose receptors are present on different cells of the
stromal microenvironment. BM adipocytes, originating like osteoblasts from mesenchymal stem
cells, display a marked metabolic and secretory activity. Among the various secreted adipokines,
leptin, and adiponectin have opposite effects on hematopoiesis, immunity, inflammation, and bone
remodeling. As a whole, a counterbalance exists between adipogenesis and erythropoiesis, and
between adipose and bone formation. The better knowledge of the different paracrine and endocrine
agents involved in the subtle and complex regulation of hematopoiesis and its osseous environment
suggests that BM adipose tissue may represent a target for drugs in situations such as blood diseases
or osteoporosis.

Key Words: Bone marrow; adipocytes; microenvironment; mesenchymal stem cells;
hematopoiesis; osteogenesis; adipogenesis.

1. INTRODUCTION

Many studies have focused on brown and white fat in both rodents and humans. The
organization and properties of bone marrow (BM) adipose tissue have received much
less attention.

Although adipocytes are the most abundant cell type found in adult human bone
marrow, their function is not fully understood. Several hypotheses—often conflicting—
have been proposed to clarify their role. Most of them have not been rigorously verified
(1). For some authors, marrow fat simply fills the spaces free of hematopoietic cells in
the closed and rigid cavity of bone, accommodating to hematopoietic demands by alter-
ing its volume—i.e., by contracting in the case of heightened hematopoiesis or by
expanding in the event of decreased marrow activity (2,3). Evans et al. considered mar-
row adipose tissue as an ordinary fat pad, the free fatty acids produced by lipolysis
raising the circulation to participate in the general metabolism of the organism (4).
Others have suggested that the BM fat stores are important for local nutrition rather than
for total energy supplies (5). However, most recent studies indicate that BM adipose tissue
possesses a significant endocrine function, considerable adaptive plasticity, and an



important in situ action, and is substantially involved in the regulation of hematopoiesis
(1,6–8) and osteogenesis (9,10).

2. PLASTICITY OF BM ADIPOSE TISSUE

2.1. Evolution Throughout the Life Span
In neonatal mammals no adipose cells are seen in any marrow cavities, which are

primarily hematopoietic (11), presumably because the elevated requirements for red cell
production during neonatal life demand the resources of the entire potential of the
marrow. With advancing age, the demands for red cell production recede, and the number
of adipocytes in the bone marrow slowly and progressively increases, resulting in the
appearance of fatty marrow.

In the rabbit, adipocytes begin to develop at 2 wk of age in both trunk and limb bones,
the adult pattern being fully established by 4 mo (12). In humans, during the first few
years of life, the marrow of most bones is “red”—i.e., hematopoietic—but, with increas-
ing age, the active marrow gradually recedes from the distal portions of the skeleton
toward the trunk. This process actually commences before birth, and in the toes, by the
age of 1 yr, the marrow is almost entirely “yellow” or fatty (13). At about the age of 18,
actively red hematopoietic marrow is found only in the vertebrae, ribs, sternum, skull
bones, and proximal epiphyses of the femur and humerus (14). It has been calculated that
in the adult there are 0.56 g of marrow per gram of blood and that bone marrow accounts
for 3.4 to 5.9% of body weight, or 1600 to 3700 g, roughly the weight of the liver (14).

The preference of hematopoietic tissue for centrally located bones is still puzzling.
Higher central tissue temperature with greater vascularity has been invoked to explain the
hematopoietic distribution (15,16). However, complete reactivation of peripheral fatty marrow
in the rat demands more than simply increased environmental temperature, suggesting that
there is an inherent determinant of the cellularity of marrow in different sites (17,18).

Although total body fat may decrease in old age (19), percent body fat declines very
little, and may even remain constant or increase (20). This occurs because fat is re-
distributed from fat depots to other organs, mainly muscle and liver (21,22). BM fat is
also increased in old age (23–25). With aging, adipocytes increase in size and number,
and the composition of BM fatty acids also changes, characterized by an overall
increase in the unsaturation rate (26). The polyunsaturated fatty acids released by
adipocytes could lead to an inhibitory effect on osteoblastic proliferation (27,28). In this
way, the increase in marrow adipose tissue that occurs with aging may contribute to the
age-related decrease in bone formation. We will further examine the close relationships
between osteogenesis and adipogenesis.

2.2. Response to Starvation
Fat cell volume and the number of fat cells in the marrow remain essentially

unchanged in the rabbit subjected to acute starvation, despite drastic weight loss and
depletion of peripheral white fat stores (29). BM adipose cells exhibit no ultrastructural
change during short-term starvation when fat is mobilized from extramedullary adipose
tissue (30). In prolonged induced starvation or in patients with severe anorexia nervosa,
BM fat atrophies and an accumulation of gelatinous extracellular mucopolysaccharide-
type matrix is observed (31,32).
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2.3. Balance With Erythropoiesis
A reciprocal relationship exists between adipogenesis and erythropoiesis (23). When

rabbits are treated chronically with phenylhydrazine to induce hemolysis or are subjected
to chronic bleeding, erythropoiesis is stimulated. In such situations, the mean volume of
marrow fat falls, whereas that of nonmedullary fat pads is unchanged. BM adipocyte
shrinking is accompanied by preferential release of unsaturated fatty acids (4). This
specific loss of unsaturated fatty acids suggests that increased hematopoiesis stimulates
lipolysis of BM adipocytes (33,34). However, the ultimate fate of these unsaturated fats
is currently unknown.

In some situations, the reverse phenomenon is seen. In patients with aplastic anemia,
an increased percentage of BM is occupied by adipocytes (35). Keeping mice hyper-
transfused for up to 6 wk completely suppresses erythropoiesis. Sequential electron
microscopic study performed during this sustained polycythemia reveals a shift from
erythropoietic to granulopoietic tissue, destruction of BM macrophages, and accelerated
development of marrow adipocytes. Accumulation of fat in stromal cells precedes the
expansion of granulopoietic tissue, and adipocytes decline as granulopoiesis returns to
normal (36). The question of this association of marrow adipocytes with the induction
of granulopoiesis, also suggested by in vitro studies (37), will be further discussed.

2.4. Adiposity vs Bone Formation
Aging of the human skeleton is characterized by decreased bone formation and bone

mass. The decrease in bone volume associated with age-related osteopenia is accompa-
nied by an increase in marrow adipose tissue as determined by histomorphometry
(38,39). Adipogenesis is also observed in almost all conditions that lead to osteoporo-
sis (40,41), such as ovariectomy (42), limb immobilization (43), alcoholism (44), and
excessive treatment with glucocorticoids (45). Conversely, adipogenesis is inhibited in
conditions with increased bone formation (46).

Studies in an age-related osteopenia animal model, SAMP6 mice, show that increased
adipogenesis and myelopoiesis in the bone marrow are associated with a reduced
number of osteoblast progenitors and decreased bone formation (47).

Hindlimb suspension in the rat, a model of skeletal unloading, induces osteopenia by
inhibiting bone formation in long bones (48). This results from impaired recruitment of
osteoblasts and decreased expression of bone matrix proteins. In addition to altering
osteoblastogenesis, skeletal immobilization increases adipogenesis in human bone marrow.

Osteopenia and osteoporosis, which are associated with increased fracture rate and
delayed fracture healing, are known long-term complications of insulin-dependent dia-
betes mellitus. In diabetes, both human and rodent studies find reduced bone volume,
with decreased expression of osteoblastic markers together with an increase of
adipocyte markers. Using a streptozotocin-induced diabetic mouse model, Botolin et al.
observed suppressed osteoblastic maturation and increased BM adipose storage; unlike
BM, peripheral adipose tissue was decreased in size, suggesting that the marrow envi-
ronment and adipose stores are regulated differently from peripheral sites (49).

Habitual consumption of significant quantities of ethanol is recognized as a major
factor for osteopenia and increased fracture risk in both men and women. Bone mass
is decreased in alcoholics and their osteopenic skeletons show increased bone marrow
adiposity (50,51).
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Thus there is evidently a close relationship between adipocytes and osteoblasts. We
will further develop this specific point.

3. MORPHOLOGICAL AND FUNCTIONAL CHARACTERIZATION 
OF BM ADIPOCYTES

Most of our knowledge has been obtained from histological and biochemical studies
in the rabbit and the mouse. Cultures of either stromal-derived cell lines or primary
human mesenchymal stem cells (MSCs) recently yielded additional information.

Morphologically, the marrow adipocyte is very similar to the extramedullary white
adipose cell. Electron microscopic study of the rabbit marrow reveals extremely large
adipocytes (140–160 μm), preferentially located close to the wall of BM sinuses (52).
Numerous organelles are located mainly in the perinuclear cytoplasm, compatible with
high metabolic activity. They are rarely situated in the narrow cytoplasm adjacent to the
central fat globule. Mitochondria are elongated and few in number. Variable amounts of
glycogen are present (53,54).

Histochemically, BM adipocytes essentially contain neutral triglycerides and free
fatty acids, most of which are saturated and monounsaturated (52). Bone marrow
adipocytes thus stain well with Oil red O and Nile blue sulfate. The cytochemical stain-
ing pattern of freshly isolated marrow and extramedullary adipocytes (54) reveals
differences in esterase activity (Table 1).

In the rabbit, palmitate turnover per gram triglyceride is fivefold greater in BM
adipose tissue than in subcutaneous or perinephric adipose tissues; however, when
expressed on the basis of individual cells, incorporation of the free fatty acid in marrow
and in nonmedullary fat cells appears similar (55). Gas chromatography reveals that
marrow fat contains a higher concentration of unsaturated fatty acids. As a whole, these
studies and those performed during stimulation of erythropoiesis indicate that there is
greater lipolysis and lesser storage in BM fat than in nonmedullary fat pads (55). Our
opinion is that, contrary to white adipose tissues, fat storage and energy conservation
are probably a secondary function of marrow fat.

4. BM FAT CELL PRODUCTS

Like their nonmedullary counterparts, BM adipocytes are now considered as active and
potent secretory and endocrine cells. In addition to fatty acids, they secrete adipokines,
which are mainly regulators of adipogenic, osteogenic, or hematopoietic development.

4.1. Leptin
The cloning of leptin, the ob gene product, emphasized the secretory function of

adipocytes. It is well established that this hormone is secreted mainly by adipocytes and
circulates in the blood. In addition to control of food intake and energy expenditure via
its action on the hypothalamus, leptin plays an important role in numerous physiologi-
cal functions such as adrenal, thyroid, and reproductive functions, glucose homeostasis,
lipogenesis, and lipid oxidation, growth, and development during fetal and neonatal life
(56,57). Studies of obese rodents carrying the mutation (ob/ob mice) or with a mutation
of the gene encoding for the ob receptor (db/db mice) reveal that leptin is also involved
in immunity, inflammation, hematopoiesis (58), and bone mass regulation (59).
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Table 1
Comparison Between Bone Marrow Adipocytes and Extramedullary Brown 
and White Adipocytes

Characteristics BM adipocytes Brown adipocytes White adipocytes

Tissue localization Bone marrow Mainly around heart Dispersed
cavities and vessels

Morphology Unilocular Multilocular Unilocular
Mitochondria + +++ +
Histochemistry:

acetate esterases +
chloroacetate esterases +
butyrate esterases Fluororesistant Fluorolabile Fluorolabile
alkaline phosphatases ± ?

Specific marker UCP1
Development Postnatal Perinatal Postnatal
Main physiological role Hematopoiesis Thermogenesis Energy

Osteogenesis conservation
Energy store?

Response to starvation +
Response to hemolysis +
Insulin sensitivity + +
Differentiating agents:

insulin ++++ +++
dexamethasone +++ +++ +++
thiazolidinediones + (rodents) + +
catecholamines ++
T3 ? ++ +

Leptin-deficient db/db mice exhibit an inherent deficit in lymphopoietic progenitors
and are unable to completely recover their lymphopoietic populations after irradiation
(60). A decrease in the number of blood lymphocytes, phenotypic abnormalities in
macrophages, and deficient expression of proinflammatory cytokines are observed in
ob/ob mice (58,61,62).

We first reported that human BM adipocytes secrete large amounts of leptin (63) and
that leptin secretion may be directly regulated by the proinflammatory/hemopoietic
cytokines interferon (IFN)- , interleukin (IL)-6, IL-1 , and tumor necrosis factor
(TNF)- (64). The leptin receptor is expressed in hematopoietic progenitors (60,65,66).
Recombinant leptin acts on murine hematopoietic stem cells to stimulate multilineage
expansion (60,67), and significantly stimulates the development of granulocyte-macrophage
colonies from human CD34+ hematopoietic progenitors (68).

Studies on human BM stromal cell lines show that leptin enhances osteoblastic and
inhibits adipocytic differentiation (69). These cells express both the short and long
forms of the leptin receptors (69,70). Moreover, cultures of human BM primary
osteoblasts produce relatively large amounts of leptin (70,71).



All these observations suggest that leptin may be an important paracrine signaling
molecule between adipocytes, myeloid and lymphoid progenitor cells, and osteoblasts
in the BM microenvironment.

4.2. Adiponectin
The protein designated Acrp30, adipoQ, or adiponectin represents a major fat cell-

restricted product in the mouse and in humans (72–74). It has also been isolated from
human serum and termed GBP28 (75). Adiponectin is attracting interest because of its
potential involvement in obesity, diabetes, and cardiovascular diseases. BM adipocytes
can highly and specifically express adiponectin. The biological effects of leptin and
adiponectin overlap:

• Adiponectin may be implicated in the native and adaptive immune response.
Recombinant adiponectin influences differentiation of early myeloid and lymphoid pro-
genitor cells, probably through prostaglandin metabolism (76). Adiponectin reduces the
viability of monocyte cell lines, inhibits LPS-induced production of TNF- , appears to
use the C1qRp receptor on normal macrophages and blocks their ability to phagocytose
particles (77).

• Recombinant adiponectin inhibits fat cell formation by marrow-derived stromal cells
through a paracrine negative feedback loop. The cyclooxygenase (COX)-2-dependent
prostanoid pathway is important for this suppressive activity (78).

• Adiponectin appears to be directly involved in osteogenesis, as the adiponectin recep-
tor (AdipoR) is detected in human osteoblasts and recombinant adiponectin promotes
their proliferation and differentiation. The proliferation response is mediated by the
AdipoR/JNK pathway, whereas the differentiation response is mediated via the
AdipoR/p38 pathway (79).

4.3. Cytokines and Growth Factors
BM-derived stromal cell lines produce numerous factors implicated in lymphoid

development and in granulocytic and monocyte/macrophage differentiation, such as IL-6,
IL-7, transforming growth factor (TGF)- , granulocyte-macrophage colony-stimulating
factor, granulocyte colony-stimulating factor (G-CSF), and macrophage colony-stimunating
factor (M-CSF) (1). Human BM adipocytes in primary culture secrete trace amounts of
IL-1 and TNF- and significant and regulated levels of IL-6 (64). These results indi-
cate that bone marrow adipocytes may contribute to the complex network of cytokines
involved in the control of hematopoiesis and immune response.

IL-6 may also be involved in the plasticity of the hematopoietic microenvironment,
as BM-derived murine cell lines (LDA11 and MBA13.2), as well as murine (MC3T3)
and human (MG-63) osteoblast-like cell lines, display the IL-6 receptor (80). Therefore,
myofibroblasts and osteoblasts appear as potential targets for the actions of IL-6. It is
noteworthy that IL-6 stimulates stromal progenitor differentiation toward osteoblastic
lineage (81).

So, in addition to their potential role as an energy store, BM adipocytes are endocrine
cells that secrete a broad spectrum of hormones, cytokines, and growth factors involved in
bone remodeling, inflammation, and hematopoietic activity. Bone marrow adipose tissue
should no longer be considered simply as a filling material but also must be looked at as
an adaptable tissue with marked metabolic and secretory activity, involved in the subtle
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and complex regulation of hematopoiesis and its osseous environment. These intricate
and balanced regulations will be further dealt with in the following sections.

5. BM ADIPOCYTES ORIGINATE FROM MESENCHYMAL STEM CELLS

There are two stem cell compartments in mammal bone marrow. Besides the well-
known hematopoietic stem cells, BM has a multipotent population of cells capable of
differentiating into adipocytes, osteoblasts, and other mesodermal pathways (82,83).
These MSCs, or BM stromal cells, have been cloned from humans, mice, and rats. They
produce many cytokines and participate in the microenvironment that supports the pro-
liferation and differentiation of hematopoietic stem cells (1,84).

5.1. In Vitro Experiments
The nonhematopoietic MSCs of bone marrow were discovered by Friedenstein et al.

(85), who described clonal, plastic adherent cells from BM capable of differentiating into
osteoblasts, adipocytes, and chondrocytes (86–90). These cells are also stromal cells,
structural components of the bone marrow that support ex vivo culture of hematopoiesis
by providing extracellular matrix components, cytokines, and growth factors (85,91,92).

5.1.1. PROTOCOLS FOR ISOLATION AND CULTURE OF MSCS

Protocols for isolation and culture of MSCs from different species vary, but human
MSCs are typically isolated from the mononuclear layer of the bone marrow after sep-
aration by discontinuous density gradient centrifugation (85,88,90,93). In some cases,
the MSCs are further purified based on the expression of the primitive MSC marker,
STRO-1 (94). The mononuclear layer is simply cultured and the MSCs adhere to the
culture plastic. Over time in culture, the nonadherent hematopoietic cells are washed
away, resulting in small, adherent fibroblast-like cells. When cultured in a medium 
containing fetal calf serum or fresh human serum, after an initial lag phase the cells
divide rapidly, with an average initial doubling time of 12 to 24 h. As the cultures
approach high density, the MSCs enter a stationary phase and transform from a spindle-
like morphology to a larger, flatter phenotype (Fig. 1). Typically, the MSCs recovered
from a 2-mL bone marrow aspirate can be expanded 500-fold over about 3 wk, result-
ing in a theoretical yield of 12.5 to 35.5 billion cells. The cells generally retain their
multipotentiality for at least 6 to 10 more passages (95).

5.1.2. ADIPOGENIC DIFFERENTIATION

Adipogenic differentiation is classically induced by incubation of monolayers in a cul-
ture medium containing dexamethasone, isobutyl-methylxanthine (IBMX), and
indomethacin. Insulin is not necessary (63,96,97). IBMX is a phosphodiesterase inhibitor
that blocks the conversion of cAMP to 5 AMP, resulting in upregulation of protein kinase
A. Indomethacin is a known ligand for the peroxisome proliferator-activated receptor
(PPAR) / , a key early transcription factor in adipogenesis (98).

Thiazolidinediones (TZDs) are antidiabetic compounds that were discovered to be
potent stimulators of adipogenesis. TZDs bind and activate the nuclear receptor PPAR
(99–101). They are routinely used in adipogenic treatment protocols to induce fat
droplet accumulation within a few days in mesenchymal precursor cultures (101,102).
In vitro cell differentiation studies indicate that TZDs inhibit osteogenic differentiation
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Fig. 1. Phase contrast microscopic examination of human bone marrow mesenchymal stem cells,
before (A) and after (B) adipogenic differentiation.



while promoting adipogenic conversion of MSCs (103,104). Studies of animals treated
with PPAR ligand TZDs have yielded conflicting results concerning BM fat cell dif-
ferentiation and bone status: either significant loss of bone mineral density (105,106)
and increased fat content in bones (107,108), or no adverse effect (109,110). Procedural
differences may account for these discrepancies.

As MSCs in BM stroma undergo adipogenic differentiation, adipogenesis-related
genes (i.e., CCAAT enhancer-binding protein [C/EBP], acylCoA synthetase, lipoprotein
lipase, fatty acid binding protein 4, and PPAR 2) undergo upregulation, whereas osteo-
genesis-related genes (i.e., collagen I and osteocalcin) are downregulated (98,111,112).

The cDNA microarray technique, confirmed by semiquantitative reverse transcrip-
tion-polymerase chain reaction, has recently been applied to analyze gene expression
profiles of human stromal cells incubated in the adipogenic medium. The temporal gene
expression patterns indicate that genes differentially expressed during MSC adipogene-
sis are similar to those previously identified as “adipose-specific’’ in the differentiation
processes of preadipocyte cell lines such as 3T3-L1 and 3T3-F442A (113,114).

Human MSC-derived adipocytes (Fig. 1) display functional characteristics of mature
adipocytes from adipose tissues, including specific intracellular signaling pathways for
TNF- and catecholamine-regulated lipolysis, as well as secretion of adiponectin and
leptin. Similarly to differentiated preadipocytes, BM adipocytes display lipolytic effects
mediated by -adrenoceptors and antilipolytic effects mediated by the 2A-adrenocep-
tor, and they also express proteins with a pivotal role in human lipolysis, including

2-AR, 2A-AR, and hormone-sensitive lipase (115).

5.1.3. COMMITMENT OF MSCS AMONG PHENOTYPES

Commitment of MSCs among phenotypes, as well as commitment to a particular
lineage with suppression of alternative phenotypes, is governed by specific transcription
factors. For instance, core binding factor a1 (Cbfa1/Runx2) is a transcription factor that
is required for commitment of MSCs to the osteoblast lineage (116,117). In contrast,
PPAR 2 gene expression destines cells to adipocyte differentiation (101,118).
Transfection of stromal cells with PPAR 2, and subsequent activation with an appropriate
ligand, causes the development of adipocytes, supporting the idea that PPAR 2 plays a
critical role in the differentiation of mesenchymal cells to adipocytes (119–121). This is
confirmed by the work of Akune et al., who observed that embryonic stem cells from
PPAR -deficient mice spontaneously undergo osteogenesis but fail to undergo adipo-
genesis, and that their BM stromal cells exhibit a twofold reduction in adipogenesis and
a threefold increase in osteogenesis (122).

Additional pathways include the notch/delta/jagged ligands and receptors, related to
the epidermal growth factor receptor family. Overexpression of notch in vitro inhibits
osteogenesis and enhances adipogenesis in cell models (123). Consistent with this is the
observation that inhibition of the notch pathway interferes with adipogenesis in vitro
(124). Undifferentiated stromal cells and preadipocytes express Pref-1, a secreted notch/
delta/jagged-like ligand that inhibits adipogenesis and is itself downregulated following
activation of the adipogenic pathway (125). Mice deficient in Pref-1 display skeletal
malformations, growth retardation, and obesity (126).

Overexpression of notch leads to downregulation of the Wingless (Wnt) receptor and
its downstream mediator, -catenin (123). Wnt signaling blocks apoptosis and regulates
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differentiation of mesenchymal progenitors through inhibition of glycogen synthase
kinase 3 and stabilization of -catenin. The antiadipogenic effects of Wnt may be medi-
ated through Frizzled (Fz)1 and/or Fz2, as these Wnt receptors are expressed in
preadipocytes and their expression declines upon induction of differentiation. Activated
Fz1 increases stability of -catenin, inhibits apoptosis, induces osteoblastogenesis, and
inhibits adipogenesis. Although activated Fz2 does not influence apoptosis or osteoblasto-
genesis, it inhibits adipogenesis through a mechanism independent of -catenin. An
important mediator of the -catenin-independent pathway appears to be calcineurin,
because inhibitors of this serine/threonine phosphatase partially rescue the block to
adipogenesis caused by Wnt or activated Fz2. These data support a model in which Wnt
signaling inhibits adipogenesis through both -catenin-dependent and -catenin-
independent mechanisms (127). Wnt signaling maintains preadipocytes in an undiffer-
entiated state through inhibition of the adipogenic transcription factors C/EBP and
PPAR (128). Suppression of Wnt signaling is achieved by PPAR through accelerating
the degradation of -catenin by the proteosome (129). The necessary inhibition of Wnt
signaling for the progression of adipogenesis provides an interesting insight into the
regulation of osteogenic versus adipogenic commitment by MSCs, as PPAR activation
can inhibit osteogenesis (130). This suggests that a fine balance between activated
PPAR and Wnt signaling controls the differentiation potential of MSCs to either bone
or adipose tissue (131).

Cadherins are a family of integral transmembrane proteins that mediate calcium-
dependent cell–cell adhesion and that can also modulate intracellular signaling.
Through their association with -catenin, cadherins can also interfere with the Wnt sig-
naling system. In transgenic mice expressing truncated cadherin mutant in osteoblasts,
differentiation and function of osteoblasts are hampered and BM progenitor cell com-
mitment to the alternative adipogenic lineage via interference with -catenin signaling
is favored. This results in decreased bone formation, delayed acquisition of peak bone
mass, and increased body fat in young animals (132).

Cytokines such as IL-1 , IL-11, TGF- , and TNF- inhibit adipogenesis in 
marrow MSC in vitro and in vivo (133–139). The ligand-induced transactivation func-
tion of PPAR is suppressed by IL-1, TGF- , and TNF- ; this suppression is medi-
ated through NF B activated by the TAK1/TAB1/NF B-inducing kinase cascade, a
downstream cascade associated with IL-1 and TNF- signaling (140). Treatment of
ST2 cells, a mesenchymal cell line derived from mouse BM, with low concentrations
of the PPAR ligand troglitazone, leads to lipid accumulation and expression of
adipocyte-associated differentiation markers such as AP2 and LPL. This adipo-
genesis is prevented by IL-1 or TNF- . ST2 cells treated with both troglitazone and
cytokines differentiate into osteoblasts expressing both alkaline phosphatase protein
and mRNA (140). These results suggest that expression of IL-1 and TNF- in bone
marrow may alter the fate of pluripotent mesenchymal stem cells, directing cellular
differentiation toward osteoblasts rather than adipocytes by suppressing PPAR
function.

Considering the cascade of transcription factors sequentially induced during early
adipogenesis, some authors hypothesize that adipogenesis is the default pathway for
MSCs that do not receive proper inductive signals to become osteoblasts, chondrocytes,
myocytes, or other mesodermal cells (131).
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5.2. In Vivo Observations
In the mouse, mesenchymal progenitors with the potential to differentiate into

cells of the osteogenic, adipogenic, and chondrogenic lineages are present in most
of the sites harboring hematopoietic cells. They first appear in the aorta–gonad–
mesonephros region at the time of the emergence of hematopoietic stem cells. They are
found in the embryonic circulation. They increase numerically in hematopoietic sites
during development to a plateau level found in adult BM. This colocalization of mes-
enchymal progenitor/stem cells to the major hematopoietic territories suggests that, as
development proceeds, mesenchymal progenitors expand within these potent
hematopoietic sites (141).

In the 1970s, pioneering work by Friedenstein et al. demonstrated that rodent MSCs
can be grown ex vivo and maintain their differentiation capacity in vivo upon reimplan-
tation (85). Following transplantation into irradiated animals, MSCs durably engraft in
the bone, cartilage, and lungs of mice (142), and produce fibroblasts or fibroblast-like
cells that can be reisolated and cultured from the lungs, calvaria, cartilage, long bones,
tails, and skin (142).

Human MSCs, when transplanted in utero in sheep, contribute in a site-specific man-
ner to chondrocytes, adipocytes, myocytes, cardiomyocytes, bone marrow stromal cells,
and thymic stroma (143). The human cells are found to persist in multiple tissues for as
long as 13 mo, despite the development of immunological competence in the sheep,
thus providing some of the first evidence that MSCs may possess unique immunological
properties in addition to multiplicity of differentiation (143).

5.3. Mesenchymal Progenitors From Non-BM Adipose Tissues
Recently, nonmedullary adipose tissue has been shown to have a population of

pluripotent stem cells, exhibiting a fibroblast-like morphology and the ability to differ-
entiate into multiple mesenchymal lineages including bone, cartilage, and fat (144,145).
Flow cytometry and immunohistochemistry show that human MSCs have a marker
expression that is similar to that of these adipose tissue-derived cells. They express
CD9, CD10, CD13, CD29, CD34, CD44, CD49d, CD49e, CD54, CD55, CD59, CD90,
CD105, CD106, CD146, and CD166, and are absent for HLA-DR and c-kit expression.
However unlike BM MSCs, adipose tissue-derived stromal cells express the hemato-
poietic and endothelial progenitor marker CD34 (144,146). Microarray analysis of gene
expression reveals that fewer than 1% of genes are differentially expressed between BM
and adipose MSCs (147,148).

6. ADIPOCYTES AND BONE-FORMING CELLS

Transdifferentiation exists between osteoblasts and adipocytes (149,150). Even
though these cells may have a phenotype characterized by late markers of differen-
tiation, cell dedifferentiation followed by redifferentiation may still occur (151,152).
This plasticity between the differentiation of osteogenic and adipogenic human cells
suggests that adipocytes are generated at the expense of osteoblasts from a common
progenitor. As previously observed, this plasticity also has significant physiological and
pharmacological implications because decrease in bone mass is accompanied by an
increase in BM adipose tissue.
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6.1. Animal Models of Osteoporosis or Increased Bone Formation
In the mouse, aging causes a decrease in the commitment of MSC to the osteoblast

lineage and an increase in the commitment to the adipocyte lineage. The expression
of osteoblast-specific transcription factors, Runx2 and Dlx5, and of osteoblast mark-
ers, collagen and osteocalcin, is decreased in aged MSC. Conversely, the expression
of adipocyte-specific transcription factor PPAR 2 is increased, as is a gene marker of
adipocyte phenotype, fatty acid binding protein aP2. In addition, expression of differ-
ent components of TGF- and BMP2/4 signaling pathways is altered, suggesting that
the activities of these two cytokines essential for bone homeostasis change with
aging (136).

Studies by Hamrick et al. reveal that the bone phenotype of the ob/ob mouse is more
complex than has previously been appreciated. It is characterized by short femora with
reduced cortical thickness and reduced trabecular bone volume. In the spine, however,
although cortical thickness is still reduced, vertebral length, bone mineral density, and
trabecular bone volume are all increased. These results indicate that the effects of
altered leptin signaling on bone differ significantly between axial and appendicular
regions. Few adipocytes are observed in BM from lumbar vertebrae, whereas in the
femur the number of marrow adipocytes per unit area is increased 235-fold. Leptin
treatment induces loss of BM adipocytes and increases bone formation in these leptin-
deficient ob/ob mice (153).

Tornvig et al. increased marrow adipogenesis in mice experimentally via treatment
with the PPAR ligand troglitazone and found that trabecular bone volume did not
change with an increase in marrow adipocytes (109). These results suggest that bone
mass and BM adipogenesis can be regulated independently.

Transgenic mice expressing -FosB not only develop a severe and progressive
osteosclerotic phenotype characterized by increased bone formation, but also show
pronounced decrease in adipogenesis with decreased abdominal fat, low serum leptin
levels, and a reduced number of adipocytes in the bone marrow (46). The inhibitory
effect of -FosB on adipocyte differentiation appears to occur at early stages of stem
cell commitment, affecting C/EBP functions (154).

These animal studies make it clear that, at least in long bones, adipose and bone
tissues develop at the expense of each other from mesenchymal progenitors. What are
the endocrine cues for such determination? As well as leptin and adiponectin, already
discussed, numerous hormones are implicated in the equilibrium between fat and bone.

6.2. Hormonal Control of Adipogenesis and Osteogenesis
6.2.1. ESTROGEN

It is well-known that estrogen affects the accumulation and distribution of peripheral
fat during sexual maturation and menopause (155,156). But there is also some evidence
that oophorectomy-induced bone loss is accompanied by increased fat mass in BM
(42,157), suggesting that BM fat may also be a target for estrogen.

Heine et al. (158) showed that estrogen receptor (ER) knockout mice increase their
adipose tissue. In humans, BM adipocytes express cytochrome P450 enzyme aromatase,
which converts circulating androgens to estrogens (159). Mice with aromatase defi-
ciency enhance their adiposity (160).
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Estrogen stimulates bone metabolism directly via receptors on osteoblasts, stimulates
both osteoclastogenesis and osteoblastogenesis (161), and inhibits adipocyte differen-
tiation in mouse BM stromal cell lines that express estrogen receptor (ER) or (162).
The phytoestrogen genistein can enhance the commitment and differentiation of human
MSCs toward the osteoblast lineage, whereas adipogenic differentiation and maturation
are hindered. This inhibition of adipogenic differentiation can be reversed by obstructing
ER and TGF- 1 signaling (163).

6.2.2. GROWTH HORMONE

Peripheral fat depots are well-known targets of growth hormone (GH) action. In
humans, GH deficiency results in adiposity and GH treatment reduces fat mass
(164,165). On the contrary, both body fat and BM fat increase with age (166) as GH
secretion decreases (167).

Dwarf rats (dw/dw) with isolated GH deficiency (168) have a markedly increased
number of adipocytes in the BM; these adipocytes are also larger, implying increased
fat storage in BM. GH treatment counteracts these changes, reducing adipocyte number
and size and restoring the amount of BM fat to normal (169).

Hypophysectomy also results in increased bone marrow adipogenesis and fat accu-
mulation in rats, as demonstrated by the increased triglyceride content of bone marrow.
Treatment of hypophysectomized rats with GH reverses these changes. The increased
adipogenesis in hypophysectomized rats is also evident in primary BM stromal cell cul-
tures, with not only a greater number of adipocytes but also increased expression of
markers of adipocyte maturation: PPAR 2, adipsin, and leptin (170).

Although many GH effects may be mediated via IGF-1, adipocytes express GH
receptors, which mediate direct effects on lipolysis (171–174). GH may also influence
adipocyte numbers directly because it affects preadipocyte/adipocyte differentiation in
vitro (175).

GH also stimulates longitudinal growth and bone formation (176), and GH defi-
ciency is associated with decreased bone mass (177) that can be increased with GH
treatment (178).

Most in vitro studies on GH and bone formation have focused on mature osteoblasts,
as they express GH receptors and can proliferate and differentiate in vitro in response
to GH (179,180). However, GH receptors are also present on BM stromal progenitor
cells (181) and GH can increase the proliferation of stromal osteoblast-like precursors
in vitro (182). GH could therefore act on the progenitors of adipocytes and osteoblasts,
affecting their proliferation and differentiation.

6.2.3. THYROID HORMONE

Thyroid hormone, T3, regulates a wide range of developmental and physiological
processes including skeletal development, longitudinal bone growth, and adult bone
metabolism (183). T3 acts through nuclear hormone receptors encoded by two distinct
but closely related genes, TRa and TRh. TRs are expressed in osteoblasts, osteoclasts,
and chondrocytes (184), and have also been reported in cultured adipocytes (185).

Mice with targeted mutations in the TRa and TRh genes (Tr 1–/– –/–) have reduced
body weight at birth and during postnatal development, a distinct skeletal phenotype with
shortened long bones, as well as increased BM fat. The latter is a result of an increased
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number of adipocytes and is associated with increased expression of mature adipocyte
markers (186). Most studies on T3 and osteoblasts conclude that T3 promotes osteoblast
differentiation (187,188). T3 has also been shown to directly increase adipocyte differ-
entiation in several different cultured cell lines (185,189,190). These data of adipogenic
actions of T3 are not in accordance with the observations in Tr 1–/– –/– mice.
Differences between the in vivo and the in vitro situation or a different origin of the
adipocytes in the various studies may contribute to these discrepancies.

6.2.4. OTHER HORMONES

Parathyroid hormone and parathyroid hormone-like peptides potentiate osteoblasto-
genesis and inhibit adipogenesis at least in vitro (191,192). Expression of prolactin
receptor can be induced by adipocyte differentiation of BM stromal cells. However, it
is currently unclear what induces this expression in the BM microenvironment (193).

Therefore, the great majority of hormones exert a negative control on BM adipo-
genesis and stimulate bone-forming cells (Fig. 2). This point may be considered in con-
junction with the idea previously put forward that, from a transcriptional point of view,
adipogenesis could be the default pathway for MSCs not receiving inductive signals. As
a whole, there is an obvious balance between adipose and bone formation within the
BM microenvironment. This equilibrium is regulated in a subtle and complex manner,
mainly via hormonal control, and could present a target for pharmacological interven-
tion in disorders such as osteoporosis (149,194).

Fig. 2. Regulating effects of leptin, adiponectin, and the main hormones on adipogenesis and osteo-
genesis from mesenchymal stem cell (MSC) precursors.



7. BM ADIPOCYTES AND HEMATOPOIESIS

Bone marrow fat cells have long been suspected to have an influence on
hematopoiesis (111). Many arguments come from histological studies, in vitro studies
using rodent-derived stromal cell lines, and, more recently, primary culture of human
BM adipocytes.

7.1. Histological Observations
The location of the different hematopoietic cells in the bone marrow is not random:

clumps of megakaryocytes are found adjacent to venous sinuses; red blood cells tend to
be organized as colonies, or as erythroblastic islets, consisting of a central macrophage
surrounded by differentiating erythroblasts; adipocytes are typically closely associated
with granulocytes and monocytes (195). This suggests preferential interactions of
hematopoietic progenitors with different cells of the microenvironment.

7.2. Preadipocyte Stromal Cell Lines
BM-derived stromal cells have been cloned from mice and rats (1). Most of the cells

that support myelopoiesis and/or lymphopoiesis in long-term culture systems are
preadipocytes. They secrete many cytokines and growth factors known to regulate 
proliferation or differentiation of hematopoietic progenitors. They also provide extra-
cellular matrix components required for intracellular adhesion or cell recognition (1).
However, when these stromal cells develop into adipocytes, spontaneously or in
response to adipogenic agents such as glucocorticoids, the expression of extracellular
matrix and cytokines is frequently altered and this affects hematopoiesis. In that respect,
it has been shown that fully differentiated fat cells from an adult-derived cell line 
produce less colony stimulating factor-1 than their precursors (139) and that expression
of stem cell factor IL-6 and leukemia inhibitory factor declined with terminal adipocyte
differentiation of an embryo-derived stromal line (196). It is noteworthy that these
cytokines act preferentially on the more immature hematopoietic progenitors. This
could indicate that undifferentiated mesenchymal or stromal cells interact essentially
with noncommitted hematopoietic progenitors, whereas adipocytes play a role in the
blood cell differentiating process.

7.3. Primary Human BM Adipocytes
We compared the potential of human BM adipocytes and MSCs to support

hematopoiesis in coculture systems. Adipocytes do not maintain self-renewal of CD34+

hematopoietic progenitor cells, but these cells show full myeloid and B-lymphoid 
differentiation (197). These data confirm that differentiated adipocytes do not maintain
hematopoietic clonogenic progenitors, unlike the adipocyte precursors, MSCs, which
support the self-renewal and proliferation of purified human CD34+ progenitors and
maintain myeloid cells for several weeks in culture (198).

Inversely also, human osteoblasts supported the development of hematopoietic
colonies from CD34+ progenitors and maintained long-term culture-initiating cells, but
could not support granulopoietic differentiation without added cytokines (199).
Osteoblasts could thus be critical for the maintenance and self-renewal of hemato-
poietic stem cells, whereas adipocytes may be implicated in differentiating processes.
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These contrasting properties are all the more puzzling, as adipocytes and osteoblasts
share a common progenitor, the MSC. These distinct characteristics (probably because
of different secretory and/or surface factors) could be significant in some situations,
such as increased BM adipogenesis during aging or osteoporosis.

What are the hematopoietic effects of the products more specifically secreted by
adipocytes, namely cytokines, leptin and adiponectin?

• BM adipocytes in primary culture secrete only trace amounts of IL-1 and TNF- . On
the contrary, they produce significant levels of IL-6, a secretion stimulated by both 
IL-1 and TNF- (200). Besides having a proinflammatory effect, IL-6 is an important
regulator of marrow hematopoiesis. The number of IL-6 receptors on hematopoietic pro-
genitor cells increases significantly with maturation of these cells (201), and IL-6 is a
regulator of granulopoiesis in vivo (202). IL-6 is also involved in normal B-cell differen-
tiation, and is a key growth and survival factor for malignant B-cells in multiple
myeloma (203).

• We first reported that human BM adipocytes secrete large quantities of leptin (63),
which appears to play a part in the regulation of hematopoietic progenitors and their
differentiation into granulocyte and monocyte precursors. The concentration of leptin
required for this effect in vitro (50–100 ng/mL) is rather high, but is within the range
of plasma leptin levels observed in obese subjects (64). As leptin concentrations in
bone marrow and plasma are highly correlated in humans (64), is leptin involved in
the leukocytosis associated with obesity and, more broadly, is there any correlation
between leptin levels and blood cell counts? Wilson et al. observed that in obese Pima
Indians most of the variance in the leukocyte count attributable to body fat could be
accounted for by plasma leptin concentration (204). We confirmed that leptin and
leukocyte count are also correlated in French obese subjects (64). Concerning
nonobese subjects, Togo et al. (205) reported a negative correlation between leptin
and hemoglobin levels in adult Japanese males, but no correlation between leptin
levels and leukocyte counts. On the contrary, an association of serum leptin level with
leukocyte and erythrocyte counts in adolescent Japanese males aged 15 to 16 yr was
reported by Hirose et al. (206). In a large population of European subjects, we
observed that there was no statistically significant relationship between circulating
leptin levels and blood cell parameters in healthy middle-aged men and women.
However, a role for high leptin concentrations in situations such as obesity or sepsis
cannot be excluded, as suggested by the weak correlation we observed in hospitalized
patients (207).

• In vitro, leptin modulates cytokine secretion from T-lymphocytes and macrophages,
increases the proliferation of naive T-cells while reducing the proliferation of memory
T-cells, and enhances the phagocytic activity of mature macrophages (58). Mice with
leptin deficiency or resistance have reduced T-cell function. The decrease in leptin that
accompanies starvation or food restriction also induces immune suppression, probably
through downregulation of the T-cell response (208,209).

• In conclusion, leptin probably plays a direct role in the proliferation of BM hematopoietic
progenitors and their differentiation along the granulocyte–macrophage and naive T-cell
lineages. In situations with high levels of circulating leptin (inflammation, obesity) or with
falling leptin levels (starvation), a regulatory role on immune response is likely, either
directly or indirectly through its effects on other cells of the microenvironment and on
cytokines.
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Fig. 3. Regulating effects of leptin and adiponectin on hematopoietic differentiation. MSC: mesen-
chymal stem cell; HSC: hematopoietic stem cell; G-M: granulocytes and monocytes/macrophages; E-
Meg: erythroblasts and megakaryocytes.

As previously indicated, adiponectin serves as a negative regulator for myelo-
monocytic progenitor growth and inhibits macrophage functions (77). In that respect,
adiponectin is a negative regulator of the immune response at two levels: it suppresses
the phagocytosis of mature macrophages and inhibits the growth of macrophage precur-
sors. Addition of adiponectin to long-term bone marrow cultures influences the earliest
lymphocyte precursors and strongly inhibits B-lymphopoiesis (76).

Overall, leptin exerts a proinflammatory role and adiponectin appears to act as an anti-
inflammatory molecule (210). The effects of adiponectin and leptin on hematopoiesis,
immunity, and inflammation appear to be diametrically opposite (Fig. 3).

8. CONCLUSIONS

Well over a decade after the paper published in 1990 by Gimble (1), we are still asking
questions about the function of adipocytes in the bone marrow stroma. Plastic BM adipose
tissue does not simply fill bone cavities that are not needed for hematopoietic activity. It
may serve as an energy store for local needs (i.e., hematopoiesis and bone modeling) or
participate in the overall energy metabolism of the body. Curiously, since the pioneering
works of Tavassoli et al. (23,26), these hypotheses have not really been verified.
Undoubtedly, preadipocytes and adipocytes secrete numerous cytokines and hormones
whose receptors are present on different cells of the stromal microenvironment. They are
direct and indirect regulators of granulopoiesis and T-lymphocyte commitment, and
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modulate macrophage function and secretion. In that respect, independent of nutritional
status, BM adipose tissue is involved in the hematopoietic, immune, and inflammation
systems. Some arguments indicate that adipogenesis may be the default differentiation
pathway of BM mesenchymal progenitors not submitted to paracrine and endocrine
agents. This is likely when considering the adipogenesis/osteogenesis balance. Such a
counterbalance between adipogenesis and hematopoiesis remains to be demonstrated at
the cell level. If transdifferentiation between cells of the mesodermal lineage depending
on the current needs of the organism is confirmed, then BM adipose tissue may represent
a target for drugs in situations such as aplastic anemia or osteoporosis.
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The Epidemiology of Obesity

Carol A. Braunschweig

Abstract
It is estimated that globally more than 1 billion adults are overweight and at least 300 million are

obese. This epidemic evolved over many decades in the industrialized countries; however, today it is
occurring in a little as 10 years in underdeveloped countries. In the United States, the prevalence of
overweight increased significantly from 56% in 1994 to 65.2% in 1999–2000 with individuals at the
higher end of the body mass index getting larger at a faster rate than the remaining population in both
men and women and in all race/ethnic groups. Women in all age groups have higher obesity preva-
lence than men. Alarmingly, this epidemic is no longer restricted to adults. Childhood obesity has
increased more than threefold in the United States in the past three decades with the majority of the
increase occurring within the past 10 years. Initially, obesity in children was primarily isolated to
those from lower economic households; however, recently this association has been weakening as
greater numbers of middle and upper income children have become obese. Obesity is associated with
many diseases and tremendously increases health care costs. Although there is consensus that this
epidemic is increasing throughout the developed world, the causes for the surge remain unknown and
pose challenges for clinicians, researchers and policy makers.

Key Words: Overweight; obesity; NHANES; surveys; trends; BMI.

1. INTRODUCTION

The fundamental basis for studying the epidemiology of obesity centers on the hypo-
thesis that there are causal and preventative factors that can be identified through systematic
investigation of different populations, or subgroups within a population, in different places
or times. Epidemiological studies allow the quantification of the magnitude of the expo-
sure–disease relationship in free living human populations and thus provides the possibil-
ity of altering this risk through individual or population-based interventions.

This chapter describes the current distribution patterns for adult and childhood obe-
sity worldwide, with specific emphasis on populations in the United States. The modi-
fying influences of gender, race/ethnicity, age, and socioeconomic status on obesity
rates are discussed. A final section is devoted to central adiposity’s role in obesity-
related diseases and a comparison of obesity rates using waist circumference standards
rather than the traditional measure of body mass index (BMI). Knowledge of current
obesity distributions and the secular changes that have occurred better position clini-
cians to select the most appropriate populations for future research investigations and
design interventions and governmental policies and programs tailored to meet the
unique requirements of those individuals and populations with the greatest needs.
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2. DEFINITION

Obesity is defined as an unhealthy excess of body fat that increases the risk of mor-
bidity and premature mortality. Unfortunately, accurate measures of actual fat mass
require sophisticated technologies that are not typically available in clinical settings.
The BMI (weight in kg/height in m2) has become the method of obesity classification
used by the World Health Organization (WHO) and the National Institutes of Health
(NIH) (1). This index provides a simple measure of the relation between height and
weight that correlates with percentage body fat in young and middle-aged adults (2).
Increased morbidity and mortality from hypertension, stroke, coronary artery disease,
type 2 diabetes, sleep apnea, and some cancers increases as BMI rises above 25 kg/m2,
and a sharp increase occurs when BMI exceeds 30 kg/m2 (1) (Fig. 1).

The obesity classification categories based on BMI are similar for men and women
and are provided in Table 1.

3. WORLDWIDE EPIDEMIC

It is estimated that, globally, more than 1 billion adults are overweight and at least
300 million are obese (3,4). Obesity rates range from 5% in rural China, Japan, and cen-
tral Africa to over 75% in urban Samoa. In the nonindustrialized countries obesity gen-
erally follows an economic gradient, with the least economically developed having the
least obesity (approx 1.8%). As economics expand, obesity prevalence increases from
4.8% in “developing” countries, to 17.1% in “economy in transition,” to 20.4% in
“developed market economy” countries (4).

Improvement of a country’s economy results in shifts from high fertility and mortal-
ity rates with high prevalence for malnutrition, poor sanitation, and infectious diseases
to more urbanization and chronic diseases associated with urban–industrial lifestyles,
including obesity, type 2 diabetes, and cardiovascular diseases (5). Figure 2 illustrates
the differences in the prevalence and rate of change for overweight and obesity for
various countries at different stages of economic development.

As illustrated in Fig. 2B, the US prevalence for overweight and obesity is increasing
by approx 0.5% annually, whereas rates in Mexico, Brazil, and Morocco are two to five
times higher (e.g., Mexico 2.4%/yr, Brazil 1%/yr). In the developed countries the
changes in diet and physical activity that lead to their current levels of obesity occurred
over many decades, whereas in the developing countries of Asia, North Africa, the
Middle East, Latin America, and in parts of sub-Saharan Africa, these changes are
occurring in as little as 10 to 20 years, in economies that are at far lower levels than
those of the industrialized countries. These changes have profound implications for
their future health care needs (6).

4. OBESITY EPIDEMIC IN THE UNITED STATES

Prevalence rates for overweight and obesity in the United States are generated from
the National Health and Nutrition Examination Survey (NHANES) program. These cross-
sectional surveys have been conducted since 1960 on a large representative sample of the
US population and provide national estimates for overweight and obesity in children and
adults from 2 to 74 yr of age. The National Health Examination Survey (NHES I,
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1960–62) was followed by three NHANES surveys (NHANES I, 1971–74; NHANES II,
1976–80; NHANES II,I 1988–94). In 1999 NHANES became a continuous survey; the
1999–2000 data were first published in 2002. 

Data for these surveys reveal dramatic increases in overweight or obesity between
NHANES II and III, which were continued at an even greater rate in 1999–2000. The
prevalence of overweight increased significantly, from 56% in NHANES III to 65.2% in
1999–2000. These changes are summarized in Table 2 (7).

When changes in weight are partitioned into overweight (BMI 25–29.9) and obese
(BMI 30), it can be see that the prevalence for overweight increased very little (<2%);
however, the prevalence for obesity doubled, from 15.1 to 31.1%, between NHANES III
and 1999–2002. Within the obesity category, the prevalence of self-reported BMI greater
than 40 increased from 0.5 to 2% of the US population and those with a BMI greater than
50 quadrupled, from 0.5 to 2% between 1986 and 2000 (8). Individuals at the higher end of
the BMI spectrum appear to be getting larger at a faster rate than the remaining population.
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Fig. 1. J-shaped curve of all-cause mortality compared with body mass index. From ref. 1.

Table 1
Classification of Overweight and Obesity by BMI

Obesity class BMI (kg/m2)

Underweight < 18.5
Normal 18.5–24.9
Overweight 25.0–29.9
Obesity I 30.0–34.9

II 35.0–39.9
III 40
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Fig. 2. Obesity patterns and trends across the world, adults aged 20 yr and older. (A) Prevalence rates;
(B) obesity trends (the annual percentage point increase in prevalence). With permission from ref. 6.



5. GENDER AND OBESITY

Obesity classification and treatment recommendations are the same for men and women
(Table 1) (1); however, at any given BMI women throughout the world are more likely to
have greater amounts of adipose tissue than men (9) and have higher rates of obesity owing
to biological differences (10). In the United States, proportionate increases in obesity preva-
lence have occurred for both men and women 20 to 74 yr of age since 1960, and women
have had higher prevalence rates in all age groups in each of the national surveys (Table 3).

Overall, in both men and women, there has been a general shift of the top half of the
BMI distribution toward higher BMI levels, with the heaviest subgroup of the popula-
tion becoming much heavier in NHANES III than II (11). For 20- to 49-yr-old men
changes in the lower portion of the BMI distribution was less than 1 BMI unit, whereas
there was a fairly large shift at the upper end among 50- to 74-yr-old men. For women
a gradual increase across the entire BMI distribution occurred. Collectively these findings
suggest that the entire spectrum is changing, with the most marked changes occurring
at the upper end of the distribution.

6. ETHNICITY/RACE AND OBESITY

Obesity and extreme obesity prevalence increased in all sex and racial/ethnic groups
between NHNAES III and 1999–2000. Differences in obesity rates by ethnicity/race
were found to vary by gender (12). Specifically, no difference in obesity rates were
found among African American, Hispanic, or Caucasian men; however, among women,
African Americans had a higher prevalence of overweight and obesity (77 and 50%,
respectively) than Caucasians (57 and 30%, respectively), and Mexican American
women had a prevalence that was intermediate between these two (72% overweight and
40% obese). Significant increases in extreme obesity occurred between NHANES III
and 1999–2000 in all men and women and for non-Hispanic black women, with simi-
lar trends in all other groups (Table 4).

Interestingly, although there has been a significant increase in the prevalence of obesity
in the past 15 yr, the mean BMI measurements have changed much less. Between
NHANES III and 1999–2002 the mean BMI increased 1.7 and 2.5 BMI units in non-
Hispanic white and black women respectively, representing a 6.6% and 8.8% increase
in rate of change, whereas overall obesity prevalence for women during that same time
period increased 7.8 and 10.8% respectively, representing a 34% and 38.2% increase in
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Table 2
Prevalence and Trends of Overweight and Obesity Among Adults in the United States,
1960–2002

Overweight Overweight but not 
Survey year or obese % (SE) obese % (SE) Obese % (SE)

1960–1962 44.8 (1.0) 31.5 (0.5) 13.3 (0.6)
1971–1974 47.7 (0.7) 33.1 (0.6) 14.6 (0.5)
1976–1980 47.4 (0.8) 32.3 (0.6) 15.1 (0.5)
1988–1994 56.0 (0.9) 32.7 (0.6) 23.3 (0.7)
1999–2002 65.2 (0.8) 34.1 (0.8) 31.1 (1.0)



rate of change, respectively (Tables 4 and 5). These findings further support the observation
that overall shifts in obesity prevalence are occurring among the heavier end of the
BMI spectrum.

7. OBESITY AND SOCIOECONOMIC STATUS

Obesity has frequently been reported in the past to occur disproportionately among
economically disadvantaged populations in the United States (15–17); however, more
recently, substantial variation in obesity rates between income and ethnic groups over time
have emerged (14,18). Using level of education attainment to categorize socioeconomic
status (SES), Zhang and Wang found a gradual decrease in the association between SES
(determined according to level of education) and obesity between 1971 and 2000, par-
ticularly among women, and a disproportionate increase in the obesity prevalence in the
high-SES groups (18) (Fig. 3).

188 Part IV / Weight Gain and Weight Loss

Table 3
Prevalence of Obesity in Men and Women in the United States, 1960–2002a

Men Women

20–74 20–39 40–59 60–74 20–74 20–39 40–59 60–74
Survey yr yr (%) yr (%) yr (%) yr (%) yr (%) yr (%) yr (%) yr (%)

1960–1962 10.7 9.8 12.6 8.4 15.8 9.3 18.5 26.2
1971–1974 12.1 10.2 14.7 10.5 16.6 11.2 19.7 23.4
1976–1980 12.7 9.8 15.4 13.5 17.0 12.3 20.4 21.3
1988–1994 20.6 14.9 25.4 23.8 25.0 20.6 30.4 28.6
1999–2002 27.7 23.7 28.8 35.8 34.0 28.4 37.8 39.6

aAdapted from ref. 7.

Table 4
Prevalence of Obesity (BMI > 30) and Extreme Obesity (BMI > 40) in Different Racial
Groups in the United States, 1988–2002a

Prevalence of obesity (BMI > 30)

Men Women

Non- Non- Mexican Non- Non- Mexican 
Hispanic Hispanic American All Hispanic Hispanic American

Survey yr All white (%) black (%) (%) (%) white (%) black (%) (%)

1988–1994 20.2 20.3 21.1 23.9 25.4 22.9 38.2 25.3
1999–2002 27.6 28.2 27.9 27.3 33.2 30.7 49.0 38.4

Prevalence of extreme obesity (BMI > 40)

Men Women

1988–1994 1.7 1.8 2.4 1.1 4.0 3.4 7.9 4.8
1999–2002 3.3 3.3 3.4 2.9 6.4 5.5 13.5 5.7

aAdapted from refs. 12,13.



Chang and Lauderdale (14) compared obesity rates in non-Hispanic blacks, whites,
and Mexican Americans by income using the poverty–income ratio (PIR) (grouped into
four categories, 1 low, 4 high) between NHANES I and the 1999–2000 NHANES. They
found that obesity increased over this interval at all levels of income in all ethnic/ racial
groups. In African American and Caucasian women the lowest obesity prevalence
occurred in the highest income category; however, among African American and
Mexican American men, obesity prevalence was highest in the highest income category
(28.3 and 36.2%, respectively) and lowest in the lowest two income categories (category
1 in African Americans, 22.8%; and category 2 for Mexican Americans, 19.3%).
Additionally, the rate of increase in obesity was greater among the more affluent than
the poor. Among African American women the rate of increase for obesity was lowest
among the lowest PIR (14.5%) and highest in the middle-income category (27%);
among non-Hispanic white women the lowest increase (13.0%) was found in the
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Table 5
BMI in 18- to 64-Yr-Old Non-Hispanic White and Black Men and Women Between
NHANES I (1960–1962) and 1999–2002a

Women Men

Non-Hispanic Non-Hispanic Non-Hispanic Non-Hispanic 
white black white black

mean BMI mean BMI mean BMI mean BMI

NHANES I 24.3 26.9 25.4 25.4
NHANES II 24.5 26.9 25.3 25.3
NHANES III 25.9 28.5 28.5 26.4
1999-2002 27.6 31.0 27.9 27.3

aAdapted from ref. 14.

Fig. 3. Secular trends in the association between SES and obesity among US adults, 1971–2000. With
permission from ref. 18.



190 Part IV / Weight Gain and Weight Loss

highest income category (PIR category 4) and the highest increase was found in PIR
category 2. The significant “catch-up” in obesity prevalence that has occurred in
high-SES groups implies that obesity is a much more equal-opportunity condition than
previously suspected. These findings suggest that social–environmental factors that
affect all SES groups may be the primary contributors to the increase in obesity that has
occurred over the past 30 yr.

8. CHILDHOOD OBESITY

There has been a threefold increase in childhood obesity in the United States in the
past three decades (12). Coinciding with this increase has been an increase in prevalence
for type 2 diabetes, hypertension, gallbladder disease, hyperlipidemia, orthopedic com-
plications, sleep apnea, and nonalcoholic steatohepatitis in children. Obese children are
predisposed to adult obesity and have increased risks for adult obesity-related diseases
(19). Approximately 30% of obese adults became obese during childhood, and 80% of
obese adolescents become obese adults (20).

No single cut-point for obesity classification can be used for children because
between birth and approx 20 yr of age, height and weight—and thus, BMI—vary by
age. To address this children (age 2–11) and adolescents (age 12–19) are classified as at
risk of overweight or overweight if they are at or above the 85th or the 95th percentile,
respectively, for their age and gender using the 2000 Centers for Disease Control and
Prevention Growth Charts (21). The prevalence and trends between 1971 and 2002 of
overweight in 6- to 11-yr-olds and 12- to 19-yr-olds are presented in Tables 6 and 7.

The majority of the increase in overweight prevalence among children has occurred
within the past 10 yr, and the most recent data indicate that this trend continues. In
1999– 2000, 29.9% of 6- to 19-yr-old children were at risk of overweight and 15% were
overweight; in 2000–2001 these levels increased to 30.5% at risk of overweight and
16.5% overweight (13).

Gender and racial–ethnic differences are presented in Table 7. Distinct from adults,
where women at all ages have higher rates for obesity, very little difference in over-
weight prevalence exists between boys and girls. Ethnic differences for overweight do
exist in children. African American and Mexican American children are significantly
heavier than Caucasian boys and girls. Similar to observations in adults, a pronounced
upward shift (at least 2 BMI units) in the upper end of the BMI distributions in all
age/gender groups occurred during this time period; however, very little change
occurred in the lower end of the BMI distributions, and median BMI remained virtually
unchanged. The heaviest groups of children are much heavier in NHANES III than they
were in previous surveys (11).

The secular trends of the impact of SES on obesity in children have received very
limited study. In Canada the prevalence of overweight has been reported to vary
inversely by SES (22); however, the data used in their analysis spanned 1981 to 1996
and thus do not reflect the most recent decade. A recent report using the 1971–2002
NHANES surveys examined trends in obesity prevalence and SES status categorized by
level of parental education attained (less than high school, high school, college, or
higher) (Table 8) (23). The report found an overall weakening of association between
obesity risk and SES category that varied by racial/ethnic groups.



Chapter 14 / Epidemiology of Obesity 191

In NHANES I the overweight prevalence was 7.1, 6.3, and 3.8% in low-, medium-,
and high-SES non-Hispanic white girls, compared with 8.2, 14.8, and 1.9% in non-
Hispanic black girls; in 1999–2002 these figures became 17.9, 10.6, and 10.6% vs 24.5,
18.7, and 38.0%, respectively. Although the prevalence for overweight remains higher
among African American than among Caucasian children, the highest rates of increase
in overweight were found in the highest SES groups for both racial/ethnic groups. The
disproportionate protection that once was conferred by being within the higher SES cat-
egory is eroding among all racial/ethnic groups. Although the cause for this weakening
secular trend remains uncertain, these findings should be considered when predicting
future trends in obesity prevalence and guide the development of programs and govern-
mental policies designed for obesity prevention and management.

9. ADIPOSE TISSUE DISTRIBUTION

The previous sections have presented obesity data based on BMI classifications. The
primary assumption of BMI is that it is an independent index of body fat—i.e., it

Table 7
Prevalence of Overweight ( 95th Percentile) by Sex, Age, and Racial/Ethnic Group 
in the United States, 1999–2002a

Non-Hispanic Non-Hispanic Mexican
Age All white black American

Boys
6–19 16.8 14.3 17.9 25.5
2–5 9.9 8.2 8.0 14.1
6–11 16.9 14.0 17.0 26.5
12–19 16.7 14.6 18.7 24.7

Girls
6–19 15.1 12.9 23.2 18.5
2–5 10.7 9.1 9.6 12.2
6–11 14.7 13.1 22.8 17.1
12–19 15.4 12.7 23.6 19.9

aAdapted from ref. 13.

Table 6
Prevalence of Overweight ( 95th Percentile) in Children and Adolescents 
in the United States, 1960–2002a

Survey yr Children 6–11 (%) Adolescents 12–19 (%)

1971–1974 4.0 6.1
1976–1980 6.5 5.0
1988–1994 11.3 10.5
1999–2002 15.8 16.1

aAdapted from ref. 7.



assumes that after adjusting for body weight-for-stature, all individuals with the same
BMI will have the same fatness, regardless of their age, gender, ethnicity, or disease his-
tory. Many investigations have demonstrated that this assumption is not correct for var-
ious populations. For example, it is widely recognized that body fatness increases with
age, is greater in females than in males, and differs among ethnic groups (Asian Indians
and Chinese have greater percentage of fat at any BMI). Thus, categorization of an indi-
vidual’s overweight or obesity status should not be done without consideration of other
factors that could have influenced their BMI measurement.

Centrally located adipose tissue as assessed by waist circumference (WC) was first
associated with heightened risk for obesity-related disease risks approx 50 yr ago (24).
Since that time numerous studies have confirmed the effect of excessive central fat dis-
tribution on increased risks for insulin resistance (25), type 2 diabetes (26), cardiovas-
cular disease (27,28), hypertension (29), and inflammation (30).

Women tend to gain adipose tissue peripherally, and men centrally. Because of the
more peripheral distribution in women, they tend to have lower disease risks and less
disease for a given weight than men. Visceral fat accumulation is thought to increase
risks more than subcutaneous fat. Differentiation between subcutaneous and visceral fat
depots requires analysis with computerized tomography or magnetic resonance imag-
ing. These are expensive tests and are not readily available in many clinical settings.

The NIH and WHO recommend waist circumference (measured midway between the
lower rib and the iliac crest) cut-points for central obesity classification at 88 cm for
women and 102 cm for men (1,3). Age-, gender-, and race/ethnicity-specific median
WC for men and women in NHANES I, II, and III were reported by Okosun et al. (31).
Changes in WC distributions that occurred between 1960 and 1962 and 1999 and 2000
for men and women are illustrated in Fig. 4.

Waist circumference shifted to the right (higher values) in both men and women between
1960 and 2000, although women tended to have greater shifts then men. This trend paral-
lels the changes that occurred for BMI over this time period. No specific differences in WC
were found between African-American men or women in NHANES I (1960–62), followed
by an increasing gradient in both genders (Fig. 5). In subsequent surveys Caucasian men
had significantly larger WC than African-American men, whereas African-American
women had larger WC than Caucasian women.

The prevalence of abdominal obesity stratified by BMI across 1960–2000 is provided
in Table 9. By 1999–2000 more than 90% of all obese individuals were abdominally
obese, and more than two-thirds of overweight women also had central obesity. At BMIs
greater than 35 the additional risk conferred by measuring WC is lost, as virtually all of
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Table 8
Odds Ratios for Overweight in 2- to 19-Yr-Old Children in Low and High SES Compared
With Middle SES Categories

NHANES I NHANES II NHANES III 1999–2000
OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

Low SES 0.82 (0.48–1.41) 1.15 (0.79–1.69) 1.24 (0.73–2.09) 1.04 (0.82–1.33)
High SES 0.66 (0.43–1.0) 0.58 (0.34–1.0) 0.42 (0.23–0.76) 0.99 (0.68–1.43)



these individuals exceed the WC cut-points. The overall age-adjusted prevalences of
abdominal obesity in men were 12.7, 29, and 38.3% in 1960–62, 1988–94, and 1999–2000
respectively; among women, these rates were 19.4, 38.8, and 59.9%, respectively. These
secular trends in abdominal obesity are similar in direction but greater in magnitude than
those for generalized obesity (men, 13.1, 23.4, and 31.0%; women, 15.6, 25.8, and 34.3%).
The NIH clinical recommendations for the need to institute weight-loss therapy have been
divided into two levels. Action level I (men WC 94 cm, women 80 cm) indicates the
need for lifestyle modifications and level II (men WC > 102 cm, women > 88 cm) indicates
that professional help is needed.

Overall there has been a shift in abdominal obesity across the entire population, includ-
ing those with normal BMI, since 1960, and abdominal obesity rates have increased faster
than generalized obesity. The higher health risk for diabetes and cardiovascular disease
from excessive central fat, independent of generalized obesity, suggests that public health
strategies that address this issue are urgently needed. Studies focused on the identification
of factors that are causing increases in the entire population are needed to guide interven-
tions focused on the entire population rather than solely on the heaviest individuals.
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Fig. 4. Distribution of waist circumference in US adults from 1960 to 2000. With permission from 
ref. 32.



10. CONCLUSIONS

Obesity becomes a disease when excess body fat reaches levels associated with
increased morbidity and mortality. In 2000 the WHO designated obesity as the major
unmet public health problem worldwide (3). It is probable that the increase in obesity
that has occurred is the result of the “modern lifestyle” that encourages increased
caloric consumption and discourages physical activity. All recent studies suggest that
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Fig. 5. Race-specific trends in waist circumference in adults from 1960 to 2000. With permission from
ref. 32.



this epidemic continues to expand into younger, more diverse populations that were pre-
viously thought to be somewhat impervious to its development. A complex web of prob-
lems can be expected to emerge when this epidemic is superimposed on the aging US
population, ultimately predisposing large segments of society to reduced independence,
increased health care costs, prolonged medical care, and ultimately shorter, less produc-
tive lives. Partnerships between public and private sectors are needed to develop both
population-based environmental approaches and individual strategies for successful
prevention and treatment.
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Abstract
The dramatic increase in obesity in both children and adults over the past two to three decades

represents a national and global concern because obesity can significantly increase the risk of a
myriad of chronic health conditions. Macroenvironmental influences on food consumption, including
changes in food supply trends, fast food consumption, increases in portion size and food availability
as well as changes in physical activity patterns in schools and workplaces have been implicated.
Societal efforts undertaken to stem the surge of obesity in children and adults must address this “toxic
environment,” which encourages food over-consumption and discourages physical activity. Some
community-based efforts aimed at reversing this trend are meeting with promising results; however,
additional research, policy changes, and a committed partnership between industry, schools, indivi-
duals and the media may be necessary to achieve lasting impact.

Key Words: Macroenvironmental; obesity; toxic environment; portion size; energy intake; phys-
ical activity; television viewing.

1. INTRODUCTION

The dramatic rise in overweight and obesity in the United States and worldwide has
prompted global concern, as the prevalence statistics are staggering. Since 1998, the
prevalence of overweight in the United States has increased by 9% and 5% in adults and
children, respectively (1–5). The rate of obesity in childhood has doubled over the past
20 to 30 yr. Because obesity tracks into adulthood, especially in adolescence, this con-
cerning trend in childhood overweight is predictive of future health concerns (6)6 .

A number of factors, both genetic and environmental, play a role in the development
of obesity. However, this chapter will focus on several key macroenvironmental factors
that have been identified as probable causes for the recent dramatic increases in obesity
prevalence (7)7 . For the purposes of this review, “macroenvironmental” influences 
are defined as community-level aspects of the environment that reach beyond single
individuals or families, encompassing groups of individuals or families. These factors
reflect the broader social environment, beyond clinical or treatment settings that reach
a more select group of individuals.

“Macro-level” environmental influences addressed in this chapter include increased
food portion sizes, increased availability of energy-dense and highly palatable foods,

From: Nutrition and Health: Adipose Tissue and Adipokines in Health and Disease
Edited by: G. Fantuzzi and T. Mazzone © Humana Press Inc., Totowa, NJ

197



greater public demand for convenience foods, an increased number of meals eaten away
from home, limited access to healthy foods, decreased daily lifestyle activities, and
shifts in the structure of and participation in school-based physical education. No 
single factor is responsible for exacerbating the problem of obesity; more likely, the
synergistic effect of these trends has created an environment that discourages physical
activity and encourages excess food consumption (8–10).

2. THE TOXIC ENVIRONMENT

Brownell coined the term “toxic environment,” referring to a series of social and eco-
nomic changes that have occurred in the United States and other industrialized nations
during the past several decades (8,11). Brownell argues that progressive societal
changes set the stage for the rising obesity prevalence, even though strong causal infer-
ences cannot be determined from these observational trends. These changes include
increased portion sizes, proliferation of fast-food restaurants, the perceived value of
fast-food products, increased availability of energy-dense foods in schools and work-
places, the accelerated use of labor-saving devices, and fewer opportunities for physi-
cal activity at schools, parks, and playgrounds (Table 1). A brief discussion of each of
these points is provided below.

2.1. Food Supply Trends
There have been changes in the national food supply that correspond to the increasing

obesity prevalence in the United States. For example, data from the US Marketing
System indicate that per capita calorie availability increased by 15% from 1970 to 1994,
from 3300 kcal per capita in 1970 to 3800 kcal per capita in 1994 (10). This trend was
coupled with a 22% increase in fats and oils added to the food supply, resulting in a dou-
bling of added fat consumption, from 32 lb per capita in 1909 to 63 lb per capita in 1998
(12,13). The increased dietary fat intake was accompanied by a large increase in snack
and confectionery foods, a dramatic 131% rise in soft drink consumption, and a marked
decrease in milk intake (10,0 11). National surveys on snacking habits of children, ages 2
to 18, also determined that, despite the fact that the macronutrient and energy content of
snacks did not change, snacking frequency increased from 1977 to 1998 across all age
groups. Thus, the increased snacking frequency resulted in an increased total snack
energy intake (14). The largest relative increase in daily energy intake was attributed to
snacks rather than meals (15). In 1977, snacks made up 11.3% of total energy intake,
increasing to 17.7% in 1996 (15). Snacks made up a larger segment of the dietary intakes
of 2- to 18-yr-olds than in any other age group (16)6 . These food consumption trends may
enhance the risk of excess weight gain in susceptible individuals and populations.

2.2. Portion Size
The current environment provides an overabundance of high-fat, high-sugar, energy-

dense foods. The global trend toward large portion sizes began at least in the 1980s and
continues today in fast-food restaurants and other similar dining establishments around
the world, but appears especially pronounced in the United States. Indeed, most foods
are available in larger portions compared with portion size in the 1970s (17,77 18). A report
of 63,380 individuals participating in the Nationwide Food Consumption Survey and
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Continuing Survey of Food Intake by Individuals found that the largest portions were
consumed at fast-food restaurants, although portion size clearly varied by food type.
Between 1977 and 1996, energy intake from a variety of foods including salty snacks,
soft drinks, hamburgers, french fries, and Mexican foods increased between 49 and 133
kcal per serving (16,6 18).

Young and Nestle’s study of marketplace foods found that portion sizes of virtually
all foods they sampled increased significantly since the 1970s, consistently exceeding
USDA standard portion sizes (17)7 .

Two studies linked large portion size with an increase in total energy intake among
children (18–21). Between 1989 and 1996, the mean increase in children’s calorie
intake ranged from 80 to 230 kcal per day (22,23). Large portion sizes, along with an
increase in sugar-sweetened beverage consumption, were associated with excess energy
intake (22,23). In a study of 3- to 5-yr-old preschoolers’ eating patterns, Rolls and col-
leagues served three different portion sizes at an experimental lunch meal. Results indi-
cated that the older preschool children ate significantly more calories when provided
with the larger-size meal compared with the smaller-size meal. This phenomenon did
not hold true for the younger children. The authors proposed that younger children may
more effectively self-regulate, or compensate, energy intake than older children, who
may be more vulnerable to overeating when provided with larger portions (20).

Fisher et al. extended this study by testing the effects of portion-size provision on
preschoolers’ self-selected portion size and food intake (24). They found that repeated
exposure to meals with large portion sizes consistently increased preschoolers’bite size and
entrée size at meals. Moreover, after consuming the larger portion sizes, children exhibited
a compensatory decrease in the intake of other foods served during the same meal (24).
These experimental data demonstrate how large portion sizes can promote positive energy
balance, and potentially contribute to overweight in children. Protecting and preserving
compensation skills may be of paramount importance in reducing childhood overeating.

In the presence of large portion sizes, adults also tend to overeat (2,9). Rolls and col-
leagues studied eating behavior of adults by serving four different portions of an entrée
item. Results showed that participants consumed 30% more calories when served the
largest portion compared with when they were served the smallest portion (25).
Similarly, when served portions that were 50% larger than baseline portions, partici-
pants in another study consumed 16% more calories (i.e., 328 kcal for women and 522
kcal for men) over baseline caloric intake (2,26)6 .
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Table 1
Environmental Factors Contributing to Toxic Environment and Obesity Risk

Food consumption trends Physical activity trends

↑ Meals away from home ↑ TV viewing
↑ Portion size ↑ Computer use
↑ Vending machines/soft drink access ↓ Access to parks/trails
↑ Fast food restaurants ↓ School physical education time
↑ Food advertising ↑ Labor-saving devices
↓ Healthy school cafeteria options ↓ Leisure-time physical activity
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Portion sizes provided at home and in restaurants have increased significantly, and
intake of these foods has also increased over the past two to three decades (9,18,27)7 .

2.3. Sweetened Beverage Intake
There has been a clear trend in recent years toward higher per capita consumption of

sugar-sweetened beverages, including fruit drinks, carbonated beverages, and sports
drinks. Across all age groups, sweetened beverage intake increased by 135%, with a
concomitant 38% decrease in milk consumption (28–30). The largest increases in
sweetened beverage intake were noted in young adults (ages 19–39) and children (ages
2–18) (27,77 28). As a result, added sugar now comprises 20% of the total caloric intake
in a child’s diet (22). Nearly 75% of all children drink at least one 8-oz serving of a
sugar-sweetened beverage daily, and the average child consumes 1.4 servings daily.
This corresponds to an average annual sugar intake of 14.05 kg/yr (22). In addition,
one-third of teen males consume more than three soft drinks daily, providing an addi-
tional 30 teaspoons of added sugar, equivalent to 120 calories (22,31).

The seemingly innocuous consumption of a “healthy beverage,” such as 100% fruit
juice, also may predispose children to excess caloric intake (32). Because 100% fruit
juice is often perceived as “healthy” owing to its high vitamin and mineral content,
many parents do not limit their children’s juice intake. In a study of more than 10,000
families enrolled in the Missouri Special Supplemental Nutrition Program for Women,
Infants, and Children (WIC), at-risk for overweight and overweight preschoolers who
consumed one or more servings per day of juice were significantly more likely to be
overweight 1 yr later compared with preschoolers who consumed less than one serving
per day. Interestingly, no associations were found in children who were below the 85th
percentile for body mass index (BMI) at initial assessment (33). That heavier children
may be more vulnerable to excess weight gain in response to food or beverages is con-
sistent with the notion of a gene–environment interaction (34,35).

Children generally maintain a consistent level of energy intake (36,6 37)7 although
there is variability in “caloric compensation” ability (38,39). Moreover, beverage
intakes appear to be less precisely regulated than solid foods in humans and animals
(40–43). In young children, energy imbalances as subtle as 30 kcal/d can promote over-
weight, which could be easily achieved by juice intake. Because a standard 6- to 8-oz
fruit juice box has approx 100 kcal per serving, children consuming multiple boxes each
day might ingest as much as about one-fourth of their daily energy requirements just
from juice (44). Indeed, overconsumption of sugar-sweetened beverages has been asso-
ciated with excess weight gain in studies with adults and children (45,46)6 .

2.4. Dining Out Trends/Fast-Food Consumption
There is increasing popularity for meals eaten away from home, especially at fast-

food restaurants. Increased frequency of consumption of fast food meals has been
associated with increased weight status. The average American’s fast-food meal con-
sumption frequency rose from 9.6% in 1977 to 23.5% in 1996 (15). Compared with
1977, when meals eaten at home represented 76.9% of daily caloric intake, Americans
now typically consume less than 65% of total energy intake at home (15). In 1955,
restaurant meal sales accounted for 25.5% of every food dollar spent, increasing to
46.1% in 1999 (15). Nearly one-half of adults eat out in a restaurant daily, and studies



have demonstrated an increase in energy intake when individuals are presented with
large portions (47,77 48).

Among 891 adults enrolled in the “Pound of Prevention Study,” increased frequency
of fast-food consumption was associated with significantly greater total energy intake,
higher percent fat intake, more frequent consumption of hamburgers, french fries, soft
drinks, and less consumption of fiber and fruit. Over 3 yr, each additional fast-food meal
consumed per week was associated with an excess weight gain of 0.72 kg. In a pros-
pective study of more than 3000 young adults enrolled in the Coronary Artery Risk
Development in Young Adults (CARDIA) study, frequency of fast-food restaurant 
visits at baseline (visits/wk) predicted excess 15-yr weight gain and worsening of
insulin resistance in Caucasian and African American respondents (49).

Visiting fast food restaurants may promote obesity by promoting increased consump-
tion of energy dense foods. Prentice and Jebb reviewed the nutritional content of the
foods sold at three popular fast-food outlets (50). The average energy densities for the
three menus were 1.7-fold greater than the average British diet. Bowman et al. reported
that 30.3% of children ate fast food every day, providing them with 187 additional calo-
ries per dining visit (51). One study exploring the dining habits of young adults reported
that those who dined out twice a week in fast-food restaurants experienced an 86%
increase in obesity risk compared with those visiting a fast-food establishment once
weekly (52). In many cases, frequent visits to fast-food restaurants were associated with
reduced fruit and vegetable intake, as energy-dense foods took the place of fiber-rich
fruit and vegetable sources (53).

2.5. Food Advertising
Increased consumer demands for convenient and expanded food selections have par-

alleled increases in food advertisement funds. The fast food industry spends more than
95% of its advertising budget on television advertisements, capitalizing on the fact that
televisions are present in 98% of households (10,0 54). Foods that tend to be most heav-
ily advertised are those with the highest calorie content, including convenience foods,
baked items, snacks, soft drinks, and alcohol (55,56)6 . Conversely, fruits and vegetables
are the least frequently advertised items. Moreover, greater monetary resources appear
to be allocated toward foods of lower nutritional quality. Whereas two of the largest
fast-food companies spent nearly $500 million annually on advertising campaigns, a
national “five a day for better health” campaign targeting fruit and vegetable consump-
tion had only $1 million in advertising funds (57–59).

2.6. Physical Activity Trends
Improvements in technology have led to a gradual transition from labor-intensive

occupations to labor-saving occupations. Changes in physical education requirements,
leisure time activity patterns, accessible park and recreation space, and home computer
access have also affected daily energy expenditure levels in the population. The mech-
anisms for these associations are complex. For instance, increased television viewing
may displace physical activity time, may be accompanied by snacking, and provides
exposure to food advertising, all of which can promote positive energy balance.

Both children and adults spend a significant percentage of their leisure time engaged
in sedentary activities such as television viewing, home computer tasks, and video
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games. Home computer ownership in the United States is expanding, increasing from
7.9% in 1984 to 36.6% in 1997 (10). By 1997, 50% of all children ages 3 to 17 and 40%
of all adults had access to a computer at home (10). A survey of 10,000 households
conducted by Media Metrix in 1999 found that simultaneous use of both the computer
and television was reported by 49% of respondents. Such sedentary activities may be
contributing to obesity in the United States (60).

2.7. School Physical Education Trends
Declines in physical education participation and structure have further reduced the

amount of time children spend in moderate to vigorous physical activity, especially as
they get older. The National Children and Youth Fitness Study (NCYFS) II found that
nearly all first- through fourth-grade students were registered in physical education
classes at school and received physical education 3.1 times per week on average (61).
Thirty-six percent received daily physical education. In some cases, however, recess
time substituted for instruction by a physical education teacher. Traditionally, physical
education enrollment rates and participation drop dramatically in older grades. According
to 2003 Youth Risk Behavioral Surveillance System data, for example, only 55.7% of
adolescents in grades 9 through 12 were enrolled in physical education classes and,
nationwide, 44.9% of students reported inadequate or virtually no moderate or physical
activity in the previous 7 d (62).

2.8. Access to Health Clubs, Parks, and Recreational Areas
An active lifestyle depends to some extent on access to safe, adequate recreational

and exercise facilities, yet a recent survey indicated that only 46% of municipal and
county parks and recreation departments had fitness trails. Hiking and biking trails were
present in only 29 and 21% of city and county recreation departments nationally
(10,0 62,63). However, access to park facilities does not guarantee regular participation
in physical activity. Although 51% of adults reported that easier access to exercise facil-
ities would help them stay active, two studies demonstrated that physical activity did
not improve despite access to free exercise facilities (64,65). Conversely, health club
membership and usage are increasing, especially in higher income individuals.
Memberships rose between 1988 and 1998 by 51% (10,0 66)6 . Members reported using
the facilities an average of 13.3 d more annually in 1998 than in 1988 (10,0 66)6 .

2.9. Television Viewing
Increased television viewing has been associated with increased energy intake and

body weight (67)7 . The mechanisms for this association are multifold. Increased televi-
sion viewing may displace more active leisure time pursuits, be accompanied by eating,
and/or promote excess energy intake through exposure to food advertising. According
to Neilson Media Research, individuals ages 12 and older watch an average of 28 h of
television weekly, representing a significant increase over the past two decades (54).
Data from the 2003 Youth Risk Behavioral Surveillance System indicated that nation-
wide, 38.2% of students in grades 9 through 12 watch television 3 or more hours daily
(62). Younger children spend an average of at least 2 h daily watching television or
playing video games and one-quarter of all US children watch more than 4 h of televi-
sion each day (68–70).
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Television viewing may be associated with food consumption in some individuals. A
study conducted by Francis et al. showed that television viewing was associated with
increased snack food consumption in girls who were 5, 7, and 9 yr old, which in turn
predicted girls’ increase in BMI from ages 5 through 9 yr (67)7 . Another study of ethni-
cally diverse third- and fifth-grade children compared food consumption during televi-
sion viewing with food consumption when the television was off. Children consumed
17 to 26% of total energy intake while watching television, representing a significant
percentage of total calorie intake (71). However, the consumption of high-fat foods was
linked with BMI only in the younger children.

Time spent watching television may also be accompanied by food intake in other
select individuals and groups. A study of 861 women and 198 men in a community-
based sample found an association between television viewing and caloric intake, with
wide differences existing between socioeconomic groups. In higher income women,
every additional hour of television viewing was associated with an excess 50 kcal
energy intake and an excess 136 kcal for lower income women. No association between
television viewing and energy intake was found in male participants (10,0 72). Thus, 
television viewing has been shown to be a risk factor for snack consumption and, in turn,
increased weight status, especially in those individuals who are predisposed to obesity.
Increased television viewing has been associated with increased energy intake and body
weight (67)7 and decreased physical activity. Thus, decreased energy expenditure has
been negatively associated with BMI (73–75) and maintenance of weight loss (76,66 77)7 .

3. IMPLICATIONS FOR CHANGE: CHANGING ENVIRONMENTS 
VS INDIVIDUALS

In response to growing concern over the obesity problem in the United States, in
2001 the US Surgeon General issued a report, “A Call to Action to Prevent and Decrease
Overweight and Obesity,” advocating healthier school and workplace environments.
Other position statements and guidelines issued by the Centers for Disease Control and
Prevention, the Institute of Medicine (see Table 2), and the American Academy of
Pediatrics have provided an initial framework for formulating and implementing public
health policies focusing on child and adult overweight (4,22,58,78,79).

Several ideas have been proposed to alter the environment to make it easier for con-
sumers to access and select healthier food choices. Public health interventions such as
issuing a surcharge to high-fat items (“fat tax”), subsidizing healthy food choices in
schools and workplaces, price reductions on healthy snacks, and limiting or prohibiting
vending machine sales in schools have been proposed.

Vending machines are positioned in approx 1.5 million schools and workplaces
nationwide (80–82), and present a potentially effective medium for testing and imple-
menting pricing strategies to promote healthier food choices for adults and children. A
study by French et al. suggested that when low-fat vending machine item prices were
reduced by 50%, sales of these healthy snacks increased by 80% without a significant
change in profitability (57,77 81). A comparable study found that a similar price reduction
in fresh fruit and vegetable selections in high school and workplace cafeterias was
accompanied by a two- to fourfold and a threefold increase in sales, respectively
(80,0 81,83). Combining a social marketing component to promote healthy food choices,
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Table 2
Summary of Institute of Medicine Recommendations for Schools to Address Childhood
Obesity, September 2004

• Establish nutritional standards for all “competitive foods”
• Establish a minimum of 30 min of activity during the school day
• Enhance school health curricula
• Ensure that all school meals meet the Dietary Guidelines for Americans
• Ensure that all schools are as “advertising free” as possible
• Conduct annual assessments of student weight, height, BMI, and make data available to par-

ents

as done in the CHIPS (Changing Individuals’ Purchase of Snacks) study with 10, 25,
and 50% price reductions, resulted in a small but significant positive effect. Low-fat
sales rose by 9, 39, and 93% with the aforementioned pricing strategy (80,0 81).

When a 10% surcharge was added to the cost of 7 high-fat menu and snack selections
concurrently with a 25% price reduction for low-fat items, the estimated revenue 
generated from the sales of high-fat items was within 5% of expected (80,0 81). The use
of such “fat taxes” to help subsidize healthier food choices in community settings and
government assistance programs warrants further exploration, testing a wider array of
food selections initiated in a more extensive variety of sites.

In 2004, Congress adopted legislation requiring the development of a “Wellness
Policy” addressing the sales of competitive foods in all public schools and improving the
school environment to promote physical education opportunities (84). A large survey
conducted in the 51 largest school districts in the United States demonstrated that some
progress in improving the school environment to promote health is being made. Of the
51 school districts studied, 39% had adopted competitive food policies that exceeded
federal and state requirements and nearly all of these districts had implemented policies
banning the sale of soda in schools and placing restrictions on vending machine sales
(78). None of the school districts had met all the Institute of Medicine recommendations,
although a significant shift toward a healthier school environment was observed.

4. CONCLUSIONS

In conclusion, the obesity epidemic is influenced by several macroenvironmental factors.
No single environmental influence is responsible for the growing prevalence of over-
weight and obesity in the United States and other countries. Strategies for reversing the
trend must include efforts to change our “toxic environment,” which encourages excess
energy consumption and a sedentary lifestyle. Examples of environmental manipulations
to help combat the obesity epidemic include limiting television viewing, reducing chil-
dren’s access to high-fat, high-sugar foods, the development of safe and convenient areas
for physical activity, educating individuals on appropriate serving sizes, and reducing the
cost of healthy snack foods in schools and workplaces.
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Abstract
This chapter reviews the developmental pathways contributing to the origin of obesity.

Evolutionary considerations are emphasized. At birth more than half of a human baby’s metabolism
is devoted to the brain and it is suggested that the extreme neonatal and early childhood adiposity of
humans is an adaptation to provide an energy reserve during periods of nutritional stress arising
from infections and the process of weaning. This chapter also reviews the substantial experimental
and clinical evidence for prenatal and early postnatal factors in the development of obesity.
Developmental pathways that may lead to obesity include fetal undernutrition caused by an impaired
intrauterine environment, fetal overnutrition and macrosomia caused by maternal diabetes, and
infant overnutrition caused by excessive early feeding. There is evidence for interactions between
these pathways and for intergenerational influences. Finally, this chapter discusses the implications
for the global obesity epidemic of mismatch between the genotype, environment, and lifestyle, and
underlines the potential role of inappropriate adaptive responses during development in populations
undergoing rapid nutritional transition.

Key Words: Obesity; evolution; development; environment; fetal nutrition; developmental plasticity;
adaptive responses; prediction; mismatch.

1. UNDERSTANDING OBESITY REQUIRES A DEVELOPMENTAL 
AND EVOLUTIONARY PERSPECTIVE

Ever since Neel’s proposition of the “thrifty gene” hypothesis more than 40 yr ago
(1), evolutionary explanations for the origins of human obesity have assumed that our
tendency to put on weight in a modern environment is the vestige of a trait that was 
beneficial under the more austere nutritional conditions of the past. Neel proposed that,
for millions of years during the Paleolithic, humans and our hominin ancestors survived
as roaming bands of foragers who faced an unpredictable food supply. Given this, an
ability to capitalize on any excess energy by efficiently depositing it as fat during periods
of “feast” would have boosted the chances of surviving the inevitable future “famine.”
We inherited our genes from ancestors who survived these recurrent ecological crises,
which now leave us prone to obesity and diabetes in a contemporary environment of
nutritional abundance.
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Neel’s hypothesis was invaluable for stimulating interest in the evolutionary origins
of human obesity. In particular, the thrifty gene model heightened awareness that the 
environment can change more rapidly than the genome, potentially leading to novel 
diseases through “mismatch” between genes and environment. Despite these important
contributions, the hypothesis has difficulty explaining more recent advances in our under-
standing of the obesity epidemic and its health sequelae. As crosscultural data accumu-
late, the heterogeneity in the prevalence and health consequences of obesity are not easily
reconciled with a purely gene-based model of obesity risk (2). Observations among
societies experiencing ongoing nutritional transitions in Asia, Latin America, and elsewhere
document a heightened metabolic disease risk for a given level of body mass index or
adiposity (3–5). The hypothesis would need to be modified to explain this. Additionally,
there is now evidence that famine was less common among our foraging ancestors than
presumed by Neel’s model (6), raising doubts about its central assumptions (2). Further
complexities arise as etiological insights change; for example, current understanding of
the pathogenesis of obesity-related disease now includes a significant role for immune
activation, and this is not easily encompassed within the model (7).

That human metabolism is not primarily crafted to survive famine is suggested by a
closer examination of the developmental trends in body composition that characterize
the human lifecycle. As illustrated in Fig. 1, body fat in humans constitutes a larger per-
centage of weight at birth than in any other mammal so far studied (8). This is followed
by a continued fast pace of fat deposition during the early postnatal months. In well-
nourished populations, adiposity reaches peak levels at around the age of weaning
before gradually declining to a nadir in childhood, when humans reach their lowest level
of adiposity in the lifecycle before again increasing in the prepubertal phase. If the
threat of famine is what molded the human metabolic propensity to deposit and main-
tain extra body fat, it is not obvious why children’s bodies should do so little to prepare
for these difficult periods. These developmental changes in body composition suggest
that the evolutionary forces that selected for the size of the energy buffer during early
life were primarily aimed at defending against nutritional stress that has largely sub-
sided by mid-childhood. Indeed, the low priority placed on maintaining an energy
reserve during childhood suggests that the background risk of starvation faced by our
ancestors may have been smaller than often thought.

This chapter first reviews the nutritional ecology of the period spanning mid-
gestation through early childhood and consider the influence that natural selection
operating at this age may have had on the modern human genome and the risk of metabolic
disease. We adopt a developmental perspective to move beyond Neel’s model and
take into account the sources and age-specific intensity of nutritional stress and natural
selection. There is now substantial evidence that developmental responses to early
nutritional environments can modify our genetic pattern of ontogenesis (developmen-
tal plasticity), with lasting effects on our physiology and metabolism. Secondly, we
discuss evidence for several developmental pathways now known to link early environ-
mental experiences, including nutrition, to later metabolism, weight gain, and disease.
Just as Neel emphasized the past adaptive significance of genes, these newly discov-
ered and potentially adaptive modes of developmental response may provide greater
flexibility in the face of ecological change than can be achieved through the slow
process of genetic change.
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These considerations underscore the need to take development seriously in studies of
metabolic disease. We conclude by speculating that the accelerating pace of the global
obesity epidemic and its rising disease burden may be the result of two related forms of
mismatch: that between the human genome and the novel lifestyle of contemporary
human populations and, in more rapidly changing environments, that between the con-
straints imposed by developmental processes together with early nutrition and the envi-
ronment and lifestyle subsequently experienced in adulthood.

2. DEVELOPMENTAL PERSPECTIVE ON ENERGY BALANCE 
IN HUMAN EVOLUTION

Humans are unusual with respect to their high level of natural “obesity” (9). This trait
is particularly obvious at birth, when humans have more body fat than any other species
(8). Explanations for our distinctive “baby fat” have traditionally proposed that it is
related to loss of body hair, and it is widely assumed that natural selection compensated
for this by increasing the layer of insulative body fat (10,11). A competing perspective
notes that this excess adipose tissue is well suited to serve as a backup energy supply
for another distinctive human trait—our large brains (8). Humans are exceptional in the
size of their brains, and at birth more than half of the body’s metabolism is devoted to
this organ (12). Unlike energy expended on other tissues or systems, brain metabolism
is less flexible during a period of nutrient shortage, and must be maintained within 
narrow limits. Thus, our large brains impose a double burden on metabolism during
infancy: they increase demand for energy while restricting the flexibility of metabolic
requirements when that demand is not met.
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Other factors common during infancy can impede the supply of nutrients, ensuring
that negative energy balance is a frequent occurrence at this age in most populations.
We are born with a naïve adaptive immune system and must become exposed to specific
pathogens to acquire the repertoire of antibodies necessary to protect us from future
infection. Exclusively breastfed infants are initially shielded from exposure to patho-
gens and gain some passive immunity through their milk, so that they are often quite
healthy in the early postnatal months. But, as energy requirements outstrip the supply
capacity of breast milk by roughly 6 mo of age, less sterile supplemental foods must be
introduced and infectious disease becomes unavoidable in all but the most sanitary
environments. These childhood infections, in turn, are a source of nutritional stress, and
indeed it is primarily through their effects on nutritional status that they compromise
health and contribute to early-life mortality and poor childhood growth (see ref. 13 for
a review). The ensuing nutritional depletion has the effect of suppressing immune func-
tion, leaving the infant more prone to future infection and thus a compounding cycle of
nutritional stress.

Human infants thus face a profound energetic dilemma: at the age when they are
most dependent on provisioning by caretakers to maintain the high and inflexible meta-
bolic requirements of their large brains, they are also at risk of separation from that sup-
ply chain as a result of illness and the nutritional stresses of weaning. It is this
confluence of factors, and the link between nutritional stress and immature immune
function, that accounts for much of the high infant mortality in many societies (14). And
this is where evolution has likely favored neonatal adiposity as a strategy. It is not 
difficult to imagine how infants with a predisposition to deposit fat prior to weaning
might be better represented among the subset who survive to adulthood to reproduce
and pass on their genes (8). Infants typically experience not a single infection, but cycles
of infection followed by recovery. Thus, it is those infants who efficiently replenish their
energy reserves during recovery intervals who will be better equipped energetically to
survive any future illness. From this perspective, the infant experiencing cycles of ill-
ness faces a metabolic challenge not unlike Neel’s proposed recurrent episodes of feast
and famine.

The evolutionary imprint of this energetic stress is most conspicuous in our distinc-
tive adiposity at birth, indicating that the process of fat deposition begins much earlier,
during gestation itself—as does the challenge of protecting a relatively large brain. The
size of the brain is large relative to body size throughout late gestation and the fetal
brain is relatively protected under conditions of fetal undernutrition. Recent studies also
show visceral fat to be conserved in the face of fetal undernutrition (15,16). Thus, early
human development, beginning in utero and continuing into early childhood, is an ener-
getically precarious stage in the lifecycle, even though the supply line of nutrients and
common causes of nutritional insufficiency shift at parturition and at weaning.

These sources of energy stress have largely receded by mid-childhood: the fraction
of total metabolism required by the brain has declined substantially and children have
already acquired immunity against the major pathogens that they are likely to face. It
thus makes sense that the human body places little priority on maintaining sizable body
fat stores by this age. This would of course not be true if famine were the main source
of selection on human body composition and metabolism, in which case we should
expect no decline in adiposity in childhood.
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3. DEVELOPMENTAL PATHWAYS TO OBESITY

Given that infant and child mortality is highest as a result of developmentally medi-
ated undernutrition during the earliest stages of the lifecycle, natural selection operating
at this age may have had an important influence on the evolution of human metabolism.
It is notable, for instance, that the challenge of surviving recurrent infections shares simi-
larities with Neel’s vision of a feast–famine scenario, and might be expected to favor the
rise of similar metabolic-disease predisposing genes. In this sense, early life might be
likened to an “ontogenetic bottleneck” through which any adult metabolic traits must
first pass (17). Although all humans experience this age of heightened energetic vulner-
ability, there is much variation in the environments that individuals experience, which
determines whether they will be forced to rely on such contingencies as brain sparing,
lipolysis, or rapid replenishment of body fat. There is now considerable experimental 
evidence that one’s early nutritional experiences, both in utero and during infancy, may
act through developmental plasticity to permanently influence traits such as appetite, tis-
sue-specific insulin sensitivity, and weight gain (18). As will be discussed, there is much
interest in establishing whether these responses have an adaptive basis, and if so, whether
they are primarily designed to serve a short- or long-term adaptive function (17–21).
What is certain is that these responses can have profound long-term implications for the
risk of gaining excess body weight and the metabolic consequences of that weight gain.
There is increasing evidence for at least two and possibly three developmental pathways
that can lead to obesity; these will be discussed separately.

3.1. Fetal Undernutrition Pathway
There is a considerable body of epidemiological data relating an impaired intra-

uterine environment to the development of later central adiposity. For instance, studies
of elderly populations show greater visceral adiposity among individuals who were born
small (22). Children of smokers, who experience prenatal hypoxia and are likely to be
born small, are more likely to develop obesity (23). Studies of the Dutch winter famine
of 1944–1945, where previously well-nourished women were exposed to Nazi-imposed
severe rationing, show that those who were pregnant during the famine gave birth to off-
spring who subsequently became obese (24).

Experimentally, it can be demonstrated that animals born to undernourished mothers
are relatively more obese; this is particularly evident if the offspring are placed on a
high-fat diet after birth (25). The obesity induced by these early life exposures has both
central and peripheral components. In both the rat (26) and sheep (27,28), changes in
the neuroendocrine anatomy in the hypothalamus are described following nutritional
limitations induced in utero. Animals born after adverse fetal manipulation also tend to
be hyperphagic and to have a preference for fatty foods. They are also sarcopenic and
mature to have peripheral insulin resistance, fatty liver, and truncal obesity (29).

Such observations have generally been made in the context of studies of the early life
antecedents of maturity-onset diabetes and heart disease—the so-called developmental
(or fetal) origins of adult disease paradigm. There is now a large body of epidemiolog-
ical, clinical, and experimental data showing that an adverse intrauterine environment
predicts a variety of physiological and metabolic traits that are consistent with a greater
risk of lifestyle diseases in later life, including but not limited to obesity. For instance,
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both impaired pancreatic islet cell function and greater insulin resistance are reported
among individuals born small (30), or among rats or sheep exposed to undernutrition as
fetuses (31). There have been major reviews of the developmental origins model
recently (21,32,33).

Within this literature, there has been debate as to whether it is the initial impaired
nutritional environment or the delayed response of rapid postnatal catch-up growth that
is causally related to these later-life health consequences (34). The experimental data
show that the rate of weight gain is related to both the prenatal and the postnatal nutri-
tional exposure of the growing rat (25,29) and a number of experiments or clinical
observations, such as the Dutch famine data, suggest that there is a clear fetal compo-
nent. The clinical data also suggest that the propensity for obesity is in part prenatally
determined. For instance, whereas subcutaneous fat at birth is linearly related to later
body weight, visceral fat is not reduced in smaller babies (15,16), suggesting that the ten-
dency for visceral obesity can be induced in utero, or that such individuals preferentially
protect deposition and maintenance of visceral depots. In perhaps the most studied
cohort, from Helsinki, adults who developed diabetes or insulin resistance were born
small and did not show catch-up in weight during the early postnatal years. However,
they did experience an earlier childhood adiposity rebound and put on weight faster in
late childhood (35). Not dissimilar but more limited data are reported from an Indian
cohort (36).

Genetic polymorphisms clearly impact on the interaction between the developmental
environment and long-term phenotypic outcomes. For example, a polymorphism in the
PPAR gene is associated with an elevated risk of insulin resistance in adults but only
if birthweight was reduced. Presence of the polymorphism in the absence of fetal
growth impairment is not associated with an increased risk of insulin resistance (37).
Recent studies have shown similar interactions between polymorphisms in a number of
loci, birth size phenotype, and later disease risk. These include the angiotensin convert-
ing enzyme gene (38), plasma cell glycoprotein-1 (39), glucokinase (40), and the 
vitamin D receptor (41). In such analyses, birthweight is likely to generally be a surro-
gate for an adverse intrauterine environment rather than causally related, but in some
cases—for example, the glucokinase mutation (40)—the polymorphism may affect
insulin sensitivity or action, adding directly to the strength of the association as insulin
is an important regulator of fetal growth (42).

But although there are clearly genetic influences, the thrifty genotype model cannot
explain the experimental or clinical data linking early undernutrition to elevated adult
metabolic disease risk, or findings such as research on the Dutch winter cohort 
discussed above. An adaptive explanation for such observations was first proposed by
Hales and Barker (19), who suggested that smaller babies make a number of adaptations
in utero to survive, including inducing insulin resistance, which leave them more able
to cope in a poor postnatal environment but which also made them more at risk of 
disease in later life. As with the thrifty gene hypothesis, this “thrifty phenotype” model
has limitations. For instance, it cannot explain the continuous relationship between birth
size and later disease risk that can be seen even in infants above the mean birthweight,
nor can it explain why growth-retarded infants tend to protect visceral adiposity at birth.
It also assumes that insulin resistance is present at birth, and both clinically and experi-
mentally this appears not to be the case (43,44). In some cases growth-retarded neonates

212 Part IV / Weight Gain and Weight Loss



indeed appear to have heightened insulin sensitivity (43). It also assumes that slowed
growth rate is a central adaptation to a compromised prenatal nutritional environment,
yet many of the experimental associations do not rely on birthweight; this is also the
case in some clinical observations such as the Dutch famine data (45,46) and some
recent cohort studies (35,47). Finally, the hypothesis cannot explain developmental
induction in the face of physiological challenges other than nutrition. The thrifty pheno-
type concerned itself only with glucose/insulin metabolism, whereas subsequent work
has shown effects on myriad other systems (21,48). A recent study of children con-
ceived by in vitro fertilization shows them to be taller, leaner and to have heightened
insulin sensitivity (49), suggesting that fetal responses to environmental manipulation
need not act only in a direction toward “thriftiness.” Thus, a more comprehensive model
is needed if we are going to explain the broader pattern of responses, of which obesity
is one manifestation.

A more general adaptive model based on the concept of predictive adaptive responses
and developmental mismatch has recently been proposed (50,51). The mismatch model
suggests that all fetuses (and embryos) across the full range of environments sense their
environment and, based on such cues, set their life course strategy, mediated by epi-
genetic processes, according to the environments they predict that they will meet post-
natally (21,52,53). In particular, if the fetus predicts an adverse nutritional environment
it will induce strategies such as preserving fat mass at the expense of metabolically
costly muscle (sarcopenia) while reducing expenditures on other structures and costly
physiological functions, including immune function, investment in reproduction, and
cellular maintenance functions that normally delay the onset of aging (18,48,54). The
model can provide an explanation of why a population undergoing rapid nutritional
transition is at greater risk (18).

The underlying mechanisms in this case would require a capacity to predict future
conditions on the basis of early life cues, which may be nutritional but could also be,
for example, endocrine or oxidative stress, and to respond developmentally in an appro-
priate fashion. Modeling shows that such predictive responses need not be completely
accurate to provide a fitness advantage (51,55). Moreover, it has been argued that the
fidelity of the prenatal nutritional cue may be enhanced by maternal buffering mecha-
nisms and intergenerational effects on fetal nutrition (17). For instance, fetal growth
rate—and, by implication, fetal nutrition—is predicted not only by the mother’s current
nutrition but also by her nutritional status prior to pregnancy (56), which reflects her
cumulative nutritional experiences in the years prior to conception. Birthweight is also
predicted by the mother’s (but not the father’s) own growth rate during both childhood
and during her fetal life, and by extension, the nutritional conditions experienced by the
grandmother as conveyed in utero to the mother as a fetus. Such intergenerational influ-
ences on fetal nutrition and growth are well established (57). By integrating nutritional
information across several generations, fetal nutrition may provide a higher-fidelity cue
of typical conditions than might otherwise be possible (17).

It is also important to note in this context that the fetal environment is, with the excep-
tion of gestational diabetes, always nutritionally constrained to varying degrees (21,58,59).
The processes of maternal constraint have evolved particularly in monotocous species to
limit fetal growth to match the maternal size phenotype, so that vaginal delivery is possi-
ble in a species with a uniquely large head but a pelvis narrowed by the adoption of an
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upright posture. The mechanisms of fetal growth limitation are poorly understood, but may
involve both utero–placental function and interactions between the maternal and paternal
genomes via the imprinted IGF-2 system (60). It has been suggested that maternal con-
straint has had the additional evolutionary advantage of moving fetal development toward
a set-point favoring predictive adaptation matched to a nutritionally deprived environment
(51). This might provide an additional fail-safe protection for the infant. As constraint oper-
ates even in normal pregnancies, this limits the range of nutritional environments that the
infant can be matched to postnatally, and as a result of improved access to food and more
sedentary lifestyles more children and adults are now placed in environments above this
limit. Disease risk is enhanced as a result.

Constraint and developmental induction can well extend into the neonatal period, as
the neonate is entirely dependent on the mother for nutrition. Recent studies provide
some support for this model. For example, if neonatal rat pups born to undernourished
mothers are treated in the neonatal period with leptin, they do not become obese even if
placed on a high-fat diet (29), suggesting that the predictive trajectory can be altered by
neonatal manipulation.

In this model, then, factors that reduce the fidelity of the predictive cue can lead to a
developmentally based mismatch between biology and environment, not unlike Neel’s
proposal of a gene–environment mismatch (59,61). Indeed, the processes mediating the
predictive mechanisms must have been selected and preserved through evolution, rather
as have Neel’s thrifty genes. The fidelity of the predictive cues may be reduced by 
factors such as faulty maternal transduction (for example, maternal smoking inhibiting
transplacental nutrient transfer) or severe maternal constraint limiting nutrient supply to
the fetus (for example, young or primiparous mothers) or by genetic polymorphisms
affecting mechanisms regulating nutrient delivery to fetal tissues (39). The signal may
also have low fidelity as a result of rapid environmental or nutritional change, as exem-
plified by populations experiencing a “nutrition transition” to higher intake of dietary
energy and fats coupled with reduced physical expenditure (3,61). Under these circum-
stances, the nutritional cue conveyed to the fetus may become inaccurate as the environ-
ment changes, thereby heightening risk of metabolic derangements as individuals poorly
nourished early in life gain weight. This proposal may help explain why the BMI is a 
particularly strong predictor of hypertension, diabetes, or heart disease in nations like
China, Brazil, and the Philippines, all of which are experiencing an ongoing, rapid nutri-
tional transition of recent onset (3,62). Conversely, the finding that compromised birth out-
come does not predict elevated adult risk for cardiovascular disease in The Gambia, where
poor nutritional conditions have not improved, is also consistent with this model (63).

3.2. Fetal Overnutrition Pathway
In addition to these effects of prenatal undernutrition, it is well recognized that the

fetuses of diabetic mothers are born with relative obesity, suggesting a separate pathway
linking prenatal nutrition with later risk of metabolic disease. Maternal hyperglycemia
leads to fetal hyperglycemia and fetal hyperinsulinemia, which promotes excessive fat
deposition during the third trimester. The degree of subcutaneous adiposity is increased
even under conditions of subclinical maternal hyperglycemia. The increased adiposity
in fetal life may then be magnified by postnatal overnutrition, and the obesity that is
generated often, in turn, leads to type 2 diabetes (64).
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3.3. Multigenerational Influences
The situation across generations is more complex, and available data suggest that it

is possible to begin with either prenatal undernutrition or overnutrition and to stabilize
on a pattern of intergenerational macrosomia and diabetes. Mothers who were born as
macrosomic babies are themselves at risk of gestational diabetes and thus of “transmit-
ting” macrosomia to the next generation. Alternatively, mothers born in an impaired
intrauterine environment are at greater risk, because of their altered insulin sensitivity,
of developing subclinical or gestational diabetes, as discussed above, and may sub-
sequently give birth to a macrosomic infant at heightened risk of developing obesity as
a result (65). This intergenerational sequence has been suggested as an explanation for
the extremely high prevalence of diabetes among some Native American groups (2). In
India, where mothers are small owing to nutritional limitations in childhood and inter-
generational stunting, women who give birth to infants in the upper tertile of the birth-
weight range (mean 3300 g, mean for whole sample 2700 g) are more likely to develop
type 2 diabetes within 8 yr than are women who deliver smaller babies (66). Thus it
would appear that when the mother is small, she may give birth to a relatively small
baby, although relatively large for that population, and that this baby then follows the
overnutrition pathway.

3.4. Infant Overnutrition Pathway
Although there are conflicting data, recent systematic reviews concur that breastfeed-

ing confers some protection against the development of childhood and adult obesity
(67,68). In turn, these studies imply that feeding infant formula or cow’s milk results in
a greater risk of obesity. This could reflect the greater caloric and protein load of cow’s
milk, which can lead to overnutrition in infancy, or as yet unidentified beneficial effects
of other breast milk components, such as growth factors or hormones such as leptin. In
rats, high nutrition in infancy can induce both peripheral and central components of
obesity, involving changes in both local depots and hypothalamic neuroendocrine path-
ways (69,70). The effect is apparent in both premature and term infants, suggesting that
it is early feeding that is particularly sensitizing to the development of later obesity (71).
A recent long-term cohort study identifying an association between adult obesity
and rapid weight gain in the first week of life of formula-fed infants tends to confirm a
deleterious effect of early overnutrition rather than an intrinsic protective effect of
breastfeeding (72).

Although the studies are not comparable, either in terms of populations or their 
historical and geographical situations, there is an unexplained paradox: one group of
studies suggests the importance of infant overnutrition as predisposing to obesity (34),
whereas a separate group of studies points to lower birthweight and underweight in
infancy followed by earlier adiposity rebound in childhood as the causative factors
(35,36). This suggests that there are likely to be two or more independent developmen-
tal pathways that may link infant nutrition with later weight gain. Alternatively, they may
be both reflections of a common pathway informed by pattern of growth in which a con-
strained nutritional environment (fetal or infant) is followed by a nutritionally enriched
environment. The degree of constraint varies, some pregnancies are more constrained
than others (58), and the speed, nature, and degree of nutritional transition can vary; all
influence the pattern of developmental plasticity and the degree of mismatch and thus the
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disease risk (18). Additionally there is clearly genetic variation influencing the outcome
of environmental interactions during development (37). Even though the specifics of the
pathways involved remain unclear, this does not diminish their substantial contribution
to disease risk, a contribution that is still not widely realized. Calculations performed on
the basis of birthweight, weight at 1 yr, and weight at 11 yr suggest that abnormal patterns
of fetal and infant growth could account for roughly 50% of the risk of heart disease and
non-insulin-dependent diabetes (73). This is a fertile area for ongoing research.

4. CONCLUSIONS

In the more than four decades since Neel’s publication of the thrifty gene hypothesis,
obesity has been viewed as the result of an ancient metabolism adapted to feast–famine
conditions, now thrust into a modern world of chronic nutritional excess. Famine or other
ecological crises may indeed have been among the most important sources of nutritional
mortality among our adult ancestors, but this should not be extrapolated uncritically to the
human lifecycle as a whole. Before reaching adulthood, humans first must survive the ener-
getic turmoil and high mortality associated with gestation, parturition, and weaning, exacer-
bated by a relatively large and energetically demanding brain and compounded by the
inevitable infections of childhood. If human metabolism is “designed” to survive nutri-
tional stress, we have argued that the nutritional stress of early life is likely to have left a
more prominent evolutionary imprint on our metabolic homeostasis and modes of adaptive
response than has famine. As one example of the potential utility of the model discussed
above, the intimate ties between infectious disease and nutritional stress during early life
provide a useful starting point for considering the interconnections between metabolic and
inflammatory processes that are now recognized as central to the metabolic syndrome.

The extensive research documenting the developmental origins of health and disease
(DOHaD) paradigm makes it clear that susceptibility to obesity and metabolic disease
is not dictated solely by one’s inherited genome and adult lifestyle, but is also power-
fully influenced by developmental processes initiated by nutrition in utero and continu-
ing into the postnatal period. As discussed, one proposal we favor to explain these
findings states that fetal, and perhaps infant, nutrition acts as a cue for predicting future
nutrition, thus allowing the organism to adaptively modify its metabolism, physiology,
and life history characteristics in a predictive fashion. That fetal undernutrition can lead
in certain circumstances to a greater predisposition to weight gain, or a greater sensitiv-
ity to the adverse health effects of weight gain, intuitively supports this proposition of
early life prediction, for it shows that undernutrition contributes strongly to heightened
future disease risk only when conditions have changed significantly between birth and
adulthood. Also supporting this model is the finding that, when environments do not
change and individuals poorly nourished early in life remain marginally nourished as
adults, the risk of obesity-related conditions is not elevated (63).

If prediction were the rule across the full range of early environments, we might
expect prenatal overnutrition to protect against the adverse health effects of over-
nutrition later in life. There is some evidence that this might be the case in the absence
of pathological causes of fetal overnutrition. Whereas infants born thin and who
become fat as children are at greater risk of later disease, children born with a high
ponderal index and who have a high ponderal index in childhood are at no particular
enhanced risk (74). Experimental exposure to high-cholesterol diets in utero induces
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greater postnatal cholesterol tolerance in pigs (75). High prenatal nutrition is associated
with longevity in mice (76), whereas after birth it is undernutrition that is associated with
longevity.

The contrary situation of macrosomia caused by maternal diabetes is likely to be a
recent pathological development reflecting the very different nutritional environments
of modern humans compared with conditions prevalent in the Paleolithic and Neolithic.
Maternal undernutrition was likely to be far more common during hominin evolution
than was gestational diabetes, which—like obesity itself—has emerged as a health
problem only in recent generations. As is true for all biological systems, developmental
responses to early environments must have limits within which they are designed to
operate, reflecting the range of expected conditions likely to have been experienced by
our ancestors. This system may now be pushed by chronic intergenerational excess to a
state rarely expressed phenotypically in the past.

Although questions remain regarding the function of early-life developmental plas-
ticity, the available data are sufficient to propose a tentative revised model for the 
origins of obesity and related diseases. The model includes two forms of mismatch,
each reflecting adaptive processes operating on different temporal scales. The first is a
process of gene–environment mismatch akin to that proposed by Neel. This could help
explain the general human tendency to gain weight under modern conditions of reduced
energy expenditure and increased intake, and for metabolic conditions such as insulin
resistance to be triggered inappropriately by factors such as novel proinflammatory 
features of the environment. The second form of mismatch is based on developmental
plasticity, as documented by the DOHaD literature, which may help to explain the
heterogeneity in the obesity epidemic and its consequences. When conditions change
markedly within a single generation, or when early-life predictive signals have low
fidelity, this may lead to additional mismatch and metabolic disturbance. As empha-
sized, these latter effects could help explain some of the important features of disease
transitions in populations experiencing a particularly rapid pace of dietary and lifestyle
change (77).

This mismatch model potentially helps to explain some features of the modern obesity
epidemic that are not addressed by a gene-centered model and is also consistent with
the growing appreciation of the role of developmental processes, including plasticity, in
adaptation and evolution among a wide range of organisms (78–80). Natural selection
has favored a range of strategies to help our ancestors manage the vagaries of ecology
and nutrition, including a genetic architecture with an appropriate set of metabolic prior-
ities and flexibility in developmental processes capable of responding more quickly to
changing conditions than would be possible via genetic change alone (52). Although
these processes may have allowed efficient tracking of gradual changes in past environ-
ments, especially the more threatening situations of reduced nutrition, their adaptive
capacities are now overtaxed, leading to metabolic disease, when they are confronted
with the evolutionarily unprecedented pace of change in modern environments.
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Genetics of Obesity
Five Fundamental Problems With the Famine
Hypothesis

John R. Speakman

Abstract
The last 50 yr have witnessed a major epidemic of obesity in Western societies. The development

of obesity has a strong genetic component, yet the timescale of its increase cannot have come about
because of population genetic changes. Consequently, the most accepted model is that obesity is a
consequence of a gene–environment interaction. This current model suggests that we have an ancient
genetic predisposition to deposit fat that is particularly expressed in the modern environment. Why
we have this genetic predisposition has been a matter of much speculation. There is currently a broad
consensus that over evolutionary time we have been exposed to regular periods of extreme food
shortage (famines), during which time fatter individuals would have had a selective advantage.
Consequently, individuals with genes promoting the efficient deposition of fat during periods
between famines (so-called “thrifty genes”) would be favored. In the modern environment this
genetic predisposition prepares us for a famine that never comes, and an epidemic of obesity follows.
This chapter presents five fundamental flaws with the famine hypothesis for the genetic origins of
obesity. The flaws are that (1) modern hunter–gatherer and subsistence farming communities show
no fat deposition between famines; (2) famines occur only about once every 100–150 yr and involve
increases in total mortality that only rarely exceed 10% of the population; (3) most people in famines
die of disease rather than starvation, the latter factor accounting for between 5 and 25% of the famine
mortality; (4) famine is a modern phenomenon and most human populations have probably not expe-
rienced more than 100 famine events in their history; and (5) the age distribution of mortality
during famine would not result in differential mortality between lean and obese people. Even ignor-
ing this latter factor, a simple genetic model presented in this chapter shows that famines provide
insufficient selective advantage over an insufficient time period for a thrifty gene to have any pene-
tration in the modern human population. 

Key Words: Famine; hunger; starvation; mortality; selection; thrifty gene; genetics; obesity.

1. INTRODUCTION

Western societies are in the throes of an obesity epidemic that has grown over the past
50 yr or so to become classed as the greatest health threat facing the Western world (1).
Estimates of the prevalence of obesity suggest that in the United States obesity affects
20 to 35% of the population, with an additional 35 to 40% of individuals being classed
as overweight, depending on the source of the data (2,3). Recent evidence points to 
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levels of obesity rising among populations throughout Europe, southeast Asia, and the
third world, so that the epidemic has taken on a global dimension (4–7). The rapidity of
the rise of the prevalence of obesity, combined with our knowledge of modern birth and
death rates, indicates that the epidemic cannot be caused by the genetic restructuring of
the population. Consequently, there must be an environmental cause. Yet, when studies
have explored the contribution of genetic and shared environmental factors on individual
susceptibility to obesity, the dominant effect always emerges as genetic (8–10). Moreover,
many gene mapping studies have been performed identifying more than 200 candidate
genes that may influence our susceptibility to develop obesity (11–13). The inevitable
conclusion, then, is that obesity results from a gene by environmental interaction
(14,15): some individuals have a genetic predisposition to become obese, which is
exposed only in the modern environment.

Faced with this scenario, several previous researchers have speculated about the
evolutionary processes that may have led to this genetic predisposition. The scenarios
presented to date are fundamentally similar, in that they postulate that the modern
epidemic results from the natural selection of traits that in our ancient history were
advantageous, but when the resultant adapted genome is immersed in modern society it
confers disadvantages. Among the first to make this suggestion was Neel (16), who
proposed that diabetes and obesity stemmed from natural selection on our ancient
ancestors, favoring a “thrifty genotype” that enabled highly efficient storage of fat
during periods of food abundance. Neel argued that such a genotype would have been
extremely advantageous for primitive humans, who were exposed to periods of food
shortage, because it would allow them to efficiently deposit fat stores and thus survive
any subsequent period of food shortage (16). In modern society, however, where food
supply is almost always available, this thrifty genotype proves deleterious because it
promotes efficient storage of fat in preparation for a period of shortage that never
arrives. The development of insulin resistance was seen as part of this adaptive thrifty
genotype, helping early humans with the process of efficient fat deposition.

Since Neel there have been many papers broadly reiterating the theme that obesity, and
its sequela of metabolic syndrome, are fundamentally a consequence of a genotype that
was at some historical stage ideally adjusted to an ancient environment, characterized by
unpredictable energy resources, that fails to cope in an environment characterized by con-
stant and highly available supplies of energy. In the past decade this original idea has been
heavily promoted in many papers as a plausible evolutionary scenario, underpinning not
only the obesity epidemic but epidemics of other chronic diseases (10,17–28) and aging
(29). In particular, the critical role that has been played by historical periods of famine in
the process of selection has been strongly reiterated (18,19,23,26–28). It is the purpose of
this chapter to challenge the orthodox opinion that famine has been a significant force in
the process molding our genetic predisposition to obesity.

2. SUPPORTIVE EVIDENCE FOR THE FAMINE HYPOTHESIS

There is no doubt that famine has been a common feature of human history for a long
time (25,30–32), and that during famine individuals face enormous deprivation and
increased mortality (30,33). There are numerous biblical references to famine periods,
which attest to the great antiquity of the process. The best known of these—the seven
years of drought predicted by Joseph in Egypt, “This seven-year famine fell upon Egypt
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and all the world” (Genesis 41:57)—was estimated to have occurred between 1878 and
1871 BCE. Prentice (25) lists many other records of famine that also date back thousands
of years. The impression is that famine is a universal feature of human existence that
has always been with us, even in prehistoric times. Chakravarthy and Booth (23) indi-
cated that the major period that resulted in selection of 95% of our modern biology was
the late Paleolithic period, from 50,000 to 10,000 yr ago, and that this period was also
characterized by cycles of feast and famine.

The process of selection depends on the intensity of selection (i.e., differential mor-
tality with respect to the trait in question) and the frequency at which such selective
events takes place. The frequency of famines depends to an extent on definitions, but
periods of starvation due to natural shortages of food supply may be relatively frequent.
In Britain periods of severe food deprivation occur roughly every 10 yr or so (190 doc-
umented events in 2000 yr) (30). In 50,000 yr since the dawn of the Paleolithic period,
therefore, individuals may have encountered approx 5000 famine events that have
molded the modern genome. Indeed, the importance of famine as a primary force in
demography was emphasized by Malthus in his seminal publication, “Essay on the
Principle of Population,” published in 1798. This essay was read by Darwin and Wallace
and appears to have been a primary stimulus to both of them for the idea of evolution
by natural selection. In fact, the role of famine as a contributor to evolution in higher
animals was emphasized by Darwin (34).

That individuals involved in famines undergo extreme privation is reflected in the
many anecdotes that document individuals resorting to cannibalization of their own
children during such events (26,27). Because individuals are unlikely to sacrifice their
own offspring—who are a direct component of their fitness—unless they are under
extreme risk of mortality themselves, the argument is advanced that not only is famine
a common event, but the level of selection during famine must be intense. Moreover,
this increased mortality is combined with a decline in fertility—a combination, it is
argued, that must have had a profound effect on the evolution of “thrifty genes” predis-
posing us to deposit fat efficiently whenever famines were not present.

A cornerstone of the “famine hypothesis” is the idea that individuals who have large
deposits of fat in their bodies survive periods of famine, whereas their lean counterparts
do not. Consequently, the genes that predispose to efficient deposition of fat during
postfamine good times are favored. It is certainly the case that individuals who are obese
store much greater amounts of energy. However, by virtue of their much larger body
size, obese people also burn up energy at a faster rate. The relationship between energy
expenditure and body size has a much shallower gradient than the relationship between
energy storage and body size. Consequently, the time period that a fatter person can sur-
vive in the total absence of food is, in theory, longer. Data concerning the time that
people of different body weights survive under conditions of total food abstinence are
available from measurements made on people making political gestures by engaging in
hunger strikes where they voluntarily starve themselves to death (35). These studies
confirm that individuals who are fatter at the start of a complete fast live longer than
those who start out thinner.

To date the idea that famine predisposes us to inherit thrifty genes has been a com-
pletely qualitative argument. How realistic is it to expect the evolution of thrifty genes
during only 5000 famine events? Given the above scenario we can model the population
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genetics for the penetration of a thrifty gene into a population undergoing periodic
famine. Consider therefore a population of 5 million individuals (an approximate esti-
mate for the world population in the Paleolithic period) that consists entirely of indivi-
duals that have a dominant allele “A.” Initially all individuals have the genotype AA,
which generates a lean phenotype inefficient at depositing fat. A mutation happens in a
single individual to generate a recessive allele “a,” which is a “thrifty” gene. Hence the
population level probabilities of finding these alleles immediately after the mutation
happens are 0.9999999 for A and 0.0000001 for a. We will assume that the thrifty gene
confers on its owner a selective advantage during famines because of reduced mortal-
ity. Let us set survival during a famine at 0.68 for carriers of the AA genotype (i.e., 32%
annual mortality). In reality the efficiency of fat storage will be a polygenic trait influ-
enced by several genes, each having a relatively small effect. Let us assume that the
mutation increases fat storage during the period prior to any famine such that the risk of
mortality is reduced in the homozygotic aa genotype to 29% (survival = 0.71). We will
assume that mortality of the heterozygote lies midway between these at 30.5% (survival
= 0.29). The patterns of representation of the three genotypes AA, Aa, and aa over a
sequence of 1000 famine events are shown in Fig. 1. Over a period of around 500
famine events following the mutation, little happens. The thrifty gene remains a very
rare allele and the population is completely dominated (>99.9% of individuals) by the
lean AA genotype. However, between 500 and 750 famine events this situation changes.
The Aa genotype and then the aa genotype increase in frequency. With more famine
events the aa genotype then replaces the Aa genotype until, after 950 famine events, all
the 5 million individuals in the population are homozygous for the thrifty gene. This
model shows that if a thrifty gene that results in more efficient fat deposition confers
only a 3% improvement in survival, it would spread to dominate the population in only
one-fifth of the hypothesized number of famine events that may have occurred since the
start of the Paleolithic. Several independent mutations affecting fat storage would not
influence this pattern of penetration of this thrifty aa genotype. However, if two genes
were to interact synergistically—for example, if there were two genes, A and B, where
the effect of the aa and bb genotypes both improved survival during famine by 3% but
the aa × bb genotype resulted in an improvement of 9% instead of 6%, the penetration
of the aa genotype would be slightly faster (Fig. 1B).

3. SOME FUNDAMENTAL PROBLEMS WITH THE FAMINE 
HYPOTHESIS

The second part of this chapter outlines what are considered to be five fundamental
problems with the famine hypothesis as an explanation for the genetic contribution to
the modern obesity epidemic.

3.1. Prevalence of Obesity Too Low During Periods Between Famines 
to Be a Strongly Selected Trait

If the argument is correct that in hunter–gatherer and subsistence agriculture commu-
nities there is strong selection for thrifty genes that enable individuals to deposit fat effi-
ciently in times between famines, then during periods when these communities do not
experience famine the individuals should become obese. If they do not become obese
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(or at least overweight) between famines then it is difficult to see how they would derive
any survival advantage during the next ensuing period of famine.

Although hunting–gathering has largely died out as a lifestyle, there are still many
tribal communities in the third world subsisting on agriculture, using practices effec-
tively unchanged for thousands of years. If the model in Fig. 1 is realistic, all the indi-
viduals in these populations should carry thrifty genes conferring efficient fat storage
capabilities. Table 1 summarizes some estimates of body mass index (BMI) in hunting–
gathering and subsistence-farming populations. Only one of the papers from which
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Fig. 1. Propotions of three different genotypes in relation to the number of famine events. There are
two differrnt alleles. A lean allele (A) and a thrifty allele (a). The plots show the changing proportion
of the population with AA (thick black line) Aa (grey) and aa (thin black line) genotypes. The popula-
tion is set at 5 million individuals and the survival of the three genotypes during a famine is set at 0.68
for AA, 0.695 for Aa and 0.71 for aa in (A). Under this scenario of selection, the thrifty genotype (aa)
completely replaces the lean phenotypes (AA) within 1000 famine events. In (B) there are two genes.
The impact on survival of AA, Aa, and aa types is the same as in A, except the effect of the aa homozygous
is enhanced in the presence of bb (survival = 0.74 not 0.71). In this situation the non-additive effect on
survival of the aa × bb genotypes leads to a faster spread of the aa genotype in the population.



these measurements are taken indicates that during the collection of the anthropological
measurements the communities were under any form of food restriction resembling a
famine. Yet, despite being in generally nonfamine conditions, the individuals are universally
characterized by being in the BMI range from 17.5 to 21.0—at the very lean end of normal.
None of the communities even approaches the cutoff point for being overweight, never
mind being obese. In the one study in which a population was studied in drought
conditions (the Ariaal in Kenya [36]) it is interesting to note that the investigators
detected no significant differences in BMI between a population of subsistence agricul-
turalists undergoing a drought, and a population of nomads that were not experiencing
such conditions. It is hard to reconcile the data in Table 1 with any other conclusion than
these individuals have not inherited the supposed thrifty genes that predispose them to
weight gain and obesity during periods between famines.

3.2. Extent of Mortality During Famine and Frequency of Famine 
are Insufficient to Act as Driving Force for Evolution

Although details of the deprivations that people undergo during famine are impres-
sive, and stories of eating one’s own children indications of the desperation that famine
victims endure, this information is fundamentally anecdotal. The key aspect of impor-
tance in terms of the evolutionary and demographic significance of famine is the effect
it has on rates of mortality and fertility. Estimates of mortality in ancient famines are
generally vague and imprecise and include phrases such as “countless multitudes” or
“vast numbers” (33). During the Middle Ages several famines were suggested to
involve enormous mortality rates. For example, the famine of 1376 in Italy is said to
have wiped out two-thirds of the population (30), but evidence supporting this numer-
ical estimate is limited. It is only since the 1800s that well-supported estimates of the
number of people dying during famines have been generated. However, translating
even these more reliable figures into meaningful mortality statistics is hampered by the
problem that such numbers generally do not specify the size of the population to which
they refer, nor the baseline rates of mortality in the same populations when famine was
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Table 1
Body Mass Indices of Hunter–Gatherer (HG) and Subsistence Agriculture (SA)
Communities During Periods Between Famines

Location Population Activity Sex BMI n Ref

Namibia !kung San HG M 19.4 238 69
F 19.1

Kavango SA M 19.4 156
F 20.3

Camaroon Pygmy HG M, F 19.9–20.9 70
Bantu SA M, F

Australia Aboriginal HG M, F <20.0 71
Parguay Ache SA 72
Kenya Ariaal HG & SA M, F 17.8 56 36
Ethiopia Elka SA M 19.7 226 73

F 20.0



not occurring. These problems were illustrated by Watkins and Menken (33) in their
discussion of mortality during the Chinese famine of 1878 to 1879, which has been
described as one of the worst famines of modern times (13 million people died). As a
percentage of the contemporary population of the five provinces in which the famine
was centered (107 million), this gives a crude death rate of about 15%. This represents
an absolute maximum rate attributable to the famine, as some mortality would have
occurred anyway, and, as is very often the case, “mortality” statistics frequently fail to
distinguish mortality from emigration. If the “mortality” is expressed relative to the
wider population size of the whole of China (estimated at 430 million at the time), the
estimated death rate is much lower, at only 3.5%. In contrast, records for specific towns
in the affected region report populations before the famine of 145,000 inhabitants that
crashed to postfamine levels of 45,000—implying a death rate of almost 60%. As a
general trend, therefore, as the area involved in the estimates gets smaller, the esti-
mated mortality gets larger. This is because larger areas are less likely to confound
mortality with emigration, and also because famines generally are limited in their
geographical extent.

Clearly, setting some bounds on the affected area makes most sense when attempting
to estimate mortality rates. When this is done and comparisons are made between peri-
ods involving famine and periods of intervening feast, then the total rates of mortality
for most famines are generally under 10% per annum. For example, mortality in
England during the famine of 1597 was about 52% higher than the previous years when
no famine occurred (37). Similar estimates apply to the Bangladeshi famines in the
1970s, which involved increases in the crude death rates of 38% and 58%, and the
Chinese “Great Leap Forward” famine of 1959–61, where crude death rates increased
by 72 to 104% over the previous famine-free period (38,39). Because crude death rates
in the absence of famine in these instances were around 2% per annum, the estimated
total mortalities during the famines was all less than 5% of the population per annum.
Moreover, about half of this was mortality that would have occurred anyway, and of the
remainder, for some famines, at least some of this extra mortality was actually emigra-
tion. The extent of mortality during periods of famine is much lower than is implied by
the severity of individual accounts of the level of suffering.

The frequency with which famines occur depends to an extent on the inclusion crite-
ria for what constitutes a famine. Keys et al. (30) identified 190 “famines” that occurred
in Britain over 2000 yr, giving a rough occurrence rate of one famine per 10 yr. It is clear
that not all of these involved the same duration of food shortage or levels of mortality.
Indeed, Wrigley and Schofield (40) documented the occurrence of food supply crises in
England over a 330-yr period between 1541 and 1871 and found that the mean duration
of a supply crisis was, on average, only 2 mo. Given that mortality during really severe
famine events lasting multiple years seldom exceeds 10% per annum, it is likely that
mortality increases during such short events would be barely detectable. In fact, esti-
mates of the frequency of occurrence for severe mortality crises in Europe (defined as
crises leading to significant increases in mortality in a given year relative to the baseline
over the previous 10 yr) were an order of magnitude less frequent (41), and these mor-
tality events include all causes, so the occurrence of significant famine must be even less
frequent. This calculation suggests that rather than occurring every 10 yr, famines involving
significant mortality occur less than once every century (41). Data from China paint a very
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similar picture. The province of Hubei consists of 71 counties. Over the 63 yr between
1850 and 1912 the records of famine events across the province during this period reveal
that famines occurred at a county level on 29 occasions. This is from a total of 71 × 63
= 4473 county-years of observation. In other words, on average, each county could
expect to see a famine event once every 154 yr (i.e., 4473/29) (42).     

These data show that, when a more quantitative approach is taken, famine is actually
a rare demographic event, and when it does occur the mortality impact is relatively low.
In addition to direct mortality a major impact in terms of evolution and selection favor-
ing “thrifty obesity-inducing genes” is the reduction in fertility that also occurs during
periods of famine, which has been suggested to be important (26). There is no question
that declines in fertility during famine can be large. In the 1974 Bangladeshi famine,
fertility rates for females aged between 15 and 40 declined by, on average, 30% relative
to nonfamine years (43). Similar data are available for other famines (25,33,44). The
causes of the famine-induced decline in fertility are multifactorial, including loss of
libido and spousal separation (when one person in a couple moves to find food), but it
is at least plausible to suggest that part of the effect may reflect amenorrhea caused by
reduced body condition. In this case the burden of lost fertility would fall more on the
leaner individuals; this could be a selective pressure favoring the evolution of metabolic
efficiency and obesity. However, these speculations about the role of fertility have
ignored the evidence that following famine there is often a fertility rebound once the
disaster is over. In 1962, for example, following the end of the Great Leap Forward
famine in China, fertility rates were elevated by 25% relative to the period prior to the
famine (38). Although such a rebound is not always observed, the fact that females who
survive the famine are not permanently impaired and may enjoy catch-up fertility will
certainly minimize any impact of the reduction during the famine period. The modern
consensus, despite the huge role avowed for famine in demographic processes by
Malthus (45), is that famine is trivial in demographic terms. Detailed models of the
effect of famine suggest that even extremely severe events (such as might occur once
each century) involving increased death rates by 10% per annum and reduced fertility
by 30%, both lasting for a period of 2 yr, would have a barely detectable impact on a
population over the time frame of 100 yr (46).

3.3. Historical Pattern of Famine Occurrence is Incompatible 
With Other Aspects of Hypothesis

Although it has been suggested that famine is a feature of our history stretching back
to the earliest part of the Paleolithic 50,000 yr ago (17,23), famine is actually a phenom-
enon born of the age of agriculture. It is widely accepted that pre-Neolithic hunter–
gathering communities were probably far less prone to famine because they exploited a
range of food types and had the mobility to follow food resources. Once agriculture and
stable communities developed, however, large populations became dependent on agri-
cultural crop production (27,47). As the yield of such crop production is potentially sen-
sitive to weather patterns, adverse weather events could cause severe problems. Weather
and natural causes certainly take their toll in terms of precipitating some famine events
(48,49). However, there is a broad school of thought, following the work of Sen (50),
which suggests that most famine events have in fact very little to do with natural factors
interfering with food production patterns and much more to do with societal factors
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leading to inequable distribution of resources—the so-called “entitlement hypothesis”
for famine causality. An obvious case in point is the Chinese “Great Leap Forward”
famine, which was precipitated primarily by communist China exporting its food pro-
duction in return for arms and technology, rather than distributing it to the indigenous
population (51–53) (but see ref. 54 for additional important factors). This entitlement
hypothesis, at its extreme, considers all famines to result from human action and should
be considered acts of genocide (55).

Such causes for famine can occur not only after the dawn of agriculture but also after
the emergence of quite sophisticated societies. Prentice (27) therefore considered that
famine has basically been an important evolutionary phenomenon for only the last 6000 yr
or so. Using an estimate that famines occur on average every 10 yr (30) he suggested
that this still leaves 600 selection events working over time to remodel the genetic
makeup of the population. Using the model in Fig. 1, this would be insufficient to favor
complete penetration of a thrifty gene mutation. As we have seen, however, the estimate
of one severe famine event per decade is probably at least an order of magnitude too
great. Using the estimate of 6000 yr ago for the origin of famine susceptibility suggests
that most human populations have probably experienced only 60 or so famine events
in their history. Even if we take a generous estimate of the susceptibility dating back
to the dawn of agriculture and increasingly developed social systems at 10,000 yr ago
(56), this still means most populations of humans have, in their entire history, experi-
enced only 100 severe famine events, and even in these severe events mortality seldom
exceeded 10% of the population per annum.

Whether the size and frequency of these events are enough to drive the natural selec-
tion of thrifty genes depends on the extent to which the mortality is distributed between
lean and obese subjects (see Subheading 3.4.). However, the modern timing of the
events (over the past 6000 to 10,000 yr) is fundamentally incompatible with claims
made by others advocating the famine hypothesis that the human genetic constitution
has remained essentially unaltered over this time period (17,23) and that any significant
evolutionary forces must predate the Neolithic.

3.4. People in Famines Generally Do Not Die of Starvation
Although fat people live longer under conditions of voluntary complete starvation, in

accord with the predictions of the balance of energy expenditure relative to storage
(fasting endurance), these conditions are not necessarily a good model for what happens
during natural (or man-made) conditions of famine. In fact, it may come as a surprise
to most people to discover that during most famines relatively few of the people that die
perish from frank starvation—that is, depleting their body reserves to the point
where they run out of energy. Perhaps the most comprehensive data available on causes
of mortality during famine comes from the Irish potato famine, which hit the island of
Ireland between 1845 and 1850. The cause of the famine was a combination of societal
and natural disasters. During the period in question the staple diet of the population was
almost entirely restricted to a single crop: the potato. During the famine years the potato
crop was devastated by an infection of the potato blight fungus. In 1841 the population
of Ireland was assessed by a national census to be 8,175,124 individuals. In 1851, after
the famine, the population was 6,552,385—a direct loss of 1.623 million individuals.
By factoring in the likely population increase between 1841 and the start of the famine
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in 1846, and also accounting for the 925,000 people who are estimated to have emigrated
out of Ireland during the famine years, the mortality has been estimated to be slightly more
than 1 million people. This matches closely the records of 985,000 deaths documented
in 686 pages of mortality statistics meticulously compiled in the immediate postfamine
period by Wilde (57)—mostly on the basis of personal recall by survivors of deaths within
their own families. It has been pointed out (from as far back as Wilde himself) that personal
testimony may be biased by poor memory and inaccurate recall. Yet the death of one’s
family is something seldom forgotten, even in times when mortality is high, so this
seems unlikely to be a serious bias. A more serious issue, however, is that the causes of
death that wiped out entire families would be under-reported simply because no sur-
vivors would be around to make the report (58). Paradoxically, therefore, the most
serious causes of death would be less likely to be represented.

Nevertheless, despite these caveats the mortality statistics for the Irish famine still
provide a comprehensive picture of what the major causes of mortality were during one
of the most serious famine events ever known. In fact, mortality during the worst famine
years of 1847, 1848, and 1849 were 18.5, 15.4, and 17.9% (mean = 17.3%) of the
population—considerably greater than reported in most other famines (above), and
much higher than the background mortality rates in the prefamine years of 1842, 1843,
and 1844, which averaged 5.1, 5.2, and 5.6% (mean = 5.3%). In 1841 there were
140,000 deaths recorded in Ireland by the census commissioners, of which deaths only
17 were attributable to starvation. During 1847, at the height of the famine, the reported
total deaths numbered 250,000. Yet only 6000 of these were deaths attributed to starva-
tion. Consequently, in this major famine the mortality directly attributable to the famine
as excess deaths above background amounted to about 12% of the population annually,
but of these deaths only 5% could be directly attributed to starvation. Starvation-
induced mortality during the peak famine years was therefore only about 0.6% of the
population per annum. Even if this mortality was biased completely to the leanest mem-
bers of the population, this differential mortality would be very unlikely to provide a
selective force favoring obesity-related genes.

So if people don’t die of starvation during famine, why do they die? The causes of
mortality during major famine events are predictably complex. The major factors, how-
ever, are infectious diseases and diarrhea. Of the 985,000 deaths in Ireland during the
famine, 23% were attributed to fever (probably typhoid). Approximately 35% were
caused by diarrhea and dysentery, and the major cause of mortality during 1849 included
an epidemic of cholera. The Irish famine is probably unique in the meticulous detail in
which mortality has been recorded—even if there are some flaws inherent in relying on
individual family recall. However, data are available from many other famines and the
patterns of cause of mortality are all broadly similar. Starvation is generally a cause of
less than 25% of the observed mortality. Infectious disease and diarrhea make up the vast
majority of the effect. Data from the Ethiopian famine in 1997–2000 are typical. During
this period in the Gode area, there was a major famine in part caused by drought. During
this period approx 23% of famine mortality was caused by starvation, 22% by a measles
outbreak, and 37% by diarrhea. The balance was attributable to other infectious diseases.
In the Madras famine of 1840, 40% of deaths were attributed to cholera and smallpox
outbreaks. In Bangladesh, which experienced two famines during the 1970s, infectious
disease was also listed as the most significant cause of death (59). Overall, during famine
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conditions, 60 to 95% of mortality is due to infectious disease (60). Although these
general principles hold, there are records of some famines where most of the mortality
was caused by starvation (e.g., ref. 61); these, however, appear to be rare exceptions.

Infectious diseases take hold in famine conditions for two reasons. These reflect a rad-
ical difference between those people voluntarily starving themselves to death to make a
political statement and people who face externally imposed food shortages (natural or
man-made) but do not wish to die. In the latter conditions people try to find food; in the
former they do not. The first problem with this strategy is that people who are facing
starvation become relatively unselective in their food choices. People eat weeds, tree
bark, and various other plants that they would normally not select. Moreover, people will
readily eat decomposing carrion and even eat the corpses of other individuals who have
died. This shift in food choice has several major consequences. First, people die during
famine of direct poisoning from eating poisonous plants (62). Second, eating decompos-
ing carrion or cannibalizing corpses can lead to intestinal infections and diarrhea. Third,
the decline in food nutritional quality, in terms of vitamin and micronutrient quantities
rather than energy quantities, may lead to a decrease in immunocompetence and hence
the ability to fight off infectious disease. In fact, by the end of the Irish famine, there was
a reappearance in Ireland of scurvy, generated by the virtual absence of any fresh fruit
intake (63). Although this was not a mortality factor, it points to the general decline in
nutritional status of the population.

Individual immunosuppression, however, may be less significant in the spread of dis-
ease during famine than a general breakdown in sanitary conditions (64,65). This occurs
in part because people become mobile in the search for food and, in so doing, become
disconnected from fixed assets that are a necessary part of good hygiene, such as the
ability to wash oneself and one’s clothes (eliminating lice and transmission of typhus)
in clean water. Individual mobility compounds transfer of disease, particularly when
people start to assemble in areas where they think they may get food. Finally, medical
practices (such as the practices in the Irish famine of giving castor oil to cure diarrhea
and bloodletting from already weakened individuals) may have aimed to resolve the
medical problems of famine but in reality may have exacerbated them.

Although most people in famine do not die because of starvation, it might be argued that
lean people would be more likely to succumb to these problems because their need to feed
would be greater because of their lower energy reserves. Lean people might therefore be
more prone to accidentally poison themselves, or to resort to eating food that was microbi-
ologically suspect, giving them a greater susceptibility to intestinal problems such as diarrhea.
Hence, although mortality is not caused by starvation per se, there might still be an overall
bias in the direction of mortality favoring selection for obese genes. Unfortunately we have
no direct evidence concerning the actual bias in mortality patterns with respect to the BMI
of individuals at the start of any famine period. However, some evidence suggests that a
bias in mortality toward lean people because they are “more hungry” during starvation and
thus more likely to make poor food choices that compromise their health seems improba-
ble. There is no evidence that perceptions of hunger that drive people to feed are greater in
the lean than the obese. In fact, absolute energy demands and food intake are greater the
larger a person is. If hunger is driven by a shortfall in intake relative to demands, then one
would predict that hunger would actually be greater in the obese and consequently it would
be the obese rather than the lean who would make more poor food choices.



The role of individual immunosuppression in the spread of infectious disease is
another area where it might be argued that the immune system would become more
rapidly compromised in a lean person compared with an obese one. Yet the association
of immune status with body weight is confounded by the covariation of low body
weight and malnutrition (low nutrient intake).

How do these re-evaluations of the salient parameters affect the theoretical penetra-
tion into a population of a thrifty gene? I reparameterized the model presented in Fig. 1
by assuming the same starting conditions—a population of 5 million, but this time
I assumed that the total mortality during the famine events was elevated by, on average,
10% and that of this 10% one-fifth (i.e., 0.2 × 10% = 2% of total mortality) was caused
by actual starvation. I also assumed that this starvation mortality occurred only among
the lean phenotypes. Hence during the famine events the survival of the aa genotype was
0.90 (i.e., 10% mortality, 8% higher than background mortality of 2%) but for the AA
genotypes the survival was 0.88 and for the Aa genotype it was 0.89. Under this selec-
tion scenario something completely different happens (Fig. 2). Instead of the thrifty
gene completely replacing the lean phenotype in around 950 famine events, there is
absolutely no penetration of the thrifty gene at all. In fact by 1000 famine events the
homozygous lean phenotype has declined to only 98.5% of the population, with the balance
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Fig. 2. Proportions of three different genotypes in relation to the number of famine events. There are
two different alleles. A lean allele A and a thrifty allele a. The plot shows the changing proportion of
the population with AA (thick black) Aa (grey) and aa (thin black) genotypes (note the aa and Aa
genotypes have values along the x-axis for almost the entire 1000 events). The population is set
at 5 million individuals and the survival of the three genotypes during a famine is 0.88 for AA, 0.89
for Aa and 0.90 for aa. Under this scenario of selection the thrifty genotype does not spread in the
population even after 1000 famine events.



comprising Aa. This population genetic modeling indicates that the low frequency of
famine, combined with the quantitative estimates of its severity and the low percentage
of this mortality that reflects true starvation, makes famine as a driving force for the
evolution of thrifty genes highly unlikely. Any mutant gene conferring a thrifty phenotype
would never become established in the population. The last problem with the famine
hypothesis is that even this scenario may be optimistic.

3.5. Burden of Mortality in Famines Affects Wrong People to Have Selection
for Energy Efficiency

Although we have no direct information about the variation in mortality during
famines with respect to the BMI of individuals prior to the period of food shortage, there
are abundant data documenting the differential susceptibility of individuals with respect
to other parameters. The most commonly reported of these is age. Time and again, stud-
ies of mortality in famines report that the burden of mortality falls disproportionately on
two particular groups: the very young (<5 yr old) and the very old (>60 yr old)
(33,60,66,67). The Ethiopian famine in Gode between 1997 and 2000 provides a typi-
cal example. Of 293 deaths reported during the last 6 mo of the famine period, 158
(54%) were in children under 5, and a further 73 (25%) were in children aged between
5 and 14 (CDC data). In the Irish famine 60% of mortality was for children under 10
and the elderly aged over 60 (57). Increases in mortality in relation to age during the
Bangladeshi famines in the 1970s are shown in Fig. 3 (68). The very distinctive pattern
revealed in this plot is how little the mortality rate of the young adult population is
elevated. For the youngest age group mortality increased by 6 to 8%, and in older
individuals by 3 to 5%, but for individuals in their late teens and early 20s mortality was
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Fig. 3. Pattern of age-related mortality in the 1974 famine in Bangladesh. Mortality is concentrated
in the youngest and oldest cohorts in both sexes. Among people aged 15 to 25 there was virtually no
increase in mortality relative to non-famine years. (Drawn from data in ref. 68.)



virtually unaffected. This variation in mortality reflects the fact that most people during
famine conditions die of infectious diseases and it is the very young and the old who are
most susceptible to these causes of mortality.

This pattern of mortality is a serious problem for the famine hypothesis for the
adaptive selection of obesity-related traits. Any mortality in the elderly is completely
unimportant in terms of its impact on selection because these individuals have already
made their reproductive investment and passed their genes on to the next generation. If
fat old people die before lean old people it makes absolutely no impact on the population
genetics. Mortality in the very young might be more significant. However, it is very
unlikely to be biased with respect to obesity simply because, until recently, obesity in this
age class was virtually unheard of. The key group in which differential mortality might
have some impact because the individuals involved may (1) exhibit a substantial variation
in their phenotype and (2) still have reproductive investments to make (i.e., young adults
prior to and during their reproductive years) are exactly the people who remain virtually
unaffected by the impact of famine mortality. Consequently the assumption in the model
presented in Figs. 1 and 2 that starvation during famine is biased toward individuals that
have the lean (AA and Aa) phenotypes is unrealistically biased in favor of the penetra-
tion of the a allele. Yet even under this extremely optimistic situation the thrifty genes did
not penetrate the population after 1000 famine events (more than an order of magnitude
more events than most human populations have probably experienced).

4. CONCLUSIONS

In summary, I have highlighted five fundamental difficulties with the widely accepted
view that the modern obesity epidemic has, at its core, a mismatch between an ancient
metabolism finely tuned to cope with an environment characterized by periods of feast
and famine, and a modern environment where opportunities to feast are plenty, but
famine never comes. The five problems are that severe famines involving significant
mortality are rare events and that even in the worst famines mortality seldom exceeds
10% per annum. Of that figure probably only 5 to 20% is caused by actual starvation,
most of which falls on the very young and old. Most human populations have experi-
enced such events probably less than 60 times. Genetic models suggest that this scenario
would not favor the spread of a thrifty gene mutation. The prediction that thrifty genes
will not evolve is compatible with empirical observations that hunter–gatherer and
subsistence agriculture communities during periods between famines have very lean
phenotypes—indicating they do not have thrifty genes helping them deposit fat stores
in preparation for any forthcoming period of famine.
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Abstract
In humans, lipodystrophies constitute a heterogeneous group of inherited or acquired disorders

characterized by the selective loss of adipose tissue. There is considerable variation in the extent of
adipose tissue loss and the severity of metabolic complications resulting from insulin resistance, such
as hyperinsulinemia, acanthosis nigricans, hypertriglyceridemia, diabetes mellitus, and hepatic steato-
sis. Among genetic lipodystrophies, the fat loss is observed either since birth as in congenital gene-
ralized lipodystrophy, or it occurs later in life as in familial partial lipodystrophy. Defects in several
genes such as those encoding an enzyme (AGPAT2), a nuclear receptor (PPAR- ), a nuclear lamina
protein (LMNA) and its processing endoprotease (ZMPSTE24), a kinase (AKT2), and a protein of
unknown function (BSCL2) have been found in patients with genetic lipodystrophies. Additional loci
still remain to be discovered. Acquired lipodystrophies mainly occur due to autoimmune mediated
fat loss or because of HIV-1 protease inhibitors induced adipose tissue atrophy. This chapter discusses
various features of inherited and acquired lipodystrophies and their pathogenesis. We further discuss
various possible mechanisms for the loss of adipose tissue based on our current understanding of
adipocyte biology.

Key Words: Lipodystrophies; acyltransferase; endoprotease (ZMPSTE24); lamin A/C; seipin
(BSCL2); PPARG; insulin resistance; diabetes mellitus; hepatic steatosis.

1. INTRODUCTION

Lipodystrophies are a heterogeneous group of inherited or acquired disorders, char-
acterized by selective loss of adipose tissue (AT). The pattern and extent of AT loss vary
among different types of lipodystrophies (1). For example, in congenital generalized
lipodystrophy (CGL), the loss of AT is near total and is observed from birth, whereas in
familial partial lipodystrophy (FPL) the loss of AT is observed later in life, and is
generally confined to peripheral regions, such as the extremities, or hips, often sparing
the trunk. There is also a genetic heterogeneity associated with lipodystrophies. Currently,
mutations in six genes—AGPAT2, BSCL2, LMNA, PPARG, ZMPSTE24, and AKT2—
have been found in patients affected with lipodystrophies (2–8).

From: Nutrition and Health: Adipose Tissue and Adipokines in Health and Disease
Edited by: G. Fantuzzi and T. Mazzone © Humana Press Inc., Totowa, NJ

237



The initial description of lipodystrophic syndrome was provided by Mitchell and
colleagues who, in the late 1800s, described a 12-yr-old girl who had lost AT from the
upper half of the body and face since the age of 8 yr. This most likely was the first docu-
mented case of acquired partial lipodystrophy (9). Not much progress was made until
the mid-1900s, when Berardinelli and Seip reported patients with complete loss of AT
since birth (10,11). In the past few years, there has been a renewed interest in studying
lipodystrophies, mainly because the affected patients have severe insulin resistance,
diabetes mellitus (DM), and other associated features of metabolic syndrome. In addi-
tion, there has been a rapid increase in the incidence of lipodystrophy in HIV-infected
subjects receiving highly active antiretroviral therapy (HAART) containing HIV-1 pro-
tease inhibitors. Consequently, pathological and genetic mechanisms of lipodystrophies
might provide clues to the pathogenesis of other common disorders.

Based on clinical features, lipodystrophies can be broadly classified as either
acquired or inherited (genetic) varieties. Depending on the extent of fat loss (localized,
partial, or generalized), mode of inheritance and other associated features, each variety
can be further subclassified as shown in Table 1.

In this review, we describe various genetic forms of lipodystrophies and their associ-
ated clinical and biochemical defects. We will also describe lipodystrophies associated
with various other syndromes where the pathophysiology is not well understood, as well
as acquired lipodystrophies. Finally, we will present our working hypothesis for the
mechanism of AT loss, based on our current understanding of adipocyte commitment
from mesenchymal cells and further differentiation.

2. CONGENITAL GENERALIZED LIPODYSTROPHY 
FROM MUTATIONS IN BSCL2 AND AGPAT2

Since the first case description of CGL, an autosomal recessive disorder, by
Berardinelli and Seip (10,11), some 300 cases have been reported so far. Although
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Table 1
Classification of Lipodystrophies

Inherited (genetic) lipodystrophies
Autosomal-recessive

Congenital generalized lipodystrophy, types 1 and 2
Lipodystrophy associated with mandibuloacral dysplasia, types A and B
Lipodystrophy associated with SHORT syndrome
Lipodystrophy associated with neonatal progeroid syndrome

Autosomal-dominant
Familial partial lipodystrophy
Lipodystrophy associated with SHORT syndrome
Lipodystrophy associated with Hutchinson-Gilford progeria syndrome
Pubertal-onset generalized lipodystrophy

Acquired lipodystrophies
Lipodystrophy in HIV-infected patients
Acquired partial lipodystrophy
Acquired generalized lipodystrophy
Localized lipodystrophy
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described in patients of various ethnic origins, significant clusters of patients seem to be
localized to some regions in Brazil and Lebanon. Affected patients have near-complete
absence of subcutaneous AT from birth, leading to marked prominence of muscles and
veins. During childhood, they are noted to have a voracious appetite, accelerated
growth, and advanced bone age. Umbilical hernia or prominence of the periumbilical skin,
and an acromegaloid appearance because of enlargement of hands, feet, and mandible,
are other common features. Hepatomegaly from fatty infiltration may be seen at birth or
later in life and may be accompanied by splenomegaly. Acanthosis nigricans is often
observed over the neck, axilla, groin, and trunk. Postpubertal girls develop clitromegaly
and features of polycystic ovarian syndrome. Less commonly, some patients develop
multiple focal lytic lesions in the appendicular skeleton, hypertrophic cardiomyopathy,
and mild mental retardation (12–15).

Patients also develop significant metabolic abnormalities very early in life. Extreme
insulin resistance is a striking feature of this syndrome. Most patients have high fast-
ing and postprandial insulin levels. Onset of DM is usually seen during pubertal years,
but, occasionally, neonates may also develop hyperglycemia. Severe hypertriglyceride-
mia leading to recurrent pancreatitis, low HDL cholesterol levels, and chronic steatohep-
atitis are other associated features. These patients have very low levels of serum leptin
and adiponectin (16). Administering recombinant leptin to these patients as a replace-
ment therapy helped to control hyperglycemia, hypertriglyceridemia, and hepatic steato-
sis (17), suggesting that hypoleptinemia may be partly responsible for the metabolic
abnormalities.

2.1. Molecular Genetics
Genome-wide linkage analysis of several pedigrees and positional cloning strategies

have led to the identification of two genetic loci for CGL: the 1-acylglycerol 3-phosphate-
O-acyltransferase 2 (AGPAT2) gene on chromosome 9q34 (2,18), which is associated with
CGL1, and the Berardinelli Seip congenital lipodystrophy 2 (BSCL2) gene located on
chromosome 11q13, which is associated with CGL2 (3). AGPAT2 belongs to the super-
family of acyltransferase enzymes (19). This enzyme is involved in the biosynthesis of
triglycerides and glycerophospholipids by esterifying the sn-2 position of lysophospha-
tidic acid with a fatty acid to form phosphatidic acid (Fig. 1) (20). AGPAT2 has a tissue-
restricted expression pattern, such that its cognate mRNA is highly expressed in human
omental adipose tissue and less in the liver and skeletal muscle (2). This pattern suggests
that defective AGPAT2 function is likely to impair triglyceride and glycerophospholipid
synthesis in adipocytes, which might cause lipodystrophy (Fig. 1). When expressed in
heterologous cultured cells, many of these mutations, either missense or amino acid dele-
tions, have reduced enzymatic activity (Fig. 2) (21). Although not directly determined, it
is possible that these mutations also reduce intracellular glycerophospholipid content,
which might also interfere with adipocyte function, as these phospholipids are important
for signaling pathways and membrane structure and functions.

The second locus, BSCL2, encodes a 398-amino-acid protein, seipin, whose physio-
logical function still remains undefined. Based on homology with other species, it
appears that the predicted protein contains an additional 64 amino acids in its amino 
terminus, although no mutation has been observed in this region (22). Intriguingly, the
highest expression for BSCL2 is detected in the brain and testis (3), but seipin is only



weakly expressed in adipose tissue (23). This pattern suggests that the loss of AT in
CGL2 might be mediated by a central mechanism involving the brain; however, a direct
role of BSCL2 in adipocyte development and differentiation may still be possible.
Recently, a homology search revealed that seipin protein has weak but significant
homology to the protein midasin (22). Midasin belongs to the family of AAA+-contain-
ing proteins, which have myriad functions in the cells. Thus, clues as to its role in caus-
ing lipodystrophy in CGL2 are beginning to appear. However, its precise role in AT loss
remains far from clear.

2.2. Phenotypic Variation in CGL1 and CGL2
Identification of two different genetic loci, with genes associated with two different

pathways, suggested that there might be phenotypic differences in these patients as well.
Indeed, on further inspection, patients with CGL2 have increased prevalence of cardio-
myopathy and mental retardation, whereas focal lytic lesions in the appendicular
skeleton are mostly seen in patients with CGL1 (14,15). Differences in body fat dis-
tribution have also been noted between the two genotypes (24). Clinical examination
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Fig. 1. Pathways for the biosynthesis of triacylglycerol. Glycerol-3-phosphate is the initial substrate
for acylation at the sn-1 position by glycerol-3-phosphate acyltransferase (GPAT), to form 1-acylglycerol-
3-phosphate or lysophosphatidic acid (LPA). LPA is further acylated at the sn-2 position by 1-acyl-
glycerol-3-phosphate acyltransferase (AGPAT) to form phosphatidic acid (PA). In the next step, the
phosphate group is removed by phosphatidate phosphohydrolase (PAP) to produce diacylglycerol
(DAG). DAG is further acylated at the sn-3 position by diacylglycerol acyltransferase (DGAT) to 
produce triacylglycerol (TG). In addition, TG can be synthesized via the acylation of 2-monoacyl-
glycerol by the enzyme monoacylglycerol-acyltransferase (MGAT), which is highly expressed in the
small intestine. PA and DAG are also substrate for the synthesis of glycerophospholipids. PA is the
substrate for synthesis of phosphatidylinositol and cardiolipin. Phosphatidylcholine, phos-
phatidylethanolamine, and phosphatidylserine are synthesized from DAG. LPA and related lipid
molecules are also involved in signal transduction and are ligands for G protein-coupled receptors.
R1, R2, and R3 could be any long-chain fatty acid.
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Fig. 2. AGPAT2 mutant enzymatic activities. Shown are the enzymatic activities of missence and
amino acid deletion mutants. Enzymatic activities were determined in overexpressing CHO cells by
the conversion of 3H-lysophosphatidic acid (3H-LPA) to 3H-phosphatidic acid (3H-PA). Shown are the
mean values plotted as percentage of wild-type.

and magnetic resonance imaging (MRI) studies reveal that CGL2 patients have more
severe fat loss involving the palms, soles, orbits, scalp, and periarticular regions, not
seen in patients with CGL1 (Fig. 3). AT in these regions has been postulated to have a
mechanical function, whereas AT in other regions, such as subcutaneous, intermuscular,
bone marrow, intraabdominal, and intrathoracic regions, is metabolically active. The
metabolic AT is lost with both the AGPAT2 and BSCL2 genotypes. The role of seipin in
causing the additional loss of mechanical AT remains to be determined. Finally, it must
be noted that certain patients with CGL do not have mutations in either AGPAT2 or
BSCL2 and their pedigrees do not show linkage to these loci, thus suggesting the pres-
ence of additional CGL loci (15).

3. FPL CAUSED BY MUTATIONS IN LMNA, PPARG, OR AKT2

Familial partial lipodystrophies are autosomal dominantly inherited disorders of AT.
The most distinguishing feature, compared with CGL, is a normal body AT distribution
at birth with progressive and variable loss of AT, mostly from the extremities and trun-
cal region of the body. The candidate gene approach has now identified mutations in
three genes—LMNA (5,6), PPARG (4,25), and AKT2 (8)—in these affected patients
with FPL, but additional loci are also likely, as some patients do not harbor mutations
in these three genes.
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Fig. 3. Axial T1-weighted MRI images at different levels in representative patients with the two types
of congenital generalized lipodystrophy (CGL) (right) and a normal subject (left) as indicated.
Adipose tissue has a short T1 and a long T2 proton relaxation time compared with other tissues, and
therefore appears bright because of high signal intensity on T1-weighted images. (A) Section through
the orbits show preservation of retro-orbital fat and subcutaneous fat under the skull in patient with
CGL1 (AGPAT2 mutation) but not in patient with CGL2 (BSCL2 mutation). (B) Section through the
abdomen showing marked loss of both subcutaneous and intraabdominal adipose tissue in both the
patients with CGL. Increased signal intensity in the liver suggests hepatic steatosis. (C) Section
through the hip joint, again showing loss of subcutaneous AT in patients with CGL compared with
normal. Note the preservation of fat around the femoral head (periarticular fat) in the patients with
CGL1 compared with the patients with CGL2. (D,E) Sections through the thigh and knee joint
demonstrating loss of subcutaneous, bone marrow, and intermuscular fat in both patients with CGL,
whereas periarticular fat around the knee joint is preserved in patient with CGL1.

3.1. Familial Partial Lipodystrophy, Dunnigan Variety From LMNA Mutations
Familial partial lipodystrophy, Dunnigan Variety (FPLD) is an autosomal-dominant

disorder first described in 1974 by Dunnigan and colleagues (26). More than 300
patients, mostly of European descent, have since been reported, making this the most
prevalent form of FPL (1). As mentioned above, distribution of body fat is normal dur-
ing childhood, and gradual loss of subcutaneous AT from the arms and legs is noted fol-
lowing puberty. In these patients there appears to be a redistribution of AT (Fig. 4).
Although variable AT loss from the chest and anterior abdominal wall is observed, an
excess fat deposition over the chin, supraclavicular area, face, dorsocervical, and intra-
abdominal regions may occur. Women with FPLD are more easily diagnosed than men,
owing to the unusual muscular appearance of the extremities. Metabolic abnormalities
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such as DM and hyperlipidemia are also more prevalent in women (27–29). Acanthosis
nigricans and features of polycystic ovarian syndrome are seen in one out of four affected
women. In some patients, cardiac conduction system disturbances resulting in atrial fib-
rillation and congestive heart failure have been noted (30).

The genetic locus for FPLD has been traced to the LMNA gene located on chromosome
1q21-22 (31). The LMNA gene encodes lamins A and C, which belong to the intermedi-
ate filament family of proteins that are involved in the nuclear lamina, providing structural
integrity to the nuclear envelope (32,33). Mutant lamins A and C may disrupt normal
interaction with chromatin and other nuclear lamina proteins, resulting in apoptosis and

Fig. 4. Adipose tissue redistribution in a patient with familial partial lipodystrophy, Dunnigan variety
(FPLD) (right) compared with a normal volunteer (left) as revealed by T1-weighted MRI imaging.
Top panel: Sagittal section through the head and neck region showing excessive fat accumulation in
the submental region, dorsocervical region, and the neck. This abnormal fat deposition is responsible
for the “double chin” appearance and “buffalo hump” noted in patients with FPLD. Middle panel:
Transaxial section through the abdomen demonstrating mild loss of subcutaneous fat anteriorly, and
increased accumulation of intra-abdominal fat in the patient with FPLD compared to normal. Bottom
panel: Transaxial section through the mid-thigh region showing loss of subcutaneous fat, but preser-
vation of bone marrow and intermuscular fat in the patient with FPLD compared with normal.



premature death of adipocytes. However, this mechanism does not explain selective loss
of fat that is confined to particular regions, such as extremities only. Furthermore, specific
mutations lead to distinct phenotypes. Most of the missense mutations in FPLD affect the
arginine residue at position 482, which resides in the globular domain of the protein
that assumes the IgG structural fold (34). Less severe lipodystrophy is associated with
substitution of histidine to arginine at codon 582, which lies outside the IgG domain in
the carboxyl terminus of the lamin A protein (35). Mutations in exon 1 cause an overlap
syndrome of FPLD and cardiomyopathy (30). It is also interesting that some rare patients
with LMNA mutations develop an entirely different phenotype of pubertal-onset generalized
lipodystrophy associated with progeroid features (36,37).

3.2. FPL From PPARG Mutations
Heterozygous missense mutations in the PPARG gene, encoding the nuclear receptor

PPAR , have been identified in 10 patients with FPL (4,25,38–40). No case of homo-
zygous mutations in the PPARG gene have been reported, consistent with the embryonic
lethality of homozygous gene deletion in a murine model. All affected subjects had nor-
mal AT distribution at birth, and developed loss of AT from distal extremities after the
second decade of life. Fat loss was less prominent from the arms and thighs, and facial
fat was often spared. Features of insulin resistance, such as DM, hypertension, and
hypertriglyceridemia, were noted. PPAR is highly expressed in adipocytes and has a
critical role in regulating adipocyte development and differentiation (41). It is therefore
possible that PPARG mutations cause lipodystrophy by affecting adipogenesis.
However, as with LMNA mutations, the regional susceptibility of certain fat depots and
the temporal progression of the disease remain perplexing.

3.3. FPL From AKT2 Gene Mutation
Recently, a heterozygous missense mutation, arginine 274 histidine, in the AKT2

gene has been reported in a family in which affected subjects developed partial lipo-
dystrophy of the extremities, insulin resistance, DM, and hypertension (8). AKT2 is a
serine/threonine kinase expressed in insulin-sensitive tissues and is involved in postre-
ceptor insulin signaling. Data from homozygous AKT2 gene deletion in mice suggests
that AKT2 also regulates the expression of PPAR (74). Abnormal AKT2 functioning
may cause lipodystrophy by decreasing adipocyte differentiation via PPAR regulation
or by dysfunctional postreceptor insulin signaling.

4. SYNDROMIC LIPODYSTROPHIES

Lipodystrophies associated with various syndromes with multiple clinical defects
have also been identified. Most prominent among them are syndromes of mandibu-
loacral dysplasia (MAD) and SHORT, an acronym for short stature, hyperextensibility
of joints and/or inguinal hernia, ocular depression, Reiger anomaly, and teething delays.
Although two genetic loci, LMNA (42) and ZMPSTE24 (7) have been identified in
MAD, identification of a genetic derangement for SHORT syndrome remains lacking.

Worldwide, only 40 patients with MAD, an autosomal-recessive disorder, have been
observed so far. The characteristic features of this syndrome include postnatal resorption
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of bone in the mandible, clavicles, and terminal phalanges (acro-osteolysis) in addition
to AT loss, suggesting a common genetic or metabolic defect affecting both the skele-
ton and AT (43). In addition, these patients also have short stature, delayed closure of
cranial sutures, joint contractures, mottled skin pigmentation, and, more important,
features of premature aging.

Two patterns of lipodystrophy have been described in patients with MAD (43). Type
A pattern is characterized by partial loss of subcutaneous AT from the extremities, with
normal or excess fat over the face and neck. This pattern is similar to the fat loss seen
in FPLD patients and, not surprisingly, LMNA mutations have been described in MAD
patients with Type A lipodystrophy (42). Type B pattern involves a more generalized
loss of subcutaneous fat; these patients have compound, heterozygous mutations in
ZMPSTE24, a gene encoding a zinc metalloproteinase, a microsomal protein, that is
essential in post-translational modification of prelamin A (7). The detrimental effects of
ZMPSTE24 mutations may be caused by either accumulation of prenylated prelamin A
or lack of mature lamin A. Some MAD patients have no mutations in either LMNA or
ZMPSTE24, suggesting additional, as yet unmapped, loci.

The genetic locus for SHORT and some of the neonatal progeroid syndromes has not
been identified. The changes in body AT distribution are also not well defined, mainly
because of the rarity of these syndromes. Patients with the autosomal dominant form of
SHORT syndrome are described to have lipodystrophy affecting only the face, gluteal
region, and elbows (44). Patients with neonatal progeroid syndrome have been
described to have generalized lipodystrophy, with sparing of fat over the sacral and
gluteal areas (45). There have been no reports of either skinfold measurements or MRI
studies in patients with these rare syndromes.

5. ACQUIRED PARTIAL LIPODYSTROPHY

Also known as Barraquer-Simmons syndrome, more than 250 patients with acquired
partial lipodystrophy (APL) have been reported in the literature (46). APL is character-
ized by the gradual onset of bilaterally symmetrical loss of subcutaneous fat from the
face, neck, upper extremities, thorax, and abdomen, in a cephalocaudal sequence, spar-
ing the lower extremities. Often, excess fat accumulation is seen over the lower
abdomen, gluteal region, thighs, and calves. The onset of fat loss usually occurs during
childhood or adolescence, at a median age of 7 yr, whereas the excess fat accumulation
is noted to occur at the onset of puberty or with weight gain and glucocorticoid therapy.
Fat loss occurs in a gradual process over a period of few months up to 2 yr, and 75% of
patients have discernible fat loss before 13 yr of age. Women are reportedly affected four
times more often than men (46). Whole-body MRI studies in affected patients confirmed
the loss of subcutaneous fat from face, neck, trunk, and upper extremities, including the
palms. Intra-abdominal fat (intraperitoneal and retroperitoneal) was also reduced, whereas
bone marrow and retro-orbital fat were well preserved. These observations were corro-
borated by autopsy findings. Unlike other lipodystrophies, patients with APL rarely
develop metabolic abnormalities related to insulin resistance. However, this condition is
often associated with membranoproliferative glomerulonephritis and other autoimmune
disorders, such as systemic lupus erythematosus, dermatomyositis/polymyosits, vascu-
litis, and undifferentiated connective tissue diseases.
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6. ACQUIRED GENERALIZED LIPODYSTROPHY

Acquired generalized lipodystrophy (AGL) is another rare disorder and has been
reported in approx 80 patients (47). It is characterized by selective loss of AT from
large regions of the body occurring after birth. AT loss usually involves face, trunk, and
extremities, and sometimes also spreads to the palms and soles. Intra-abdominal fat
may also be lost, although retro-orbital and bone marrow fat are generally well pre-
served. The loss of AT may occur precipitously, within a few weeks, or may be more
insidious over several months. In some patients, fat loss is preceded by the appearance
of tender, inflamed subcutaneous nodules caused by panniculitis, but in others the disease
is associated with autoimmune diseases such as juvenile dermatomyositis, Sjögren’s
syndrome, juvenile rheumatoid arthritis, chronic active hepatitis, and autoimmune
hemolytic anemia. However, in more than half the reported cases of AGL, neither
panniculitis nor autoimmune diseases have been reported. Although autoimmune
destruction of adipocytes may explain fat loss in the panniculitis and autoimmune variety,
little is known about the pathogenesis of the idiopathic variety of AGL.

Similar to CGL, patients with AGL also show marked insulin resistance, including
hyperinsulinemia, DM, hypertriglyceridemia, and low serum HDL cholesterol levels.
DM usually presents a few years after the onset of lipodystrophy, but in some instances
DM appeared almost simultaneously or even preceded the onset of lipodystrophy.
Severe hypertriglyceridemia may be associated with eruptive xanthomas and pancreatitis.
Other abnormalities include nonalcoholic steatohepatitis, acanthosis nigricans, and
menstrual irregularities. Low levels of serum adipokines such as leptin and adiponectin
have also been reported (16) and leptin replacement therapy appears to be a promising
option to control the metabolic abnormalities (17,48).

7. LIPODYSTROPHY IN HIV-INFECTED SUBJECTS

Lipodystrophy in HIV-infected subjects (LDHIV) is a newly identified variety of
acquired lipodystrophy, but is by far the most prevalent form of any lipodystrophy. HIV-1
protease inhibitor (PI) therapy appears to be the major culprit, but some studies suggest
that nucleoside reverse transcriptase inhibitors might contribute to it as well (49–51).
On average, 40 to 50% of ambulatory HIV-infected patients in the United States have
demonstrated abnormalities in body fat distribution (52), and more than 100,000
patients in the United States are estimated to be afflicted by this condition (1). LDHIV
may present with diverse morphological features, and it is a matter of debate whether
LDHIV represents a composite of different syndromes. The majority of patients demon-
strate loss of subcutaneous AT from peripheral regions, including the face, extremities,
and gluteal region, a phenomenon sometimes referred to as lipoatrophy (53). In most of
these patients, subcutaneous AT over the trunk and visceral AT are reported to be either
preserved or increased (lipohypertrophy). Prominence of the dorsocervical fat pad (buf-
falo hump) and breasts may also be seen. In most patients, features of fat loss and fat
excess coexist, suggesting AT redistribution. However, a recent cross-sectional study in
a large cohort of HIV-infected men suggests that fat accumulation is not reciprocally
associated with peripheral fat loss (54). Further, MRI studies showed that in HIV-positive
men with clinically apparent peripheral lipodystrophy/lipoatrophy, less subcutaneous AT
is present in both peripheral and central sites, as well as visceral AT, than in HIV-positive
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men without peripheral lipoatrophy. The overall prevalence of central lipohypertrophy
in HIV-positive men was less than in controls. It would, therefore, appear that peripheral
lipoatrophy is the cardinal feature of LDHIV, with lipohypertrophy as either a distinct
phenomenon or a compensatory change. Further clarification by well-controlled longi-
tudinal studies is needed.

Patients with LDHIV often have dyslipidemia, insulin resistance, and hepatic steatosis.
Dyslipidemia in the form of hypertriglyceridemia, hypercholesterolemia, and low HDL
cholesterol is much more common (50–70%) than hyperglycemia (0–20%) (55,56).
Metabolic abnormalities may sometimes precede changes in body fat distribution.

8. ADIPOSE TISSUE DISTRIBUTION IN HUMANS 
AND ADIPOCYTE DIFFERENTIATION

In humans, unlike other organs such as the liver, heart, or lung, the AT does not have
a well-defined tissue demarcation. Fat under the skin or dermis is referred to as sub-
cutaneous AT, whether it lies under the skin of the abdomen, extremities, or other parts
of the body. Fat found in the visceral cavity of the body is largely referred to as intra-
abdominal or omental AT. In humans, the subcutaneous (sc) and the omental forms are
the two large AT depots that have been studied in detail, whereas smaller AT depots,
such as those behind the eyes (retro-orbital), knees (periarticular), around the hip joints,
or beneath the skull, have received little attention. It is unclear whether, in addition to
these differences in the anatomical location of AT, there are physiological differences as
well between these AT depots. Assuming that AT in the different anatomical sites has 
similar functions would be an oversimplification. Unfortunately, little is known about the
physiological differences between the various anatomically distinct AT depots. Some
investigators consider the two large depots, sc and intra-abdominal, as metabolically
active, whereas the smaller depots, such as retro-orbital, periarticular, or beneath the skull,
are seen as relatively inert or mechanical AT (57). Others propose that these so-called
mechanical ATs, which are intertwined with the lymphatic system, participate in the
immune response via paracrine mechanisms (58,59). Deletion of the mouse Prox-1 gene,
which is expressed only in the lymphatic system, revealed the connection between
lymphatic system and AT when these animals developed obesity (60,61).

Much of our understanding of AT biology has been derived by analyzing the mouse 3T3-
L1 fibroblast cell line, which has been used extensively to dissect the mechanisms of
adipocyte differentiation and maturation using an in vitro cell culture model system. As
shown in Fig. 5A, the initial phase begins with the recruitment of mesenchymal stem cells
to committed cell lineages: osteoblasts, preadipocytes, chondrocytes, and myoblasts.
Although not much is known about the differentiation of these cell lineages, recent studies
show that transcription factors such as TAZ (transcriptional coactivator with PDZ-binding
motif) are among the very first transcription factors contributing toward the genesis of
preadipocytes from undifferentiated mesenchymal cells (62), with the acquisition of the
cell surface markers CD34+/CD31– (63). Based on the deletion of AGPAT2 and BSCL2
genes in lipodystrophy, these genes could also affect the formation of preadipocytes.

Much is now known regarding the differentiation of preadipocytes to adipocytes,
as described below. The capacity of mature adipocytes for enhanced lipogenesis is
predominantly mediated by the activation of the master transcription factor SREBP-1c
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Fig. 5. Schematics for the differentiation and maturation of adipocytes from mesenchymal stem
cells. (A) Mesenchymal stem cells, by a mechanism that is still not well understood, differentiate
into cell lineages, including preadipocytes. A transcriptional coactivator with PDZ binding motif
(TAZ) when downregulated increases the number of committed preadipocytes and acquire the cell
surface markers such as CD34+/CD31– (63). Shown also are AGPAT2 and BSCL2 which could also
affect this step of pre-adipocyte differentiation. These are then further differentiated into mature
adipocytes by serial activation of the gene program, as shown in (B). Genetic evidence obtained from
lipodystrophic patients, AGPAT2 and BSCL2, could affect this step as well. Mature adipocytes
accumulate lipids owing to activation of transcription factors such as SEBRP-1c, which induces
expression of all lipogenic enzymes and the activation of triglyceride-synthesizing genes. Mature
adipocytes are engorged with lipid accumulation, enhanced lipogenesis, or return to the original cell
size because of increased lipolysis, mainly owing to activation of hormone-sensitive lipases. The
least understood step is adipocyte disintegration, most likely via activation of caspases-8 (apoptosis)
(93) or additional unknown factor(s). (B) The main transcriptional events essential for differentia-
tion of the preadipocytes to adipocytes are described in the text. Shown in the box are adipocyte
inhibiton factors including Pref-1, FOXO1, FOXA2, members of Wnt (Wnt10b) and notch (Notch/
HES-1) signaling pathway, which must be downregulated for the differentiation of preadipocytes
to adipocytes to occur. Recent experiments have discovered additional factors necessary for the
differentiation and maturation of the adipocytes. Shown are the transcription factor, Krox20, which
is upregulated and, in turn, increases the expression level of C/EBP- and - . Transcription factor
KLF5 is shown to up regulate PPAR . The level of PPAR is also regulated by AKT2. The tran-
scription factors GATA-2 and -3 downregulate PPAR and C/EBP- and - . Proteins such as
KSR1 inhibition negatively regulate adipogenesis. Expression of cdk4 activates E2F, a transcription
factor, which facilitates expression of PPAR via downregulation of retinoblastoma (RB) protein.
Bone morphogenetic protein 2 (BMP2), a member of the transforming growth factor superfamily,
has a role in terminal differentiation of preadipocytes to adipocytes. Although a nuclear receptor



(64), which induces the expression of all lipogenic enzymes. Mature adipocytes cycle
between stages of lipid accumulation during the fed state and lipolysis during fasting. It
is unclear if aged adipocytes ultimately disintegrate via apoptosis or remain quiescent
in a lipid-depleted state.

Many studies have established specific hormones, transcriptional factors, and intra-
cellular signals that participate in the differentiation of preadipocytes to adipocytes.
Treatment of 3T3-L1 cells with adipogenic factors, including dexamethasone,
methylisobutylxanthine, insulin, and fetal bovine serum (Fig. 5B), sets in motion a cascade
of events resulting in the upregulation of transcription factors such as the CCAAT/enhancer
binding protein (C/EBP- and - ) (65), which then induce expression of the C/EBP-
and PPAR transcription factors (66). Simultaneously, several transcription factors are
downregulated as well, shown in the box in Fig. 5B. These include the well-known
adipogenesis inhibition factor, preadipocyte factor (Pref)-1 (67), FOXO1, FOXA2,
members of Wnt (Wnt10b) and notch (Notch/HES-1) (68,69) signaling pathways,
which are downregulated during the differentiation of preadipocytes to adipocytes (70).
The importance of the nuclear receptor PPAR for adipogenesis is well documented, as
overexpression in 3T3-L1 cells is sufficient for differentiation to adipocytes. In addi-
tion, other nuclear receptors, including nerve growth factor-induced gene B (NGF1-B),
nuclear receptor-related factor 1 (NURR1), neuron-derived orphan receptor 1 (NOR1),
and vitamin D receptor (VDR), are upregulated within the first 24 h of initiation of 
adipogenesis. After 48 h, the expression of other nuclear receptors including PPAR ,
liver X receptor (LXR) , retinoic acid-related orphan receptor (ROR) , retinoic acid X
receptor (RXR ), and androgen receptor (AR) rise; these factors remain elevated for
15 d (71).

Recent experiments have discovered additional factors necessary for the differentia-
tion and maturation of adipocytes. The increased expression of a zinc-finger transcrip-
tion factor, Krox20 (72), in turn increases the levels of C/EBP- and - . C/EBP- and
- induce the expression of C/EBP- , another zinc-finger transcription factor, Kruppel-
like transcription factor (KLF5) (73), and PPAR . Mouse embryonic fibroblast cells
obtained from homozygous deletion of Akt2 had impaired adipocyte differentiation and
downregulation of PPAR , suggesting that Akt2, a serine/threonine kinase, also acti-
vates expression of PPAR (74). Other zinc-finger transcription factors, such as GATA-2
and -3, are shown to downregulate PPAR (75), as well as C/EBP- and - , which could
help explain lack of AT development in those depots that have increased expression of
these transcription factors. Cell cycle regulators such as cyclin-dependent kinase 4
(cdk4) (76) may also facilitate the expression of PPAR . Bone morphogenetic protein 2
(BMP2) (77), a member of the transforming growth factor- superfamily, contributes to
terminal differentiation of preadipocytes to adipocytes. Scaffolding proteins such as
kinase suppressor of Ras 1 (KSR1) negatively regulate adipogenesis (78).
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Fig. 5. (Continued ) such as PPAR is well studied for adipogenesis, other nuclear receptors such as
NGF1-B, NURR1, NOR1, and VDR are also upregulated within the first 24 h of initiation of adipo-
genesis. The increase in expression of nuclear receptors, including PPAR , LXR , ROR , RXR ,
and AR, occurs around 48 h after stimulation and remain elevated until 15 d. The interaction of many
of these transcription factors, kinases, ligands, and metabolites may provide a better explanation for
differential loss of adipose tissue.



9. POSSIBLE MECHANISMS FOR LOSS OF ADIPOSE TISSUE 
IN LIPODYSTROPHIES

The generalized loss of AT in patients with CGL seems to be caused by either a defect
in the cell fate determination from the mesenchymal cells or the inability of the
adipocytes to synthesize and accumulate lipids. The seipin protein, encoded by BSCL2,
may act at both differentiation and lipogenesis. As discussed above, patients carrying
the BSCL2 mutations lose AT from all the anatomic regions of the body. This pattern
suggests defects in both the determination of the meschenymal cells to preadipocytes
and subsequent cellular differentiation to adipocytes as well. Seipin has homology to
proteins such as midasin, which is associated with the nuclear membrane (22), suggest-
ing that alterations in seipin might affect nuclear function, possibly the export of mature
RNA or import of proteins into the nucleus. Why seipin defects preferentially affects
adipocytes is unclear.

In contrast, the mechanism of lipodystrophy in CGL1 seems more straight forward.
Defective AGPAT2 enzyme precludes triglyceride (TG) synthesis from lysophospha-
tidic acid (LPA) (Fig. 1), eliminating a dominant pathway of TG formation. At the same
time, AGPAT2 deficiency leads to accumulation of LPA and decreased synthesis of phos-
phatidic acid (PA). As PA is a substrate for important lipid signaling molecules, includ-
ing phosphatidylinositol (PI), and affects the synthesis of phosphatidylethanolamine
(PE) and phosphatidylcholine (PC), which are important for integrity of cellular mem-
brane structures, it remains unclear how the defective phospholipids produced will
affect normal functioning of the adipocytes.

Whereas the loss of AT in CGL is easy to comprehend, the partial loss of ATs in FPL
patients is more difficult to explain. Several genes, such as PPAR , LMNA, ZMPSTE24,
and AKT2, are now associated with the partial loss of AT. Most intriguing among these
are the heterozygous mutations in PPAR associated with FPL. As discussed above, the
role of PPAR in adipocyte differentiation is undisputed. However, it is not clear how
the heterozygous mutations in PPARG lead only to partial lipodystrophy in humans. It
is possible that a cellular and molecular heterogeneity in AT from various anatomic
regions might correlate with variable requirements of PPAR in preadipocyte differen-
tiation to adipocytes. In chicken preadipocytes, when the culture medium is supple-
mented with the fatty acid, oleic acid, there was an increased accumulation of lipid as
determined by Oil-red-O staining, with no simultaneous increase in PPAR expression
(79). This result suggests that there are subtle variations in the need for ligand-
activated transcription factor for adipocyte differentiation. Like all the nuclear recep-
tors, the PPAR receptor has several domains, which might function independently. The
amino-terminal ligand-independent activating domain and a carboxyl terminal ligand-
dependent binding and activation domain are usually separated by the DNA binding and
receptor dimerization region (80). All the PPARG gene mutations reported so far, except
one occurring in the promoter region, map to the ligand-binding domain of the PPAR
receptor. In FPL patients, the ligand-binding domain of the receptor may be nonfunc-
tional, yet some function of the ligand-independent domain may still be active. This
possibility is suggested by in vitro mutagenesis studies (81), which show that PPAR
receptors were still able to recruit coactivators and provide basal receptor activity
despite mutations in the ligand-binding domain. Some AT depots might require robust
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PPAR activity for proper development, such as adipocytes in extremities, but other
depots might be less dependent on PPAR and remain unaffected despite these muta-
tions. Although mouse models and extensive cell culture experiments have not been
conducted to determine the ligand-independent activation with PPAR , as with gluco-
corticoid receptor, clearly there are ligand-dependent and -independent roles, which are
being elucidated (82,83).

Mutations in lamin A/C protein and the loss of AT have focused attention on the sig-
nificant role of nuclear lamina protein and nuclear architecture in adipocyte biology.
Most of the mutations found associated with lipodystrophy are found localized to the
immunoglobulin fold domain of lamin (6,29), which are important for protein–protein
interactions. Recent experiments using left ventricular myocytes from Lmna–/– mice
revealed defective import of SREBP-1c, a lipogenic transcription factor, into the
nucleus, leading to a reduction in intranuclear SREBP-1c protein (84). Defective import
of SREBP-1c might indicate that additional defects in the nuclear import machinery for
other protein might also exist.

Mutation in the ZMPSTE24 is presumed to cause loss of AT via defective process-
ing of pre-lamin A protein. However, because ZMPSTE24 is a CaaX motif protease, it
is likely that defective processing of other CaaX motif proteins might also be involved
in alteration of adipocyte biolgy. In both LMNA and ZMPSTE24 deficiencies, a defect
in nuclear import of the proteins is observed, yet the nuclear export of mature RNA has
not been well-studied. It is also likely, because of molecular heterogeneity of adipocytes
in various AT depots, that additional defects in mRNA export occur in sc adipocytes
compared to intra-abdominal adipocytes.

AKT2 is a serine/threonine kinase that has an important function in insulin signaling,
downstream of PI3-kinase. AKT2 has many functions in the cell, including regulation
of cell survival and apoptosis. This role of AKT2 appears to be cell-specific as well as
dependent on the expression of various downstream target proteins. It is possible that
some AT depots, such as those in the extremities, lose their AT in conjunction with addi-
tional localized defects yet to be identified.

9.1. Possible Mechanism for Loss of AT in Acquired Lipodystrophies
As mentioned before, some varieties of AGL are associated with autoimmune 

diseases, suggesting autoimmune destruction of AT. Some autoimmune diseases show a
strong association with the HLA complex, but because of the rarity of these patients,
HLA typing in AGL has not been explored. Fat loss in APL is believed to involve com-
plement-mediated lysis of adipocytes, which might be initiated by viral infections (46).
There is evidence to suggest the presence of circulating autoantibodies, some of which
may be directed against adipocytes in some patients with AGL and in many with APL
(46,85). The adipocyte-specific antigens against which these autoantibodies are directed
remain to be identified.

LDHIV is strongly related to the use of HIV-protease inhibitors. Several in vivo and
in vitro studies have shown the ability of PIs to impair adipocyte development by
decreasing expression of SREBP-1c, PPAR , and C/EBP- (86–89). Increased adipocyte
apoptosis mediated by proinflammatory cytokines, such as TNF- , and mitochondrial
toxicity from nucleoside analogs are other potential mechanisms for fat loss in HIV-
infected patients (90–92).
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10. CONCLUSIONS

Our understanding of the initial commitment of mesenchymal stem cells to
preadipocytes, and the roles of the surrounding cellular milieu, are woefully inadequate to
explain adipocyte biology and mechanisms of lipodystrophy. Adipocytes obtained either
from sc or visceral depots secrete several factors known as adipocytokines, including 
leptin, adiponectin, and resistin. Whether each of these, individually or in combination,
has any depot-specific influence on AT has not been studied. Studies with lipodystrophic
patients have revealed, for the first time, that nuclear lamina proteins are also critical 
for adipocyte development. Future studies should include investigations of alterations in
import and export of RNA, proteins, and small molecules, which affect the development
of adipocytes. Equally important will be the role of acyltransferases in generating lipid
signaling molecules critical for adipocyte maturation. As shown in Fig. 5, an increasing
number of transcription factors or other proteins known to participate in adipogenesis have
been identified; however, we know a great deal less about the endogenous ligands for
many of these transcription factors. The function of endogenous ligands, and whether their
synthesis is regulated by PPAR , is still debated. The metabolites generated during 
adipogenesis—which may include, but are not limited to, lipids, steroids, or other small
molecules—might have interesting and important contribution to adipogenesis. Lastly,
there is a need to develop coculture systems to study the paracrine effects of the nervous
system, surrounding cells, and even the lymphatic system on the development and proli-
feration of adipocytes.
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Abstract
Cachexia is brought about by a synergistic combination of a dramatic decrease in appetite and an

increase in metabolism of fat and lean body mass. This combination is found in a number of dis-
orders including cancer, chronic kidney disease (CKD), AIDS, cystic fibrosis, chronic heart failure,
rheumatoid arthritis, and Alzheimer’s disease. Cachexia has a stronger correlation with survival than
any other current measure of diseases such as AIDS, cancer, and CKD. The underlying mechanism
of increased resting metabolic rate may involve the increased activity of mitochondrial uncoupling
proteins. Chronic overproduction of cytokines, such as interleukin (IL)-1 , IL-6, and tumor necrosis
factor- , may lead to cachexia in various chronic illness models, through the nuclear factor- B and
ATP–ubiquitin-dependent proteolytic pathways. Inhibition of these cytokines in experimental mod-
els ameliorated cachexia. Cytokines may also act on the central nervous system to alter the release
and function of neuropeptides and melanocortin receptors in the hypothalamus, thereby altering both
appetite and metabolic rate. Further research into the molecular pathways leading to cachexia may
lead to novel therapeutic therapy for this devastating and potentially fatal complication of chronic
disease.

Key Words: Cachexia; cancer; chronic kidney disease; AIDS; cytokines; neuropeptides; hypo-
thalamus; melanocortin receptors.

1. INTRODUCTION

The role of energy homeostasis—the balance of nutrition and metabolism—is well
known in normal growth, development, and health maintenance. The first description of
cachexia came from Hippocrates, who wrote, “the flesh is consumed and becomes
water, the abdomen fills with water, the feet and legs swell, the shoulders, clavicle,
chest, and thigh melt away. This illness is fatal” (1). Cachexia is derived from the Greek
kakos hexis, meaning “bad condition,” and is brought about by a synergistic combina-
tion of a dramatic decrease in appetite and an increase in metabolism of fat and lean
body mass. This combination is found in a number of disorders including cancer,
chronic kidney disease (CKD), acquired immune deficiency syndrome (AIDS), cystic
fibrosis, chronic heart failure, rheumatoid arthritis, and Alzheimer’s disease. Loss of
adipose tissue reaches 85% and loss of skeletal muscle reaches 75% when cancer
patients have lost 30% of body weight, a situation that often leads to death fairly quickly
(2). Cachexia could account for at least 20% of cancer deaths (3). Poor nutrition is
reported to have a prevalence of 30 to 60% and is an important risk factor for mortality
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in patients with CKD (4). Patients between the ages of 25 and 34 with end-stage renal
disease have a 100- to 200-fold higher mortality than the general population (5). Body
mass retention in patients with AIDS has a stronger correlation with survival than any
other current measure of the disease (6). Loss of proteins from skeletal muscle is
probably the most important factor regulating survival, as at this level of lean tissue loss,
physiological functions, such as respiratory muscle function, are significantly impaired
(7). Asthenia is directly related to the substantial muscle atrophy and reduction in physical
activity level and quality of life. Loss of protein from skeletal muscle could reduce the
performance status and physical activity level of cancer patients (8).

2. MALNUTRITION VS CACHEXIA

Malnutrition, in conditions such as kwashiorkor and pyloric stenosis, results from
inadequate intake of nutrients despite a good appetite, and manifests as weight loss
associated with protective metabolic responses such as decreased basic metabolic rate
and preservation of lean body mass at the expense of fat mass. Cachexia differs from
malnutrition in several key ways. First, despite the fact that the cachexic person is
“starving,” he or she is anorexic. Second, in normal starvation the metabolic rate
decreases as a protective mechanism. This protective reduction in metabolic rate is not
observed in cachexia. Resting energy expenditure is high in patients with cachexia from
renal failure (9,10). Third, in simple starvation fats are preferentially lost and there is
preservation of lean body mass. In cachexia, lean tissues are wasted and fat stores are
relatively underutilized (11). Finally, the abnormalities in malnutrition can usually be
overcome simply by supplying more food or altering the composition of the diet. To
date this approach has not proven to be successful in cachexic patients. Stimulation of
nutritional intake with megestrol acetate fails to restore the loss of lean body mass in
cancer patients, whereas weight gain achieved is the result of an accumulation of adipose
tissue and water (12). There are fundamental metabolic abnormalities in cachexic patients
that prevent them from utilizing dietary nutrients effectively. One important point about
cancer cachexia is that the presence and severity of cachexia has no correlation to the
size of the tumor. The tumor does not represent a “metabolic sink” for ingested nutri-
ents. If this were the case, increasing nutrient intake would result in more rapid tumor
growth, an outcome that is not observed clinically (11). Furthermore, parabiosis experi-
ments in animals demonstrated that cachexia is observed in the nontumor-bearing part-
ner, indicating that circulating factors are largely responsible for this phenomenon (11).

3. ANOREXIA AND CACHEXIA

Anorexia, defined as the loss of appetite and early satiety, often accompanies
cachexia and has been suggested to play a role in the loss of body weight. However, loss
of skeletal muscle is not prominent in primary anorexic states, as the brain adapts to
using ketone bodies derived from metabolism of fat, reducing the requirement for
gluconeogensis from amino acids derived from muscle proteins. This suggests that the
metabolic changes in anorexia and cachexia are different. Indeed, appetite stimulants
such as megestrol acetate failed to restore the loss of lean body mass, and weight gain
was shown to be caused by an accumulation of adipose tissue and water (12). Anorexia
can arise from (1) decreased taste and smell of food, (2) early satiety, (3) dysfunctional
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hypothalamic membrane adenylate cyclase, (4) increased brain tryptophan, and (5)
cytokine production (11).

The etiology of anorexia in cachexic states is not well understood. CKD patients with
anorexia regain appetite soon after starting dialysis treatment, presumably because of
removal of one or more toxic factors that suppress appetite. Fractions in the middle
molecular weight range isolated from normal urine and uremic plasma ultrafiltrate
inhibited ingestive behavior in the rat. To investigate their site of action and specificity,
rats were injected intraperitoneally, intravenously, or intracerebroventricularly with
concentrated fractions of uremic plasma ultrafiltrate or normal urine and tested for
ingestive and sexual behavior. An intraperitoneal injection of a urine fraction or a
uremic plasma ultrafiltrate fraction inhibited carbohydrate intake by 76.3 and 45.9%,
respectively, but an intravenous injection had no effect. An intracerebroventricular
injection of urine middle molecular fraction or uremic plasma ultrafiltrate inhibited car-
bohydrate intake similarly. Injections of the corresponding fraction from normal plasma
ultrafiltrate had no effect. Injection of urine or uremic plasma ultrafiltrate middle mole-
cular fractions did not affect the display of sexual behavior. These results suggest that
middle molecular fractions from uremic plasma ultrafiltrate or normal urine act in the
splanchnic region and/or brain to inhibit food intake and that the effect is specific for
ingestive behavior (13).

4. ENERGY EXPENDITURE IN CACHEXIA

Energy expenditure is increased in cachexic patients with cancer and CKD. In
patients with advanced pancreatic cancer, resting energy expenditure is increased,
whereas total energy expenditure and physical activity levels are reduced (14). In
patients with CKD, energy expenditure is related to inflammation. Resting energy
expenditure correlated with surrogate markers of inflammation, such as C-reactive pro-
tein, and treatment of infection and subsequent resolution of elevated C-reactive protein
were associated with normalization of elevated resting energy expenditure in patients
with CKD (9). Furthermore, resting energy expenditure was associated with increased
mortality and cardiovascular death in patients on peritoneal dialysis and was related to
cachexia and inflammation in these patients (10).

The underlying mechanism of increased resting metabolic rate may involve the
increased activity of mitochondrial uncoupling proteins (UCPs). These proteins trans-
locate protons across the inner mitochondrial membrane in a process not coupled to phos-
phorylation of ADP, so that energy is lost as heat. The principal UCPs are UCP1, which
is found only in brown adipose tissue, and UCP3, which is found in both brown adipose
tissue and skeletal muscle. Brown adipose tissue was found in the periadrenal tissues in
80% of cancer patients, compared with 13% of age-matched controls (15). In mice bear-
ing the cachexia-inducing MAC16 adenocarcinoma, UCP1 mRNA levels in brown adi-
pose tissue and UCP3 mRNA levels in skeletal muscles were increased (16). UCP3
mRNA levels were significantly higher in skeletal muscles of cancer patients with
weight loss than in those who had not lost weight and in patients without cancer (17).
The increase in UCP expression in cancer patients would increase energy expenditure
and contribute to weight loss. The increase in UCP3 mRNA in skeletal muscle may be
caused by hydrolysis of triglycerides in adipose tissue, as treatment of tumor-bearing
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animals with nicotinic acid stimulated both hyperlipidemia and an increase in UCP3
mRNA in muscle (18). Furthermore, cytokines and tumor products have been shown to
directly regulate UCP expression, suggesting a further mechanism for the control of
energy expenditure in cachexia (11).

Futile cycles are often increased in cancer cachexia. Nonesterified fatty acids
released from adipose tissue can immediately be re-esterified in the triacylglycerol/fatty
acid substrate cycle. This process was increased threefold in tumor-bearing mice,
although there were no differences in animals with and without cachexia (19). An addi-
tional futile cycle that may account for energy loss in cancer cachexia is the Cori cycle
(20). In the Cori cycle, tumors consume large amounts of glucose and convert it to lac-
tate, which circulates to the liver and is converted back to glucose. Gluconeogenesis
uses six ATP molecules for each lactate–glucose cycle and is energy-inefficient. The
Cori cycle is normally responsible for 20% of glucose turnover, but is increased to 50%
in cachexic cancer patients (20).

5. ADIPOSE TISSUE AND LIPID METABOLISM IN CACHEXIA

There is evidence of increased lipolysis in cachexic cancer patients. Fasting glycerol
is high and there is an increased turnover of both glycerol and fatty acids (19,21). The
fatty acids released are rapidly oxidized, with a 20% increase in oxidation. Furthermore,
triglycerol hydrolysis may be increased in cancer patients. Although there is no evi-
dence for decreased level of lipoprotein lipase in adipose tissue, there is a twofold
increase in the relative level of mRNA for hormone-sensitive lipase (22). The fatty acids
released serve as an energy source to drive futile metabolic cycles. A lipid-mobilizing
factor isolated from the urine of cachexic cancer patients causes a significant increase
in glucose oxidation and decreased blood glucose levels in experimental animals. This
lipid-mobilizing factor also increases overall lipid oxidation. These results suggest that
changes in carbohydrate metabolism and loss of adipose tissue, together with increased
whole-body fatty acid oxidation in cachexic cancer patients, may arise from tumor pro-
duction of a lipid-mobilizing factor (23). Recently this lipid-mobilizing factor was iden-
tified to be Zinc- 2-glycoprotein (ZAG), which is a 43-kDa protein. It is overexpressed
in certain human malignant tumors and acts as a lipid-mobilizing factor to stimulate
lipolysis in adipocytes, leading to cachexia in mice implanted with ZAG-producing
tumors. ZAG is overexpressed in white adipose tissue of tumor-bearing mice and may
have a local role for in the substantial reduction of adiposity of cancer cachexia (24).
Loss of adipose tissue is coupled with an increase in UCP1 in brown adipose tissue (23).
ZAG increases UCP1 expression in brown adipose tissue, as well as the expression of
UCP2 and UCP3 in myotubes (25). The effects on UCP1 and UCP2 have been shown
to be mediated through a 3-adrenergic receptor (11).

6. SKELETAL MUSCLE IN CACHEXIA

Cachexia conditions are associated with a progressive loss of lean body mass.
Skeletal muscle, which accounts for almost half the whole-body protein mass, is
severely affected in cachexia secondary to cancer (11) and CKD (26). There is evidence
of decreased protein synthesis (27) and increased protein degradation (28). An increase
in the synthesis of acute-phase proteins in the liver may alter the balance of amino acids
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for protein synthesis, as acute-phase proteins contain high levels of sulfur amino acids
(29). Serum branched-chain amino acids are decreased in both cancer (11) and CKD
patients (30), reducing the stimulus for protein synthesis. The fact that appetite stimu-
lation by megestrol acetate could not replenish lean body mass suggests that increase in
protein catabolism outweighs the decrease in anabolism (12). A biphasic model of
protein degradation in cancer cachexia has been proposed, in which an early calpain-
dependent release of myofilaments from myofibrils would be followed by ubiquityla-
tion of myofilaments and subsequent degradation by the proteosome. Increased
activity of the ubiquitin-proteasome proteolytic pathway has been reported in
cachexia from cancer (9) or CKD (31). Furthermore, the presence of metabolic acido-
sis exacerbates protein catabolism in CKD. Glucocorticoids are involved in acceler-
ating protein degradation in muscle, which results in loss of lean body mass, whereas
a low insulin level appears to play a permissive role in accelerating increased catabo-
lism. Cellular mechanisms mediating these changes again include upregulation of the
ubiquitin-proteasome pathway and branched-chain ketoacid dehydrogenase enzyme
activity in muscle (31).

7. CYTOKINES AND MUSCLE PROTEIN DEGRADATION 
IN CACHEXIA

Chronic overproduction of cytokines may lead to cachexia in various animal chronic
illness models. Cytokines such as interleukin (IL)-1 , IL-6, and tumor necrosis factor
(TNF)- are upregulated in various animal cachexia models. The pathogenetic role of
the cytokine network in upregulating muscle protein degradation has been documented
as the result of a complex interplay among TNF- , IL-6, IL-1 , interferon (IFN)- , and
a variety of humoral mediators. Neutralization of these factors by genetic or pharmaco-
logical methods leads to attenuation of cachexia. Chronic infusion of IL-1 or TNF-
causes anorexia, rapid weight loss, and catabolism of body protein stores, analogous to
the state observed with chronic illness (31–34). Anticytokine approaches have been
proven at least partially effective in attenuating muscle weight loss in cancer. Mice bear-
ing the Lewis lung carcinoma are protected from cachexia when treated with antibod-
ies against IFN- (35). Implantation of the Lewis lung cancer into transgenic mice
lacking the TNF- receptor I or overexpressing its soluble form does not result in mus-
cle depletion (36,37). The release of IL-6 seems to be crucial for the onset of cachexia
in mice bearing the C-26 adenocarcinoma (38). Inhibition of IL-6 release by intratumor
injection of decoy oligonucleotides directed against the transcription factor NF B can
prevent cachexia (39). Pentoxifylline, an inhibitor of TNF- synthesis, partially pre-
vented muscle hypercatabolism in sepsis (40) and AH-130 tumor-bearing rats by down-
regulating the expression of components of the ATP-ubiquitin-dependent proteolytic
system (41). Suramin, capable of inhibiting the interaction of TNF- and IL-6 with their
receptors by inducing ligand deoligomerization (42) significantly reduced the severity
of cancer cachexia (43). Both pentoxifylline and suramin, either alone or in combina-
tion, prevented the depletion of muscle mass and significantly reduced the activity of
muscle ATP-ubiquitin- and calpain-dependent proteolytic systems (44). IL-15 treatment
partly inhibited skeletal muscle wasting in AH-130 tumor-bearing rats by decreasing
protein degradation rates to values even lower than those observed in nontumor-bearing
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control animals. This dramatic reduction in protein breakdown rates was associated
with an inhibition of the ATP-ubiquitin-dependent proteolytic pathways (45).
Furthermore, 2-adrenergic agonists, such as clenbuterol, which are known to favor
skeletal muscle hypertrophy, largely prevented skeletal muscle wasting in AH-130
tumor-bearing rats by restoring protein degradation rates close to control values. Again,
this was associated with a decrease in the inhibition of the ATP-ubiquitin-dependent
proteolytic pathways (46).

8. PROTEOLYSIS-INDUCING FACTOR

The cytokines involved in the induction of cachexia appear to vary with tumor type.
Mice bearing the MAC16 tumor are cachexic, whereas mice bearing the MAC13 tumor
are not (47). Proteolysis-inducing factor (PIF) was purified from the serum of cachexic
mice bearing the MAC16 tumor (48). PIF was shown to be present in the urine of
patients with cancer cachexia from a range of solid tumors but absent if the tumor did
not induce cachexia. PIF is detected in 80% of patients with pancreatic cancer; these
patients have a significantly greater weight loss than those in whom PIF was not
detected. In patients with advanced gastrointestinal cancer, PIF-positive patients lost
weight, whereas PIF-negative patients did not. PIF caused significant weight loss in
mice without a reduction in food and water intake. This weight loss was mainly a result
of loss in lean body mass, which was associated with a 50% decrease in protein syn-
thesis and a 50% increase in protein degradation. Skeletal muscle from mice treated
with PIF showed an increased activity and expression of key components of the ubiqui-
tin–proteasome proteolytic pathway. Proteasome inhibitors attenuated the enhanced
protein degradation. Like TNF- , PIF action was associated with rapid degradation of
I B and nuclear migration of NF B. Inhibition of this process attenuated loss of body
weight and protein degradation in mice with cancer cachexia. PIF was shown to activate
both NF B and the transcription factor STAT3, which leads to increased production of
both IL-6 and IL-8 and increased production of C-reactive protein. Thus PIF is likely to
be involved in the proinflammatory response observed in cachexia (11).

9. LEPTIN AND GHRELIN IN CACHEXIA

Leptin is secreted by adipocytes and regulates adiposity and metabolic rate by reduc-
ing food intake and increasing energy expenditure. Leptin is also a member of the IL-6
superfamily of cytokines. Experimental elevation of leptin within the physiological
range produces weight loss and relative anorexia. Leptin secretion is increased by both
central and systemic immunological challenge and has been proposed as a potential
mediator of inflammation-induced anorexia. The mechanism of how leptin expression
and secretion is enhanced during inflammation is complex, but there is evidence for
mediation by both IL-1 and TNF- . Conversely, leptin induces production and
release of IL-1 in the brains of normal rats and the release of both IL-1 and TNF-
from mouse macrophages. Collectively, these observations suggest a complex interplay
between leptin and other cytokines in the regulation of metabolism and appetite during
acute and chronic illness (49).

Leptin is cleared from the circulation primarily by the kidneys (50). Leptin levels are
significantly increased in dialysis patients, even after correction for body mass index.
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The percentage of body fat was strongly correlated with leptin levels in these patients.
However, the ratio of leptin levels to body fat is significantly greater for dialysis patients
than for control subjects. Increased leptin levels are associated with markers of poor
nutritional status, such as low serum albumin and high protein catabolic rate in dialysis
patients. In children with CKD, leptin levels increase with declining renal function, pre-
sumably by reduced renal clearance. Leptin levels are inappropriately elevated in these
children in relation to the percentage of body fat and inversely correlate with dietary
nutrient intake. Thus leptin may be an important factor in the pathogenesis of anorexia
and cachexia in CKD (51). Furthermore, serum leptin concentrations correlate with
plasma insulin concentrations in patients with CKD independent of body fat content,
suggesting that insulin resistance and hyperinsulinemia may contribute to elevated
serum leptin concentrations or vice versa. The role of leptin resistance due to receptor
insufficiency and saturable transport via the blood–brain barrier in limiting the poten-
tial impact of elevated leptin levels in patients with CKD is controversial and not well
understood (49).

A hormonal signal involved in the short-term control of appetitie is the gastric pep-
tide ghrelin. Levels of this appetite-stimulating hormone rise in the blood before meals
(when the stomach is empty), then fall quickly after food is consumed. Ghrelin is impli-
cated as a factor that triggers the onset of eating, participating in a meal-to-meal control
system that is itself sensitive to changes in insulin and leptin levels. In this way, the size
and frequency of individual meals can be adjusted so as to minimize changes in body fat
content. Preliminary observations show that markedly elevated plasma ghrelin concen-
trations are found in advanced CKD (52,53) and correlate with body mass index, fat
mass, plasma insulin, and serum leptin levels. There is no difference in plasma ghrelin
between CKD patients with and without signs of wasting. Changes in plasma ghrelin
concentrations over time during peritoneal dialysis treatment are associated with changes
in body composition (53). Further studies are needed to examine relative changes in
ghrelin versus inactive ghrelin metabolites during the course of progression of CKD and
the putative associations with changes in food intake and body composition.

10. NEUROPEPTIDES IN CACHEXIA

A current hypothesis of cachexia in chronic illness is that cytokines released during
cancer, CKD, or chronic inflammation act on the central nervous system to alter the
release and function of a number of key neurotransmitters, thereby altering both
appetite and metabolic rate (54,55). The melanocortin system is critical in mediating the
effect of cytokines, such as leptin, on metabolism. There are distinct local counterparts
of the pro-opiomelanocortin (POMC) cells: agouti-related protein (AgRP) and neuro-
peptide Y (NPY) producing cells in the arcuate nucleus. Activation of POMC neurons
by leptin triggers the release of -melanocyte-stimulating hormone ( -MSH) from
POMC axon terminals, which in turn activates the type 4 melanocortin receptor-4
(MC-4R), leading to suppressed food intake and increased energy expenditure.
Simultaneously, leptin suppresses the activity of arcuate nucleus NPY/AgRP neurons,
which otherwise would antagonize the effect of -MSH on MC-4Rs through the release
of AgRP. Not only does the NPY/AgRP system antagonize anorexigenic melanocortin
cells at their target sites, where MC-4Rs are located, but it also very robustly and
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directly inhibits POMC perikarya through both NPY and the inhibitory neurotransmit-
ter GABA, which acts through basketlike synaptic innervation of POMC cells by
NPY/AgRP cell terminals. This apparent unidirectional anatomical interaction between
the NPY/AgRP and POMC perikarya is of potential significance, as it provides a tonic
inhibition of the melanocortin cells whenever the NPY/AgRP neurons are active (56).

Marks et al. studied the role of melanocortin receptors in transducing the prolonged
metabolic derangement observed in experimental cancer. These investigators demon-
strated that the cachexia (poor appetite and weight loss) induced by cancer can be both
reversed and prevented by administration of AgRP. Prevention of tumor-induced
hypophagia with early and repeated AgRP injections resulted in maintenance of normal
food intake. To further demonstrate that central melanocortin blockade attenuates can-
cer cachexia, they investigated this metabolic syndrome in MC4R knockout (KO) mice.
The MC4-RKO animals had normal feeding and growth even when bearing a carcinoma
that produced classic cachexia in wild-type (WT) control animals. These data clearly
indicate that hypothalamic MC4-R plays a role in transducing cachexigenic stimuli
from the periphery (54).

We recently tested the hypothesis that leptin was an important cause of uremic
cachexia via signaling through its receptor. Our results showed that uremic cachexia
was attenuated in db/db mice, a model of leptin receptor deficiency. Nephrectomy in
db/db mice did not result in any change in weight gain, body composition, resting meta-
bolic rate, and efficiency of food consumption (55). Recent studies suggested that db/db
mice resisted LPS-induced anorexia by reducing TNF- secretion. Thus, leptin may
have an important role in the regulation of appetite, body composition, and metabolic
rate in uremia. Indeed, elevated serum leptin was associated with lower dietary intake
and higher catabolic rate in uremic children (51). In another set of experiments, we
demonstrated that uremic cachexia in experimental animals is attenuated by central
MC4-R blockade via a genetic approach. Both homozygous and heterozygous MC4-
RKO mice had no decrease in appetite after nephrectomy compared with WT animals.
The most striking difference was that both the homozygous and heterozygous MC4-
RKO animals continued to gain lean body mass and fat mass with no change in food
consumption efficiency despite the cachexic effects of uremia, as demonstrated in the
WT nephrectomized controls (N). The effects of nephrectomy on increasing resting
metabolic rate were also much attenuated in both the homozygous group and the hetero-
zygous group. These results are consistent with previous observations that MC4-
RKO animals maintained normal metabolic rate and body composition even when
bearing a carcinoma that produced classic cachexia in WT control animals (54). These
data strongly suggest that the hypothalamic MC4-R plays a significant role in trans-
ducing cachexigenic signals in uremia. We then tested the effect of central
melanocortin receptor antagonism in the experimental uremic cachexia models using a
pharmacological approach. These data clearly demonstrated that uremic cachexia is
ameliorated by central administration of AgRP in WT-N mice. Repeated intracranial
infusion of AgRP significantly regulates food intake, weight gain, body composition,
resting metabolic rate, efficiency of food consumption, and circulating leptin concen-
trations in WT-N/AgRP mice as compared with WT-N mice (55). AgRP is an antago-
nist for MC4-R. Tumor-induced and sepsis-induced cachexia are attenuated by MC4-R
blockade with AgRP (54).
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11. CONCLUSIONS

The etiology of cachexia is complex and multifactorial and likely to involve different
pathways for different diseases. Inflammation secondary to cytokines and other circu-
lating factors such as PIF may play an important role. Despite their different origins and
chemical composition, these cachexia-mediating factors may activate a common final
intracellular pathway leading to activation of NF B. There is also recent evidence that
hypothalamic neuropeptides may play an important role. Further research into the
molecular pathways leading to cachexia may lead to novel therapeutic therapy for this
devastating and potentially fatal complication of chronic disease.
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Abstract

Obesity has a negative effect on the health of patients and is becoming an increasing problem
worldwide. Morbid obesity in particular affects most major organ systems and is implicated in
several of the most lethal medical conditions: diabetes, myocardial ischemia, hypertension, and
many cancers. Weight loss has been shown to reverse many of the comorbidities associated with
obesity, with a resulting positive benefit to the patient’s health and quality of life. Achieving sub-
stantial and persistent weight loss is difficult and, to date, surgery has been the only truly effective
option for treatment of obesity. Obesity has effects on multiple organ systems. Whereas some
effects are permanent, many can be reversed if the patient loses a substantial amount of weight.
This includes the endocrine system (diabetes), the musculoskeletal system (degenerative joint
disease), and the cardiovascular system (hypertension, congestive heart failure, hypercoagulability
and stroke). Dieting and exercise can be effective strategies for the moderately overweight but
have a high failure rate (>90%) in the morbidly obese. Medical treatments have a mixed history
and, in general, have only moderate efficacy and high side effect profiles. Surgery has been shown
to be the most effective long term weight-loss strategy but is a relatively high-risk endeavor in this
patient population. The laparoscopic gastric bypass is currently the most widely used bariatric
surgery, achieving around 75% excess weight loss at 5-yr follow-up.

Obesity has a major detrimental effect on a patient’s health. Many of the diseases and comorbidi-
ties related to obesity can be reversed or stabilized with substantial weight loss, which currently is
best achieved by surgery. 

Key Words: Weight loss; bariatric surgery; morbid obesity; gastric bypass.

1. INTRODUCTION

Obesity is epidemic in the United States and the Western world. Approximately 97 million
adults are obese and the number continues to rise. Body mass index (BMI) has become
the standard of measurement for obesity and is a relation between body weight (in kg)
and body surface (square of the height in meters). Obesity is defined as a BMI greater than
30 kg/m2 and morbid obesity as a BMI greater than 40 kg/m2. The National Health and
Nutrition Examination Survey (NHANES) reported that between 1988 and 1994, 22.9% of
adults were obese, 55.9% were overweight, and 2.9% were extremely obese (1).

Excess body fat predisposes an individual to obesity-related comorbidities, such as
coronary heart disease, hypertension, dyslipidemia, type 2 diabetes, gallstones, cancer,



sleep apnea, osteorthritis, joint degeneration, reflux disease, nonalcoholic steatohepa-
titis, and others.

Weight loss is the most effective treatment for obesity-related physical and psycho-
logical comorbidities. The extent of weight loss and its effect on obesity-related comor-
bidities have been of great interest. Many studies have shown that there are major
improvements in comorbidities even with a modest weight loss, and total resolution of
many obesity-related diseases can occur without attaining a completely normal weight
(2–3). The implication that modest weight loss has disproportionate benefit is interest-
ing and implies that the weight loss state per se has advantages in the obese (4).

Many treatments are available for weight loss, including dieting, drugs, and weight
loss surgery. Dieting and drugs seem to be effective for overweight or mildly obese indi-
viduals, but have a high rate of failure in the morbidly obese. Outcome studies show
bariatric surgery to be the most effective treatment to achieve the desirable long-term
results of substantial weight loss. The purpose of this chapter is to describe the alter-
natives of weight loss treatments and their effectiveness in resolution of comorbidities.

2. METHODS OF INDUCING WEIGHT LOSS IN THE OBESE PATIENT

2.1. Diet, Pharmacological, and Behavioral Treatment
The US Food and Drug Administration (FDA), as well as an expert panel convened

by the National Heart, Lung, and Blood Institute, have recommended that weight loss
medications be used only as an adjunct to a comprehensive program of lifestyle modi-
fication that includes diet, physical activity, and behavior therapy (16). A common
hypothesis is that medication should help facilitate adherence to lifestyle modification.
By reducing appetite or nutrient absorption, medications may make it easier for patients
to adhere to a low-calorie diet. Surprisingly little, however, is known about the specific
benefits of combining therapies, or how and when they should be combined. The well-
documented problem with lifestyle modification is weight regain after treatment termi-
nation. On average, in the year following treatment, patients regain 30 to 35% of their
lost weight. Approximately 3 to 5 yr after therapy, 50% or more of participants have
returned to their baseline weight (17–18). These results are not entirely discouraging
considering that most obese people, left untreated for 3 to 5 yr, would probably gain 0.5
to 1 kg per year (19).

Orlistat and sibutramine are the only two drugs currently approved for long-term use
to achieve and maintain weight loss (20). A recent meta-analysis of pharmacological
treatments for obesity showed mean weight loss of 2.9 kg after 1 yr with orlistat, and
4.5 kg after 1 yr with sibutramine (21). For obese individuals who need to lose more
than 10 kg, these results are suboptimal. On the horizon, rimonabant is a potential alter-
native. In a recent multicenter trial, this cannabinoid-1 receptor antagonist produced a
mean weight loss of 6.6 kg after 1 yr (22).

The Atkins and Protein Power diets are very high in total and saturated fat compared
with current dietary guidelines. Long-term use of these diets for weight maintenance is
likely to significantly increase serum cholesterol and risk for coronary heart disease.
The Sugar Busters and Zone diets would lower serum cholesterol concentrations and
likely reduce risk for coronary heart disease. High-carbohydrate, high-fiber, and low-fat
diets would have the greatest effect in decreasing serum cholesterol concentrations and,
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thus, the risk for coronary heart disease. Even though high-fat diets may promote short-
term weight loss, the potential hazards for worsening risk for progression of
arteriosclerosis or atherosclerotic events override the short-term benefits (23).

2.2. Bariatric Surgery
Bariatric surgery dates back to the 1950s, when intestinal bypasses were first per-

formed. Total weight loss achieved correlated to the length of small bowel bypassed.
However, because of severe complications, including diarrhea, electrolyte abnormal-
ities, dehydration, liver dysfunction, protein malnutrition, and renal disease, these
procedures were abandoned. Currently, there are several different types of bariatric
procedures, which are classified as restrictive, malabsorptive, or a combination of both
(Table 1). Each surgical procedure, depending on its mechanism of action, has benefits,
side effects, and complications associated with it. The success rate for weight loss varies
among them as well (Table 2).

Gastric bypass, either laparoscopic or open, is currently the most common weight
loss surgery performed in the United States (Fig. 1). The mortality rate for this surgery
is approx 0.5%, and perioperative complications occur in 10% of cases. Long-term con-
siderations in gastric bypass include vitamin and mineral deficiencies, anemia, dumping
syndrome, nausea, and vomiting.

Currently the most common purely restrictive procedure is adjustable gastric band-
ing. These silicone bands are inflatable via a small reservoir that is placed under the skin
of the anterior aspect of the abdominal wall, percutaneously injecting the port allows the
diameter of the band to be adjusted. Adjustable bands can be inserted laparoscopically,
thereby reducing the complications and discomfort of the open approach (Fig. 2A,B).

Easy laparoscopic placement, reversibility of the procedure, and lack of gastric or
intestinal anastomosis are clear advantages of the procedure, although complications
such as band slippage, pouch dilation, band/port infection, band erosion, esophageal dila-
tion, failure to lose weight, nausea, and vomiting can occur. Although some studies have
documented weight loss equal to gastric bypass, with fewer complications, many other
groups have had disappointing outcomes. Recently, Jan et al. reported a 3-yr excess
weight loss of 60 vs 57% (p = 0.85) in gastric bypass and lap-band, respectively (9).

Biliopancreatic diversion (BPD), with or without duodenal switch, has some of the
highest rates of weight loss, but also the highest rates of nutritional complications (15).
Unlike the gastric bypass, in which no stomach is removed, the BPD includes the resection
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Table 1
Mechanism of Action of Various Contemporary Bariatric Surgeries

Mechanism Procedure

Restrictive Vertical banded gastroplasty
Gastric banding

Malabsorptive Jejunoileal bypass
Biliopancreatic diversion

Combination Roux-en-Y gastric bypass



of 70% of the distal stomach transversally. The residual upper stomach is far larger than
the small pouch performed for gastric bypass (Fig. 3). The patient can still consume
large volumes of food, because malabsorption will induce weight loss. An extremely
reduced common channel (50–100 cm) and alimentary limb (100 cm) ensure a high rate
of malabsorption, but also a great number of complications (with additional dumping
syndrome) result from this situation. Currently, BPD is mostly used as a treatment for
hyperobese patients where more weight loss is desired. Many specialists debate whether
this surgery and its complications outweigh the benefits (13).

In summary, although bariatric surgery is the best solution for substantial long-term
weight loss, there is no single perfect operation for all obese persons. At this time,
laparoscopic gastric bypass and laparoscopic adjustable gastric banding seem to be the
procedures that show desirable weight loss with an acceptable incidence of morbidity
and mortality. Each patient should be individually evaluated and counseled regarding
the advantages and disadvantages of all procedures in order to match the type of proce-
dure to the patient’s expectancies and needs.

3. SPECIFIC DISEASES AFFECTED BY SUBSTANTIAL WEIGHT LOSS

3.1. Infertility
The fertility of obese women compared with normal-weight women is lower in

natural cycles and infertility treatment cycles (24–27). The role of obesity in menstrual
disorders, as well as the beneficial effect of weight reduction on ovulatory function in
overweight anovulatory women, have been described (28,29). As obesity is a known
factor in infertility (30), weight reduction is frequently incorporated as a part of infer-
tility treatment (31). The physiological mechanisms of fertility and weight loss are just
beginning to be understood.
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Table 2
Advantages and Disadvantages of Different Bariatric Procedures

Attributes LAGB VBG RYGB BPD BPD/DS

Safe +++ ++ +++ + +
Durable + ++ ++ +++ +++
Controlable/adjustable YES NO NO NO NO
Easily reversible ++ + + NO NO
Fully reversible +++ + + NO NO
Minimal invasiveness +++ ++ ++ +/ +
Low reoperation rate + + + +/ +
Quality of life ++ ++ +++ +/ +
Nausea and vomiting +++ ++ + + +
Protein deficiency NO NO +/ +++ ++
Micronutrients deficiency + + ++ +++ +++
Gallstone formation +/ +/ + +++ ++

LAGB, laparoscopic adjustable gastric banding; VBG, vertical banded gastroplasty; RYGB, Roux-en-Y
gastric bypass; BPD, biliopancreatic diversion; BPD/DS, biliopancreatic diversion with duodenal switch.



Hollmann et al., from Germany, reported the effects of weight loss in obese, infertile
women, describing the changes in hormone levels, menstrual function, and pregnancy
rate. Of the 58 women in the study, 35 took part in a weight- reducing program lasting
32 ± 14 wk with a weight loss of 10.2 ± 7.9 kg (therapy group). At the time of first oral
glucose tolerance testing, insulin resistance was a feature in 85% of the women in the
therapy group, and 22% were hyperandrogenemic. Weight loss resulted in a significant
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Fig. 1. Roux-en-Y gastric bypass.



reduction in blood glucose, insulin, androstenedione, dihydrotestosterone, and estradiol
concentrations. The pregnancy rate was 29% in this group, and 80% showed an
improvement of their menstrual function. Thus, weight reduction is an appropriate treat-
ment for women with obesity-related endocrine derangement, menstrual irregularity,
and infertility (32).

Clark et al. reported that an average weight loss of 10 kg restored spontaneous
ovulation in 90% in a cohort of previously anovulatory patients. In this group, 77.6%
subsequently became pregnant and 67% achieved a live birth. This also showed the
cost-effectiveness of weight loss as an infertility treatment. Prior to the study, 67 women
had had infertility treatment for $550,000 for two live births, a cost of $275,000 per
baby. After participation in this study and completing the weight loss program (diet and
exercise for 6 mo), the same 67 women had treatment costs of $210,000 for 45 live
births, a cost of $4600 per baby (33).

These results support the view that weight loss should be a prerequisite for obese
women prior to any assisted reproduction program.
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Fig. 2. Adjustable gastric banding.



3.2. Cancer
Because the relationship of obesity to some forms of cancer has been known for a long

time (34), it is not surprising that researchers have looked closely at the possible role of
adipocytikines in the regulation of carcinogenesis (35). Current studies show that obesity
and diabetes, closely related diseases, are both risk factors for cancer (36–37). Jee et al.
reported that higher blood glucose levels (140 mg/dL and above) increase the risk of all
types of cancer by up to 1.29 times. Specifically they found an increased relative risk
(RR) for cervical carcinoma (RR = 2.5), breast cancer (RR = 2.3), leukemia (RR = 1.5),
pancreatic cancer (RR = 1.7), liver cancer (RR = 1.6), colorectal cancer (RR = 1.3),
stomach cancer (RR = 1.2), and esophageal cancer (RR = 1.4) (38). It is still not clear
whether disturbances of adipocytokines are directly linked with cancer or whether
weight loss can substantially decrease the risk for cancer. However further investigations
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Fig. 3. Biliopancreatic diversion with duodenal switch.



272 Part IV / Weight Gain and Weight Loss

would help to elucidate whether weight loss can prevent not only the current top cause
of death, cardiovascular diseases, but also the second most common cause, cancer.

3.3. Asthma and Obstructive Sleep Apnea
In a study of 33 patients with asthma who were followed for 1 yr after weight-loss

surgery, all patients showed improvement in symptoms (severity and frequency) and a
third of them had no episodes of asthma and were off all therapy during follow-up (44).

Weigh loss also improves symptoms associated with obstructive sleep apnea (OSA).
The seriousness of this problem is emphasized by the fact that the cost of medical care
of obese patients with OSA has been estimated to be twice the cost of similar patients
without OSA (45). Recently, Guardiano et al. reported on the effect of significant
weight loss in eight subjects showing a mean reduction in respiratory disturbance index
(RDI ,the sum of all apneas and hypopneas per hour of sleep) by 75%. The same study
reported a 100% reduction in the need for continuous positive airway pressure (CPAP)
treatment and the mean oxygen saturation improved by 2 ± 2% (95 to 97%). The mean
nadir oxygen saturation also improved from 74 to 87% (45).

In addition to the profound reduction in OSA events after weight loss, the risks of
sudden death and cardiac arrhythmias are significantly reduced. Perhaps the greatest
patient benefit following an improvement in respiratory function after weight loss, is the
tremendous improvement in quality of life they experience, with better sleep, higher
daytime energy level, and overall satisfaction.

3.4. Cardiovascular Disease
Obesity is associated with an increased risk of coronary artery disease (CAD) and

mortality from cardiac events including myocardial infarction, arrhythmias, and sudden
cardiac death (46). Morbidity and mortality rates rise proportionally to the degree of
obesity in men and women, and the impact of excess body fat is more significant in
younger subjects than in older ones (47). Heart function is directly influenced by excess
body fat (52). In addition to higher cardiac output in obese patients, left ventricular volume
and filling pressures are higher than normal. This frequently results in the development of
left ventricular strain, which leads to hypertrophy, often of the eccentric type (53). Left
ventricular diastolic function is frequently impaired by this effect. Weight loss has a bene-
ficial impact on the functional and the structural cardiac status. In a study of obese patients
with a mean BMI of 32.7, weight loss of 8 kg over a period of 25 wk was associated with
a significant decrease in left ventricular mass (54). Weight loss also lowers blood pressure.
In a 3-yr follow-up of nonmorbidly obese patients with a mean BMI of 31, patients who
maintained a 4.5-kg weight loss had a relative risk of hypertension of 0.35, or a reduction
of 0.45 mmHg in systolic blood pressure and 0.35 mmHg in diastolic pressure per kilogram
of weight lost (51). Finally, as compared with conventional therapies for weight loss (diet,
drugs, lifestyle modification), bariatric surgery appears to be the best option for the treat-
ment of the morbidly obese, resulting in long-term weight loss, improved lifestyle, and
amelioration in cardiovascular risk factors that were elevated at baseline.

3.5. Diabetes
Type 2 diabetes affects around 8% of adults in the United States and is substantially

related to obesity (48). In a 10-yr follow-up study, men and women with a BMI 35.0



had a relative increased risk of developing diabetes of 23- and 17-fold respectively,
compared with a control group with a BMI between 18.5 and 24.9 (49). Independent of
BMI, the relative risk of developing diabetes mellitus increases with weight gain, as
shown in the Nurses’ Health Study (50). Moreover, in that study, women who volun-
tarily lost more than 5.0 kg reduced their risk of diabetes by 50%.

In a review of 440 obese patients (mean weight of 183 kg) who underwent BPD with
duodenal switch, all of the 36 patients with type 2 diabetes discontinued their medication
over a 7-yr follow-up period. It should be kept in mind, however, that the operative mor-
tality for this particular weight loss surgery is between 0.5 and 2% (14). Weber et al.
reported on 103 consecutive patients with laparoscopic gastric bypass who were
randomly matched to 103 patients with laparoscopic gastric banding according to age,
BMI, and gender. The prevalence of comorbidities, such as arterial hypertension, type
2 diabetes mellitus, and dyslipidemia, was comparable in the two groups before surgery.
The frequency of all these comorbidities decreased in the follow-up period, with one
exception of dyslipidemia in the banding patients. The prevalence of hypertension
dropped from 52 to 13% in the bypass group, and from 60 to 18% in the banding group.
Diabetes declined from 37 to 6% and 44 to 18%, respectively, leading to a significantly
lower frequency in the bypass patients (p = 0.007) on follow-up. Dyslipidemia was also
significantly lower in the bypass group than in the banding group after follow-up 
(p = 0.001) and in fact was essentially unchanged in the band patients. This observation
might be explained again through the different mode of action, as the gastric bypass pro-
cedure leads to a moderate malabsorption, where increased fat consumption can result
in uncomfortable steatorrhea. The gastric banding procedure is, overall, less effective in
controlling cardiopulmonary comorbidities (55).

Redmon et al. suggested that weight loss at 2 yr of 4 to 5 kg for people with type 2
diabetes can produce improvements in diabetes control that are likely to be clinically
significant (56). The Diabetes Prevention Program showed that intensive lifestyle
intervention reduced the risk of diabetes by 58%. Diet and regular exercise reduce the
incidence of diabetes even the patient is still overweight (48).

The prospective controlled Swedish Obese Subjects Study involved obese subjects
who underwent weight-loss surgery and contemporaneously matched, conventionally
treated obese control group who have been follow for at least 2 yr (4047 patients) or 10 yr
(1703 patients). Two- and 10-yr rates of recovery from diabetes, hypertriglyceridemia,
low levels of high density lipoprotein cholesterol, hypertension, and hyperuricemia
were more favorable in the surgery group than in the control group, whereas recovery
from hypercholesterolemia did not differ between groups (57).

3.6. Osteoarthritis
Obesity is strongly associated with an increased risk of osteoarthritis. This has

been particularly studied and confirmed for knee osteoarthritis. Analyses of the National
Health and Nutrition Examination Survey data show that adults in the United States
with a BMI 30 have a more than fourfold higher prevalence of radiographic knee
osteoarthritis than those with a BMI lower than 30 (58). In one study (59), the risk of
developing both radiographic and symptomatic knee osteoarthritis was increased in elderly
men and women who were obese for an average of 37 yr. The risk of developing dis-
abling knee osteoarthritis over a 10-yr period is strongly and directly correlated with
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initial BMI (60). Weight loss is recommended for overweight persons with knee
osteoarthritis under the American College of Rheumatology treatment guidelines (61).
Several studies suggest that weight loss may prevent the development or worsening of
knee and hip osteoarthritis. In an observational study, Felson et al. (62) found that older
women who had lost 5 kg during a 10-yr period had a 50% reduction in the risk of new
symptomatic knee osteoarthritis. McGooey et al. (63) reported a four- to fivefold reduction
in the prevalence of knee and hip pain in morbidly obese subjects who lost an average
of 45 kg after gastric stapling. Another study of obese women who lost an average of
5 kg during a 6-mo treatment with phentermine or placebo found that reductions in
clinical symptoms of hip and knee ostexoarthritis were correlated with the amount of
weight loss (64). Together, these studies demonstrate that overweight and obese older
persons with painful knee osteoarthritis can lose 4.5 to 9 kg over 6 mo with a combined
diet and exercise program, and that this amount of weight loss is associated with
improvements in knee pain and disability.

3.7. Gastroesophageal Reflux Disease
There is a widespread notion that obese persons are more likely to develop gastro-

esophageal reflux disease (GERD) than leaner subjects, and obese patients who seek
medical care for symptoms suggestive of reflux are often recommended by clinicians to
reduce their body weight to relieve the symptoms. However, the scientific search for a
positive association between BMI and intensity of symptoms has failed to show any
correlation.

Lagergren et al. (65) have reported that weight reduction may not be justifiable as an
antireflux therapy. Even if obesity is a poor predictor of reflux symptoms, this does not
necessarily imply that weight reduction will not be of benefit in providing symptom
relief. A significant beneficial effect of weight loss on symptoms of gastroesophageal
reflux in overweight patients has recently been reported in a small study involving 34
patients (66). In this study, the degree of weight loss was directly correlated with
improvement in GERD symptom scores. Elsewhere, strong and independent associations
have been reported between obesity, reflux symptoms, and esophageal adenocarcinoma
(67). The evidence suggests that an overweight individual with reflux symptoms is at
significantly increased risk of esophageal adenocarcinoma.

Although weight loss through lifestyle modification improves GERD symptoms,
there are no conclusive studies that document how much weight loss is necessary to
alleviate symptoms. The amount of weight loss that will alter intra-abdominal pressure
and possibly reduce GERD symptoms in patients with clinically significant obesity
(BMI > 35) may be unattainable or unsustainable by dietary changes alone.

The mainstay of operative treatment for medically refractory GERD has been laparo-
scopic fundoplication, yet the suitability of laparoscopic fundoplication in obese
patients has been controversial because of possible higher failure rates. Gastric bypass
reduces acid reflux into the esophagus and also induces durable and sustainable weight
loss; therefore, Roux-en-Y gastric bypass (RYGB) may have a potential application as
a primary treatment for GERD in obese patients.

Nelson et al. (68) reported that 89% of patients showed improvement of GERD
symptoms after 18% excess weight loss, whereas 7% had no change and 4% worsened.
Postoperatively, overall medication usage decreased from 30 to 3% (p < 0.001 vs
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preoperative) at the initial 3-mo follow-up. This reduction in medication use was sustained
at long-term follow-up, with only 5% using antireflux medications. The most dramatic
decrease was in the proton pump inhibitor class, with usage decreasing from 17%
preoperatively to 2% at 3 mo after bariatric surgery (68).

RYGB is effective for control of GERD symptoms with a significant decrease in the
use of antireflux medications. Both symptomatic improvement and decreased use of
antireflux medications occur independent of weight loss. These data suggest that RYGB
may be an alternative to fundoplication in obese individuals seeking operative treatment
for GERD.

Dixon and O’Brien showed that 76% of patients had complete relief of symptoms
after laparoscopic gastric banding with previous moderate or severe reflux, and there
was an improvement in symptoms in an additional 14%. The need for medications was
markedly reduced, and in 76% of cases, no treatment was required. This degree of effec-
tiveness equates with that achieved with proton pump inhibitors, although it falls short
of reported outcomes after antireflux surgery (69).

A recent study by Perez et al. demonstrated a 31% recurrence rate of GERD symp-
toms following laparoscopic Nissen fundoplication in obese patients (70). Results of
this study showed that laparoscopic Nissen fundoplication and laparoscopic gastric
bypass are effective in treating both objective acid reflux and heartburn. Heartburn
symptoms improved significantly in both groups of patients and completely resolved in
most patients after surgery. Patterson et al. (71) reported that laparoscopic Nissen fun-
doplication has proven to be an effective treatment of GERD. However, results have
been less successful in the obese population, especially in morbidly obese patients.
Laparoscopic Nissen patients did have significantly higher reflux scores preoperatively
compared with laparoscopic gastric bypass patients.

3.8. Nonalcoholic Fatty Liver Disease
Several studies have documented that obesity per se is a risk factor for liver diseases,

including steatosis, steatohepatitis, fibrosis, and cirrhosis. The hepatic alterations
described in obesity and morbid obesity are included in the spectrum of lesions consid-
ered in the clinicopathological entity called nonalcoholic fatty liver disease (NAFLD).
NAFLD is characterized by steatosis-associated hepatic injury that affects individuals
who consume little or no alcohol and in whom other causes of liver disease can be
excluded. The histological patterns of NAFLD are steatosis alone, nonalcoholic steato-
hepatitis (NASH)—in which, in addition to steatosis, lobular necroinflammatory alter-
ations are observed—and fibrosis, which can progress to cirrhosis (72).

As early as 1970, Drenick et al. (73) reported that extensive weight reduction by diet-
ing or fasting in obese patients was accompanied by a marked decrease in the amount
of fatty infiltration in the liver. Other authors have also noted regression of liver steato-
sis in obese persons after gastroplasty (74) or after diet and exercise (75).

Stratopoulos et al. (76) reported that NASH is a potentially reversible condition in
morbidly obese patients (86% regressed) after weight loss induced by vertical banded
gastroplasty. On the other hand, liver fibrosis improved in only 47% of these patients.

Keshishian et al. (77) recently published a report on 78 patients who had a NASH
grade between moderate and severe at the time of biliopancreatic diversion with duo-
denal switch (BPD/DS), whereas by the second year postoperatively, most patients had
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dropped their NASH grade to mild to moderate levels. By the third year, some patients
had complete resolution of NASH. Similarly, most patients had hepatic steatosis of 50
to 70% before BPD/DS, which improved to 20 to 30% by 2 yr. Rapid and progressive
improvement was observed at and after 12 mo after the BPD/DS operation, and contin-
ued beyond 3 yr.

Finally, in view of the frequency of hepatic alterations, a liver biopsy should be part
of the surgical protocol for bariatric operations, because it is the only procedure able to
determine the presence of potentially progressive lesions and to stage fibrosis.

3.9. Depression
Dixon et al. reported on 262 patients with depression who were studied before and up

to 4 yr after weight-loss surgery. Before the procedure, patients fell evenly into each of
four categories (major depressive illness, moderate depression, mild depression, and normal
status) as measured by the Beck Depression Inventory. At 1 yr, there were major reductions
in the proportion of patients in each of the depression groups, with 75% of patients assessed
to be normal. Four years after the procedure, the beneficial effect persisted (40).

3.10. Quality of Life
Quality of life is a major reason that people attempt to lose weight. There are cur-

rently only a few validated instruments available for bariatric surgery (41). The Bariatric
Analysis and Reporting Outcome System (BAROS), the Impact of Weight on Quality
of Life (IWQoL), and secondarily the Short form 36 (SF-36), are commonly used by
bariatric surgeons.

Tolonen et al. reported on quality-of-life scores among 125 patients, 60 after surgery
and 65 before surgery. Significantly better scores were recorded for the group that
underwent weight loss surgery in terms of self-esteem and physical, social, labor, and
sexual aspects, with an overall better score of quality of life (42).

Recently, Dixon et al. reported on a comparative study between weight-loss surgery
patients and controls. Ten out of 13 items in the SF-36 domain score showed significant
better scores than those of control patients. Physical function, role limitations from
physical problems, pain, general health, energy or vitality, social function, mental health,
physical component summary, Beck depression inventory, and appearance evaluation
had the best scores, whereas the nonimproved scores were role limitation from emotional
problems, mental component summary, and appearance orientation (4).

The Medical Outcomes Trust SF-36 health questionnaire was used to evaluate quality
of life among 459 patients before laparoscopic adjustable gastric banding placement
and annually thereafter. Scores on all eight subscales of the SF-36 were abnormally low
before surgery. At 1 yr, scores on all subscales had returned to normal and the beneficial
effect was seen to persist for at least 4 yr (43).

4. CONCLUSIONS

Weight loss has a tremendous beneficial impact on the health of obese patients.
Moderate weight loss may improve the severity of obesity-related comorbidities, but more
extensive weight loss could resolve many of them. Unfortunately, losing weight remains
a difficult goal for the majority of obese patients. There are a variety of weight-reduction



methods available for the health practitioner to recommend to patients. Depending on
the patient’s health status and BMI, different treatments should be chosen, from diet
modification, drugs, and lifestyle changes to bariatric surgery.
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Abstract
Adiposity, especially visceral adiposity, is an important risk factor for the development of insulin

resistance and type 2 diabetes. In addition to its role in storing energy, adipose tissue also secretes
into the circulation a number of hormones and other factors that can alter the response to insulin in
distant tissues, such as liver and muscle. Many of these factors are cytokines, which have been asso-
ciated with the immune system. 

Fat-derived hormones that can enhance insulin signaling include leptin, adiponectin, and possi-
bly visfatin. Those impairing insulin signaling include tumor necrosis factor- , resistin, and several
of the interleukins. Obesity has also been identified as a low-grade inflammatory state. Several pos-
sible mechanisms are discussed whereby rapid growth of adipose tissue might trigger a local inflam-
matory response. It is suggested that this inflammatory response and associated release of cytokines
may constitute the link between obesity and insulin resistance.

Key Words: Tumor necrosis factor; resistin; adiponectin; interleukins; free fatty acids; subcuta-
neous fat; visceral fat; insulin signaling.

1. INTRODUCTION

Obesity and type 2 diabetes are the most common metabolic diseases in Western
society, together affecting as much as half of the adult population (1). Not only is the
prevalence of these conditions high, but it also continues to increase. Insulin resistance
is a prediabetic condition, characterized by a failure of target organs to respond nor-
mally to insulin. Insulin resistance includes a central component (incomplete suppres-
sion of hepatic glucose output) and a peripheral component (impaired insulin-mediated
glucose uptake in skeletal muscle and adipose tissue) (2). When increased insulin
secretion is no longer sufficient to prevent hyperglycemia, the subject progresses from
insulin resistance to type 2 diabetes. Insulin resistance is associated with other condi-
tions such as central obesity, hypertension, and dyslipidemia, all risk factors for cardio-
vascular disease. The constellation of these metabolic abnormalities has been termed
metabolic syndrome.

Obesity is a well-recognized risk factor for the development of insulin resistance and
metabolic syndrome. In addition to the total amount of fat, distribution of adipose tissue
is also important, with most studies concluding that visceral fat contributes considerably
more to insulin resistance than does subcutaneous fat (3). However, one report, by Misra
et al., documented a robust correlation between posterior abdominal subcutaneous fat
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and insulin resistance (4). Underscoring the importance of visceral fat is the report by
Klein et al. that liposuction, resulting in a substantial reduction of subcutaneous fat, did
not enhance insulin responsiveness in insulin-resistant subjects (5). In rats, we (6) and
others (7) have found that surgical removal of visceral fat reverses insulin resistance.

Traditionally, adipose tissue has been regarded largely as a depot for stored fat. More
recently, it has become clear that adipose tissue plays an active role in energy metabo-
lism and is the source of hormones, cytokines, and metabolites that play an important
role in whole-body metabolism (8). The role of these substances may be either autocrine
or endocrine. Adipose tissue, especially visceral fat, is the source of a number of sub-
stances that might play a role in the development of insulin resistance. Among the latter
are tumor necrosis factor (TNF)- , adiponectin, interleukin (IL)-6, resistin, and free fatty
acids. The difference in the metabolic effects of visceral versus subcutaneous fat may be
attributed both to differences in the hormones secreted by the two types of fat and to the
fact that hormones secreted by visceral fat reach the liver in high concentration. The lat-
ter is due to the fact that visceral fat drains into the portal circulation, whereas subcuta-
neous fat drains into the systemic circulation (8). This review will focus on the regulation
of insulin responsiveness by adipokines and on evidence supporting the hypothesis that
these hormones play a role in the pathophysiology of insulin resistance.

2. OBESITY AS AN INFLAMMATORY CONDITION

Obesity produces a state of low-grade inflammation, characterized by elevated circu-
lating concentrations of acute-phase proteins, such as C-reactive protein (CRP), plasmino-
gen activator inhibitor (PAI)-1, and fibrinogen (9,10). CRP is elevated moderately in obese
men and highly in obese women (11). Hak et al. reported that in a group of healthy
middle-aged women, CRP was approximately threefold higher in the group whose body
mass index (BMI) was in the upper half (9). The mean CRP concentration in the upper-
BMI group was 1.15 mg/L, around the threshold of a clinically elevated level (11).

There are at least two theories as to why obesity should cause a state of inflamma-
tion. First, the growth—especially the rapid growth—of adipose tissue may cause local
hypoxia due to inadequate perfusion and result in the generation of angiogenesis factors
such as vascular endothelial growth factor (VEGF) and 11 -hydroxysteroid dehydro-
genase type 1. Overexpression of the latter enzyme in rodents has been shown to cause
adipose production of the inflammatory cytokines resistin and TNF- , both cytokines
being implicated in the development of insulin resistance (12). A second possibility is
that rapid expansion of adipose tissue results in the differentiation of preadipocytes into
macrophage-like cells (13). It is well-known that obesity is accompanied by an over-
expression of TNF- in adipose tissue. Weisberg et al. have recently shown that obesity
is accompanied by an increased number of macrophages in adipose tissue, but not in
liver or muscle (14). The overexpression of TNF- that occurs in adipose tissue of obese
humans occurs exclusively in macrophages.

3. ROLE OF LEPTIN RESISTANCE IN OBESITY AND INSULIN 
RESISTANCE

Leptin is produced by adipocytes and secreted into the blood. In the healthy state, the
circulating leptin concentration varies in proportion to adipose mass. Activation of leptin
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receptors in the hypothalamus decreases food intake and increases energy expenditure
via uncoupling proteins (UCPs) in fat and muscle. UCPs are mitochondrial proteins that
allow for oxidation of substrates with the production of heat, rather than storage of
energy in the form of ATP. Thus leptin serves as part of an “adipostat” mechanism,
whereby increased adiposity sets in motion responses that will eventually reduce
adiposity. In 1994, Friedman et al. discovered that ob/ob mice are leptin-deficient and
lose weight following leptin treatment (15). However, obese humans are typically
leptin-resistant and have higher-than-normal circulating concentrations of leptin. Leptin
resistance in humans has two components: impaired transport of leptin across the
blood–brain barrier and impaired signaling via hypothalamic leptin receptors (16).

In addition to its function as a direct regulator of adiposity, leptin is also an insulin-
sensitizing hormone (17,18). Thus, the reduced responsiveness to leptin that accompa-
nies obesity and may play a role in causing obesity also plays a role in causing insulin
resistance in the brain. Insulin receptors in the hypothalamus play an important role in
glucose homeostasis (18). Primate studies have shown that direct delivery of insulin to
the brain reduces feeding (18); rodent studies have shown that intracerebroventricular
administration of insulin not only reduces food intake, but also suppresses hepatic glu-
cose output (19,20). There is growing evidence that the link between leptin resistance
and insulin resistance is suppressor of cytokine signaling (SOCS)3, a molecule that
impairs signaling of both leptin and insulin (21), and one that is suppressed by leptin
(22). Mice with reduced neuronal expression of SOCS have enhanced sensitivity to
leptin and insulin and are protected against diet-induced obesity (23).

4. ROLE OF TNF- IN LINKING OBESITY TO INSULIN RESISTANCE

TNF- was first shown by Hotamisligil et al. to be overexpressed in adipose tissue
from several strains of obese rodents (24). Weisberg et al. have shown that macrophages
are the main source of TNF- in adipose tissue (14). TNF- expression is higher in
visceral fat (VF) of rodents than in subcutaneous (sc) fat (25). In addition, TNF- has
been shown to impair insulin signaling in cultured cells by three separate molecular
mechanisms. TNF- activates serine/threonine kinases that phosphorylate and impair the
function of key elements in the insulin signaling pathway (26). First, TNF- mediates
a serine phosphorylation of IRS-1 (27). This alteration impairs insulin signaling by
making IRS-1 resistant to subsequent insulin-stimulated tyrosine phosphorylation.
Second, TNF- phosphorylates and activates a protein tyrosine phosphatase that normally
terminates insulin action, thus playing a role in the self-limiting nature of insulin signal-
ing (28). Third, TNF- phosphorylates and inactivates the protein phosphate PP-1 at site
2, resulting in its inactivation (29). This action of TNF- opposes the action of insulin,
whereby glucose storage is promoted by phosphorylating PP-1 at site 1 and activating it.

The above findings led to the popular theory that TNF- of adipose origin is secreted
into the circulation, from where it reaches targets such as muscle and liver and causes
insulin resistance. However, circulating levels of TNF- are very low compared with the
concentrations required to induce insulin resistance when infused into rats (30) and tis-
sue levels of TNF- are several orders of magnitude higher than circulating levels (31).
Whereas some studies have shown that circulating TNF- is elevated in obese and
insulin-resistant subjects (32), others have not (33).
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We hypothesize that locally produced TNF- may contribute to insulin resistance in one
of two ways. First, obesity may cause insulin resistance in by increasing TNF- expression
in targets such as muscle. Support for this concept is our report that diet-induced obesity in
rats is accompanied by reduced insulin-stimulated glucose transport in skeletal muscle,
together with an increase in muscle expression of TNF- (34). Alternatively, obesity may
increase TNF- expression in adipose tissue, leading to the release into the circulation of
other cytokines that are capable of causing systemic insulin resistance.

5. ROLE OF ADIPONECTIN IN INSULIN RESISTANCE

Adiponectin is an insulin-sensitizing hormone produced exclusively by adipocytes
(35). There is a strong and positive correlation between serum adiponectin and insulin
responsiveness. In a group of normal and obese subjects, Weyer et al. studied the rela-
tionship between serum adiponectin and the glucose disposal rate, measured during
hyperinsulinemic euglycemic glucose clamp studies (36). Serum adiponectin varied
over a fivefold range, correlated positively with glucose disposal, and accounted for
approx 35% of the variance in insulin responsiveness.

Adiponectin increases oxidation of free fatty acids and reduces postprandial elevation
of nonesterified fatty acids (NEFAs) in mice (37). Adiponectin circulates at concentrations
in the low g/mL range, whereas most cytokines produced by adipose tissue are in the
pg/mL range (35). In rodents, adiponectin expression is considerably higher in VF than in
sc fat (38), and adiponectin secretion by VF has an inverse relationship with VF mass—
i.e., the larger the mass of VF, the less adiponectin is secreted. Serum adiponectin is low
in obese humans (39) and increases following weight loss (40). Yamauchi et al. have
shown that administration of adiponectin to obese rats on a high-fat diet reduces weight
gain and prevents the development of hepatic insulin resistance (41). The mechanism by
which adiponectin enhances insulin responses has not been well-studied, but may involve
opposing of TNF- -induced activation of the transcription factor NF B (42).

6. ROLE OF RESISTIN IN INSULIN RESISTANCE

Resistin is a recently discovered polypeptide that is secreted by mouse adipocytes
and has been implicated in the development of insulin resistance. Resistin was first
described in 2001, when a search for genes that are induced during adipocyte differen-
tiation but downregulated in mature adipocytes during exposure to thiazolidinediones
led to the discovery of a protein the investigators named resistin, for “resistance to
insulin” (43). Administration of resistin in normal mice impairs glucose tolerance and
insulin action. Furthermore, immunoneutralization of resistin improved blood glucose
and insulin action in animal models of obesity-induced insulin resistance. In rodents,
administration of thiazolidinedione drugs reverses insulin resistance. These drugs also
reduce gene and protein expression of resistin in some studies (44) but not in others (45).
These initial data suggested that resistin, at least in part, may explain how adiposity leads
to insulin resistance and may also explain the antidiabetic effects of thiazolidinedione
drugs. The molecular mechanism for the action of resistin is unknown. A recent study
in mice suggested that resistin selectively impairs the inhibitory action of insulin on
hepatic glucose production (44). However, the role of resistin in obesity-associated
insulin resistance has become controversial because the biology of resistin is different
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in humans than in rodents and additional evidence has suggested that obesity and insulin
resistance are associated with decreased resistin expression (45–47).

Whether resistin is expressed in human adipose tissue is not clear. McTernan et al.
found such expression and reported that resistin is relatively highly expressed in the
omental visceral fat and the abdominal subcutaneous fat, with lower expression in
subcutaneous fat on the thigh (48). This finding is in contrast to the findings of Savage
et al. and Nagaev et al., who did not detect resistin in human adipose tissue (49,50).
Whereas resistin is expressed mainly in adipocytes in mice (43), Fain et al. reported that
most of the resistin secreted by human fat explants is derived from nonadipocytes (51).
The reason for the differences in these studies is unclear. Human resistin is only 59%
similar to the mouse protein, and this may portend important differences in the
endocrine functions of adipocytes and resistin between rodents and humans (52).
Furthermore, insulin and TNF- , both elevated in obesity, have been found to inhibit
resistin expression, which may explain the low levels of resistin found in the recent stud-
ies of obesity diabetes.

The initial suggestion that resistin may be the link between obesity and insulin resist-
ance is being challenged. The role of resistin in normal and abnormal physiology remains
elusive. Studies from knockout mice and better characterization of resistin changes in
humans should help determine whether this adipokine is a cause of insulin resistance or
simply a bystander. Also, it will important to understand the similarities and differences
between mouse and human resistin and mechanisms of obesity-related insulin resistance.

7. ROLE OF IL-6 IN INSULIN RESISTANCE

IL-6 is a pleiotropic circulating cytokine that has important roles in inflammation,
host defense, and response to tissue injury (53). It is one of several proinflammatory
cytokines with a proposed role in the development of insulin resistance. IL-6 is secreted
by many cell types, including immune cells, fibroblasts, endothelial cells, skeletal mus-
cle, and nonadipocyte cells in adipose tissue, and circulates as a variably glycosylated
22- to 27-kDa protein (2).

IL-6 is released from contracting skeletal muscle, causing the serum concentration to
increase as much as 100-fold (54). IL-6 increases hepatic glucose production when
administered to human subjects, and there is evidence to suggest that the release of IL-6
from exercising muscle mediates the early phase on exercise-induced hepatic glucose
output. The fact that IL-6 opposes insulin action in the liver has led to speculation that
its oversecretion may play a role in insulin resistance. In the liver, IL-6 causes release
of NEFAs and is the primary stimulator of for production of acute phase proteins (55).
Administration of IL-6 in healthy volunteers induced dose-dependent increases in blood
glucose (56), probably by inducing resistance to insulin action. In vitro, IL-6 has been
shown to impair insulin signaling by several distinct molecular mechanisms (57).
Weight loss significantly decreases IL-6 levels in both adipose tissue and serum (58).
Genetic studies have also demonstrated a high level of correlation between insulin
resistance and IL-6 gene polymorphism (59). Besides its glucoregulatory effect, IL-6
increases circulating free fatty acids (FFA) from adipose tissue with their well-described
adverse effects on insulin sensitivity (60). Because visceral depots drain into the portal
circulation, the metabolic effects of IL-6 on the liver become important. Indeed, there is
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evidence to suggest that IL-6 inhibits insulin receptor signal transduction in hepatocytes
that is mediated, at least in part, by induction of SOCS3 (61). IL-6 may also exert its
adverse effects, at least in part, by decreasing adipose secretion adiponectin (62).

Although much evidence implicates IL-6 in insulin resistance, there is some conflict-
ing evidence. In a recent study, acute IL-6 administration did not impair glucose homeo-
stasis in healthy individuals (63). Moreover, IL-6-deficient mice were not protected
from development of obesity and glucose intolerance (64). Circulating IL-6 is elevated
approximately twofold in obese, insulin-resistant subjects, but although the association
is statistically significant, the relationship is not a strong one, accounting only for approx
7% of the variance in insulin responsiveness (33,65,66). Although VF produces two- to
threefold more IL-6 than does sc fat, adipose tissue is the source for only about 30% of
circulating IL-6 in humans (38), with the majority of adipose tissue-derived IL-6 coming
from stromal immune cells and not adipocytes (67).

In summary, a body of evidence indicates that IL-6 of adipose origin may play a role
in systemic insulin resistance, although there is also some evidence to the contrary.

8. OTHER POSSIBLE MEDIATORS OF INSULIN RESISTANCE

Visfatin is a recently discovered adipokine that is produced by adipocytes (68), and
is expressed in visceral fat at much higher levels than in subcutaneous fat (69). Serum
visfatin increases with VF, but not sc fat, in humans and mice. Visfatin has been shown
to have insulin-sensitizing properties when administered to insulin-resistant mice. Mice
that are heterozygous for a targeted mutation in the visfatin gene display a small impair-
ment in glucose tolerance, whereas homozygous mice die in utero. Visfatin binds to the
insulin receptor and activates downstream signaling, but does not compete for binding
with insulin. Visfatin has the ability to stimulate glucose transport in cultured muscle
and adipose cells and to inhibit glucose output in cultured hepatocytes.

Apart from cytokines, the most important candidate for linking obesity to insulin
resistance is circulating nonesterified (or free) fatty acids. Reaven et al. reported that
type 2 diabetes is associated with elevations in both fasting and postprandial NEFAs
(70). Boden et al. have shown that both acute infusion and chronic elevations of NEFAs
can decrease insulin-stimulated glucose disposal in humans (71). It is proposed that
increased hydrolysis of NEFAs leads to increased diacyl glycerol, which in turn activates
isoforms of protein kinase C (PKC). Although activation of PKC- is a part of normal
insulin signaling, activation of PKC- has been shown to impair insulin signaling (72).
Muscle biopsies from insulin-resistant subjects display serine/threonine phosphoryla-
tion of the insulin receptor, an impairment that TNF- does not cause in cultured cells
(73). Current evidence suggests that serine/threonine phosphorylation of IRs is medi-
ated by the theta isoform of protein kinase C, an enzyme that may be activated by an
increase in serum FFA (74). Additionally, Bjorntorp has hypothesized that increased
visceral fat causes hepatic insulin resistance by a “portal” mechanism, where a higher
concentration of NEFAs reach the liver from omental fat (75).

9. CONCLUSIONS

Table 1 lists candidate adipokines that may potentially link obesity with insulin
resistance. Such candidates should meet several criteria. The adipokine should have a
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major effect on insulin responsiveness; the circulating level should correlate to insulin
responsiveness and increase or decrease appropriately in animal models and experimen-
tal conditions. A significant fraction of the circulating cytokine should be of adipose
origin and expression should be higher in visceral fat than in subcutaneous fat.

Based on these criteria, there is strong evidence in favor of adiponectin as a link
between obesity and insulin resistance. Adiponectin is an insulin-sensitizing hormone
that is produced almost exclusively in fat, with higher expression in visceral fat. Serum
adiponectin is strongly and inversely correlated to insulin resistance and fat mass and
increases after weight reduction.

There is evidence both for and against the role of IL-6 in linking obesity to insulin
resistance. IL-6 has the ability to impair insulin responses and is elevated in obesity, but
circulating levels correlate only weakly to insulin responsiveness.

The case for resistin is strong in rodents, but weaker in humans. Resistin is preferen-
tially expressed in visceral fat of mice and is elevated in rodent models of genetic and
diet-induced obesity. However, resistin biology may be different in humans, and some
studies suggest that it is not expressed in human adipose tissue. Leptin is an insulin-
sensitizing hormone that is elevated in serum of obese subjects owing to leptin resistance.
This phenomenon is similar to the elevation of insulin in insulin resistance. Leptin plays
a prominent role in the development of obesity. Leptin resistance may also underlie
insulin resistance in the brain.

TNF- is overexpressed in tissues of obese and insulin-resistant animals. TNF-
circulates at low levels; some studies have found serum levels to be elevated in
insulin-resistant subjects, while others have not. TNF- impairs insulin responses in
muscle fat and liver by well-established molecular mechanisms. Most evidence sug-
gests that TNF- plays a paracrine or autocrine role in linking obesity to insulin
resistance.

Visfatin is a recently discovered insulin-sensitizing hormone that increases with vis-
ceral fat mass. Although less is known about visfatin than other adipokines, the latter
finding argues against its role as a link between obesity and insulin resistance.
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Abstract
Non-alcoholic fatty liver disease (NAFLD) represents a spectrum of clinicopathological conditions

in patients who do not consume excessive amounts of alcohol; these conditions are characterized by
hepatic steatosis with or without other pathological changes observed in liver biopsy. The pathogenesis
of NAFLD and its progressive form (non-alcoholic steatohepatitis [NASH]) appears to be multifac-
torial and is the subject of intense investigation. Increasing evidence indicates that the pathogenesis
of NAFLD and NASH is hastened by a disturbance in adipokine production. Decreased serum
adiponectin and increased tumor necrosis factor- , which are characteristic of obesity, appear to
contribute to the development and progression of NASH. The role of leptin in the pathogenesis of
NASH remains controversial and the involvement of serum resistin is primarily documented only in
animal models, which may or may not be applicable to the human form of NAFLD. Finally, other
adipokines such as vaspin, visfatin, and apelin may play important roles in the pathogenesis of
NASH and require further investigation.

Key Words: Non-alcoholic fatty liver disease (NAFLD); non-alcoholic steatohepatitis (NASH);
oxidative stress; insulin resistance; adiponectin; leptin; resistin; TNF- ; vaspin; visfatin; apelin.

1. INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) represents a spectrum of clinicopathological
conditions characterized by significant lipid deposition in the liver parenchyma of
patients who do not consume excessive amounts of alcohol (1,2). At one end of the NAFLD
spectrum is steatosis alone (“simple steatosis”), and at the other end are non-alcoholic
steatohepatitis (NASH), NASH-related cirrhosis, and hepatocellular carcinoma. The
distinction between steatosis alone and NASH can be made only by liver biopsy.
NASH is characterized by hepatic steatosis and by evidence for hepatocyte ballooning
degeneration, lobular inflammation, and occasionally, Mallory hyaline or sinusoidal
fibrosis (3). NASH and steatosis alone have differential risk for progression (3).

Estimates of the prevalence of NAFLD are high and are expected to increase with the
global epidemic of obesity. Recent studies suggest that up to 10 to 24% of the general
population and 50 to 90% of obese individuals are affected by NAFLD (2). The preva-
lence of histologically confirmed NASH is estimated as 1.2 to 4%; in morbidly obese
patients it is much more common, with estimates ranging from 20 to 47% (4). NAFLD
patients have higher-than-average mortality rates (standardized mortality ratio = 1.34) (5).
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Patients with steatosis alone rarely progress to cirrhosis, whereas 10 to 25% of those
with biopsy-proven NASH can progress to cirrhosis (1,3,4). In fact, most patients with
cryptogenic cirrhosis seem to have “burned-out NASH” that might also cause hepato-
cellular carcinoma (HCC) (6). The major risk factors for progression in NASH are the
presence of type 2 diabetes, obesity, metabolic syndrome, and elevated aminotransferase,
and histological features of ballooning degeneration of hepatocytes and Mallory’s hyalines
(4,7,8). Ultrasound and other noninvasive modalities can only detect steatosis, and are
unable to distinguish NASH from steatosis alone or detect hepatic fibrosis (9).

Of the many treatment strategies currently in use, none is proven to be effective for
NASH (10). Treatment strategies include modifying the clinical conditions associated with
NASH, such as type 2 diabetes mellitus, hyperlipidemia, and obesity (2). Pharmacological
interventions for NASH include the use of ursodeoxycholic acid (UDCA), clofibrate,
betaine, N-acetylcysteine, gemfibrozil, atorvastatin, thiazolidinedione, pentoxyfillin, and
vitamin E (2,11,12). None of these treatments is capable of preventing NASH progression.

2. PATHOGENESIS OF NASH

The pathogenesis of NASH appears to be multifactorial and is the subject of intense
investigation. Suggested theories include the influences of abnormal lipid metabolism
and the production of reactive oxygen species (ROS), increased hepatic lipid peroxida-
tion, stellate cell activation, and abnormal patterns of cytokine production, promoting
liver injury and fibrosis (13).

The “two-hit hypothesis” of NASH pathogenesis suggests that the first “hit” is the
accumulation of excessive fat in the hepatic parenchyma (4,14). This first step has been
linked to insulin resistance (IR), which is consistently observed in patients with NAFLD
(13). Clinical features of metabolic syndrome (obesity, diabetes mellitus, or hyper-
trigyceridemia) are commonly observed in patients with NAFLD (1,17). Furthermore,
unexplained elevations in alanine aminotransferase (ALT) levels in individuals with
metabolic syndrome suggest that NAFLD is the hepatic manifestation of this syndrome
(18). Additionally, patients with NAFLD with more “severe” forms of IR are at even
greater risk of progressive liver disease (4,19). Animal models of NAFLD also have IR,
and the use of the insulin-sensitizing agent, metformin, reverses hepatic steatosis (16).

The second “hit” leading to the development of the progressive form of NAFLD
involves oxidative stress. In steatotic livers, an imbalance between pro-oxidant and anti-
oxidant processes results from the induction of microsomal CYP2E1, peroxisomal -
oxidation of fatty acids (FA), release of cytokines from activated inflammatory cells,
changes in adipokine levels, or other unknown factors (4,13,20). NAFLD-related oxidative
stress may be linked to mitochondrial dysfunction, as mitochondria are the major source of
ROS in living cells (19). ROS, in turn, increases the peroxidation of membrane lipids that
induce the production of proinflammatory cytokines and activate stellate cells, leading to
hepatic fibrogenesis (4,13). Both the first and second hits may involve changes in circulat-
ing levels of various pro- and anti-inflammatory cytokines and adipokines.

3. ADIPOSE TISSUE, ADIPOKINES, AND NAFLD

White adipose tissue produces and releases a variety of proinflammatory and anti-
inflammatory factors, including adipokines (leptin, adiponectin, resistin, apelin, vaspin,
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visfatin, and zinc- 2-glycoprotein), cytokines (such as tumor necrosis factor [TNF]-
and interleukin [IL]-6), and chemokines (21). In addition to adipocytes, white adipose
tissue contains several other cell types, including macrophages and monocytes. It is
likely that macrophages are retained within adipose tissue in response to both monocyte
chemoattrative protein (MCP)-1 and macrophage migration inhibitory factors released
by adipocytes in amounts proportional to body mass index (BMI) (22). Cytokines pro-
duced by adipose tissue contribute to the increased systemic inflammation associated
with obesity (23). The exact contribution of each component of white adipose tissue in
the “proinflammatory” state of obesity is not entirely clear. Some studies indicate that
more than 90% of the adipokines released from adipose tissue (except for adiponectin
and leptin) originate from the nonfat cells embedded in the extracellular matrix (24). In
addition, some adipokines (e.g., resistin and adiponectin) are also produced elsewhere
in the body (25). Together, these findings suggest that serum adipokine concentrations
represent secretions by various cells, including adipocytes. It is increasingly clear that
adipokines play an important role in the pathogenesis of NAFLD.

4. ADIPOKINES IN THE EXPERIMENTAL MODELS OF NAFLD

Common experimental models of NAFLD include mice or rats fed high-fat or high-
carbohydrate diets, or mice that exhibit a genetic deficiency in leptin, a satiety factor
(15). These animal models spontaneously develop steatosis, and some progress to
steatohepatitis.

Animal models of NAFLD point to adipokine and cytokine abnormalities in the patho-
genesis of NAFLD. For example, leptin-deficient ob/ob mice are important animal models
of NAFLD because they are obese, insulin-resistant, hyperglycemic, and hyperlipidemic.
Similarly, leptin receptor-deficient fa/fa rats and db/db mice are phenotypically similar to
ob/ob mice, with the addition of hyperleptinemia. It is noteworthy that NAFLD occurs in
both leptin-deficient and hyperleptinemic animals with impaired leptin signaling. However,
leptin restoration leads to NAFLD reversal in leptin-deficient animals (15).

TNF- is another important cytokine involved in the pathogenesis of NAFLD; serum
levels are high in all animal models of NAFLD. Nonetheless, its origin (i.e., adipocytes
themselves or monocytes and macrophages) is not entirely clear. In NAFLD, the lipo-
toxic effects of excess fat may enhance TNF- release. Once initiated, this vicious cycle
of NF B/TNF- becomes self-perpetuating (15). It seems that chronic exposure to
TNF- promotes the accumulation of inflammatory cells in the liver, thereby exposing
hepotocytes to damaging factors released by activated monocytes (15). Indeed, anti-
TNF- treatment in ob/ob mice can improve liver histology and reduce total hepatic FA
content (16,26). On the contrary, two recent investigations have suggested a “hepato-
protective” role for TNF- . Leptin-deficient mice with elevated basal TNF- expression
are protected against acute liver damage, as their ability to induce IL-18 is diminished,
and T-cell-mediated hepatotoxicity is reduced (27). Because most other studies indicate
that TNF- enhances liver injury in NAFLD, this work has generated some controversy.

Resistin is another important adipokine, but our understanding of its role in NAFLD
is complicated by substantial differences between resistin-encoding genes in humans and
animal models. The spectrum of resistin-like molecules in humans and mice is different
because the resistin- encoding gene is absent in humans. Resistin serum content is also



substantially lower in humans (1/250) than in the rodent model. This is a major consid-
eration when interpreting the applicability of animal studies to humans (28). At present,
only one study has described the relationship between resistin and NAFLD (29). This
study focused on RELM- , a resistin-like molecule expressed by intestinal goblet cells.
Strictly speaking, RELM- cannot be considered an adipokine, but its effects might be
similar to white-adipose-specific RELM- . Among other changes, fatty liver results
from the overexpression of the RELM- encoding gene in the liver of transgenic mice
maintained on a high-fat diet (29). This intriguing finding requires further investigation.

Finally, adiponectin’s potential role in the pathogenesis of NAFLD has generated
much interest. Adiponectin reduces IR by decreasing triglyceride (TG) content in the
muscle and liver tissue of obese mice. It also increases the ability of subphysiological
levels of insulin to suppress glucose production by inhibiting hepatic gluconeogenic
enzymes (30). Moreover, in lipoatrophic mice, leptin and adiponectin act synergistically
(31). Obese mice produce diminished amounts of adiponectin. When replenished,
adiponectin dramatically alleviates steatosis in these animals, and attenuates inflamma-
tion by suppressing the hepatic production of TNF- (32). Adiponectin also attenuates
CCl4-induced hepatic fibrosis (33). Together this work points to the multilevel involve-
ment of this adipokine in the pathogenesis of NAFLD and its progression.

5. ADIPOKINES IN PATIENTS WITH NAFLD

The following sections review current clinical work on the potential role of specific
adipokines and cytokines in the development of NAFLD. These include adiponectin,
resistin, leptin, TNF- , and other cytokines.

5.1. Adiponectin
Adiponectin is the most frequently studied adipokine in patients with NASH. Over the

past few years, several authors have suggested that hypoadiponectinemia may contribute
to the development of NASH in obese individuals (32,34–37). Plasma adiponectin levels
are significantly lower in patients with NAFLD than in their matched controls. However,
there are no differences in adiponectin levels in patients with simple steatosis versus
those with NASH (35). Another study of 68 obese patients shows an independent asso-
ciation of hypoadiponectinaemia with steatosis and markers of liver injury (34). Similar
studies confirmed the protective effect of adiponectin against the development of radio-
logically proven steatosis in adult (36) and pediatric (37) populations.

The role of adiponectin in distinguishing NASH from simple steatosis remains contro-
versial. One study has shown that a reduction in circulating adiponectin levels in NAFLD
is related to hepatic insulin sensitivity and the amount of the hepatic fat, but not to the
severity of necroinflammation and fibrosis (38). On the contrary, other studies report that
hypoadiponectinemia is associated with increased grades of hepatic necroinflammation,
independent of IR (39). Musso and coauthors have also suggested that adiponectin could
be protective against NASH (40), as its levels correlate negatively with the presence of
necroinflammation and fibrosis (39,40). The same study demonstrates that the changes in
adiponectin levels probably precede overt manifestation of diabetes (40,41).

Circulating levels of adiponectin reflect a strong genetic component with an additive
genetic heritability of 46% (42) that is linked to regions on chromosomes 5p, 14q, and
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9p. Individuals homozygous for the +276T allele of the adiponectin-encoding APM1
locus have higher adiponectin levels than other subjects (43). Individuals with an allelic
combination of +45T and +276G (“TG” haplotype) are more likely to have various
components of metabolic syndrome (44,45). These findings are suggestive, but a corre-
lation between these genetic findings and NAFLD has not yet been reported.

It is also important to mention two recent publications focusing on the role of the
adipokine receptors in NAFLD and NASH that report contradictory results. Kaser and
colleagues report a significant reduction in the immunostaining of the adiponectin
receptor AdipoRII as well as its mRNA expression levels in liver biopsies of patients
with NASH as compared with patients with simple steatosis (46). On the other hand,
Vuppalanchi and colleagues report an increase in the mRNA expression levels of the
same receptor in NASH livers (47). These investigators report several other contradic-
tory findings regarding endogenous adiponectin production in the hepatic sinusoids
(46,47). Further clarification of the adiponectin receptors status in NASH is warranted
because some common haplotypes of Adip-R1 alleles are associated with hepatic
steatosis (48).

5.2. Resistin
Resistin has been the focus of much attention because it is implicated in the patho-

genesis of obesity-mediated IR and type 2 diabetes mellitus. In addition, resistin
appears to be a proinflammatory cytokine stimulating NF B-dependent macrophage
secretion of TNF- and IL-12 to the same extent as lipopolysaccharide (49). One recent
study shows that plasma resistin concentrations are positively correlated with hepatic fat
content (50). Others show that plasma resistin concentrations are similar in NASH
patients compared with BMI-matched, non-NASH controls (37,40). Despite these sug-
gestive findings, the role of resistin in the pathogenesis of NAFLD remains speculative
and requires further clarification.

5.3. Leptin
It is unclear whether serum leptin elevation is associated with the development of

steatosis or NASH. Higher-than-normal leptin concentrations are found in various types
of NAFLD and NASH, but not in chronic viral hepatitis without cirrhosis (36,51). Most
advanced stages of NASH usually correspond to higher leptin levels (36,51). One
recent study shows a correlation between serum leptin and serum ALT (52). Because
NAFLD is the most common cause of elevated ALT, this study provides indirect evidence
connecting leptin with NAFLD.

One mechanism by which leptin may contribute to the development of NASH is to
influence IR as well as FA influx into hepatocytes (53). In the later stages of NASH,
leptin may also augment systemic, low-grade inflammation, thus providing the “second
hit” responsible for advancing simple steatosis to steatohepatitis (53). Additionally,
leptin acts as a profibrogenic adipokine, acting both on endothelial cells and Kupffer
cells (54,55). However, despite early enthusiasm, the role of leptin in NAFLD remains 
controversial. Leptin levels have been associated with NAFLD, but this association
becomes insignificant after controlling for important confounders (56). Furthermore, a
longitudinal study showed no differences in leptin levels between patients with NAFLD
who had fibrosis progression and those who did not (56).
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In this context, it is important to remember that NAFLD is commonly seen in conjunc-
tion with lipodystrophy, a condition characterized by the partial or complete absence of
adipose tissue and hypoleptinemia. In such patients, leptin administration improves IR
and corrects hepatic steatosis and hepatocellular ballooning injury, whereas the degree of
liver fibrosis remains unchanged (57). Clearly, the exact nature of leptin involvement in
the development of NASH and its progression requires further investigation.

5.4. TNF-
TNF- is of interest because its levels increase with obesity and NAFLD, and pharmaco-

logical interventions decreasing TNF- appear to be therapeutic in patients with NASH.
TNF- is a proinflammatory cytokine capable of orchestrating the synthesis, secretion, and
activity of other proinflammatory molecules. In humans, the majority of TNF- is produced
by macrophages. Other tissues also produce TNF- in response to infection, ischemia, and
trauma (58). TNF- mRNA is found in very low quantities compared with other proteins in
human white adipocytes, but an overall increase in the adipose mass usually leads to sub-
stantial, cumulative production of this cytokine (59), potentially contributing to the develop-
ment of obesity-related NAFLD. Several studies have demonstrated that serum TNF-
levels are significantly higher in patients with NASH than in healthy controls (39,60).

The most comprehensive study of TNF- in patients with NASH shows remarkable
increases in the expression of mRNA encoding TNF- in both hepatic and adipose tissues
(78). Similar mRNA increases have been observed for the p55 receptor, but not for the p75
receptor of TNF- (61). Additional indirect evidence of TNF- involvement comes from
a 12-mo trial of pentoxifylline (1600 mg/d) in patients with NASH (62). Pentoxifylline is
a methylxanthine that can suppress both the accumulation of TNF- mRNA and the activ-
ity of its secreted form. In patients with NASH, both alanine aminotransferase and aspar-
tate aminotransferase levels were significantly lower after 12 mo of therapy compared to
the baseline (p = 0.003), indicating significant improvement in treated patients (62). The
treatment of NASH with 400 mg pentoxifylline three times per day had similar results
(63). These findings warrant further investigation.

5.5. Other Cytokines
Two potent proinflammatory cytokines, IL-6 and IL-8, are released by both visceral

and subcutaneous adipose tissues of obese subjects (24). In fact, human adipose tissue
can release more IL-6 and IL-8 than adiponectin, especially in morbidly obese individ-
uals (64). Two studies show that serum IL-8 and IL-6 levels in patients with NASH are
significantly higher than in healthy controls (60). On the other hand, IL-6 seems to
induce hepatoprotection both in normal and steatotic liver grafts after liver transplanta-
tion (65). These contradictory findings emphasize our incomplete understanding of the
role of these cytokines in NAFLD.

6. ROLE OF ADIPOKINES IN PROMOTING HEPATIC STEATOSIS, 
IR, OXIDATIVE STRESS, AND HEPATIC FIBROSIS IN NAFLD

6.1. Adipokines and Steatosis
As previously noted, hepatic steatosis may result from an increase in the delivery of

free FA to the liver, increased FA synthesis, decreased FA degradation, impaired TG



release from the liver, or a combination of these factors. Adiponectin exerts a beneficial
effect on the accumulation of TGs and on the concentration of FA in skeletal muscle
(68). It also enhances FA oxidation both in liver and muscle tissue through activation of
acetyl CoA oxidase, carnitine palmitoyltransferase-1 (CPT1), and 5 -AMP activated
protein kinase (AMPK) (69), and stimulates lipoprotein lipase activity in animal mod-
els (70). Decreased serum adiponectin is associated with lipoprotein lipase (LPL) defi-
ciency in humans, independent of the effects of systemic inflammation and/or IR (71).
Therefore, hypoadiponectinemia may stimulate the accumulation of fat in the liver by
promoting LPL deficiency, leading to an influx of free FA.

Alternatively, adiponectin may promote hepatic steatosis by increasing FA synthesis
or decreasing FA degradation within the liver, or both. For instance, adiponectin treat-
ment normalizes hepatic lipid content in steatotic mice by restoring the activity of
CPT1, a rate-limiting enzyme involved in the transport of long-chain FA into mitochon-
drial matrix (32). Thus, high adiponectin concentrations stimulate -oxidation of FA in
the liver and therefore decreases the intrahepatic lipid load. At the same time, adiponectin
downregulates the hepatic lipogenesis pathway (45).

A third mechanism potentially linking hypoadiponectinemia to the development of
NAFLD is an increase in hepatic lipid retention owing to adiponectin-dependent suppres-
sion of very-low-density lipoprotein (VLDL) synthesis, the chief route of hepatic lipid
export (67). The effects of adiponectin on VLDL metabolism are independent of both IR
and the size of the adipose tissue compartments (68). Unfortunately, patients included in
these studies were not assessed for the presence of NAFLD. Therefore, an important link
among adiponectin, VLDL, and the pathogenesis of NAFLD remains uncertain.

Leptin protects against lipotoxicity in nonadipose tissues (68), possibly by a peri-
pheral mechanism. Studies of pair-fed controls receiving the exact amount of food
ingested by leptin-treated animals show that controls remain steatotic despite caloric
restriction (73,74). In cultured pancreatic islets, leptin lowers TG content by increasing
FA oxidation and preventing its esterification (73). A similar mechanism may be at
work in the liver, because liver tissue expresses leptin receptors. Indeed, tissue-specific
overexpression of wild-type leptin receptors in steatotic livers reduces TG accumulation
in the liver but nowhere else (75).

Furthermore, leptin dramatically suppresses the expression of the hepatic stearoyl-
CoA desaturase (SCD)-1, the rate-limiting enzyme in the biosynthesis of monounsatu-
rated fats (74). SCD-1 suppression, in turn, supports resistance to both hepatic steatosis
and obesity owing to a marked increase in energy expenditure. Two proposed mecha-
nisms for these leptin effects include blocking TG synthesis and exporting VLDL
(74,75). These mechanisms lead to a concomitant increase in the pool of saturated fatty
acyl CoAs, which allosterically inhibits ACC and reduces the amount of malonyl CoA.
Inhibition of the mitochondrial carnityl palmitoyl shuttle system is relieved as a conse-
quence, stimulating the import and oxidation of FA in mitochondria. Thus, leptin admini-
stration de-represses FA oxidation, leading to increased fat burning (74). Other proposed
mechanisms of antisteatotic effects of the leptin involve increases in a peroxisome 
proliferator-activated receptor (PPAR) signaling (76) or AMPK activation, or both (77).

Leptin also seems to promote the elimination of the plasma cholesterol through stim-
ulation of its catabolism to bile salts in the setting of decreased cholesterol biosynthesis.
Cholesterol elimination is achieved by suppressing the hepatic activity of HMG-CoA
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Table 1
Summary of Positive and Negative Effects of Adipokines on Cellular Processes
Contributing to Pathogenesis of NASH

Cellular processes contributing to NASH

Lipid
accumulation

in liver Oxidative Fibrotic Role in NASH 
Adipokine (steatosis) IR damage responses progression

Adiponectin Suppressed Suppressed Suppressed Suppressed Prevents NASH
Leptin Suppression Suppression Pro-oxidant Fibrogenic Suppresses 

effects are effects are action initiation of 
low due to low due to steatosis; 
leptin leptin stimulates 
resistance resistance progression of

existing 
steatosis to 
NASH

Resistin Possibly Possibly Possibly Possibly Unclear
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reductase, upregulating the activities of both sterol 27-hydroxylase and cholesterol 7 -
hydroxylase, and diminishing the cholesterol fraction bound to VLDL by limiting TG
supply (78). Lowered leptin signaling might be responsible for the increase in the
prevalence of cholesterol gallstones in obese patients compared with the general popu-
lation (79).

It is important to remember that obesity is associated with leptin resistance and
hyperleptinemia. Therefore, exogenous leptin administration does not alleviate lipid
accumulation in the liver or improve NAFLD. On the other hand, the development of
central and peripheral leptin resistance critically depends on the liver. In animal mod-
els, chronic leptin treatment in leptin-naïve animals induces shedding in the soluble 
leptin receptor protein (SLR). SLR sequesters leptin and prevents productive inter-
actions with its signaling receptor (80), making peripheral leptin activity self-limiting.



It would be interesting to know whether the rate of the SLR synthesis is altered in
steatotic livers, or whether the manipulation of SLR production could alter leptin resist-
ance in obesity.

Our understanding of the role of resistin in the development of steatosis is quite pre-
liminary. Resistin is capable of influencing lipid metabolism in rodents. Resistin over-
expression in mice and rats leads to plasma TG increases and to significant
dyslipidemia (81). Serum resistin levels correlate negatively with HDL cholesterol 
levels in healthy men (82), suggesting that higher-than-normal resistin levels typically
seen in obesity and type 2 diabetes might contribute to the development of fatty liver
through its dyslipidemic effects.

Finally, TNF- ’s pleiotropic effects can influence lipid metabolism in the liver, as it
stimulates de novo synthesis of FA, suppresses FA oxidation, and enhances the turnover
of VLDL (83). Mice that express T-cell-targeted human TNF- transgenes provide an
animal model for persistent low-grade exposure to TNF- typical of morbid obesity
(84). These mice are dyslipidemic (84). Both mitochondrial and peroxisomal -oxida-
tions are inhibited in their livers (84) with no concomitant increase in the de novo FA
synthesis (84). Therefore, TNF- -dependent steatogenesis in the liver is predominantly
caused by the suppression of FA decomposition. TNF- also stimulates VLDL produc-
tion in the liver and inhibits the activity of lipoprotein lipase in adipocytes (85); these
processes favor lipolysis in fat depots and contribute to the development of the TNF- -
dependent hypertriglyceridemia and associated NAFLD.

6.2. Adipokines and IR
Because of the striking association between NASH and IR (2), any factor promoting

a vicious cycle of insulin signaling can be steatogenic, and factors counteracting IR can
be protective against the development of NAFLD.

Hyperinsulinemia caused by IR increases FA synthesis and impairs both mitochon-
drial -oxidation and the export of TGs in multiple ways. Early studies have indicated
that adiponectin decreases IR by increasing FA oxidation, which reduces the TG con-
tent in nonadipocytes (31), suppresses glucose production in the liver (69), and
enhances the hepatic action of insulin (30). These glucose-lowering effects of
adiponectin require liver-specific AMPK activation (69) and play a key role in the reg-
ulation of energy control. AMPK is activated in response to a variety of external 
signals, including adipokines (86). It is tempting to speculate that AMPK-mediated
antiglycemic effects may play a role in the prevention of NAFLD, but this seems
unlikely. Recent work indicates that short-term overexpression of a constutively
active form of AMPK in the liver can lead to the development of fatty liver in the pres-
ence of lowered hepatic glycogen synthesis and circulating lipid levels (86). Most
likely, the NAFLD-like disorder in animal models develops from the hepatic accumu-
lation of lipids released from adipose tissue in response to the relative scarcity of glu-
cose. Therefore, additional stimulation of AMPK provided by a sudden increase of
adiponectin (e.g., owing to thiazolidinedione [TZD] treatment) may aggravate early
stages of the hepatic steatosis. This may also explain the infrequent but potentially
serious hepatotoxic side effects of chronic TZD administration (87) and the pro-
nounced exacerbation of hepatic steatosis in mice with polygenic obesity treated by
rosiglitazone (88).
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Leptin exerts a systemic insulin-sensitizing effect (89). An interaction between the
insulin and leptin signaling cascades has been studied both in vitro and in vivo (90), but the
complete mechanism remains unclear and the results are inconsistent. Most likely, cross-
cascade interactions involve insulin receptor substrate (IRS) molecules, PI 3-kinase, Akt,
and GSK3 (90). The liver is probably central to the adiposity-independent role of leptin in
controlling IR, as some studies have suggested that leptin selectively improves insulin
receptor activation only in the liver, but not in skeletal muscle or fat (91). Unfortunately, the
insulin-related branch of the leptin-dependent signaling pathway in obese livers is pro-
foundly suppressed (92). Therefore, it is unlikely that therapeutic administration of leptin
would alleviate liver steatosis through improved insulin sensitivity.

Resistin reduces glucose tolerance and insulin action, thereby inducing IR. Hyper-
resistinemia certainly contributes to IR in obese rodents because of decreased gluco-
neogenic enzyme expression in the liver and to the activation of AMPK (93). In humans,
the situation is much more difficult to trace, because serum resistin levels are related to
sex, age, and testosterone and estradiol levels (94). These fluctuations in resistin levels and
the relatively low homology between resistin and resistin-like molecules in humans and
rodents complicate the study of resistin in the development of IR in the liver and NAFLD.

TNF- alters systemic energy homeostasis in a way that closely resembles the IR
phenotype. Mice with a complete knockout of TNF- signaling show significantly
improved insulin sensitivity in both diet-induced and leptin-deficient obesity (95).
Long-term exposure to TNF- completely abolishes insulin-induced glycogen synthe-
sis in hepatocytes (96). Therefore, abnormal production of TNF- may predispose
obese individuals to the development of the IR and NAFLD.

Visfatin is produced both in visceral and subcutaneous adipose tissue and exerts
insulin-like effects in various tissues by binding and activation of the insulin receptor
(98). Visfatin is upregulated in obesity (97) either as a simple reflection of visfatin
resistance that parallels the IR in metabolic syndrome, or represents an important com-
pensatory pathway leading to lowered glucose levels. Vaspin, visceral adipose tissue-
derived member of the serine protease inhibitor (serpin) family, normalizes serum
glucose levels by reversing altered gene expression related to IR, including all other
adipokines discussed above (99). In humans, vaspin mRNA expression is not detectable
in lean subjects, but is a frequent finding in type 2 diabetes (100). This secreted mole-
cule might be an important insulin sensitizer of adipocytic origin and may play an
important role in NAFLD. Finally, apelin is an adipokine that is probably related to
peripheral IR. It inhibits glucose-stimulated insulin secretion both in vivo and in vitro
by acting on its receptor, which is expressed in -cells of pancreatic islands (101).
Apelin plasma levels are largely increased in all the hyperinsulinemia-associated obese
states in mice, independently of diet composition (102), and in obese humans (102,103).
In summary, the interplay between insulin-like visfatin, insulin-sensitizing vaspin, and
the suppression of insulin production by apelin may represent important avenues for
future studies of the pathogenesis of NAFLD and NASH.

6.3. Adipokines and Oxidative Stress
Changes in serum adipokine concentrations augment oxidative stress in patients with

NASH. Most studies converge on CYP2E1, peroxisomal release of ROS, and mitochon-
drial dysfunction. ROS and reactive nitrogen species (RNS) are generated by the
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parenchymal cells of the liver, Kupffer cells, and inflammatory cells, which further
mobilize cellular defense mechanisms and contribute to liver injury and necrosis.

The potential role of adiponectin as an antioxidant is mostly indirect. One study sug-
gests that serum adiponectin levels negatively correlate with urinary levels of iso-
prostane, an oxidative stress marker (104). A different line of evidence suggests that the
production of adiponectin may be suppressed in the pro-oxidative conditions. For exam-
ple, inhibited adiponectin mRNA expression is observed in differentiated murine
adipocytes after exposure to increasing concentrations of glucose oxidase, H2O2, and
byproducts of lipid peroxidation (105). Adiponectin synthesis may also be suppressed
by an excess of angiotensin II (AngII), a vasoactive peptide (106). AngII indirectly activates
NAD(P)H oxidase, which favors the production of ROS. It is noteworthy that adminis-
tration of the angII type 1 receptor antagonist losartan significantly improves liver
biochemical indices as well as hepatic necroinflammation in patients with NASH (52).

Leptin increases markers of lipoperoxidation in the liver while decreasing antioxidant
GSH levels and the activities of glutathione-S-transferases (GSTs), superoxide dismutase
(SOD), and catalase (107). Similar observations have been made in non-NAFLD patients
with other chronic liver diseases (108). Intravenous leptin injections induce the release
of nitric oxide (NO) (109) by both endothelial and inducible nitric oxide synthases
(eNOS and iNOS). As uncoupled eNOS changes from a protective enzyme to a contri-
butor to oxidative stress, leptin-induced stimulation of eNOS and iNOS is a pro-oxidative
event (110). Leptin also stimulates cytochrome CYP2E1 expression, responsible for the
oxidation of alcohol and the production of ROS. Paradoxically, CYP2E1-dependent pro-
duction of ROS inhibits apoptosis but accelerates necrosis stimulated by polyunsaturated
FA (111). This latter observation is consistent with the necroinflammatory features seen
in patients with NASH. Finally, CYP2E1 activity is elevated in patients with NASH as
assessed by the rates of oral clearance of chlorzoxazone (112).

Additional observations supporting the role of resistin in promoting oxidative stress
include a study of resistin’s effects in porcine coronary arteries, which shows increased
superoxide radical production, and decreased eNOS activity (113). In humans with
normal body weight, serum resistin concentrations are negatively correlated with the
concentrations of a marker of oxidative stress, nitrotyrosine (61). Conversely, oxidative
stress itself can suppress resistin production in adipocytes, similar to suppressed produc-
tion of adiponectin. The efficiency of such suppression might depend on a particular
genotype at a resistin locus (115).

TNF- certainly plays an important role in the enhancement of ROS production
observed in steatotic livers. Key components of TNF- signaling include ceramide,
which influences the mitochondrial electron transport chain and evokes hydrogen per-
oxide overproduction (116). In addition, ceramide induces mitochondrial membrane
permeability transition (MMPT) and subsequent necrosis (117). Another potential sen-
sitizer to TNF- -induced cell death is the uncoupling of mitochondrial respiration
(118). TNF- enhances the expression of UCP2, a mitochondrial regulator that increases
a proton leak across the inner membrane to dissociate respiration from ATP synthesis
and reduce ROS generation. TNF- -dependent UCP2 stimulation is especially pronounced
in steatotic (119) and regenerating (120) livers. Upregulated UCP2 may compromise
cellular ATP levels and worsen liver damage by augmenting cell death, or it may be
protective by reducing ROS levels. It is also possible that these two effects cancel each
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other (121). It is important to note that the state of UCP2 activity in patients with
NAFLD and patients with NASH is not entirely clear. As mitochondrial uncoupling
sensitizes the cells to TNF- -induced death, this effect might outweigh the simultaneous
decrease in the ROS production in human subjects.

6.4. Adipokines in Hepatic Fibrosis
Hepatic fibrosis is a wound-healing response characterized by inflammation, activa-

tion of matrix-producing cells, extracellular matrix (ECM) deposition and remodeling,
and epithelial cell regeneration (122). Major matrix-producing cells in the liver are
hepatic stellate cells (HSCs) that may undergo a phenotypic transition to myofibroblast-
like cells that synthesize various ECM components and contribute to fibrogenesis.

Adiponectin suppresses the proliferation and migration of HSCs (123) and attenuates
CH4-dependent liver fibrosis through suppression of platelet-derived growth factor
(PDGF) and transforming growth factor (TGF)- 1-induced migration and proliferation
(33). Adiponectin can also induce apoptosis in activated HSCs, but not in quiescent
HSCs (124). Both AdipoR1 and AdipoR2 receptors are present in both quiescent and
activated HSCs; however, AdipoR1 mRNA expression is reduced by 50% in activated
HSCs (124). These findings indicate that adiponectin is either essential to maintaining
the quiescent phenotype of HSCs or it is capable of reversing hepatic fibrosis by ham-
pering the proliferation of activated HSCs and by inducing HSC apoptosis.

Leptin enhances liver inflammation and fibrogenesis, in part, by upregulating TGF- .
Leptin has a profound positive influence on (2)(I) collagen mRNA expression in HSCs
(125). In addition, leptin augments PDGF-dependent HSC proliferation. Taken together,
these studies indicate that leptin is a potent promoter of hepatic fibrosis. Observations
in lipodystrophic patients treated with recombinant leptin support this conclusion (57).

Resistin has no known connection with hepatic fibrosis, but this molecule has been
implicated in pulmonary fibrosis induced by bleomycin. Cocultures of RELM- -
expressing epithelial cells and fibroblasts stimulate -smooth muscle actin and type I
collagen expression independently of TGF- (126). Similar resistin-dependent responses
might be produced in HSCs, if resistin contributes to the development of NASH.

Recent experiments provide direct evidence of the involvement of TNF- in fibrogenic
responses. When double knockout mice lacking both TNF receptors (TNFRDKO mice) are
fed methionine- and choline-deficient (MCD) diets, they develop less pronounced liver
steatosis than their wild-type counterparts (127). Similar findings in TNFRp55 knockout
mice indicate that even partial suppression of TNF- signaling can alleviate hepatic fibro-
sis (128). It seems that TNF- increases the recruitment of Kupffer cells that can, in turn,
produce extra TNF- and hasten fibrosis in either an autocrine or a paracrine manner. Both
these processes can contribute to the development of NASH progression to cirrhosis.

7. CONCLUSIONS

We have learned a great deal about the epidemiology and pathogenesis of NAFLD
and NASH over the past decade (Table 1). It is increasingly clear that the development
of NASH is a complex process involving multiple mechanisms including IR, oxidative
stress, abnormal FA metabolism, and disturbances in the production of inflammatory
cytokines and adipokines. Decreased production of adiponectin and increased production



Chapter 22 / Adipokines in NAFLD 303

of TNF- , which are characteristic of obesity, seem to contribute to all major NASH-
related cellular processes. Leptin, on the other hand, behaves as a “wolf in sheep’s cloth-
ing.” Its NASH-suppressive effects are diminished by the widespread effects of leptin
resistance, and it becomes potentially pro-oxidant and fibrogenic. Resistin’s involve-
ment in NASH is documented in rodent models, but may not be applicable to NAFLD in
humans. In addition, other adipokines, such as vaspin, visfatin, and apelin require further
study in patients with NAFLD and NASH.
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Abstract
The International Agency for Research on Cancer has classified the evidence of a causal link

between adiposity and human cancer as “sufficient” for cancers of the colon, female breast (post-
menopausal), endometrium, kidney (renal cell), and esophagus (adenocarcinoma). In addition to
these cancers, more recent epidemiological evidence suggests that cancers of the liver and pancreas
are obesity related, and that adiposity may also increase the risk for hematopoietic cancers and
aggressive prostate cancer. The mechanisms by which obesity is postulated to induce or promote
tumorigenesis vary by site. These include insulin resistance and resultant chronic hyperinsulinemia,
increased bioavailability of steroid hormones, and localized inflammation. The role that leptin,
adiponectin, and other proteins secreted by adipocytes may have in the development and progression
of tumors is an active area of research.

Key Words: Anthropometry; body mass index; cancer; epidemiology; obesity; overweight.

1. INTRODUCTION
Obesity has long been recognized to be an important cause of type 2 diabetes

mellitus, hypertension, and dyslipidemia (1,2). The adverse metabolic effects of excess
body fat are known to accelerate atherogenesis and increase the risk of coronary heart
disease, stroke, and early death. The relationship of obesity to cancer has received less
attention than its cardiovascular effects. Results from epidemiological studies largely
begun in the 1970s indicate that adiposity contributes to the increased incidence and/or
death from cancers of the colon, female breast (in postmenopausal women),
endometrium, kidney (renal cell), esophagus (adenocarcinoma), gastric cardia, pan-
creas, gallbladder, liver, and possibly others. It has been estimated that 15 to 20% of all
cancer deaths in the United States can be attributed to overweight and obesity (3). At
present, the strongest empirical support for mechanisms to link obesity and cancer risk
involves the metabolic and endocrine effects of obesity, and the alterations they induce
in production of peptide and steroid hormones (4). As the worldwide obesity epidemic
has shown no signs of abating, insight into the mechanisms by which obesity con-
tributes to tumor formation and progression is urgently needed, as are new approaches
to intervene in this process.
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2. ASSESSMENT OF OVERWEIGHT AND OBESITY 
IN EPIDEMIOLOGICAL STUDIES OF DISEASE

Definitions for classifying and reporting healthy weight, overweight, and obesity in
populations have historically been based on measures of weight and height rather than
clinical measures of adiposity (5,6). Although weight is the simplest anthropometric
index of excess body fat, it does not distinguish between lean body mass (comprised pri-
marily of muscle, bone, and extracellular water) and adipose tissue (5). Thus, measures
of weight adjusted for height provide a better approximation of the proportion or total
amount of adipose tissue in the body than does weight alone.

Since the 1980s, indices of weight adjusted for height have gained favor because they
provide a single estimate of adiposity regardless of height and can be easily compared
across studies and across populations. By far the most widely used weight-for-height
measure is the body mass index (BMI, also called Quetelet’s index), which is defined
as weight (in kilograms) divided by height (in meters squared) (5). The assumption
underlying the BMI (and all other such indices) is that true adiposity is unrelated to
height. Indeed, among the many indices of weight-for-height that have been proposed,
the correlation with height has generally been lowest for BMI (5).

Standards defining healthy weight, overweight, and obesity have evolved over time
and reflect existing knowledge of and assumptions about the relation of weight to disease
outcomes. Historically, weight-for-height standards prepared by the Metropolitan Life
Insurance Company provided “ideal” and “desirable” gender-specific weight ranges for
each inch of height based on actuarial data (7). Standards based on BMI have been
reported for the US adult population since 1980 in the Dietary Guidelines for Americans
(8). Widely accepted current standards based on BMI criteria for overweight and obe-
sity are recommended by the World Health Organization (WHO) (9) and supported by
other advisory committees and expert panels to federal agencies (1,8). The WHO cut-
points for BMI and their corresponding interpretations are shown in Table 1. Although
the exact cut-points are somewhat arbitrary, this BMI classification scheme was derived
largely from observational and epidemiological studies of BMI and disease end points
and thus reflects the relationship of BMI to morbidity and mortality (1,9). The cut-point
for the underweight category is based on adverse health consequences of malnutrition
in developing countries (9).

Weight and height can be self-reported and thus are more easily determined in
epidemiological studies of morbidity and mortality than measured weight and height or
clinical measures of adiposity. Even though some systematic error exists in self-reported
weight and height (weight tends to be underestimated and height overestimated), self-
reported data are highly correlated with measured weight and height (r = 0.8 to >0.9) (5)
and are sufficiently accurate to establish associations with diseases known to be related
to obesity in epidemiological studies (5,10,11). However, prevalence estimates of over-
weight and obesity based on self-reported data tend to be lower than those based on
measured values (12).

Many studies have found moderate to strong correlations (r = 0.6 to 0.9) between
BMI and densitometry estimates of body fat composition in adult populations (5). The
validity of BMI as a measure of adiposity is further supported by its association with
obesity-related risk factors such as blood triglycerides, total cholesterol, blood pressure,
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and fasting glucose (5). BMI may be a less valid indicator of adiposity among the
elderly, who tend to have a shift of fat from peripheral to central sites with a conco-
mitant increase in waist-to-hip ratio (WHR) at the same level of BMI (13). For such
populations, and with increasing evidence of health risks associated with abdominal
(visceral) fat, two measures of central adiposity, the WHR and, more recently, waist 
circumference, have been commonly used in epidemiological studies.

3. MECHANISMS RELATING ADIPOSITY TO CANCER RISK

Body weight has strong effects on metabolic factors that may subsequently affect
cancer risk—in particular, on circulating levels of peptide and steroid hormones and
their binding factors. Specific effects vary somewhat by gender and by menopausal
status in women and are summarized in Table 2.

A linear increase in circulating levels of insulin occurs with increasing BMI in both
men and women. Insulin acts to control the uptake and use of glucose in peripheral
tissues. With excessive calorie consumption and weight gain, tissues become insensitive
(resistant) to insulin and the body compensates by producing more insulin, resulting in a
chronic state of hyperinsulinemia. Obesity—particularly abdominal obesity—is a major
determinant of insulin resistance and hyperinsulinemia.

Insulin-like growth factors (IGFs) are mitogens that regulate energy-dependent growth
processes (14). IGF-I stimulates cell proliferation and inhibits apoptosis and has been
shown to have strong mitogenic affects in a wide variety of cancer cell lines. The syn-
thesis of IGF-I and its main binding protein, IGFBP-3, are regulated primarily by pituitary
growth hormone (GH). In the circulation, more than 90% of IGF-I is bound to IGFBP-3.
Obesity and other conditions related to chronic hyperinsulinemia result in elevated blood
glucose levels, decreased levels of IGF-binding proteins (IGFBP-1 and IGFBP-2) and
higher levels of free plasma IGF-I, the small fraction of IGF-I unbound to any binding
protein. Obesity does not increase absolute plasma IGF-I levels, and the mild decrease in
IGF-I levels observed in obese and hyperinsulinemic individuals can be explained by the
negative feedback of free IGF-I on GH secretion, which is also lower in obese individuals.

Insulin and free IGF-I interact with and regulate the synthesis and bioavailability of
sex steroids that affect the development and progression of certain cancers (15). Chronic
hyperinsulinemia inhibits hepatic synthesis of sex hormone-binding globulin (SHBG),
thus increasing bioavailable androgens and estrogens unbound to SHBG. The unbound
fraction determines the actual biological activity of androgens and estrogens, hormones
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Table 1
Cut-Points of BMI for Classification of Weight (9)

BMI (kg/m2) World Health Organization

<18.5 kg/m2 Underweight
18.5–24.9 kg/m2 Normal range
25.0–29.9 kg/m2 Grade 1 overweight
30.0–39.9 kg/m2 Grade 2 overweight

40.0 kg/m2 Grade 3 overweight

BMI, body mass index.



essential for the growth, differentiation and function of many tissues in both men and
women. There is a strong inverse association between the amount and distribution of
body fat and circulating levels of SHBG (16,17).

In addition to the effects of insulin on the bioavailability of sex hormones, adipose tis-
sue itself increases the concentration of circulating estrogens in men and postmenopausal
women through the aromatization of androstenedione to estrone (16). In postmenopausal
women, ovarian production of estrogen falls to very low levels and the adipose is the
primary source of circulating estrogen.

Weight loss has been shown to reduce insulin resistance and circulating levels of
insulin, glucose, and estradiol, and to increase levels of SHBG (18). In most studies, a
5 to 10% weight reduction is sufficient to improve these metabolic parameters. The
influence of weight loss on levels of IGFs and associated binding proteins is less clear.
Unfortunately, few studies of the metabolic changes associated with weight loss have
measured long-term effects, and there is little empirical evidence regarding the clinical
manifestations of weight loss sustained over long periods of time (2,18,19).

4. EPIDEMIOLOGICAL STUDIES OF OBESITY AND CANCER

4.1. Historical Perspective of Epidemiological Studies of Weight
The relationships between excess body weight and mortality from all causes and

from cardiovascular disease have been well-established in epidemiological studies
(20–24). Excess weight is also known to be associated with an increased risk of
morbidity, including cardiovascular diseases, type 2 diabetes mellitus, hypertension,
dyslipidemia, glucose intolerance, and osteoarthritis (1,2).
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Table 2
Associations of Obesity With Selected Proteins

Hormone or binding globulin Obesity vs normal weight

Insulin
Insulin-like growth factor-I (IGF-I) Nonlinear, peak around BMI 24–27 kg/m2

Free IGF-I
IGF binding protein-1
IGF binding protein-3 or NE
Sex hormone-binding globulin
Total testosterone (M), NE (F); (PCOS);
Free testosterone NE or (M), (F)
Total estradiol (M, postmenopausal F),

NE (premenopausal F)
Free estradiol (M, postmenopausal F),

NE (premenopausal F)
Progesterone (premenopausal F) NE, or in women with suspectibility 

to develop ovarian hyperandrogenism

, increased levels; , decreased levels; NE, no observed effect; M, males; F, females; PCOS, pre-
menopausal women with polycystic ovary syndrome; BMI, body mass index.

Reproduced with permission from ref. 4.



The association of overweight and obesity with most of these noncancer outcomes
is generally stronger than the association with all cancer or specific cancer sites. In
populations experiencing temporal increases in the prevalence of obesity, increases in
hypertension, hyperlipidemia, and diabetes emerge earlier than increases in cancer
outcomes. Because the incidence and mortality of specific types of cancer are less
common than these noncancer outcomes, the relation of obesity to particular cancer
sites has been more difficult to study. Moreover, a biological mechanism that clearly
links obesity to forms of cancer without an endocrine component has not been estab-
lished.

For these reasons, understanding the associations between overweight, obesity, and a
wide variety of cancers, as well as the biological mechanisms contributing to these asso-
ciations, remains an evolving and currently very active area of research. Accumulating
research on obesity and cancer suggests that this relationship is not confined to just a
few forms of cancers.

4.2. Evaluation by the International Agency for Research on Cancer
An International Agency for Research on Cancer (IARC) Working Group on the

Evaluation of Cancer-Preventive Strategies published a comprehensive evaluation of the
available literature on weight and cancer that considered epidemiological, clinical, and
experimental data (18). Their 2002 report concluded that there is “sufficient evidence” in
humans for a cancer-preventive effect of avoidance of weight gain for cancers of the
endometrium, female breast (postmenopausal), colon, kidney (renal cell), and esophagus
(adenocarcinoma) (18). Regarding premenopausal breast cancer, the report concluded
that available evidence on the avoidance of weight gain “suggests lack of a cancer-
preventive effect.” For all other sites, IARC characterized the evidence for a cancer-
preventive effect of avoidance of weight as “inadequate” in humans.

The conclusions regarding the evidence in humans are based on epidemiological stud-
ies of overweight and/or obese individuals compared with leaner individuals, not on
studies of individuals who have lost weight. Unfortunately, few individuals lose and main-
tain significant amounts of weight, making it extremely difficult to examine cancer out-
comes in large populations of weight losers. Consequently, the IARC report concluded
that there is “inadequate evidence” in humans for a cancer-preventive effect of intentional
weight loss for any cancer site. Of note, though, three very recent studies of the impact of
weight loss on breast cancer (25,26) and endometrial cancer (27) suggest that weight loss
over the course of adult life may substantially reduce the risk for these cancers.

The IARC also concluded that in experimental animals, there is “sufficient or limited
evidence” for a cancer-preventive effect of avoidance of weight gain by calorie restric-
tion, based on studies of spontaneous and chemically induced cancers of the mammary
gland, liver, pituitary gland (adenoma), and pancreas, for chemically induced cancers of
the colon, skin (nonmelanoma), and prostate, and for spontaneous and genetically
induced lymphoma. An association between overweight and obesity and cancer at many
sites is consistent with animal studies showing that caloric restriction dramatically
decreases spontaneous and carcinogen-induced tumor incidence, multiplicity, size, and
growth (28–32). Possible mechanisms for these observations include altered carcinogen
metabolism, decreased oxidative DNA damage, greater DNA repair capacity (18), and
a reduction of IGF-I levels in calorie-restricted animals (30).

Chapter 23 / Adiposity and Cancer 311



312 Part V / Adipose Tissue and Disease

5. ADIPOSITY AND INDIVIDUAL CANCER SITES

5.1. Endometrial Cancer

Endometrial cancer (cancer of the uterine lining) was the first cancer to be recognized
as being obesity-related. There is convincing and consistent evidence from both case-
control and cohort studies that overweight and obesity are associated strongly with
endometrial cancer (18,33). A linear increase in the risk of endometrial cancer with
increasing weight or BMI has been observed in most studies (3,18,34–36). The increase
in risk generally ranges from 2- to 3.5-fold in overweight and/or obese women (Table 3),
and might be somewhat higher in studies of mortality than incidence (3,18,37).

The probable mechanism for the increase in risk of endometrial cancer associated with
obesity in postmenopausal women is the obesity-related increase in circulating estrogens
(38). In premenopausal women, endometrial cancer risk is also increased among women
with polycystic ovary syndrome, which is characterized by chronic hyperinsulinemia and
progesterone deficiency (39). Thus, in both pre- and postmenopausal women, endo-
metrial cancer is increased by the mitogenic effects of estrogens on the endometrium
when these effects are not counterbalanced by sufficient levels of progesterone. Many
studies have shown large increases in endometrial cancer risk among postmenopausal
women who take unopposed estrogen replacement therapy (i.e., estrogen in the absence
of progesterone) (40), as well as increases in risk among women with higher circulating
levels of total and bioavailable estrogens (18).

Studies on BMI and prognosis among women with endometrial cancer suggest that
heavier women may have a better prognostic profile, as indicated by more favorable
pathological features, and longer survival (41–44). This finding lends additional support
to the mechanistic hypothesis of unopposed estrogens, as it mirrors the better prognostic
profile seen in women whose endometrial cancer was induced by estrogen replacement
therapy (45,46).

5.2. Female Breast Cancer
Many epidemiological studies since the 1970s have assessed the association between

anthropometric measures and female breast cancer occurrence and/or prognosis (18,47).
Early studies established that the association between body size and risk of breast
cancer varied based on menopausal status—that heavier women were at increased risk
of postmenopausal, but not premenopausal, breast cancer (18). In fact, among pre-
menopausal women, there is consistent evidence of a modest reduction in risk among
women with high ( 28) BMI. This reduction in risk could be due to the increased ten-
dency for young obese women to have anovulatory menstrual cycles and lower levels of
circulating steroid hormones, notably progesterone and estradiol (17).

Obesity has been shown consistently to increase rates of breast cancer in post-
menopausal women by 30 to 50% (Table 3) (48–53). Some studies have found central
adiposity to be an independent predictor of postmenopausal breast cancer risk beyond the
risk attributed to overweight alone, but a recent systematic review has indicated that this
is not the case (54). In addition, adult weight gain has generally been associated with a
larger increase in risk of postmenopausal breast cancer than has BMI, in studies that
examined both (55–59). Both BMI and weight gain are more strongly related to risk of
breast cancer among postmenopausal women who have never used hormone replacement



therapy, compared with women who have used hormones (52,56,58,60,61). This finding
lends support to the hypothesis that adiposity increases breast cancer risk through its
estrogenic effects. It is likely that the uniformly high levels of circulating estrogens
among women who use exogenous hormones, regardless of weight, obscure much or all
of the association between BMI and breast cancer.

High levels of circulating estrogens and low levels of SHBG have been shown to be
associated with increased risk of breast cancer in postmenopausal women (62). Another
mechanism by which obesity may affect the risk of breast cancer involves insulin and/or
IGFs. IGF-I is a potent mitogen for normal and transformed breast epithelial cells (63),
and is associated with mammary gland hyperplasia (64) and mammary cancer (65) in
animals. In addition, IGF-I receptors are present in most human breast tumors and in
normal breast tissue (66,67). Two case–control studies (67,68) and two prospective
cohort studies (69,70) found positive associations between serum or plasma IGF-I con-
centrations and breast cancer in premenopausal, but not postmenopausal, women. The
magnitude of the association increased when both IGF-I and IGFBP-3 were considered
(68,70). That the association with IGF-I is stronger in studies of premenopausal than
postmenopausal breast cancer has been interpreted as suggesting that IGF-I may
increase risk only in the presence of high levels of endogenous estrogens (18).

Studies of circulating insulin or C-peptide (a marker of insulin secretion) levels and
breast cancer have had inconsistent results (69,71,72). A recent prospective cohort study
found that postmenopausal, but not premenopausal, women with type 2 diabetes were at
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Table 3
Relative Risks Associated With Overweight and Obesity, and Percentage of Cases
Attributable to Overweight and Obesity in the United States

Relative riska

BMI BMI
Type of cancer 25 – <30 30+ PAF% for US adults, 2000b

Colorectal (men) 1.5 2.0 35.4
Colorectal (women) 1.2 1.5 20.8
Female breast (post) 1.3 1.5 22.6
Endometrium 2.0 3.5 56.8
Kidney (renal cell) 1.5 2.5 42.5
Esophagus (adeno) 2.0 3.0 52.4
Pancreas 1.3 1.7 26.9
Liver ? 1.5–4.0 –c

Gallbladder 1.5 2.0 35.5
Gastric cardia (adeno) 1.5 2.0 35.5

aRelative risk estimates are summarized from the literature cited.
bData on prevalence of overweight and obesity are from the National Health and Nutrition

Examination Survey (NHANES) (1999–2000) (224) for US men and women 50 to 69 yr of age.
cPAFs were not estimated because the magnitude of the relative risks across studies are not suffi-

ciently consistent.
BMI, body mass index in kg/m2; RR, relative risk; PAF, population attributable fraction.
Adapted with permission from ref. 4.



greater risk for breast cancer than those without diabetes; the association was particularly
evident among women with estrogen receptor-positive breast cancer (73). Prediagnosic
levels of plasma leptin were not found to be associated with postmenopausal breast
cancer in a recent study (74), whereas an inverse association has been seen with serum
adiponectin and postmenopausal breast cancer (75).

Studies of breast cancer mortality and survival among breast cancer cases illustrate
that adiposity is associated with both increased likelihood of recurrence and reduced like-
lihood of survival among those with the disease, regardless of menopausal status and
after adjustment for stage and treatment (47,76–84). Very obese women (BMI 40.0)
have breast cancer death rates that are three times higher than very lean (BMI < 20.5)
women (85).

The greater risk of death among heavier women likely reflects both a true biological
effect of adiposity on survival and delayed diagnosis in heavier women. There are sub-
stantial data to suggest that adiposity is associated with a more aggressive tumor; obese
women are more likely than lean women to have increased tumor size, lymph node
involvement, and later stage disease at diagnosis (78–80,82,84,86). Among a large
prospective cohort of postmenopausal women, adult weight gain was associated more
strongly with risk for breast cancer diagnosis at advanced stage than risk for localized
disease (86). Studies of prognosis among breast cancer patients show that weight gain,
both before and after diagnosis, adversely affects outcome (81,87).

In addition to the direct effects of adiposity, there is evidence that heavier women are
less likely to receive mammography screening (88–90), and among women who self-
detect their tumors, high BMI increases the likelihood of nonlocalized disease (91).
Recent studies, however, suggest that mammography screening is not a confounder of
the relationship between adiposity and poor prognosis (81,83,92), nor is mammography
any less sensitive among heavier women (93). Thus, the impact of obesity on prognosis
is unlikely to be solely, or even largely, an artifact of delayed diagnosis.

5.3. Colorectal Cancer
Obesity has also been consistently associated with higher risk of colorectal cancer in

men (relative risks of approx 1.5 to 2.0) and women (relative risks of approx 1.2 to 1.5)
in both case–control and cohort studies (Table 3) (18,34,35,94,95). In studies that were
able to examine the colon and rectum separately, relative risks have been generally
higher for the colon (18,36,96). Similar relationships are seen for colon adenomas, with
stronger associations observed between obesity and advanced adenomas (97–100).

A gender difference, in which obese men are more likely to develop colorectal cancer
than obese women, has been observed consistently across studies and populations. The
reasons for this gender difference are speculative. One hypothesis is that central adiposity,
which occurs more frequently in men, is a stronger predictor of colon cancer risk than
peripheral adiposity or general overweight. Support for the role of central obesity in colo-
rectal cancer comes from studies reporting that waist circumference and WHR are related
strongly to risk of colorectal cancer and large adenomas in men (101). Two recent
prospective cohort studies specifically examining the predictive value of anthropometric
measurements for risk of colon cancer found waist circumference (102) or WHR (103) to
be associated with colon cancer risk, independent of, and with greater magnitude than,
BMI, and this result was seen in women as well as in men. However, the association
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between WHR and colorectal cancer in women was not stronger than the association
between BMI and colorectal cancer in other studies that examined both measures
(104,105), making it less likely that body fat distribution completely explains the gender
differences.

Another explanation is that there might be an offsetting beneficial effect of obesity
on colorectal cancer risk in women based on evidence that exogenous estrogens (in the
form of postmenopausal hormone therapy) reduce the risk of colorectal cancer in
women (106,107). However, this hypothesis also is quite speculative, as circulating levels
of endogenous estrogens are higher in obese men as well as obese women, compared
with lean subjects (108) and oral intake of exogenous estrogens could have different
effects than endogenous estrogens on the risk of colon cancer.

Giovannucci was the first to propose the mechanistic hypothesis that high body mass,
and central obesity in particular, increased colon cancer risk through their effect on
insulin production (101,109,110). Insulin and IGFs have been shown to promote the
growth of colonic mucosal cells and colonic carcinoma cells in in vitro studies
(111,112). This hypothesis has received recent support from many epidemiological
studies. Higher risk of colorectal cancer has been associated with elevated fasting
plasma glucose and insulin levels following a standard dose of oral glucose challenge
(101,113) and with elevated serum insulin or C-peptide levels (114–116). Several
prospective cohort (114,117,118) and case–control studies (115,119,120) have found
increased risk of colorectal cancer and large adenomas with increasing absolute levels
of IGF-I and decreasing levels of IGFBP-3. A recent meta-analysis of six case-control
and nine cohort studies found diabetes mellitus, which is preceded by many years of
hyperinsulinemia, to be associated with a 30% increase in risk of colorectal cancer
(121). Elevated levels of serum leptin recently have been found to be associated with
increased risk of colon cancer, independent of circulating insulin levels (122,123). Low
levels of plasma adiponectin have also been found to be associated with increased risk
of colorectal cancer (124) and colorectal adenoma (125).

There are very few studies examining the impact of adiposity on prognosis among
colorectal cancer patients. Available studies suggest that adiposity may have an adverse
effect on prognosis (126–128), although results are somewhat inconsistent by gender
and for colon rectal cancer.

5.4. Kidney Cancer
The risk of kidney cancer (specifically, renal cell cancer) is 1.5- to 3-fold higher in

overweight and obese persons than in normal weight men and women in study pop-
ulations worldwide (Table 3); most studies have found a dose–response relationship with
increasing weight or BMI (18,35,96,129–133). In several studies, the increase in risk with
increasing BMI was greater in women than in men (3,134–141), although at present this
finding remains unexplained and was not confirmed in a review of published studies
(129), nor in a recent prospective cohort study (35). Importantly, the obesity-associated
risk of renal cell cancer appears to be independent of blood pressure, indicating that
hypertension and obesity might influence renal cell cancer through different mechanisms
(142). The hypothesis that chronic hyperinsulinemia contributes to the association of BMI
and renal cell cancer is supported indirectly by the increased risk of kidney cancer seen in
diabetics (143).
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5.5. Adenocarcinoma of Esophagus
The incidence of adenocarcinoma of the esophagus has been rapidly increasing in

Westernized countries in recent decades (144,145), whereas rates for the other main
histological subtype, squamous cell carcinoma, have remained stable or have decreased.
Thus, an increasing proportion of all esophageal cancers in Western countries are adeno-
carcinomas. Obesity is consistently associated with a two- to threefold increase in risk
for adenocarcinoma of the esophagus (Table 3) (18,146), with stronger associations seen
in nonsmokers (3,147). Obesity is not associated with an increased risk of squamous cell
carcinoma of the esophagus.

Independent of obesity, gastroesophageal reflux disease (GERD) has been associated
with esophageal adenocarcinoma and with its metaplastic precursor, Barrett’s esophagus
(145,148,149). Obesity has been hypothesized to increase the risk of adenocarcinoma of
the espophagus indirectly, by increasing the risk of GERD and Barrett’s esophagus
(150,151). The association between obesity and esophageal adenocarcinoma has been
shown in some studies to be independent of reflux (147,152). Thus, obesity might
increase the risk of esophageal adenocarcinoma through mechanisms other than, or in
addition to, reflux.

5.6. Adenocarcinoma of Gastric Cardia
Risk for adenocarcinoma of the gastric cardia has been found to be obesity-related

(147,153,154), but the magnitude of the association is not as great as for adenocarcinoma
of the esophagus. Relative risks are in the range of 1.5 to 2.0. It is unclear at present why
risks associated with obesity are greater for esophageal adenocarcinoma than for gastric
cardia adenocarcinoma. It is possible that reflux mechanisms are more closely related to
adenocarinoma of the esophagus than to adenocarcinoma of the gastric cardia. Data are
limited for noncardia cancers of the stomach, but there is no suggestion of increased risk
with obesity (147,153).

5.7. Gallbladder Cancer
There have been a limited number of studies of gallbladder cancer and obesity; most

have been relatively small, as gallbladder cancer is quite rare, especially in men.
However, these few studies have consistently found elevated risks of about twofold
(Table 3) (3,37,96,132,155–158). One study found a greater than fourfold increase in
risk for the highest category of BMI ( 30) in a Japanese cohort, but only among women
(36). Obesity is thought to operate indirectly to increase the risk of gallbladder cancer
by increasing the risk of gallstones, which in turn, causes chronic inflammation and
increased risk of biliary tract cancer (134).

5.8. Liver Cancer

Seven studies that have examined obesity and liver cancer or hepatocellular carcinoma
(HCC) found excess relative risk in both men and women in the range of 1.5 to 4.0
(3,34,95,96,132,155,158); however, two studies did not find any suggestion of an
increased risk (36,131). Taken together, these studies suggest that obesity increases the
risk of liver cancer, but the magnitude of the observed relative risk from existing studies
is not consistent.
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Obesity, and especially visceral adiposity, is strongly associated with nonalcoholic
fatty liver disease (NAFLD), a chronic liver disease that occurs in nondrinkers but that
is histologically similar to alcohol-induced liver disease (159). NAFLD is an emerging
clinical problem among obese patients and is now recognized as the most common
cause of abnormal liver tests (160). Disorders of glucose regulation are significantly
associated with NAFLD, indicating that insulin resistance is the link between NAFLD
and metabolic diseases (160). NAFLD is characterized by a spectrum of liver tissue
changes ranging from accumulation of fat in the liver to nonalcoholic steatohepatitis
(NASH), cirrhosis, and HCC at the most extreme end of the spectrum. Progression to
NASH appears to represent the turning point from a seemingly nonprogressive condi-
tion to fibrosis, necrosis, and inflammation, and multiple cellular adaptations to the
resulting oxidative stress (159). Visceral adiposity likely contributes to the risk of HCC
by promoting NAFLD and NASH.

5.9. Pancreatic Cancer
Several recent studies suggest that high body mass is associated with increased risk for

pancreatic cancer in men and women, with relative risk estimates for obesity generally in
the range of 1.5 to 2.0 (Table 3) (3,34,131,155,158,161–166). However, other studies
found smaller positive associations (36,132,167) or, in some cases, no association
(35,95,96,168,169). Further research is needed to refine the magnitude of the risk in both
men and women and to explain the inconsistency in current estimates of risk. Many of
these studies are based on small numbers of cases, and retrospective studies of adiposity
are hampered by weight loss that accompanies pancreatic cancer and that often begins
prior to diagnosis. In addition, smoking is an important potential confounder of the
relationship between adiposity and pancreatic cancer, and the smoking habits of the
various study populations and differential adequacy of control for smoking may partly
explain differences across studies. It is thought that chronic hyperinsulinemia and glucose
intolerance may contribute to an increased risk of pancreatic cancer, as suggested by the
well-established positive association between diabetes and pancreatic cancer in prospec-
tive studies (170,171). A recent study suggests that individuals with the highest vs lowest
quartiles of fasting serum levels of glucose and insulin, and insulin resistance, have more
than a twofold increased risk of pancreatic cancer (172).

5.10. Prostate Cancer
There are many studies that do not support an association between body mass and

incident prostate cancer (18,34–36,173), although four large recent studies found a small
but statistically significant increased risk of prostate cancer among obese men
(131,132,174) or a significant trend toward increasing risk with increasing BMI (96). In
addition, there is accumulating evidence that obesity is associated with an increase in risk
of advanced prostate cancer or death from prostate cancer (175–181). Recent studies
consistently indicate that obese men with prostate cancer are more likely to have agg-
ressive disease that recurs after radical prostatectomy than nonobese men (182–184).

As with breast cancer, “nonbiological” issues of screening, detection, and treatment are
important to the evaluation of the impact of adiposity on prostate cancer prognosis. It can
be harder to perform a digital rectal examination in obese men because of their general
adiposity in combination with larger prostate size (181). Additionally, despite larger
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prostate sizes, obese men may have lower serum levels of prostate-specific antigen (PSA)
(185–187), potentially biasing them toward later stage at diagnosis even in the presence of
PSA screening. Surgery is more difficult to perform in obese men, with a greater risk of
positive surgical margins (181). Still, mortality from prostate cancer was found to be
increased in obese men in a prospective cohort study conducted from 1950 to 1972 (177),
long before PSA screening, and at a time when surgery was rarely done, suggesting that the
adverse impact of adiposity on prognosis is rooted in biological characteristics of the tumor.

Several studies suggest that insulin, which is strongly correlated with obesity, acts to
promote prostate cancer development and growth (188–191). Increased levels of circu-
lating leptin, also correlated with adiposity, have been found in two studies to be asso-
ciated with larger, more advanced, higher-grade tumors (192,193), although a third
study did not confirm this finding (194). Decreased adiponectin levels have also been
linked to high-grade, advanced prostate cancer (195).

5.11. Cervical Cancer
Studies on BMI and cervical cancer are limited and inconclusive (18). Two prospective

studies of mortality from cervical cancer found that it was associated with high BMI 
(two- to threefold increased risk) (3,37), whereas much lower relative risks were observed
in two cohorts of hospitalized patients diagnosed with obesity, compared with general
populations (155,158), and no association was observed in three cohort studies (34,36,196).
A recent case-control study that controlled for human papillomavirus infection found about
a twofold increased risk of cervical adenocarcinoma among overweight and obese women;
smaller increases in risk were seen for cervical squamous cell carcinoma (197). However,
differential screening behavior (obese women may be less likely to be screened on a regular
basis than women of normal weight) could also explain some of these observations.

5.12. Ovarian Cancer
Although endogenous hormones are believed to be involved in the etiology of ovarian

cancer (198), and obesity is a well-established risk factor for other hormone-related cancers
in women (e.g., breast and endometrial cancers), ovarian cancer has not been linked con-
sistently to obesity (18,34,36,158,199–206). Some studies have reported an association
between the two, and relative risks in these studies have been in the range of 1.5 to 2.0 for
the highest categories of BMI studied (35,37,131,207–212). However, several large studies
(155,196,202,213,214) have not found an association between ovarian cancer and obesity,
so no solid conclusions should be drawn at this time. It is not clear what factors might
explain the divergent results among studies. Weight loss several years prior to the time of
cancer diagnosis would bias the relative risk downward in case–control studies, but such a
bias would not be operative in several prospective cohort studies that found no association.
It is possible that obesity increases the risk of specific histological subtypes of ovarian can-
cer (e.g., endometroid) but not others. Most studies have not examined risk by histological 
subtype of ovarian cancer, and this may contribute to the inconsistent findings.

5.13. Hematopoietic Cancers
Several studies have examined the relationship between hematopoietic cancers and

BMI, but results from most of these studies are based on relatively small numbers of
events. Still, most of the available studies have observed modest obesity-associated

318 Part V / Adipose Tissue and Disease



increases in the risk of non-Hodgkin’s lymphoma (3,34,35,37,95,96,131,155,158,215
–217), multiple myeloma (3,131,132,218–220), and leukemia (3,37,96,131,132,155,158,
221,222). Relative risks from these studies have been generally in the range of 1.2 to 2.0.

5.14. Lung Cancer
BMI has been reported to be inversely associated with lung cancer in several study

populations that did not exclude smokers from the analysis (18). This finding is
explained by the confounding effects of smoking; smoking is the primary cause of lung
cancer, and is inversely associated with BMI (222). Studies that do not exclude smokers
cannot separate the effects of BMI on the risk of death from the effects of smoking,
namely, decreased BMI and increased risk of death. No association is seen between
BMI and lung cancer in nonsmoking populations (3,131).

6. OVERWEIGHT, OBESITY, AND CANCER MORTALITY

Recent results from a large American Cancer Society prospective mortality study illus-
trate that increased body weight is associated with increased death rates from all cancers
combined and for cancers at multiple specific sites in both men and women (Figs. 1,2).
These results were based on a population of more than 900,000 US adults who were
followed from 1982 through 1998, and on more than 57,000 deaths from cancer that
occurred during the 16-yr follow-up period (3). The results are based on cancer mortality
and thus may reflect the influence of BMI on either cancer incidence or survival, or both.
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Fig. 1. Summary of mortality from cancer according to body mass index for US men in the Cancer
Prevention Study II, 1982 through 1998. For each relative risk, the comparison was between men in
the highest BMI category (indicated in parentheses) and men in the reference category (BMI 18.5 to
24.9). Asterisks indicate relative risks for men who never smoked. Results of the linear test for trend
were significant (p 0.05) for all cancer sites. Reproduced with permission from ref. 3.



Survival may be influenced by adiposity-related differences in diagnosis or treatment of
cancer, as well as by true biological effects of adiposity on cancer progression.

7. POPULATION ATTRIBUTABLE FRACTION

The proportion or percentage of disease in a population that can be attributed to a risk
factor is termed the “population attributable fraction” (PAF) and is used as a measure of
the public health impact of the risk factor. The PAF is sometimes referred to as the pop-
ulation attributable risk, population attributable risk percent, and excess fraction. The
magnitude of the PAF depends on both the magnitude of the association between the
risk factor and the disease (i.e., the size of the relative risk) and the prevalence of the
risk factor in the population of interest. The PAF will increase as either one of its
components increases. Because the PAF is very sensitive to the population prevalence
of the risk factor, in this case overweight and obesity, it is not generalizable to pop-
ulations with different distributions of the risk factor. The PAFs presented in Table 3 are
estimates of the percentage of cancer cases at each indicated site that could be attributed
to excess adiposity, defined as a BMI higher than 25.0. These estimates were based on
summary relative risks estimated from the existing published literature for each cancer
site and on the distribution of BMI in adults in the United States in 2000.

8. CONCLUSIONS

Further research defining the causal role of obesity and cancers of specific sites is
needed, including mechanistic research, and studies that are able to separate the effects
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Fig. 2. Summary of mortality from cancer according to body mass index for US women in the Cancer
Prevention Study II, 1982 through 1998. For each relative risk, the comparison was between women
in the highest BMI category (indicated in parentheses) and women in the reference category (BMI
18.5 to 24.9). Asterisks indicate relative risks for women who never smoked. Results of the linear test
for trend were significant (p 0.05) for all cancer sites. Reproduced with permission from ref. 3.



of obesity and several highly correlated factors such as physical activity and dietary
composition. At present, the biological mechanisms clearly linking overweight and obe-
sity to many forms of cancer, other than those with an endocrine component, are poorly
understood. In addition to causing changes in hormone metabolism (insulin, IGF-I, sex
steroids), proteins secreted by adipose tissue also contribute to the regulation of immune
response (leptin), inflammatory response (TNF- , IL-6, serum amyloid A), vasculature
and stromal interactions and angiogenesis (vascular endothelial growth factor-1), and
extracellular matrix components (type VI collagen) (224). Obesity-associated dysregu-
lation of multiple adipokines are likely to be of great significance for the occurrence,
promotion, and metastatic potential of human cancers.
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Abstract
Obesity is a major contributor to the prevalence of cardiovascular disease (CVD) in the developed

world. As adipose tissue stores increase, the structure and function of the cardiovascular system
changes to enable circulation requirements to be met. Adipose tissue is not simply a passive organ
to store excess energy in the form of fat, but an endocrine organ that is capable of synthesizing and
releasing into the bloodstream a variety of molecules that may have unfavourable impact on CVD
risk. Obesity may increase risk factors for coronary artery disease and congestive heart failure
through parameters such as dyslipidemia, high blood pressure, glucose intolerance, inflammatory
markers, and the prothrombotic state. By favorably modifying lipids, decreasing blood pressure, and
decreasing levels of glycemia, and proinflammatory cytokines, a reduction in adipose tissue may
prevent the progression of atherosclerosis or the occurrence of acute coronary syndrome events in
the obese high-risk population. This chapter will discuss the relationship between obesity and CVD
and will explore the differences amongst locations of adipose stores and the extent of adiposity.

Key Words: Cardiovascular disease; metabolic dyndrome; dyslipedmia; mortality; obstructive
sleep apnea syndrome; hypertension.

1. INTRODUCTION

Obesity is a multifactorial condition that develops via interaction between genetics
and environment (1). In 1998, the American Heart Association added obesity to its list
of major modifiable risk factors for coronary heart disease (CHD) (2), with both a high
body mass index (BMI) and a high waist-to-hip ratio (WHR) being independent risk
factors for CHD and mortality irrespective of the presence of other coronary risk fac-
tors (3). With excess body weight comes the risk of long-term health consequences.
Adipose tissue increases when energy intake is greater than energy expenditure. Weight
reduction is difficult to achieve, and even harder to maintain, in part due to homeostatic
mechanisms protecting against loss of nutrient stores (4,5). Following weight loss,
resumption of the obese state typically occurs, with fewer than 5% of subjects remain-
ing lean for more than 4 yr (6).

2. OBESITY AND MORTALITY

Currently, all overweight and obese adults (aged > 18 yr with a BMI 25 kg/m2) are
considered at risk for developing one or more of the many comorbidities associated with
obesity, such as hypertension, dyslipidemia, type 2 diabetes mellitus, CHD, gallbladder
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disease, ischemic stroke, osteoporosis, obstructive sleep apnea, and some types of
cancers (7). Although the focus of this chapter is on the relationship between over-
weight/obesity and cardiovascular disease (CVD), the list of associated conditions also
highlights the impact of excess body weight on overall morbidity and mortality (8).

As the incidence of obesity has expanded dramatically in the past two decades, so has
the number of deaths associated with the condition. Data from five large prospective
cohort studies have been used to calculate the annual number of deaths attributable to
obesity in adults in 1991 (9). The authors found that 80% of deaths attributable to obesity
occurred in people with a BMI higher than 30. However, a number of limitations are
encountered in this meta-analysis: data were collected from a predominantly Caucasian
population; half the studies included self-reported body weight data; the statistical analysis
model considered only age, smoking, and sex; and the outcomes were not assessed after
1991. Flegal et al. (10) reported that the relative risk of mortality associated with obesity
with a BMI higher than 35 was twice that of a healthy-weight individual, with influence
diminishing in the elderly (age > 70 yr). Of note, mortality related to obesity has declined
since the first National Health and Nutrition Examination Survey (NHANES) study in 1971
(10), a result most likely due to a more aggressive approach to the treatment of associated
CVD risk factors in obese patients (11). In the most recent analysis by Yan et al., baseline
measurements of BMI were recorded before the age of 65 yr in 17,643 subjects from the
Chicago Heart Study, free of CHD and diabetes (12). The outcome of death from CHD,
CVD, or diabetes after the age of 65 yr was adjusted for hypertension, hypercholes-
terolemia, and cigarette smoking. At a low level of risk, obesity had very little impact on
CVD outcomes but did have an impact on the relative risk of diabetes; however, for obese
subjects at moderate risk, there was a twofold increased risk of CHD mortality and a five-
fold increase risk for diabetes. Overall, these data suggest that obese subjects during
midlife have a greater likelihood of mortality after the age of 65 yr from CHD independent
of the presence of hypertension, hypercholesterolemia, and cigarette smoking.

An important parameter often overlooked in outcome studies in overweight and
obese subjects is the level of physical activity. In a recent report from the Harvard
School of Public Health, the level of physical activity was an important predictor of
CHD, an effect independent of the presence of obesity (13). Previous findings suggest
that even light-to-moderate activity is associated with lower CHD rates in women, with
as little as 1 h of walking per week lowering the risk of CHD. It was encouraging to note
from this study that the intensity of exercise did not dictate the benefit gained (14). In
women with established CHD, higher self-reported physical fitness scores were inde-
pendently associated with fewer CAD risk factors, less angiographic CAD, and lower
risk for adverse CV events (15). These studies promote an increase in physical activity
for cardiovascular health, not just to assist with weight loss.

3. STRUCTURAL AND METABOLIC CHANGES IN OBESITY 
AND IMPACT ON CVD RISK

Excess adipose tissue results in a number of structural and functional adaptations by
the cardiovascular system. With progressive and central accumulations of body fat,
many cardiac complications often follow (16). The mechanisms involved are discussed
in more detail in the next section.
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3.1. Impact of Obesity on Metabolism
For many years, adipose tissue was considered a passive storage organ, but it is now

clear that adipose tissue plays an active role in controlling energy balance. The meta-
bolic alterations of adipose tissue that occur in obesity are numerous. These include an
increased release of secretory molecules such as fatty acids, hormones, and proinflam-
matory cytokines. Relative decreases in insulin receptor number and function lead to
reduced insulin sensitivity, a condition that may contribute to altered fuel partitioning.
It has been hypothesized that the insulin resistance associated with obesity may in fact
be a protective/adaptive mechanism against further weight gain (17).

Adipose tissue produces metabolically active proinflammatory molecules called
adipocytokines such as tumour necrosis factor (TNF)- , interleukins (IL), leptin,
adiponectin (18–20), and some newly identified molecules such as visfatin (21) and
omentin (22). The cytokines within adipose tissue originate predominantly from in situ
macrophages (23–25) but also from adipocytes and preadipocytes (26). The altered pro-
duction of these molecules has characterized obesity as a state of chronic, low-grade
inflammation (27), which may contribute to the development of insulin resistance and
endothelial dysfunction (28–30). It is postulated that paracrine and endocrine commu-
nication between macrophages and adipocytes, mediated by cytokines and fatty acids,
creates a positive feedback loop to aggravate inflammatory changes in adipose tissue
(31). Although the adipocytokines are reviewed in detail in previous chapters in this
book, it is important to briefly highlight these compounds here, as they appear to play
a role in the pathophysiology of CVD (32).

The regulation of adipocytokines in adipose tissue is complex and many of these
molecules work together in autocrine regulation. For example, the increase of trans-
forming growth factor (TGF)- 1 production in adipose tissue can induce plasminogen
activator inhibitor (PAI)-1 and TGF- 1 can also inhibit leptin production (33). An
increase in TNF- can trigger the previously mentioned cascade of events and can also
inhibit adiponectin expression (34), which together reduce insulin sensitivity and
unfavourably modify vascular function and increase lipolysis (35). Persistent inflam-
mation also seems to play a role in congestive heart failure (CHF) by reducing cardiac
contractility, inducing cardiac hypertrophy, and promoting apoptosis, a process that
contributes to undesirable myocardial remodeling (36).

3.2. Impact of Obesity on Cardiovascular Structure and Function
Obesity is associated with abnormalities in cardiac structure and function (37–39),

which can often be alleviated by weight loss (see Table 1). As there is an increased
energy requirement to move excess body weight at any given level of activity, the
cardiac workload is greater for obese subjects than for nonobese individuals (39). Thus,
obese subjects are known to have higher cardiac output (CO) and a lower total peri-
pheral resistance in the absence of hypertension (23). The high CO is attributable to
increased stroke volume, whereas heart rate (HR) is usually unchanged (24). The
increase in blood volume and CO in obesity is in proportion to the amount of excess
body weight (40). Recent evidence from the HyperGen study shows that both increased
total fat mass and fat-free mass are able to cause these physiological changes although
centrally located adipose tissue is particularly strongly associated with increased CO
(41). In moderate to severe cases of obesity, an increased CO may lead to left ventricular
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dilation, increased left ventricular wall stress, compensatory (eccentric) left ventricular
hypertrophy (42–44), and left ventricular diastolic dysfunction (45). It is important to
emphasize that left ventricular hypertrophy is an important risk factor for CHF.

These complications from obesity occur irrespective of age. It has been reported that
in children as young as 12 yr, obesity impairs the ability to exercise, elevates blood pres-
sure (BP), and increases left ventricular mass (LVM), indicating the development of early
cardiovascular adaptation/damage in young individuals (46). In fact, the P-DAY Study in
young men aged 15 to 34 yr demonstrated an accelerated progression of atherosclerosis
at autopsy in obese individuals (47). Higher LVM and left ventricular dysfunction have
been documented with longer durations of obesity (45). As previously mentioned, weight
loss is able to diminish some of these anatomical and pathophysiological adaptations,
including increased LVM (48) and abnormal ventricular filling (49,50) (Table 2).

The overproduction of adipocytokines in obesity also contributes to physiological
changes to cardiac function. Changes in adipose tissue production of TGF- 1 may be a
potential pathophysiological mechanism for the development of left ventricular filling
abnormalities in obesity-associated hypertension (51). A relative deficiency of adiponectin
may promote inflammation and vascular dysfunction by a reduced ability to inhibit local
proinflammatory signals and prevent plaque formation (52). Proatherogenic chemokines,
such as monocyte chemoattractant protein (MCP)-1, are also elevated in obesity. Such
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Table 1
Prevalence of Cardiovascular Complications Associated With Obesity and Changes 
With Weight Loss

Weight loss with increased 
Obesity physical activity

Blood volume � �
Cardiac output � �
Endothelial function � �
Stroke volume � �
Resting heart rate Unchanged �
Blood pressure � �
Left ventricular mass � �

Table 2
Extent of Weight Loss Needed to See a Benefit in CVD Risk Factors

Extent of weight loss (%)a

Hypertension 5
Left ventricular function 5
OSA 5
Dyslipidemia 10
Hyperglycemia 10

aThese effects are not certain and may depend on the length and severity of disease.
OSA, obstructive sleep apnea.



molecules may modulate the migration of granulocytes and monocytes into the arterial
wall (53). Increased MCP-1 is associated with a number of alterations in the cardiac
system, including increased LVM and altered diastolic filling (54).

3.3. Degree of Adiposity
Data from 115,886 women in the Nurses’ Health Study showed that even mild-to-

moderate overweight (BMI = 25.0–28.9) increased the risk of nonfatal CHD in middle-
aged women after adjustment for age and smoking (RR: 1.8; 95% CI: 1.2–2.5). Among
those with a BMI 29, the risk increased more than threefold (RR: 3.3; 95% CI:
2.3–4.5). The effect was substantially reduced after adjusting for other CVD risk factors
but remained significant among those with a BMI 29 (RR: 1.9; 95% CI: 1.3–2.6) (55).
Willett et al. (56) concluded that higher levels of body weight within the “normal”
range, as well as modest weight gain (more than 5 kg) after 18 yr of age, appear to
increase risks of CHD in middle-aged women. After controlling for age, smoking,
menopausal status, hormone replacement therapy, and parental history of CHD, signifi-
cant increases in risk were still observed among those with a BMI 23 compared with
those with a BMI less than 21. The RRs for CHD were 1.5 (95% CI: 1.2–1.8) for a
BMI = 23.0 to 24.9, 2.1 (95% CI: 1.7–2.5) for a BMI = 25.0 to 28.9, and 3.6 (95%
CI: 3.0–4.3) for a BMI 29. However, significant weight gain during adulthood (range:
20–34.9 kg) approximately doubled the coronary risk after controlling for initial rela-
tive weight level at age 18 yr (RR: 2.5; 95% CI: 1.7–3.7). In contrast to weight gain
throughout life, “morbid” obesity (defined as BMI 40) early in adult life is emerging
as a significant risk factor for CHD mortality, the duration of morbid obesity being the
strongest predictor of CHF (57).

3.4. Location of Body Fat
In humans and most animal models, the development of obesity leads not only to

increased fat depots in classical adipose tissue locations but also to significant lipid
deposits within and around other tissues and organs, a phenomenon known as ectopic
fat storage (58). Cardiac fat depots within and around the heart impair both systolic
and diastolic functions, and may promote CHF in the long term (59). Accumulation of
fat around blood vessels (perivascular fat) may affect vascular function in a paracrine
manner, as perivascular fat cells secrete vascular modulating factors, proatherogenic
cytokines, and smooth muscle cell growth factors (53). Furthermore, high amounts of
perivascular fat could mechanically contribute to the increased vascular stiffness seen
after years of obesity (58).

The relative excess of fat in the abdomen aids in the development of diabetes and
atherosclerosis (60). The distribution of fat depots in the body is a strong independent
predictor of CHD (61–63). Indeed, disturbances in lipoprotein metabolism, glucose
homeostasis, and hypertension have been reported in subjects with an excessive depo-
sition of adipose tissue in the abdomen (32,61,64,65). In addition, abdominal distribu-
tion of body fat is associated with increased plasma levels of fibrinogen, and other
factors that modulate coagulation (e.g., PAI-I antigen). These same molecules may also
contribute to left ventricular dysfunction (66).

There is strong debate as to which anthropometric measure is the best technique to
assess the risk of CVD (4,67–69). Waist circumference (WC) is strongly correlated with
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abdominal fat content and is the easiest way to assess a patient’s abdominal fat (70). The
Health Professionals Follow-up Study found that WC, but not BMI, predicted risk of
death from CVD (71). However, the WC cutoffs lose their incremental predictive power
in patients with a BMI 35 (72). Evidence from the Heart Outcomes Prevention
Evaluation (HOPE) study of more than 8000 patients with stable CVD suggests that
elevated WC was significantly associated with an increased risk of myocardial infarc-
tion (RR 1.23, p < 0.01), heart failure (RR 1.38, p < 0.03), and total mortality (RR 1.17,
p < 0.05) (63). This supports previous findings from the Framingham Study (73), which
reported that the risk of CVD incidence and mortality increased with the degree of
regional, central, or abdominal obesity.

4. CARDIOVASCULAR RISK FACTORS OF OBESITY

4.1. CVD Risk Associated With Obesity
The association between overweight/obesity and CVD risk has been known for many

years with evidence from several large cohort studies (74–76). After 44 yr of follow-up
of the Framingham Heart Study, Wilson et al. (77) showed that CVD risk (including
angina, myocardial infarction, CHD, or stroke) was higher among overweight men (RR:
1.24; 95% CI: 1.07–1.44), obese men (RR: 1.38; 95% CI: 1.12–1.69), and obese women
(RR: 1.38; 95% CI: 1.14–1.68) after adjustment for age, smoking, high blood pressure,
high cholesterol, and diabetes. During a 14-yr follow-up of 1 million adults in the
United States, it was found that as BMI increased there was an increase in the risk of
death from all causes, CVD, cancer, or other diseases for both men and women in all
age groups (78). These findings confirmed the previous report of the Nurses’ Health
Study (79). In the Nurses’ Health Study, weight gain of 5 to 8 kg increased CHD risk
(nonfatal myocardial infarction and CHD death) by 25%, and weight gain of 20 kg
increased risk more than 2.5 times in comparison with women whose weight was stable
within a range of 5 kg (56). In British men, an increase of 1 BMI unit was associated
with a 10% increase in the rate of coronary events (80).

5. METABOLIC SYNDROME

The term “metabolic syndrome” refers to a clustering of specific CVD risk factors
whose underlying pathophysiology is likely insulin resistance (9). Although several sets
of diagnostic criteria exist (WHO [81], NCEP [82], IDF [83]), waist circumference,
dyslipidemia, elevated blood pressure, and glucose intolerance are shared by all.
Uncertainty about the mechanism of pathogenesis has resulted in a debate to determine
whether metabolic syndrome is a syndrome or an independent CVD risk factor (84).
This is reviewed in detail in Chapter 20.

5.1. Atherosclerosis and Coronary Artery Disease
Atherosclerosis leads to the development of CHD. Individuals with atherosclerosis

can be identified by the ultrasound examination of carotid intimal–medial thickness
(IMT). Evidence from the Bogalusa Heart Study found that the carotid IMT at age 35 yr
was correlated with BMI measured throughout life (85). Longitudinal evidence from the
Muscatine Study suggests that increased adipose tissue in youth is correlated with a
greater risk of developing coronary artery calcification in later life and that this association



was stronger in males (86). Berenson et al. (87) observed a similar association in young
adults, particularly among young men, between obesity and the development of athero-
sclerotic lesions as evidenced by fatty streaks and/or fibrous plaque lesions.

Obesity may be an independent risk factor for ischemic heart disease. However,
numerous studies have been unable to confirm this association because of the short time
period of observation. Indeed, the association between obesity and ischemic heart
disease seems evident only after two decades of follow-up (76). The Manitoba Heart
Study reported that a high BMI was significantly associated with development of
myocardial infarction, coronary insufficiency, and sudden death (76).

A cross-sectional study by Takami et al. (88) of 849 Japanese men aged 20 to 78 yr
investigated the relationship between body fatness (particularly abdominal fat) and
carotid atherosclerosis. They found that general adiposity (as measured by BMI), WC,
waist-to-hip ratio (WHR), abdominal subcutaneous fat, and intra-abdominal fat were all
correlated with carotid IMT after adjustment for age and smoking habits. Adjustment
for BMI eliminated all other associations except those of WHR with IMT, suggesting
that in this population abdominal fat is not as strongly associated with carotid athero-
sclerosis as is general body fatness. The Progetto ATENA study is a large (more than
5000 participants) ongoing investigation of the causes of CVD and cancer in Italian
females aged 30 to 69 yr. Within that study, De Michele et al. (89) reported on a sub-
sample of 310 women and concluded that BMI and WHR were significant predictors of
carotid wall thickness independent of other cardiovascular risk factors (age, BP, lipid
abnormalities, and fasting insulin). As BMI increased, IMT increased along with other
coronary risk factors (systolic blood pressure [SBP], diastolic blood pressure [DBP],
triglycerides, fasting glucose, insulin, and lower high-density lipoprotein [HDL] choles-
terol concentrations).

5.2. Hypertension
The majority of patients with high BP are overweight, and hypertension is about six

times more frequent in obese than lean subjects (90). This represents an estimated 12%
increased risk for CHD and 24% increased risk for stroke (72). Although the associa-
tion between obesity and hypertension is well recognized, the underlying pathophysio-
logical mechanisms are still poorly understood. The expansion of extracellular volume
and increased CO are characteristic hemodynamic changes that occur with obesity-
related hypertension (28). A variety of endocrine, genetic, and metabolic mechanisms
have also been linked to the development of obesity hypertension (1,32,91–93). One
potential mechanism leading to the development of obesity-induced hypertension may
be through leptin-mediated sympathoactivation (94). The association between obesity
and hypertension begins in early life. Longitudinal observations of children, adoles-
cents, and young adults enrolled in the Bogalusa Heart Study show that obesity persists
over time and is linked to the commonly clustered components of metabolic syndrome,
including hypertension, hyperinsulinemia/insulin resistance, and dyslipidemia, which in
turn is associated with the processes leading to CVD (95).

The INTERSALT Study (23,96) examined the relationship between BMI and BP
among more than 10,000 people from 52 centers and 32 countries around the world.
They found a significant and independent relationship between high BP and increased
BMI in 98% and 90% of all centers among men and women, respectively. Irrespective
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of age, for every BMI unit increase, there was an associated increase in SBP of 0.91
mmHg for men and a 0.72 mmHg increase for women. For DBP, this increase was 0.75
mmHg for men and 0.5 mmHg for women per BMI unit (23,96). Overall, a 10-kg
increase in body weight was associated with an elevation of 3.0 mmHg in SBP and 2.2
mmHg in DBP (23).

The Framingham Heart Study reported that obesity was significantly correlated with
increased LVM (97); it has been shown that a 10% reduction in weight of obese hyper-
tensive patients not only reduced blood pressure, but also decreased left ventricular wall
thickness and LVM (48) (Table 2). There is evidence in both overweight hypertensive
and nonhypertensive patients that weight loss produced by lifestyle modifications
reduces BP levels (98). Weight reduction is one of the rare antihypertensive strategies
that decreases BP in normotensive as well as hypertensive individuals (72). However,
this reduction is not always maintained once weight is stable (99), and it has been sug-
gested that the extent to which BP decreases is influenced by several factors including
the duration of hypertension (100) and the composition of the diet (101).

The reduction in BP could also be attributable to (1) reductions in salt intake con-
comitant with caloric restriction (98) or (2) reductions in total circulating and cardio-
pulmonary blood volume, as well as (3) reductions in sympathetic nervous system activity
(97). The reduction in plasma catecholamines and plasma renin activity, which are asso-
ciated with decreased sympathetic activity, are also probably playing a role (98,99).

5.3. Dyslipidemia
The presence of dyslipidemia is well established in obesity. “At risk” over-

weight/obese individuals commonly present with reduced HDL cholesterol, elevated
apolipoprotein B levels, and a prevalence of small, dense low-density lipoprotein (LDL)
particles (102). Visceral adiposity, in particular, has a negative impact on the lipid
profile; it has been suggested that dyslipidemia is the main contributor to the increase
in CHD in abdominally obese patients (74). A BMI change of 1 unit is associated with
a decrement change in HDL-cholesterol of 1.1 mg/dL for young adult men and 0.69
mg/dL for young adult women (2). There is evidence that weight loss achieved by
lifestyle modification in overweight individuals is accompanied by a reduction in serum
triglycerides and an increase in HDL cholesterol (86). Weight loss may also contribute
to a reduction in serum total cholesterol and LDL cholesterol levels (87). Moreover, in
subjects with type 2 diabetes, aerobic exercise may mediate an improvement in the lipid
profiles through fat loss (103–108).

5.4. Type 2 Diabetes Mellitus
Several prospective studies in numerous countries have demonstrated an elevated risk

of diabetes mellitus as weight increases (75–77). The development of type 2 diabetes is
associated with weight gain after age 18 yr in both men and women such that the rela-
tive risk of diabetes increases by approx 25% for each additional unit of BMI over 22
(109). Moreover, cross-sectional and longitudinal studies show that abdominal obesity
is a major risk factor for type 2 diabetes (74,82,91). There is strong evidence that weight
loss reduces blood glucose levels and hemoglobin A1c levels in patients with type 2
diabetes. Moreover, in three European cohorts (>17,000 men) followed for more than
20 yr, nondiabetic men with higher blood glucose had a significantly higher risk of
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cardiovascular and CHD death (110). In addition, it has been demonstrated in the
Framingham Offspring Cohort that metabolic factors associated with obesity (overall
and central), including hypertension, low levels of HDL cholesterol, and increased
levels of TG and insulin, worsen continuously across the spectrum of glucose tolerance
(111). Although BMI increased steadily with increasing glucose intolerance, the associa-
tion between most other measures of metabolic risk and glycemia were independent of
overall obesity, and the gradient of increasing risk was similar for nonobese and obese
participants (111). Thus, asymptomatic glucose intolerance is not a benign metabolic
condition, and characteristics associated with insulin resistance syndrome should be
taken seriously. This is further reinforced by the Quebec Cardiovascular Study, where
hyperinsulinemia was reported as an independent risk factor for CHD (112).

5.5. Obstructive Sleep Apnea Syndrome
Obstructive sleep apnea syndrome (OSAS) is one of the many respiratory complica-

tions associated with obesity. It is defined as repeated episodes of obstructive apnea and
hypopnea during sleep, in association with altered cardiopulmonary function (113).
Evidence is emerging that patients with apneic events that occur during sleep have asso-
ciated acute and chronic hemodynamic changes during waking time, including elevated
sympathetic tone, decreased stroke volume (SV) and CO, increased HR, and changes in
circulating hormones that regulate BP, fluid volume, vasoconstriction, and vasodilation
(114,115). Weight loss is an effective method for reducing the extent of OSAS (116) and
associated disruptive symptoms, such as habitual snoring and daytime sleepiness (117).

OSAS is thought to be both a systemic and local inflammatory condition (118).
Inflammatory processes associated with OSAS may contribute to cardiovascular mor-
bidity in these patients. Indeed, it is the presence of systemic inflammation, character-
ized by elevated levels of certain proinflammatory mediators, such as C-reactive protein
(119), leptin (120), TNF- , IL-1 , IL-6 (37), reactive oxygen species, and adhesion
molecules, that may predispose people to the development of cardiovascular complica-
tions observed in patients with OSAS. Interestingly, both TNF- and IL-6 have been
found to be significantly elevated in OSAS independent of obesity (121). To date it is
unclear how the cytokines directly mediate OSAS (122).

6. CONCLUSIONS

Obesity is a chronic metabolic disorder associated with a number of CVD risk fac-
tors. There are complex paracrine and endocrine communication pathways that promote
homeostasis in healthy individuals. However, when challenged in conditions such as
obesity, by modulations of genes or environment, these networks can be altered in ways
that result in deleterious changes to the CV system that ultimately reduce life span (Fig. 1).
It therefore comes as no surprise that CVD is more frequent in subjects with obesity.
Moreover, when BMI is 30, mortality rates from all causes, and especially CVD, are
increased by 50 to 100% (39). With an increasing incidence of obesity worldwide, it is
important that we not only understand the problems associated with excess weight but
that we also strive to identify the underlying mechanisms and ways to prevent further
increases. There is strong evidence that weight loss in overweight and obese individuals
reduces risk factors for diabetes and CVD. This includes a reduction in deleterious
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circulating cytokines. Although there have been no prospective trials to convincingly
show changes in mortality with weight loss in obese patients, it is anticipated that a
reduction in risk factors would predict a reduced incidence of CVD, and perhaps CVD-
related mortality. Thus, although the influence of obesity on all-cause and CVD-related
mortality remains controversial, there is a necessary concern for our younger popula-
tions with decades of obesity ahead of them.

REFERENCES
1. Bouchard C, Despres JP, Mauriege P. Endocr Rev 1993;14:72–93.
2. Eckel RH, Krauss RM. Circulation 1998;97:2099–2100.
3. Rao SV, Donahue M, Pi-Sunyer FX, et al. Am Heart J 2001;142:1102–1107.
4. Arch JR. Proc Nutr Soc 2005;64:39–46.
5. Eckel RH. In: Eckel RH, ed. Obesity Mechanisms and Clinical Management. Lippincott, Williams

and Wilkins, Philadelphia: 2003, pp. 3–30.
6. Wing RR, Hill JO. Annu Rev Nutr 2001;21:323–341.
7. World Health Organization. In: WHO Technical Report Series, Vol. 894. Geneva: 2000.
8. Eckel RH, Grundy SM, Zimmet PZ. Lancet 2005;365:1415–1428.
9. Allison DB, Fontaine KR, Manson JE, et al. JAMA 1999;282:1530–1538.

Fig. 1. There is a complex interaction between the conditions that cluster together to influence risk of
CVD. Obesity appears to be central to the problem. With excess body weight comes the risk of long-
term health consequences. Overweight and obesity are associated with the morbidity and mortality of
many health conditions, such as hypertension, sleep apnea, insulin resistance, and endothelial dys-
function. All these conditions ultimately affect CVD.



10. Flegal KM, Graubard BI, Williamson DF, et al. JAMA 2005;293:1861–1867.
11. Smith SC Jr, Blair SN, Bonow RO, et al. Circulation 2001;104:1577–1579.
12. Yan LL, Daviglus ML, Liu K, et al. JAMA 2006;295:190–198.
13. Li TY, Rana JS, Manson JE, et al. Circulation 2006;113:499–506.
14. Lee IM, Rexrode KM, Cook NR, et al. JAMA 2001;285:1447–1454.
15. Wessel TR, Arant CB, Olson MB, et al. JAMA 2004;292:1179–1187.
16. Poirier P, Giles TD, Bray GA, et al. Circulation 2006;113:898–918.
17. Eckel RH. Lancet 1992;340:1452–1453.
18. Messerli FH, Nunez BD, Ventura HO, et al. Arch Intern Med 1987;147:1725–1728.
19. Mohamed-Ali V, Goodrick S, Rawesh A, et al. J Clin Endocrinol Metab 1997;82:4196–4200.
20. Lundgren CH, Brown SL, Nordt TK, et al. Circulation 1996;93:106–110.
21. Fukuhara A, Matsuda M, Nishizawa M, et al. Science 2005;307:426–430.
22. Schaffler A, Neumeier M, Herfarth H, et al. Biochim Biophys Acta 2005;1732:96–102.
23. Dyer AR, Elliott P. J Hum Hypertens 1989;3:299–308.
24. Fain JN, Madan AK, Hiler ML, et al. Endocrinology 2004;145:2273–2282.
25. Fain JN, Tichansky DS, Madan AK. Metabolism 2005;54:1546–1551.
26. Sewter CP, Digby JE, Blows F, et al. J Endocrinol 1999;163:33–38.
27. Coppack SW. Proc Nutr Soc 2001;60:349–356.
28. Morse SA, Bravo PE, Morse MC, et al. Expert Rev Cardiovasc Ther 2005;3:647–658.
29. Ritchie SA, Ewart MA, Perry CG, et al. Clin Sci (Lond) 2004;107:519–532.
30. Hotamisligil GS, Shargill NS, Spiegelman BM. Science 1993;259:87–91.
31. Suganami T, Nishida J, Ogawa Y. Arterioscler Thromb Vasc Biol 2005;25:2062–2068.
32. Poirier P, Lemieux I, Mauriege P, et al. Hypertension 2005;45:363–367.
33. Gottschling-Zeller H, Birgel M, Scriba D, et al. Eur J Endocrinol 1999;141:436–442.
34. Fasshauer M, Klein J, Neumann S, et al. Biochem Biophys Res Commun 2002;290:1084–1089.
35. Ruan H, Lodish HF. Cytokine Growth Factor Rev 2003;14:447–455.
36. Aukrust P, Gullestad L, Ueland T, et al. Ann Med 2005;37:74–85.
37. Alberti A, Sarchielli P, Gallinella E, et al. J Sleep Res 2003;12:305–311.
38. Yokoe T, Minoguchi K, Matsuo H, et al. Circulation 2003;107:1129–1134.
39. Poirier P, Despres JP. Cardiol Clin 2001;19:459–470.
40. Alpert MA. Am J Med Sci 2001;321:225–236.
41. de Simone G, Devereux RB, Kizer JR, et al. Am J Clin Nutr 2005;81:757–761.
42. Ku CS, Lin SL, Wang DJ, et al. Am J Cardiol 1994;73:613–615.
43. Hense HW, Gneiting B, Muscholl M, et al. J Am Coll Cardiol 1998;32:451–457.
44. Ferrara AL, Vaccaro O, Cardoni O, et al. Nutr Metab Cardiovasc Dis 2003;13:126–132.
45. Alpert MA, Lambert CR, Panayiotou H, et al. Am J Cardiol 1995;76:1194–1197.
46. Giordano U, Ciampalini P, Turchetta A, et al. Pediatr Cardiol 2003;24:548–552.
47. McGill HC Jr, McMahan CA, Herderick EE, et al. Circulation 2002;105:2712–2718.
48. MacMahon SW, Wilcken DE, Macdonald GJ. N Engl J Med 1986;314:334–339.
49. Caviezel F, Margonato A, Slaviero G, et al. Int J Obes 1986;10:421–426.
50. Alpert MA, Lambert CR, Terry BE, et al. Am J Cardiol 1995;76:1198–1201.
51. Parrinello G, Licata A, Colomba D, et al. J Hum Hypertens 2005;19:543–550.
52. Schondorf T, Maiworm A, Emmison N, et al. Clin Lab 2005;51:489–494.
53. Henrichot E, Juge-Aubry CE, Pernin A, et al. Arterioscler Thromb Vasc Biol 2005;25:2594–2599.
54. Malavazos AE, Cereda E, Morricone L, et al. Eur J Endocrinol 2005;153:871–877.
55. Manson JE, Colditz GA, Stampfer MJ, et al. N Engl J Med 1990;322:882–889.
56. Willett WC, Manson JE, Stampfer MJ, et al. JAMA 1995;273:461–465.
57. Alpert MA, Terry BE, Mulekar M, et al. Am J Cardiol 1997;80:736–740.
58. Montani JP, Carroll JF, Dwyer TM, et al. Int J Obes Relat Metab Disord 2004;28 Suppl 4:S58–S65.
59. Poirier P, Martin J, Marceau P, et al. Expert Rev Cardiovasc Ther 2004;2:193–201.
60. Vague J, Vague P, Tramoni M, et al. Acta Diabetol Lat 1980;17:87–99.
61. Larsson B, Svardsudd K, Welin L, et al. Br Med J (Clin Res Ed) 1984;288:1401–1404.
62. Lapidus L, Bengtsson C, Larsson B, et al. Br Med J (Clin Res Ed) 1984;289:1257–1261.
63. Dagenais GR, Yi Q, Mann JF, et al. Am Heart J 2005;149:54–60.

Chapter 24 / Obesity and the Heart 337



64. Cigolini M, Targher G, Bergamo Andreis IA, et al. Arterioscler Thromb Vasc Biol 1996;16:368–374.
65. Reaven G. Diab Vasc Dis Res 2005;2:105–112.
66. Licata G, Scaglione R, Avellone G, et al. Metabolism 1995;44:1417–1421.
67. Hsieh SD, Yoshinaga H. Int J Obes Relat Metab Disord 1995;19:585–589.
68. Ohrvall M, Berglund L, Vessby B. Int J Obes Relat Metab Disord 2000;24:497–501.
69. Seidell JC, Perusse L, Despres JP. Am J Clin Nutr 2001;74:315–321.
70. Pouliot MC, Despres JP, Lemieux S, et al. Am J Cardiol 1994;73:460–468.
71. Baik I, Ascherio A, Rimm EB, et al. Am J Epidemiol 2000;152:264–271.
72. National Institutes of Health. Clinical guidelines on the identification, evaluation, and treatment of

overweight and obesity in adults—the evidence report. Obes Res 1998;6 Suppl 2:51S–209S
73. Kannel WB, Cupples LA, Ramaswami R, et al. J Clin Epidemiol 1991;44:183–190.
74. Kannel WB, LeBauer EJ, Dawber TR, et al. Circulation 1967;35:734–444.
75. Hubert HB, Feinleib M, McNamara PM, et al. Circulation 1983;67:968–977.
76. Rabkin SW, Mathewson FA, Hsu PH. Am J Cardiol 1977;39:452–458.
77. Wilson PW, D’Agostino RB, Sullivan L, et al. Arch Intern Med 2002;162:1867–1872.
78. Calle EE, Thun MJ, Petrelli JM, et al. N Engl J Med 1999;341:1097–1105.
79. Manson JE, Willett WC, Stampfer MJ, et al. N Engl J Med 1995;333:677–685.
80. Shaper AG, Wannamethee SG, Walker M. BMJ 1997;314:1311–1317.
81. Alberti KG, Zimmet PZ. Diabet Med 1998;15:539–553.
82. Executive Summary of The Third Report of The National Cholesterol Education Program (NCEP)

Expert Panel on Detection, Evaluation, And Treatment of High Blood Cholesterol In Adults (Adult
Treatment Panel III) JAMA 2001;285:2486–2497.

83. Alberti KG, Zimmet P, Shaw J. Lancet 2005;366:1059–1062.
84. Kahn R, Buse J, Ferrannini E, et al. Diabetes Care 2005;28:2289–2304.
85. Freedman DS, Dietz WH, Tang R, et al. Int J Obes Relat Metab Disord 2004;28:159–166.
86. Mahoney LT, Burns TL, Stanford W, et al. J Am Coll Cardiol 1996;27:277–284.
87. Berenson GS, Wattigney WA, Tracy RE, et al. Am J Cardiol 1992;70:851–858.
88. Takami R, Takeda N, Hayashi M, et al. Diabetes Care 2001;24:1248–1252.
89. De Michele M, Panico S, Iannuzzi A, et al. Stroke 2002;33:2923–2928.
90. Stamler R, Stamler J, Riedlinger WF, et al. JAMA 1978;240:1607–1610.
91. Poirier P, Despres JP. J Cardiopulm Rehab 2003;23:161–169.
92. Ferrannini E. J Hypertens 1992;10:1417–1423.
93. Kozakova M, Fraser AG, Buralli S, et al. Hypertension 2005;45:619–624.
94. Haynes WG. Exp Physiol 2005;90:683–688.
95. Berenson GS. Prev Cardiol 2005;8:234–241.
96. Stamler J, Rose G, Elliott P, et al. Hypertension 1991;17:I9–I15.
97. Lauer MS, Anderson KM, Kannel WB, et al. JAMA 1991;266:231–236.
98. Himeno E, Nishino K, Nakashima Y, et al. Am Heart J 1996;131:313–319.
99. Sjostrom L, Lindroos AK, Peltonen M, et al. N Engl J Med 2004;351:2683–2693.

100. Lawrence VJ, Kopelman PG. Clin Dermatol 2004;22:296–302.
101. Nowson CA, Worsley A, Margerison C, et al. Am J Clin Nutr 2005;81:983–989.
102. Despres JP. Baillieres Clin Endocrinol Metab 1994;8:629–660.
103. Ross R, Freeman JA, Janssen I. Exerc Sport Sci Rev 2000;28:165–170.
104. Poirier P, Catellier C, Tremblay A, et al. Metabolism 1996;45:1383–1387.
105. Lee S, Kuk JL, Davidson LE, et al. J Appl Physiol 2005;99:1220–1225.
106. Lee S, Kuk JL, Katzmarzyk PT, et al. Diabetes Care 2005;28:895–901.
107. Ross R, Janssen I, Dawson J, et al. Obes Res 2004;12:789–998.
108. Katzmarzyk PT, Church TS, Janssen I, et al. Diabetes Care 2005;28:391–397.
109. Colditz GA, Willett WC, Rotnitzky A, et al. Ann Intern Med 1995;122:481–486.
110. Balkau B, Shipley M, Jarrett RJ, et al. Diabetes Care 1998;21:360–367.
111. Meigs JB, Nathan DM, Wilson PW, et al. Ann Intern Med 1998;128:524–533.
112. Despres JP, Lamarche B, Mauriege P, et al. N Engl J Med 1996;334:952–957.
113. Strollo PJ Jr, Rogers RM. N Engl J Med 1996;334:99–104.
114. Partinen M, Jamieson A, Guilleminault C. Chest 1988;94:1200–1204.

338 Part V / Adipose Tissue and Disease



115. Merritt SL. Prog Cardiovasc Nurs 2004;19:19–27.
116. Gami AS, Caples SM, Somers VK. Endocrinol Metab Clin North Am 2003;32:869–894.
117. Bearpark H, Elliott L, Grunstein R, et al. Am J Respir Crit Care Med 1995;151:1459–1465.
118. Hatipoglu U, Rubinstein I. Respiration 2003;70:665–671.
119. Kokturk O, Ciftci TU, Mollarecep E, et al. Int Heart J 2005;46:801–809.
120. Ulukavak Ciftci T, Kokturk O, Bukan N, et al. Respiration 2005;72:395–401.
121. Ciftci TU, Kokturk O, Bukan N, et al. Cytokine 2004;28:87–91.
122. Vgontzas AN, Bixler EO, Lin HM, et al. Neuroimmunomodulation 2005;12:131–140.

Chapter 24 / Obesity and the Heart 339



Obesity and Asthma

Elisabeth Luder

25

From: Nutrition and Health: Adipose Tissue and Adipokines in Health and Disease
Edited by: G. Fantuzzi and T. Mazzone © Humana Press Inc., Totowa, NJ

341

Abstract
Obesity and asthma are both common complex traits responsible for substantial morbidity in the

developed world. The consistency of the relationship between obesity and asthma, the temporal and
dose-response association, and the correlation of obesity with intermediate phenotypes for asthma
suggest that the obesity–asthma link is causal. With few exceptions, the existing epidemiological
studies show a consistent positive association of obesity with both incidence and prevalence of
asthma in children and adults, with the effect being greater in females than in males. Obesity pre-
cedes and predicts the development of asthma, not the other way around, and the effect persists after
controlling for diet and physical activity. The dose–response relationship is demonstrated by the
finding that the greater the obesity the greater the effect on asthma. Studies are showing improve-
ments in asthma in subjects who lose weight. From these observations, the main research issues at
present relate to the actual biological mechanisms by which obesity influences the asthma pheno-
type. The specific areas requiring further investigation are: direct effect of obesity on mechanical
functioning of the lung; changes in the immune or inflammatory responses directly or through
genetic mechanism; sex-specific influences relating to hormones; and the influence of maternal diet
on fetal programming. At present, we still do not have a good understanding of the precise relation-
ship between obesity and asthma.

Key Words: Obesity; asthma; lung; inflammation; genes; hormones; diet.

1. INTRODUCTION

Obesity and asthma are both chronic conditions affecting millions worldwide. Over
the past two decades there has been a rapid increase in the prevalence of both these con-
ditions (1,2). In the United States, in 2002, 65% of adults were overweight, with a body
mass index (BMI) higher than 25, compared with 46% in 1980; in addition, 16% of
children, age 6 to 19 yr had a BMI higher than 25, compared with 5% in 1980 (3). From
1980 to 1996, there was an increase in self-reported asthma prevalence of 74% (4).
Given the parallel increase in obesity and asthma, it is not surprising that the prevalence
and incidence of asthma and its related symptoms have been associated with BMI and
obesity as described in a number of epidemiological studies for adults and children. In
this chapter, the definition of asthma, association between obesity and asthma as
described in cross-sectional and longitudinal studies, and causal hypotheses of obesity
and asthma will be addressed.



2. DEFINITION AND EPIDEMIOLOGY OF ASTHMA

Asthma is defined by episodic airflow obstruction, increased airway responsiveness,
and airway inflammation characterized by infiltration with eosinophils and T-lympho-
cytes, particularly CD4+ T-lymphocytes that express T-helper (Th) cell type 2 cytokines
such as interleukin (IL)-4, IL-5, and IL-13. The histopathological appearance of the
airways includes denudation of the airway epithelium, thickening of the basement
membrane, mucus production, and airway smooth muscle hypertrophy (5). Although
asthma is a chronic—often lifelong—disease that affects humans of all ages, the onset
of the disease occurs primarily in early childhood. Fifty percent of all male asthma cases
are diagnosed by age 3, and 50% of all female cases are diagnosed by age 8 (6). This
increase of asthma in early childhood has been most marked in minority populations,
particularly African Americans and Puerto Rican Hispanics (7).

3. DEFINITION OF OBESITY

A number of methods have been proposed to describe increases in body weight. The
most widely used measurement is the BMI, calculated as weight/height2 (kg/m2).
Among adult subjects overweight is defined as a BMI of 25 to 29.9 kg/m2, and obesity
as a BMI of at least 30 kg/m2. Different ethnicities, such as Caucasians and Chinese,
have highly contrasting distributions of body weight and height. Males and females
differ in their BMI distribution. Age is an obvious modifier of body weight and height.
Therefore, age- and sex-specific definitions for different ethnic groups must be applied
when comparing effects in various study populations. Growth charts from the Centers
for Disease Control and Prevention (CDC) include age- and sex-specific BMI reference
values for children and adolescents aged 2 to 20 yr (8). However, BMI does not account
for body frame and proportion of muscle mass. This limitation is particularly relevant
in pediatric studies because of the effects of maturation and growth of lean muscle mass,
fat mass, and hydration status. Furthermore, muscle mass increases with higher activity
level, and fat mass values are higher among females than males and vary across ethnic
groups (9). Therefore, other measures of body weight have been applied, such as assess-
ment of body fat by skinfold thickness, dual-energy X-ray absorptiometry (DEXA)
evaluation or bioelectrical impedance. However, large comparative studies on skinfold,
DEXA, and bioelectrical impedance variables with BMI are missing to date.

4. ASSOCIATION BETWEEN OBESITY AND ASTHMA

Conflicting results of various studies investigating the potential association between
obesity and asthma may be attributable to different study design—cross-sectional or
longitudinal—or effect modifiers.

4.1. Cross-Sectional Studies
The cross-sectional diagnosis of asthma has been associated with obesity in both

children (10–13) and adults (14–16). In most studies, the definition of asthma was based
on a doctor diagnosis of asthma, partly including airway hyper-responsiveness (AHR),
but in some studies only symptoms such as wheeze or asthma attacks were assessed.
Several of these studies noted a relationship only in women, but not in men (17,18).
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However, findings are not consistent, and associations between obesity and AHR were
even stronger in males than females (19). AHR may reflect airway inflammation but not
asthma itself, as AHR is a feature rather loosely associated with a doctor’s diagnosis of
asthma in population-based studies. Effect modification by sex, however, may also be
based on differences in the shape of the relationship. This notion is supported by a
survey demonstrating that the association between BMI and asthma differed only in the
lowest weight category. Among women a monotonic association was seen, whereas in
men a U-shaped relation was found, but both extremes of weight were associated with
higher prevalence of asthma (20).

Cross-sectional studies may be prone to bias because they do not allow an assessment
of the timing of the exposure in relation to the occurrence of asthma. Thus the relation-
ship between BMI and asthma may reflect an asthmatic patient’s predisposition to gain
weight because of reduced exercise tolerance rather than causal association between a
high BMI and the inception of asthma. Therefore results from prospective studies may
help to better interpret the findings (9).

4.2. Prospective Studies
Nearly all prospective studies demonstrate a positive association between BMI and

the development of asthma and AHR, respectively (19,21,22). In these studies weight
gain occurred before the new onset of asthma or asthma symptoms, suggesting a true
relation between both conditions. In some studies stratification by sex either by study
design (21,22) or in the analyses revealed sex-specific effects. Camargo et al. (21)
reported a significant association between overweight development and new-onset
asthma in the US Nurses’ Health Study, whereas Litonjua et al. (22) detected a 
U-shaped relation with AHR at high and low BMI in the Normative Aging Study,
including only males. In a study of 135,000 Norwegians aged 14 to 60 yr who were fol-
lowed on average for 21 yr, the risk of asthma increased steadily with an increase in
BMI. For men the risk of asthma increased starting with a BMI of 20 and in women with
a BMI of 22. In men, the risk of asthma increased by 10% and for women by 7% with
each unit of increased BMI between 25 and 30 (23). A population of 10,597 adult twins,
initially free of asthma, was followed for 9 yr. Obese men with a BMI 30 had a sig-
nificantly increased risk of developing asthma when compared to those with a BMI of
20 to 24.99 (OR = 3.47). More men were obese than women, and the association
between BMI and asthma was not significant in women (24).

In a longitudinal population-based birth cohort study of 781 children, in boys and
girls the presence of obesity during the prepubertal period and early onset of puberty
were significant and independent risk factors for persistent asthma after puberty (25).
Among 3,792 participants aged 7 to 18 yr in the Children’s Health Study who were
asthma-free at enrollment and were followed for 5 yr, the risk of asthma development
increased among overweight and obese boys but not girls (OR = 2.06 vs OR = 1.25)
(26). Among 9828 children aged 6 to 14 yr examined annually over a follow-up time of
5 yr in six US cities, an increased risk of new asthma diagnosis in girls was associated
with higher BMI at entry into the study and greater increase in BMI during follow-up.
Boys with the largest and smallest annual change in BMI also had an increased risk of
asthma. For boys and girls, extremes of annual BMI growth rates increased the risk of
asthma (27). As addressed in the following section, in these children, overweight or
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extreme leanness may represent a combination of in utero and postnatal influences on
growth and development that increase the risk of airway mechanical dysfunction or
inflammation (28,29).

5. CAUSAL HYPOTHESES

In the association between obesity and asthma, potential misclassifications of wheeze
and asthma must be considered. Obstructive sleep apnea or hypoventilation are frequent
among obese patients (5,9). However, it seems unlikely that these symptoms are mis-
classified as asthma in longitudinal surveys. As previously stated, all the existing
prospective epidemiological studies show a consistent positive association of obesity
with both incidence and prevalence of asthma in children and adults. Obesity precedes
asthma and predicts the development of asthma and the effect persists after controlling
for diet and physical activity. The dose–response relationship is demonstrated by the
finding that the greater the obesity, the greater the observed effect on asthma (10–12,21).
The effects of obesity seem greater for asthma and airway responsiveness than they do
for other allergy phenotypes, although these effects have not been assessed as fre-
quently. From these observations, studies suggest that obesity has the potential to affect
airway function through a variety of agencies, including mechanical functioning of the
lung, changes in immune or inflammatory responses directly or through genetic mecha-
nisms, sex-specific influences relating to hormones, lung development, and the influ-
ence of maternal diet on fetal programming (28,29). These are many possibilities, but
they are not mutually exclusive, and the dominant mechanism among them is yet to be
identified.

5.1. Effects of Lung Mechanics
Obesity leads to decreased lung tidal volume as well as decreased functional residual

capacity. These volume changes result in reduced smooth muscle stretch or latching.
Consequently, the ability to respond to a physiological stress such as exercise is hampered
by small tidal breaths, which alters smooth muscle contraction, worsening the respira-
tory condition. Normal smooth muscle has an intrinsic rate of excitation and contrac-
tion called the cycling rate. In obese people, lower cycling rates of the airway smooth
muscles and thus decreased functional capacity result from the conversion of rapidly
cycling actin–myosin crossbridges to slowly cycling latch bridges (28,30). The exact
dose–effect relationship between the amount and distribution of body fat and the
mechanical changes remains unknown and is an area for further research.

5.2. Comorbidities
Obesity may lead to asthma not directly, but through its role in other disease

processes. For example, obesity increases the risk of both gastroesophageal reflux dis-
ease (GERD) and sleep-disordered breathing (SDR). An increased prevalence of asthma
has been observed in subjects with each of these conditions; furthermore, subjects under-
going surgical induced weight loss showed improvements not only in asthma but also in
GERD and sleep apnea. Consequently, there has been speculation that obesity leads to
asthma through its effects on these other conditions. Two recent studies have examined
the interrelationships between these conditions. Multivariate logistic regression in data
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from more than 16,000 participants in the European Community Respiratory Health
Survey demonstrated that the relationship between obesity and the onset of asthma was
unaffected by adjustment for GERD or habitual snoring (31). Similarly, Sulit et al.
demonstrated that adjustment for SDB and asthma did not substantially alter the associ-
ation between obesity and asthma (32). Taken together, these data indicate that the
increased risk of asthma in the obese is independent of GERD and SDB.

5.3. Chronic Systemic Inflammation
There is increasing evidence that obesity is a proinflammatory state (33). Initial stud-

ies have focused mainly on the association of obesity and tumor necrosis factor (TNF),
IL-6, IL-1 , and C-reactive protein. IL-6 and TNF are constitutively expressed by
adipocytes and correlate with total fat mass. TNF is increased in asthma, and it increases
further with allergen exposure. Thus, the TNF inflammatory pathway is common to
both obesity and asthma, and it is plausible that it is upregulated by the presence of both
conditions (28,29).

Recent research shows that in obese humans, even in the absence of any overt inflam-
matory insult, there is chronic, low-grade systemic inflammation characterized by increas-
ed circulating leukocytes and increased serum concentration of cytokines, cytokine
receptors, chemokines, and acute-phase proteins (34). Similar results are obtained in
obese mice. The origin of this inflammation appears to be, at least in part, the adipose
tissue itself, because expression of a variety of inflammatory genes is upregulated in
adipose tissue from obese humans or mice. The cellular source of some of these factors
appear to be macrophages that infiltrate adipose tissue (35,36). Systemic inflammatory
markers in humans correlate with the presence of diseases common to obesity, includ-
ing type 2 diabetes and atherosclerosis, suggesting that the inflammation is functionally
important. Obese Cpefat mice display innate airway hyper-responsiveness, as well as
increased airway responsiveness and inflammation following ozone (O3) exposure.
These increased effects of O3 appear to be independent of changes in lung volume or
lung mass, suggesting that obesity augments the airway response to O3 in mice (34).

Adiponectin is one of the most abundant gene products in adipose tissue. In con-
trast with many of the other adipokines, the levels of which rise in obesity, plasma
adiponectin levels are decreased in obesity, and levels increase following weight loss.
The predominant metabolic effects of adiponectin are in the liver and in skeletal 
muscle and include increased glucose uptake, inhibition of gluconeogenesis, and
increased fatty acid oxidation (37). Adiponectin also has anti-inflammatory proper-
ties. Pertaining to asthma, adiponectin inhibits proliferation and migration of cultured
vascular smooth muscle cells induced by mitogens (38). It will be important to deter-
mine whether adiponectin has similar effects on airway smooth muscles (ASM), espe-
cially because both the AdipoR1 and AdipoR2 receptors are expressed in cultured
human ASM cells. In this context, it should be noted that increased ASM mass is a
feature of human asthma, and modeling studies have shown that increased muscle
mass alone can account for a large part of the AHR of asthma. Taken together, the
anti-inflammatory effects of adiponectin and the possibility that adiponectin may
have antimitogenic effects on ASM suggest that the decreased serum concentration of
adiponectin observed in the obese may contribute to the propensity toward AHR in
this population (29).
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There are also limited data showing greater systemic inflammation in obese vs lean
asthmatics, as measured by serum amyloid A, fibrinogen, and C-reactive protein (39).
Such changes are to be expected because levels of these acute-phase proteins are also
elevated in nonasthmatic obese versus lean subjects. However, in some cases, obese
asthmatics had higher serum acute-phase proteins than lean asthmatics even after cor-
rection for BMI, suggesting that systemic as well as airway inflammation exists in
asthma (29).

5.4. Genetics
The possibility that genes known to be important in asthma may also be important in

obesity is among the most interesting areas of research in this field. Because genes tend
to be pleiotropic, it is biologically plausible that genes important in one complex trait
could be important in another. Linkage analysis has identified several linkage peaks
with chromosomal regions that are shared for obesity and asthma phenotypes (28).
Chromosomal areas of 5q, 6p, 11q, and 12q all contain regions with loci common to
both complex phenotypes. Chromosome 5q contains the 2-adrenergic receptor gene
ADRB2 and the glucocorticoid receptor gene NR3C1. Furthermore, ADRB2 encodes a
receptor that influences sympathetic nervous system activity, which is important in con-
trolling both airway tone and metabolic rate. The glucocorticoid receptor is involved in
modulating inflammation important in both diseases. Chromosome 6p, which contains
the HLA gene cluster and TNF, influences the immune and inflammatory response
important in both these conditions. Chromosome 11q13 contains UCP2, UCP3, and the
gene encoding the low-affinity immunoglobulin E receptor FC RB. The uncoupling
proteins (encoded by UCP2 and UCP3) influence metabolic rate but have no known
function in asthma. The low-affinity immunoglobulin E receptor is part of the T-helper
type 2 inflammatory response, which is increased in asthma and has not been assessed
for modification by obesity. Chromosome 12q contains the inflammatory cytokine
genes STAT6, IGF1, IL1A, and LTA4H. As already noted, inflammation is a feature
common to both obesity and asthma. Research needs to be conducted to relate specific
genetic polymorphisms in these and other loci to the effects of the obesity phenotype on
asthma (28,40,41).

5.5. Female Sex Steroid Hormones
The association between obesity and asthma has been particularly strong in adult

women and postpubertal girls, suggesting that female sex hormones may be contribut-
ing to the increased risk of asthma in obesity (5,28,41). Aromatase, the enzyme respon-
sible for converting androgens to estrogens, is found in adipose tissue. Therefore, it is
reasonable to hypothesize that obesity increases estrogen and is associated with early
menarche (42), and the risk of developing asthma is particularly strong in girls with
early menarche (25). The two different estrogen receptors (ERs), ER and ER , are
expressed in adipose tissue. In general, estrogen leads to an increase in basal metabolic
rate as well as increased ambulatory activity and decreased activity of lipoprotein lipase
in laboratory animals. Mice genetically deficient in ER , as well as those lacking in aro-
matase, are obese; however, oophorectomized ER mice have much less fat than intact
ER mice, suggesting that the estrogen signaling through ER may promote fat depo-
sition. Although there is some literature on the effect of estrogen on airway responsiveness
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in animal models, it is unclear how estrogen might impact the development of asthma,
but both estrogen and progesterone have been shown to increase IL-4 and IL-13 in
peripheral blood mononuclear cells (5,28,41), and there may be other effects on
immune or inflammatory cells. Pertaining to sex differences, in mice, O3 induced injury
and inflammation of the lungs was enhanced in both male and female Cpefat mice when
compared to their respective gender-matched controls, indicating, at least in obese mice,
that gender had no impact augmenting response to O3 (34).

5.6. Developmental Effects, Physical Activity, and Diet
Asthma is primarily a disease of early childhood, with 90% of all cases being diag-

nosed by age 6. There is increasing evidence that prenatal, neonatal, and early childhood
events affect the subsequent development of both asthma and obesity (28,41). Although
physical activity has not been shown to diminish the relationship between obesity and
asthma in prospective epidemiological studies, physical activity of the mother during
pregnancy may be important to the development of the sympathetic nervous system
(SNS) in utero (43). For example, activation of brown adipose tissue, which is regulated
by the SNS, is important in increasing thermogenesis and basal metabolism through acti-
vation of uncoupling proteins. All three types of -adrenergic receptors are expressed in
adipose tissue and hence are relevant to this physiological effect (41,43). Other environ-
mental factors acting during pregnancy, such as maternal diet, maternal stress, and ambi-
ent temperature, may also affect fetal SNS development. Asthma and obesity share the
possibility of decreased or defective SNS activity that may contribute to both disease
phenotypes (28,41,43).

A variety of dietary factors have been linked to asthma prevalence in adults and chil-
dren. Specifically, antioxidant vitamins C and E, carotene, riboflavin, and pyridoxine
may have important effects, with greater intake being associated with enhanced immune
function, reduced asthma symptoms, less eczema, and higher lung function (44). Cross-
sectional studies have demonstrated a reduced risk of asthma in relation to a high intake
of fruits, vegetables, whole-grain products, and fish (44,45). A cross-sectional preva-
lence study of 1312 children (mean age = 11.4 yr) showed that frequent consumption of
“fast food type of meals” had a dose-dependent association with asthma symptoms (46).
The benefit of diet for asthma and obesity may be achieved from the combined nutri-
tional value in particular foods, from the interaction of foods, or the combined effect of
foods in a balanced diet throughout life (44,45). Weight loss achieved through diet inter-
vention has been shown to improve lung function and asthma symptoms (47).

Another dietary factor worth greater attention is the omega-3 fatty acids, for which
emerging data suggest a protective effect on asthma development in childhood (41,44,
45,48). Unfortunately, most of the work on diet and its effect on asthma has been done
in adults or in children after the diagnosis of asthma has already been made. The ideal
time in the lifecycle to assess the effects of diet is in the pregnant mother, in whom the
effects of total caloric intake and dietary constituents can be measured and their effects
on birthweight, obesity, and asthma can be assessed. Barker et al. (49) have proposed
that many chronic diseases arise from adaptations the fetus makes when it is undernour-
ished. The prototypical example of the relationship of fetal development to both asthma
and obesity is the Dutch winter famine of 1944–1945. Women exposed during early and
mid-pregnancy to the severe nutritional limitations imposed by the famine had offspring
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of reduced birth size (28,49). Lower lung function and increased risk of death from
obstructive airways disease as adults was increased in those exposed to famine in early
and mid-gestation, but not in late gestation (49). Interestingly, in follow-up studies, the
prevalence of obesity was higher in 19-yr-old men exposed to famine during early to
mid-gestation (50), and maternal malnutrition during early gestation was associated
with higher BMI and waist circumference in 50-yr-old women but not in men (51).
Pembrey et al. (52) described in a recent study that food and tobacco consumption may
have sex-specific, male line transgenerational effects on health and that these transmis-
sions are mediated by the sex chromosomes, X and Y.

With respect to asthma, Raby et al. (53) reported a strong relationship between low-
normal gestational age and asthma symptoms at age 6 yr. Shaheen and coworkers (54)
reported that impaired fetal growth is a risk facture for adult asthma. Low birth weight
is associated with lower adult lung function (49) and small lung size is a known risk
factor for asthma, likely because small lung size results in small airway caliber (27).
Animal models of obesity may provide clues about whether or how obesity affects lung
development. Cpefat mice, which become obese more slowly than lean mice, have
normal lung mass at 14 to 16 wk of age, at which time they weigh about 50% more than
lean controls. However, there are changes in the pressure–volume curve of their lungs,
suggesting that lung development has been affected by the obesity. It is possible that
obesity affects lung anatomy, airway branching structure, the nature or distribution of
connective tissue, the production of surfactant, or the innervation of the tracheobronchial
tree (34). Ultimately, all fetal programming phenomena must have their basis in the
altered expression of genes or epigenetic states. Interactions of the in utero environment
with fetal genes may thus also contribute to the development of obesity and asthma (28).

6. CONCLUSIONS

There is a significant temporal relationship between alterations in body mass and
asthma. The relationship is probably multifactorial and the potential independent influ-
ences of biomechanics, inflammation, genetics, and sex-specific effects demonstrate the
complex interactions in the complex traits of obesity and asthma. The likelihood of
additional direct, interactive, or otherwise related contributions of physical activity, diet,
and in utero development to the relationship between obesity and asthma further
strengthens this notion. Although complex, this relationship has much to teach about
how the environment and genes interact to produce disease phenotypes, and great
insight can be gained by considering this potential interrelationship in a developmental
context. That there are so many theoretical hypotheses underlying this relationship only
enhances the intrigue related to suspected causality.

REFERENCES
1. World Health Organization. Obesity: prevention and managing the global epidemic. WHO Technical

Report Series 894. Geneva, Switzerland: 2000.
2. Masoli M, Fabian D, Holt S, et al. Allergy 2004;59;469–478.
3. Hedley AA, Ogden CL, Johnson CL, et al. JAMA 2004;291:2847–2850.
4. Mannino DM, Homa DM, Akinbami L, et al. MMWR CDC Surveill Summ 2000;51:1–13.
5. Weiss ST, Shore S. Am J Respir Crit Care Med 2004;169:963–968.
6. Yunginger JW, Reed CE, O’Connell EJ, et al. Am Rev Respir Dis 1992;146:888–894.

348 Part V / Adipose Tissue and Disease



Chapter 25 / Obesity and Asthma 349

7. The National Heart, Lung, and Blood Institute Working Group. Chest 1995;108:1380–1392.
8. Kuczmarsiki RJ, Ogden CL, Guo SS, et al. Vital Health Stat 2002;11:1–190. 
9. Schaub B, von Mutius E. Curr Opin Allergy Clin Immunol 2005;5:185–193. 

10. Luder E, Melnik TA, DiMaio M. J Pediatr 1998;132:699–703.
11. von Mutius E, Schwartz J, Neas LM, et al. Thorax 2001;56:835–838.
12. Belamarich PF, Luder E, Kattan M, et al. Pediatrics 2000;106:1436–1441.
13. Romieu I, Mannino DM, Redd SC, et al. Pediatr Pulmonol 2004;38:31–42.
14. Celedon JC, Palmer LJ, Litonjua AA, et al. Am J Respir Crit Care Med 2001;164:1835–1840.
15. Schachter LM, Salome CM, Peat JK, et al. Thorax 2001;56:4–8.
16. Jarvis D, Chinn S, Potts J, et al. Clin Exp Allergy 2002;32:831–837.
17. Chen Y, Dales R, Krewski D, et al. Am J Epidemiol 1999;150:255–262.
18. Del-Rio-Navarro BE, Fanghanel G, Berber A, et al. J Investig Allergol Clin Immunol 2003;13: 118–123.
19. Chinn S, Jarvis D, Burney P. Thorax 2002;57:1028–1033.
20. Luder E, Ehrlich RI, Lou WY, et al. Respir Med 2004;98:29–37.
21. Camargo CA Jr, Weiss ST, Zhang S, et al. Arch Intern Med 1999;159:2582–2588.
22. Litonjua AA, Sparrow D, Celedon JC, et al. Thorax 2002;57:581–585.
23. Nystad W, Meyer HE, Nafstad P, et al. Am J Epidemiol 2004;160:969–976.
24. Huovinen E, Kaprio J, Koskenvuo M. Respir Med 2003;97:273–280.
25. Guerra S, Wright AL, Morgan WJ, et al. Am J Respir Crit Care Med 2004;170:78– 85.
26. Gilliland FD, Berhane K, Islam T, et al. Am J Epidemiol 2003;158:406–415.
27. Gold DR, Damokosh AI, Dockery DW, et al. Pediatr Pulmonol 2003;36:514–521.
28. Tantisira KG, Weiss ST. Thorax 2001;56(Suppl.2):ii64–ii73.
29. Shore SA, Johnston RA. Pharmacol Ther 2006;110:83–110.
30. Fredberg JJ, Inouye D, Miller B, et al. Am J Respir Crit Care Med 1997;156:1752–1759.
31. Hampel H, Abraham NS, El-Serag HB. Ann Intern Med 2005;143:199–211.
32. Sulit LG, Storfer-Isser A, Rosen CL, et al. Am J Respir Crit Care Med 2005;171:659–664.
33. Visser M, Bouter LM, McQuillan GM, et al. JAMA 1999;282:2131–2135.
34. Johnston RA, Theman TA, Shore SA. Am J Physiol Regul Integr Comp Physiol 2006;290:R126–R133.
35. Weisberg SP, McCann D, Desai M, et al. J Clin Invest 2003;112:1796–1808.
36. Xu H, Barnes GT, Yang Q, et al. J Clin Invest 2003;112:1821–1830.
37. Berg AH, Combs TP, Du X, et al. Nat Med 2001;7:947–953.
38. Arita Y, Kihara S, Ouchi N, et al. Circulation 2002;105:2893–2898.
39. Jousilahti P, Salomaa V, Hakala K, et al. Ann Allergy Asthma Immunol 2002;89:381–385.
40. Weiss ST, Raby BA. Hum Mol Genet 2004;13(Spec No 1):R83–R89.
41. Weiss ST. Nat Immunol 2005;6:537–539.
42. Castro-Rodriguez JA, Holberg CJ, et al. Am J Respir Crit Care Med 2001;163:1344–1349.
43. Young JB, Morrison SF. Diabetes Care 1998;21:B156–B160.
44. McKeever TM, Britton J. Am J Respir Crit Care Med 2004;170:725–729.
45. Tabak C, Wijga AH, de Meer G, et al. Thorax 2005 in press.
46. Wickens K, Barry D, Friezema A, et al. Allergy 2005;60:1537–1541.
47. Stenius-Aarniala B, Poussa T, Kvarnstrom J, et al. BMJ 2000;320:827–832.
48. Oddy WH, de Klerk NH, Kendall GE, et al. J Asthma 2004;41:319–326.
49. Barker DJ, Godfrey KM, Fall C, et al. BMJ 1991;303:671–675.
50. Ravelli GP, Stein ZA, Susser MW. N Engl J Med 1976;295:349–353.
51. Ravelli ACJ, von der Meulen JHP, Osmond C, et al. J Clin Nutr 1999;70:811–816.
52. Pembrey ME, Bygren LO, Kaati G, and The ALSPAC Study Team. Eur J Hum Genet, 2006;14:159–166.
53. Raby BA, Celedon JC, Litonjua AA, et al. Pediatrics 2004;114:e327–e332.
54. Shaheen SO, Sterne JA, Montgomery SM, et al. Thorax 1999;54:396–402.



Adiposity and Kidney Disease

Srinivasan Beddhu 
and Bonnie Ching-Ha Kwan

26

Abstract
The prevalence of chronic kidney disease is growing worldwide. Epidemiological data suggest

there is a causal relationship with adiposity. There are also laboratory research and clinical studies
showing that adiposity is involved in the development and the progression of kidney disease itself.
Mechanisms include adaptation to increased body mass, activation of sympathetic nervous and
renin–angiotensin systems, effects of insulin resistance, lipid overload, and release of adipokines.
Kidney disease may also affect the association of adiposity with cardiovascular outcomes. In this
chapter, the interactions of adiposity and kidney disease and their effects on clinical outcomes are
examined.

Key Words: Adipose tissue; obesity; kidney disease; insulin resistance; cardiovascular outcomes.

1. INTRODUCTION

Chronic kidney disease (CKD) is increasingly common. From the Third National
Health and Nutrition Examination Survey (NHANES III), it was found that the preva-
lence of CKD in the US adult population was 11% (19.2 million), of which 7.6 mil-
lion had stage 3 (glomerular filtration rate [GFR] 30 to 59 mL/min/1.73 m2) and
400,000 had stage 4 (GFR 15 to 29 mL/min/1.73 m2) (1). In 2002, the number of peo-
ple with stage 5 CKD (GFR < 15 mL/min/1.73 m2) requiring dialysis in the United
States was approx 310,000, representing an 86% increase over the past decade. This
number is expected to rise exponentially, to affect more than 650,000 individuals by
2010 (2).

There is evidence that adiposity is involved in the development, and the progression,
of kidney disease itself. Further, whereas adiposity is a well-known cardiovascular risk
factor in the general population, epidemiological studies have raised uncertainties
regarding the impact of adiposity on clinical outcomes in CKD and dialysis patients. In
this chapter, we address these two issues: the effects of adiposity on kidney disease, and
the effects of kidney disease on the associations of adiposity with cardiovascular risk fac-
tors and cardiovascular disease.
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2. EFFECT OF ADIPOSE TISSUE ON PROGRESSION 
OF KIDNEY DISEASE

2.1. Epidemiological Data
There is evidence that in many populations, the rising trend of kidney disease in the

population has also mirrored that of obesity (3–5). Obesity, which is mainly caused by
an increase in adipose tissue, has a direct relationship to the development and progres-
sion of diabetes mellitus, hypertension, and dyslipidemia. Diabetes and hypertension
are well known to be the two most common causes of renal impairment. More than 40%
of the CKD and dialysis populations have diabetes as a cause of renal failure, whereas
hypertension takes up around 28%. Analyses of the data from the Modification of Diet
in Renal Disease (MDRD) (6) and Atherosclerosis Risk in Communities (ARIC) (7)
studies showed that high triglyceride and low high-density lipoprotein (HDL) levels are
related to the development of CKD.

Kidney damage is clinically manifest as loss of albumin in urine or decline in GFR.
Analysis of NHANES data further showed that abdominal obesity was associated with
both a decrease in GFR and microalbuminuria (24-h urinary albumin excretion in the
range of 150–300 mg/d) (5). This association was also seen with each of the other ele-
ments of metabolic syndrome (i.e., insulin resistance, hypertension, hypertriglyceridemia,
and low HDL level). Furthermore, there was a graded relationship between the number of
components present and the corresponding prevalence of CKD and microalbuminuria.

Thus, the above data raise the question whether the association of adiposity with
CKD is a mere reflection of associated diabetes, hypertension, and dyslipidemia or
whether adiposity is an independent risk factor for kidney disease. In another analysis
of the ARIC data, the odds ratio (OR) of developing CKD during a 9-yr follow-up
period in participants with metabolic syndrome was 1.43, and remained 1.24 after
adjusting for the subsequent development of diabetes and hypertension. Compared with
participants with no traits of metabolic syndrome, those with one, two, three, four, or
five traits of the metabolic syndrome had an OR of CKD of 1.13 (95% CI: 0.89–1.45),
1.53 (95% CI: 1.18–1.98), 1.75 (95% CI: 1.32–2.33), 1.84 (95% CI: 1.27–2.67), and
2.45 (95% CI: 1.32–4.54), respectively. Thus, metabolic syndrome is independently
associated with an increased risk for incident CKD in nondiabetic adults (8).

2.2. Renal Pathology in Adiposity
Histologically, renal biopsies of obese patients with renal failure have shown glomeru-

lomegaly and focal segmental glomerulosclerosis (9,10). To date, it is not known whether
obesity-related glomerulomegaly is a cause or just an associated feature of proteinuria. It
is also not certain if glomerulomegaly is a precursor of obesity-related focal segmental
glomerulosclerosis.

2.3. Mechanisms of Kidney Damage in Adiposity
There are several biological mechanisms through which adiposity could lead to kid-

ney damage (Table 1). Pathophysiology of increased microalbuminuria and proteinuria
may include glomerular hyperfiltration, increased renal venous pressure, glomerular
hypertrophy (due to mesangial cell hypertrophy and matrix production), and increased
synthesis of vasoactive and fibrogenic substances (including angiotensin II, insulin,
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leptin, and transforming growth factor [TGF]- 1) (11). The following discussion elab-
orates on these mechanisms.

2.3.1. ADAPTATION TO INCREASED BODY MASS

Increased body mass leads to increased excretory load of nitrogen and metabolic
waste. In the face of stable number of nephrons, this leads to increased workload with
hyperperfusion and hyperfiltration of each single nephron. It has been shown that obesity-
related glomerular hyperfiltration ameliorates after weight loss (12).

Second, obesity and increased body mass correlate positively with systemic hyper-
tension. This causes increase in glomerular capillary pressure, proteinuria, endothelial
dysfunction, vasculopathy, and fibrosis within the kidney, leading to nephronal damage.

2.3.2. ADVERSE EFFECTS OF ADAPTATIONS TO OBESITY-INDUCED SODIUM RETENTION

Obesity leads to activation of the sympathetic system, possibly caused, in part, by
hyperleptinemia that stimulates the hypothalamic pro-opiomelanocortin pathway (13).
Angiotensin II, and hence the renin–angiotensin system, is upregulated. These cause vol-
ume expansion and increased blood pressure. Further, excess visceral adipose tissue may
lead to physical compression of the kidneys, medullary compression owing to accumu-
lation of adipose tissue around the kidney, and increased extracellular matrix within the
kidney (13,14), causing increasing intrarenal pressures and tubular reabsorption.

Because of increased tubular reabsorption of sodium, marked renal vasodilation and
glomerular hyperfiltration set in to serve as compensatory mechanisms to maintain
sodium balance (15). However, chronic renal vasodilation and increased systemic arte-
rial pressure cause increased hydrostatic pressure and glomerular capillary wall stress.
Along with increased lipids and glucose intolerance, these may cause glomerular cell
proliferation, matrix accumulation, and eventually glomerulosclerosis and loss of
nephron function in obese subjects. This creates a slowly developing vicious cycle, with
ever-increasing arterial pressure and urinary protein excretion leading to gradual but
continual loss of nephron function.

2.3.3. DIRECT OR INDIRECT EFFECTS OF HYPERINSULINEMIA/INSULIN RESISTANCE

Adipose tissue is associated with insulin resistance. This causes systemic hyper-
insulinemia, which contributes to renal vascular injury by stimulating smooth muscle cell 
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Table 1
Mechanisms of Kidney Damage

Cardiovascular Hypertension
Renal Altered vascular structure and function

Enhanced renin–angiotensin–aldosterone system
Enhanced sympathetic nervous system

Metabolic Hyperinsulinemia/insulin resistance
Dyslipidemia
Hypercortisolemia

Inflammatory Hyperleptinemia
Hematological Hypercoagulability

Altered kallikrein–kinin system



proliferation (16). It also has both direct and indirect effects on the progression of
glomerular damage. Direct effects include irreversible glycosylation of glomerular pro-
teins—e.g., renal mesangial cells and stimulation of expression of inflammatory collagens
(17). Hyperinsulinemia augments endothelial-dependent vasodilation (increased nitric
oxide production via PI3-k/Akt pathway), thus contributing to preglomerular vasodilation
and glomerular hypertension (15,18). Indirect effects include interaction with elevated
intrarenal angiotensin II to augment angiotensin II-induced contraction of glomerular
mesangial cells (19). In vitro studies have shown that hyperinsulinemia can induce
glomerular hypertrophy both directly, or via insulin-like growth factor (IGF)-1 (20).

2.3.4. RENAL LIPOTOXICITY

Overload of intracellular lipid leads to intracellular shunting of excess fatty acids
toward synthesis of products that induce cell damage (21–23). This impairs function of
the individual cells and causes apoptosis, leading to reduction of total cell mass.
Lipotoxicity is associated with progression of metabolic syndrome and can involve mul-
tiple organs, including kidney, liver, skeletal, pancreas, and cardiac cells (21). Free fatty
acids per se also increase oxidative stress (24). In the kidneys, dyslipidemia enhances
the amount of lipoproteins being filtered in the Bowman’s capsule, damaging glomer-
ular and tubular cells and enhancing endothelial dysfunction and atherosclerosis (25,26).

2.3.5. ADIPOSE TISSUE AS SECRETORY ORGAN

White adipose tissue can be considered as the largest secretory organ in the body. It
releases a wide range of protein signals and factors, termed adipokines (27). A number
of adipokines—including leptin, adiponectin, tumor necrosis factor (TNF)- , inter-
leukin (IL)-1 , IL-6, monocyte chemoattractant protein-1, macrophage migration inhi-
bitory factor, nerve growth factor, vascular endothelial growth factor, plasminogen
activator inhibitor 1 and haptoglobin—are linked to inflammation and the inflammatory
response. This leads to a low-grade inflammatory condition that is important in the
causation and progression of hypertension and endothelial dysfunction.

Reduction of renal mass contributes to retention of proinflammatory adipokines,
leading to adipokine imbalance (28), and augments the inflammatory state in end-stage
renal disease (ESRD).

Leptin is a proinflammatory adipokine. Leptin is cleared by the kidney (29–31), and
its concentration increases in renal impairment. In glomerular endothelial cells, leptin
stimulates cellular proliferation, TGF- 1 synthesis, and type IV collagen production
(32). In mesangial cells, leptin upregulates synthesis of TGF- 2 receptor (32) and type I
collagen production (33,34). Physiologically, leptin activates sympathetic nervous
activity (35), increases sodium reabsorption, and stimulates reactive oxygen species
(36). All these contribute to extracellular matrix deposition and glomerulosclerosis,
leading to hypertension, proteinuria (37), and progression of kidney disease. There is
also evidence to suggest that leptin and TGF- 1 promote mesangial sclerosis by different
mechanisms and act synergistically to potentiate mesangial matrix production.

Adiponectin, on the other hand, is anti-inflammatory. Plasma adiponectin level is neg-
atively associated with fat mass (38,39). It has been implicated in “absorbing” fat cells
from other organs and also reducing the degree of macrophage-to-foam cell transforma-
tion and TNF- expression in macrophages and adipose tissue (40). This may lead to
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reduced lipotoxicity and counteract inflammation. In addition, plasma adiponectin level
has been found to be negatively associated with insulin sensitivity (39).

3. MANAGEMENT

There is substantial evidence that adipose tissue and obesity are related to the pro-
gression of renal disease. If managed properly in the early stages, most of the physio-
logical and structural changes may be reversible. On the other hand, prolonged increase
in adipose tissue leads to a cycle of increased hypertension, renal damage, and further
maladaptation mechanisms. Early interventions targeted toward hypertension, adipos-
ity, and insulin resistance might minimize renal damage associated with obesity.

4. EFFECTS OF KIDNEY DISEASE ON ASSOCIATIONS OF ADIPOSITY
WITH CARDIOVASCULAR RISK FACTORS AND CARDIOVASCULAR
DISEASE

In contrast with the data for the general population, dialysis patients with higher body
mass index have lower mortality compared with dialysis patients with normal BMI
(41,42). Strikingly, these data have been consistent in several studies (43–45). Thus, it
has been suggested that obesity is protective in dialysis patients (41). In other words, as
the associations of body size with mortality appear to vary depending on the presence
or absence of advanced kidney failure, it can be said that kidney disease is an effect
modifier of this association.

However, there are three problems with the suggestion that adiposity is protective in
dialysis patients. First, the real paradox of the “BMI paradox” in dialysis patients is the
possible association of high BMI with inflammation, yet with decreased mortality.
Adipocytes are rich sources of proinflammatory cytokines such as IL-6 and TNF- ,
which in turn stimulate the production of C-reactive protein (CRP) in the liver (46). It
was shown in a cross-sectional study that abdominal adiposity is strongly associated
with elevated CRP levels in dialysis patients (47). Further, the cross-sectional associa-
tions of high BMI, abdominal adiposity, and other components of metabolic syndrome
(48–50) with inflammation in stage III CKD have been demonstrated. Therefore, the
current evidence suggests that in stages III and V of CKD, obesity is associated with
inflammation as in the general population.

Second, high BMI might result from high muscle mass, fat mass, or both. It is pos-
sible that high BMI owing to high muscle mass might be more protective than high BMI
from high fat mass. In 70,028 patients initiated on hemodialysis in the United States
from January 1996 to December 1998 with reported measured creatinine clearances at
initiation of dialysis, BMI in conjunction with 24-h urinary creatinine excretion (an
indicator of muscle mass) was used to estimate body composition, and the effects of
estimated body composition on all-cause and cardiovascular mortality were examined
(51). High body size was associated with better survival. However, compared with nor-
mal BMI, normal or high-muscle patients, those with high BMI and low muscle mass
had increased mortality, whereas those with high BMI and normal or high muscle mass
had decreased mortality. These data suggest that high BMI is not uniformly associated
with better survival, and body composition is important in high-BMI dialysis patients.
In another study of incident peritoneal dialysis patients, similar results were shown (52).
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Third, previous studies have shown that in dialysis patients, adiposity and high BMI
are associated with diabetes (53), inflammation (54), coronary calcification (55,56), and
carotid atherosclerosis (57). These data raise the question that if adiposity is associated
with diabetes, inflammation, coronary calcification, and atherosclerosis in dialysis
patients, how is adiposity associated with better survival in dialysis patients?  

We propose the following framework (Fig. 1) to integrate these seemingly contradict-
ing data. In Fig. 1, dotted lines represent a negative effect, whereas the unbroken lines
represent a positive effect.

When the association of high BMI with survival is examined in dialysis patients,
there might actually be two issues that are examined—what is the effect of nutrition on
survival, and what is the effect of adiposity on atherosclerotic events and cardiovascu-
lar events? We hypothesize that the effects of nutrition on survival are much stronger
than the effects of atherosclerotic events on survival in dialysis patients. Further, we also
propose that the effects of nutrition on survival might differ based on body composition
(muscle vs fat). Better nutrition, as evidenced by higher muscle mass, decreases the haz-
ard of death from concomitant cardiovascular and noncardiovascular events, resulting
in the lowest cardiovascular and noncardiovascular deaths. On the other hand, fat mass
has dual effects: a negative effect on death as a result of nutrition, and a positive effect
on death mediated through its association with inflammation and atherosclerosis. Thus,
compared with undernutrition, adiposity decreases the hazard of death from concomi-
tant disease processes but is associated with inflammation, oxidative stress, and athero-
sclerotic events in dialysis patients as in the general population. In other words,
adiposity confers a survival advantage over undernutrition but not compared with higher
muscle mass in dialysis patients.

Further, as shown in Fig. 1, the above paradigm could also incorporate the current
theories on the association of inflammation with malnutrition, in particular, the
observed associations of inflammation with decreased muscle mass in dialysis patients
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Fig. 1. Directed acylic graph of the hypothesized associations of nutritional status with inflammation,
atherosclerosis, and death. Dotted lines represent a negative effect, whereas the unbroken lines re-
present a positive effect.



(58,59). In other words, the association of inflammation with loss of muscle mass does
not contradict adipose tissue as a source of inflammation in CKD.

5. CONCLUSIONS

In summary, obesity is a risk factor for kidney damage, as evidenced by albuminuria
and loss of GFR. The effects of kidney disease on the associations of adiposity with
cardiovascular risk factors and cardiovascular disease remain controversial. It is possi-
ble that in dialysis patients, despite the protective effect of adiposity with survival, it is
still associated with insulin resistance, inflammation, and atherosclerosis. Further stud-
ies will shed light on this complex area.
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Obesity and Joint Disease

Andrew J. Teichtahl, Anita E. Wluka, 
and Flavia M. Cicuttini

Abstract
Obesity is a risk factor for joint disease, in particular osteoarthritis, at both weight-bearing joints

such as the knee, and non-weight bearing joints such as the carpometacarpal joint of the hand.
Despite this, how obesity is mechanistically associated with joint disease is unclear. Both metabolic
and biomechanical factors are likely to mediate the association between obesity and joint disease,
although different joint tissues such as bone and cartilage are likely to differ in their response to adi-
posity. It may be that biomechanical factors contribute more to joint disease at weight-bearing joints
such as the knee, whereas metabolic factors associated with obesity predispose joint changes at rel-
atively non-weight bearing joints, such as those in the hand. This chapter aims to examine the 
evidence for a role of obesity in joint pathology using osteoarthritis as a disease paradigm.

Key Words: Obesity; cartilage; bone; osteoarthritis; metabolic; biomechanical.

1. INTRODUCTION

Musculoskeletal conditions represent a global socioeconomic problem. In 1998, it was
estimated that the direct and indirect costs of musculoskeletal conditions in America
were equivalent to 2.5% of the gross national product (GNP), and represented a major
cause of work disability (1). Currently, more than half of older American adults report
chronic joint problems, and with the projected growth of the older population in the next
25 yr, the number of elders with arthropathies is expected to double, to 41 million (2).

Osteoarthritis (OA) is the most common of the arthropathies; it is the eighth most
common cause of disability globally and the second most common form of disability in
the United States (3). Obesity is likely to be the most important preventable risk factor
for OA at weight-bearing joints, such as the knee. However, obesity is also associated
with OA at non-weight-bearing joints, such as those in the hand. Therefore, it is not sur-
prising that the costs in the workplace of musculoskeletal diseases were the highest
among people with a body mass index (BMI) of 27.5 or greater (4). Despite these sig-
nificant socioeconomic issues, the association between obesity and joint disease is not
mechanistically well understood. Both metabolic and biomechanical factors are likely
to be important in the pathogenesis of OA, although the different variables associated
with joint pathology may have a specific predilection for particular anatomical sites.

This chapter aims to examine the evidence for a role of obesity in joint pathology
using OA as a disease paradigm. However, it is important to first examine the association
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between obesity and the characteristic features of joint structure, such as the properties
of cartilage and bone, whose phenotypic variation, along with a constellation of patient
symptoms such as pain, stiffness, and loss of function, represent the hallmark of OA.

2. OBESITY AND JOINT STRUCTURE

Although OA manifests as joint changes that primarily include progressive cartilage
loss and bony abnormalities such as subchondral sclerosis, osteophytes, and bone cysts,
it is unclear how obesity influences joint morphology. To date, the majority of studies
have measured the BMI (kg/m2) as an indicator of obesity, and only relatively recently
have parameters of body composition, such as fat distribution and lean body mass, been
examined in the context of joint disease. Nevertheless, there still remains a paucity of
data examining the association between joint structure and increased body mass. This
lack of specific data may be partly attributable to the difficulty in obtaining reliable,
valid, and sensitive measures of cartilage, bone, and body composition properties non-
invasively in human subjects. However, magnetic resonance imaging (MRI) and dual-
energy X-ray absorptiometry (DEXA) are becoming widely accepted as noninvasive,
reliable, valid, and sensitive measures of cartilage and bony properties, as well as body
composition in vivo (5–8).

2.1. Association Between Obesity and Cartilage Properties
2.1.1. CARTILAGE AS MEASURED BY RADIOLOGY

Few studies have directly examined the association between obesity and cartilage prop-
erties. Radiographic joint space width (JSW) had previously been used as an indirect
measure of articular cartilage volume. A study demonstrated that the medial and lateral
knee JSW was narrower in obese patients (BMI > 30) compared with nonobese patients
(9). This may suggest that obesity is associated with a reduction in the amount of carti-
lage. However, confounding factors such as varus malignment at the knee, which strongly
mediates the association between obesity and medial tibiofemoral JSW (10), were not
adjusted for in this study, which challenges the generalizability of the association between
obesity and JSW. Indeed, other previous work had failed to demonstrate that obesity was
a risk factor for joint space narrowing (JSN) (11). Moreover, the assumption that JSW is
a surrogate marker of articular cartilage is often misleading, as the radiographic joint
space is composed of structures other than articular cartilage. For instance, mensical
extrusion has been shown to account for much early joint space loss (12). Additionally,
radiographs employ a one-dimensional measure to assess change in a three-dimensional
structure such as the joint space. Therefore, the validity of the radiographic JSW as a
measure of articular cartilage is challenged, and any association between obesity and JSW
does not necessitate an association between cartilage volume and obesity.

2.1.2. CARTILAGE MEASURED DIRECTLY USING MRI

There has been increasing interest in using MRI to examine joint cartilage as a meas-
ure of disease severity of OA. MRI allows direct visualization of all components of the
joint simultaneously. Knee cartilage volume measured by MRI has been shown to be
valid and reproducible (6,13,14), sensitive to change in both normal subjects (15) and
those with OA (16), and has also been demonstrated to correlate with radiographic
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grade of OA (17,18) and to predict the clinically important outcome of pain (16,19) and
joint replacement (20). MRI has therefore provided the first opportunity to directly
examine articular knee cartilage noninvasively (Table 1).

Studies that have directly examined articular cartilage using MRI have demonstrated
inconsistent associations between articular cartilage volume or thickness and BMI. For
instance, no association was demonstrated between BMI and either articular cartilage
volume or thickness in healthy and arthritic adult knee joints (21,22). Similarly, over-
weight children have not demonstrated significantly different articular cartilage volumes
than children with normal BMIs either cross-sectionally or longitudinally (23). How-
ever, BMI has been inversely associated with both patellar cartilage thickness (24) and
tibial cartilage volume (25). These contrasting results imply that the effect of added
body mass on cartilaginous properties in the presence and or absence of joint disease is
not yet well understood.

2.1.3. CARTILAGE DEFECTS AND BMI

Although there does not appear to be any consistent evidence to support or refute an
association between cartilage volume or thickness and BMI, there has recently been evi-
dence to support an association between cartilage defects (measured from MRI assess-
ment) and BMI. Cartilage defects are typically measured on an ordinal scale (Table 2),
and indicate the degree of cartilage abnormality, as opposed to thickness and volume
per se. Using this classification system, BMI is associated positively with cartilage
defects (24). Nevertheless, this area of research is in its infancy, and future work is
required to substantiate and further examine the relationship between cartilage defects
and BMI.
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Table 1
Comparisons Between MRI and Radiographs

MRI Radiograph

Direct visualization Yes No
of cartilage

Visualization of other Menisci, ligaments, Bone only
joint structures subchondral bone, etc. 

Ionizing radiation No Yes
Three-dimensional Yes No
Continuous or ordinal Articular cartilage ROA grading system—

variables volume—continuous ordinal
Joint space width 

alone—continuous
Cost Relatively high Relatively low
Access Limited Routinely available
Post-processing times Relatively high Relatively low
Reproducibility High Moderate–high
Sensitivity to change High Low–moderate



2.1.4. CARTILAGE AND BODY COMPOSITION

Although many studies have chosen to use the BMI as a surrogate marker of obesity,
there is a paucity of data directly examining specific measures of body composition and
cartilage properties. Of the limited studies that have examined the association between
measures of body composition and cartilage properties, there has been a general ten-
dency to refute an association between BMI and articular cartilage volume. In particu-
lar, studies have failed to demonstrate a significant association between the distribution
of body fat and tibial cartilage volume (25–29).

In contrast to body fat distribution, muscle mass in the lower limbs, muscle mass in
all limbs, and total body muscle mass are significantly associated with the magnitude of
medial tibial cartilage volume. Loss of muscle mass is also associated with longitudinal
loss of medial and lateral tibial cartilage volume (25). Whereas fat distribution does not
appear to be a significant determinant of cartilage volume at the knee, measures of lean
body and muscle mass appear to be important determinants of cartilage volume.

2.2. Association Between Obesity and Bony Properties
2.2.1. BONE MINERAL DENSITY AND CONTENT AND BMI

The literature examining the association between obesity and bony properties has
predominantly focused on bone mineral density (BMD) and bone mineral content
(BMC). Compared with normal-weight people, overweight individuals (BMI 26) have
higher BMD and BMC at both weight-bearing (e.g., femur) and non-weight-bearing
(e.g., radius) sites (30). Nevertheless, the association between obesity, defined as an
increased BMI, and BMD/BMC is not this simplistic and is dependent on several other
factors, including body composition. Abdominal obesity, body weight, and muscle
strength have emerged as strong correlates of BMD in older persons (31).

Although certain parameters of body composition, such as abdominal obesity, are
strongly associated with BMD, gender is arguably the strongest factor that mediates the
obesity–BMD relationship. In both men and women, decreased BMD occurs after the age
of 50 (32), although women demonstrate greater variability than men. In particular, lean
body mass and total fat mass are significant determinants of BMD among postmenopausal
women (33). In premenopausal women, lean mass, but not total fat mass, is a significant
determinant of BMD. These findings infer that whereas lean body mass is associated with
BMD across the female lifespan, adiposity is most strongly associated with BMD after
menopause. This may be partly attributable to the interdependence of the increased mechan-
ical forces that occur across the obese skeleton, as well as the metabolic changes, such as the
adipose-derived estrogen, that occurs after menopause. Whatever the mechanism, a positive
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Table 2
Cartilage Defect Classification System

Grade 0—Normal cartilage
Grade 1—Focal blistering and intracartilaginous low-signal intensity area with an intact 

surface
Grade 2—Irregularities on the surface or bottom and loss of thickness of less than 50%
Grade 3—Deep ulceration with loss of thickness of more than 50%
Grade 4—Full-thickness chondral wear with exposure of subchondral bone
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outcome of postmenopausal obesity is its protective role against the onset and progression
of osteoporosis, which is characterized by reduced BMD.

2.2.2. OTHER BONY FEATURES AND BMI

Although the association between an increased BMI and BMD/BMC is important in
the pathogenesis of osteoporosis, it is likely that other properties of bone are associated
with OA. Osteophytosis in the thoracic and lumbar spine is associated with increased
BMI (34). Likewise, longitudinal work has demonstrated that women in the top tertile
of obesity (BMI > 26.4) have a significantly increased risk of radiographic knee osteo-
phytes (11). Twin studies have demonstrated that for each kilogram increase in body
weight, the likelihood of developing osteophytes is greatly increased at the tibiofemoral,
patellofemoral, and carpometacarpal joints (35). Nevertheless, few studies have exam-
ined the link between measures of body composition and the bony features of OA. Of
the limited studies, it does not appear that fat distribution is as strongly associated with
the bony features of OA as it is for osteoporosis (26–29).

Some studies have suggested that bone size alters in response to increasing BMI.
Studies using DEXA, have reported a positive correlation between BMI and bone area
in the tibia and femoral diaphyses in boys and girls (36,37). Whereas one study found
that BMI was not significantly correlated with tibial plateau area measured on radio-
graphs (38), another found that both medial and lateral tibial bone area increased sig-
nificantly with increasing BMI (24). Given such contrasting results, the association
between BMI and bone size is equivocal, and whether a greater BMI can induce sub-
chondral bone growth is unclear. Future work is required to examine such issues, as well
as determining whether the features of body composition, such as adiposity and lean
body mass, are associated with bony properties. Such work will have important ramifi-
cations for the prevention and management of joint diseases, most prominently OA. In
particular, if cartilage volume reduces with the passage of time, and bone size is
increased, then theoretically the combined result of these two events may result in the
exposure of highly innervated articular bone surfaces and the presentation or progres-
sion of symptomatic and radiological OA.

3. ASSOCIATION BETWEEN OBESITY AND OA AT DIFFERENT JOINTS

OA is characterized by the degeneration of hyaline articular cartilage and the forma-
tion of new bone at synovial joints. The condition most notably affects weight-bearing
sites, although non-weight-bearing joints, such as those in the hand, are commonly
affected. Although obesity, defined by a larger than normal BMI, is associated with OA
at both weight-bearing and non-weight-bearing joints, the strength and consistency of
this relationship vary between different anatomical locations. Additionally, little is
known about the parameters of body composition, such as fat distribution, and the
prevalence of OA at different joints.

3.1. Association Between Obesity and Knee OA
The association between obesity and OA is arguably strongest and most consistent at

the knee joint. In 1958, Kellgren and Lawrence found that knee OA was more common
in obese people, particularly women. Since then, cross-sectional studies have consistently



shown an association between obesity and knee OA, which has been stronger for women
than men. Among obese middle-aged females with knee OA, it has been reported that the
proportion of the disease attributable to obesity is approx 63% (26).

Longitudinal studies have consistently demonstrated an association between obesity
and knee OA. A 35-yr follow-up study demonstrated a strong association between
being overweight and the development of OA, particularly in women (27). Likewise,
an increased BMI at a young age was a risk factor for knee OA in males (39). Twin
studies have also demonstrated that a twin with tibiofemoral and patellofemoral OA is
likely to be 3 to 5 kg heavier than the co-twin. Moreover, twin studies have also
demonstrated a 14% increased risk of developing tibiofemoral osteophytes and a 32%
increased risk of developing patellfemoral osteophytes for every kilogram gain in body
weight (35).

Given that the knee is composed of distinct compartments, the association between obe-
sity and knee OA may differ between the different knee compartments. Of the few studies
that have examined the association between obesity and compartment OA, one cross-
sectional study of middle-aged women demonstrated that obesity was an important risk
factor for both medial tibiofemoral and patellofemoral joint disease (35). Another study
demonstrated an association between obesity and tibiofemoral OA, but failed to show a
relationship at the patellofemoral joint (40). These contrasting results highlight the need to
clarify the association between obesity and OA at the different compartments in the knee
complex. Nevertheless, the association between obesity and knee OA is unequivocal.

3.2. Association Between Obesity and Hand OA
The evidence examining the association between obesity and hand OA is conflicting.

Data from the National Health Examination Survey demonstrated an association
between BMI and the presence of hand OA in men after adjustment for age, race, and
skin fold thickening (28). However, this relationship was not significant after adjust-
ment for waist girth and seat breadth. A case–control study found that obesity and hand
OA were associated (41). Longitudinal data also confirmed an association between radio-
graphic hand OA and BMI in men (42), although the New Haven Survey demonstrated
that finger OA and obesity were more strongly associated in women than in men (43).

In the Chingford study, obesity was only moderately associated with distal interpha-
langeal and carpometacarpal OA, but not with proximal interphalyngeal OA in women
(26). Another study found that there was no significant difference in weight within twin
pairs discordant for osteophytes at the distal and the proximal interphalyngeal joints,
although there was a 9% increased risk for developing carpometacarpal osteophytes for
ever kilogram increase in body weight (35). Other studies, such as the National Health
Examination Survey, did not find a significant association between BMI and hand OA
(28). A lack of association was also identified between indices of obesity and hand OA
in men in the Baltimore Longitudinal Study of Aging (44).

3.3. Association Between Obesity and Hip OA
Similar to the hand, the association between obesity and hip OA is equivocal. A

case-control study that examined BMI at 10-yr intervals in men who had received a
hip prosthesis because of OA demonstrated that a BMI greater than one standard devi-
ation above the mean was associated with the development of severe OA (45). Relative
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weight was only weakly associated with OA of the hips when examining data from
4225 persons in the National Health and Nutrition Examination Survey (46).

Data from the First National Health and Nutrition Examination Survey (NHANES-I)
failed to demonstrate an association between obesity and hip OA (47). Additionally,
parameters of body composition, such as fat distribution, were not associated with hip
OA. No association was demonstrated between BMI in the three decades prior to the
onset of hip OA (39). Given these contrasting results, no definitive conclusions can be
drawn from the available data examining the possible association between obesity and
hip OA. To date, the data indicate that at best, obesity is only weakly associated with
OA of the hip.

4. ROLE OF OBESITY IN THE ONSET AND PROGRESSION OF OA

The natural history of OA is poorly understood, with a paucity of studies examining
the factors that may alter the onset and or progression of the disease. The available evi-
dence, which has focused primarily on knee OA, has demonstrated that obesity is an
important factor in both the onset and progression of the disease.

4.1. Obesity as Risk for Onset of OA
Longitudinal studies have shown that obesity is a powerful risk factor for the devel-

opment of knee OA, with one twin study finding a 9 to 13% increased risk for the onset
of the disease with every kilogram increase in body weight (35). For every kilogram
increase in body weight, a twin had an increased likelihood of developing features of
OA at the tibiofemoral, patellofemoral, and carpometacarpal joints. In women with
established unilateral knee OA, obesity was the most important factor for the develop-
ment of OA in the contralateral knee (48). This was based on the finding that 47% of
women in the top BMI tertile developed contralateral knee OA, whereas only 10% in
the lowest tertile developed contralateral disease, yielding a relative risk of 4.69 for inci-
dent disease at the knee in the presence of obesity.

Obesity is also a significant risk factor the development of features associated with
OA at the knee in middle-aged and elderly people. Data from the Chingford study
demonstrated that middle-aged women in the top tertile of obesity (BMI > 26.4) had
significantly increased risk of incident knee osteophytes (OR: 2.38, 95% CI: 1.29–4.39)
(11). Likewise, the Framingham study demonstrated that higher baseline BMI increased
the risk of radiological knee OA at follow-up assessment in the elderly (49).

Although a larger-than-normal BMI is a risk factor for OA, particularly at the knee,
there is a paucity of data examining the specific features of body composition that medi-
ate this risk. Although it is well documented that adipose tissue distribution is a risk 
factor for a number of metabolic complications, particularly central abdominal fat and
increased risk of diabetes, cardiovascular disease, and mortality, independent of degree
of obesity (50), central fat does not appear to be a risk for the onset of OA at the hand
or knee (28). This finding may infer a stronger biomechanical, rather than metabolic,
predisposition toward the onset of OA.

4.2. Obesity as Risk for Progression of OA
Despite the significant limitations associated with the radiological assessment of OA

(Table 1), X-rays have been routinely used as the gold standard to assess the progression
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of OA. In particular, a reduction in the JSW is regarded as the hallmark of disease pro-
gression. Whereas cross-sectional studies examining the association between BMI and
radiological JSW have reported conflicting results (10,11), obesity has been consis-
tently associated with a longitudinal reduction in the JSW.

A 12-yr follow-up study found that among people with knee OA, larger body mass
indices were a risk for a reduction in the JSW, and therefore the radiological progres-
sion of OA (OR: 11.1; 95% CI: 3.3–37.3) (51).

Although obesity is a risk factor for longitudinal radiological JSN, the assessment of
the JSW as an outcome measure for the progression of OA is often insensitive. Raynauld
et al. found that over a 2-yr period, radiological assessment was unable to distinguish
significant changes in the JSW in people with knee OA, despite a significant loss of
articular cartilage volume (52). In contrast, MRI studies have revealed that as little as
2% change in cartilage volume may be reliably detected when a maximum of 6 individ-
uals (patella), 10 (femur), 28 (medial tibia), and 33 (lateral tibia) are followed longitu-
dinally (53). Although obesity is a risk factor for the progression of radiological JSN, it
would appear that the assessment of cartilage volume measured from MRI is a more
sensitive indicator of disease progression in OA. Nevertheless, no studies have directly
assessed the relationship between obesity and longitudinal loss of articular cartilage
volume from MRI assessment. Moreover, no longitudinal study has examined the spe-
cific parameters of body composition, such as fat distribution, and the risk of the 
progression of knee OA. Further work is required in these areas.

5. ASSOCIATION BETWEEN OA AND BODY FAT DISTRIBUTION

Although the preponderance of studies support an association between the onset and
progression of OA and BMI, particularly at the knee, little is known about the associa-
tion between specific parameters of body composition and OA. Of the limited studies,
fat distribution does not appear to be a significant determinant of OA.

A study examining 317 women found that the waist-to-hip ratio and percent body fat
were not associated with the grade of hand OA after adjustment for age (54). Similarly,
the association between the percentage of body fat and the waist-to-hip ratio with knee
OA in men and women was not significant after adjustment for BMI (29).

In contrast, lower-limb, but not upper-limb, lean body mass is associated with the
severity of knee OA (55). This may suggest that limb-specific lean body mass is more
of a determinant than fat distribution in mediating the association between OA and
BMI. Indeed, muscle mass is an independent predictor of medial–tibial cartilage
volume in healthy people, and is associated with a reduction in the rate of loss of tibial
cartilage (25). Although BMI is associated with OA, preliminary results indicate that
muscle, rather than fat mass, is the more important feature of body composition
mediating this relationship.

6. MECHANISMS FOR OBESITY IN THE PATHOGENESIS OF OA

As discussed previously, obesity is associated with OA in weight-bearing and non-
weight-bearing joints and is more common in women than men, particularly after
menopause. Although the mechanisms by which obesity influences the pathogenesis of
OA are unknown, metabolic and biomechanical hypotheses have been proposed.
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6.1. Biomechanical Mechanism for OA
Given that the knee, which is a weight-bearing joint, has the strongest and most con-

sistent evidence for an association between obesity and OA, it is plausible that bio-
mechanical factors may be important in mediating the association between obesity and
OA. However, the mechanical hypothesis has received little attention in epidemiologi-
cal studies.

Even though the knee adduction moment, which concentrates load to the medial
tibiofemoral compartment, represents one of the most important biomechanical vari-
ables associated with knee OA, no study has examined its relationship with obesity.
Nevertheless, it is intuitive to suggest that added weight would increase joint reaction
forces, which may adversely affect joint structure. Indeed, the knee adduction moment
has been associated with the size of the medial tibial plateau (56), although it is unclear
whether obesity may help mediate this relationship. It has also been argued that obesity
increases subchondral bony stiffness (57), making bone less adept at coping with impact
loads. The increased bony stiffness may subsequently redistribute greater force across
the articular cartilage, increasing its vulnerability to degenerative changes.

Although the knee adduction moment has received little attention in the context of
obesity, the relationship between obesity and knee malalignment in the pathogenesis of
OA is of growing interest. In a study examining 300 adults with knee OA, the severity
of radiological OA was related to BMI in people with varus knees (10). A similar asso-
ciation was not demonstrated for those people with valgus knees. A varus aligned knee
has been consistently shown to increase medial tibiofemoral load, whereas a valgus
aligned knee inconsistently increases lateral tibiofemoral load. Interestingly, it was also
shown that the impact of BMI on radiological JSW was greatly reduced when control-
ling for varus malalignment. This indicated that almost all of the effect of BMI on
medial tibiofemoral disease severity was explained by varus malalignment.

Limb alignment is also strongly associated with the risk of radiological progression
in people with pre-existing OA (58). In particular, the risk of progression is increased
in obese people with moderately malaligned knees, but not in obese people with neutral
or severe malalignment. This may be the result of the combined focus of load from
moderate malalignment and the excess load from increased weight. Future studies
examining the radiological features of knee OA should therefore adjust for malalignment.

6.2. Metabolic Mechanism for OA
The female disparity and increased incidence of postmenopausal onset of generalized

OA, as well as the prevalence of disease in non-weight-bearing joints, such as the hand,
suggest the likely existence of a metabolic/systemic component in the pathogenesis of
OA. Despite this, the majority of studies have not been able to identify a metabolic link
between obesity and OA.

Generally, both cross-sectional and longitudinal studies have not revealed factors that
that may help explain the association between obesity and OA. Adjusting for blood pres-
sure, body fat distribution, serum lipids, serum uric acid, and blood glucose has generally
failed to reduce the association between obesity and OA, implying that these metabolic
factors are not significant mediators of the obesity–OA relationship (28,29,42,59–61).

Few studies have found significant associations between osteoarthritis and other
metabolic conditions. The Chingford population study demonstrated that “ever treated”
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hypertension was associated with the development of OA, particularly for bilateral knee
disease (11,26). This study also suggested an association between bilateral knee disease
and hypercholesterolemia and raised blood glucose. Similarly, after adjusting for age,
slightly higher levels of plasma glucose were demonstrated in arthritic women than in
normal controls (62). Nevertheless, most studies generally do not support an association
between hypertension, raised serum cholesterol, glucose, and OA, and the data there-
fore remain inconclusive. 

Despite these inconsistent findings, it may be that unexamined or unidentified meta-
bolic factors mediate the association between obesity and OA. For example, there is
emerging evidence that leptin may be important in the pathogenesis of OA (63). In par-
ticular, the discovery that osteoblasts and chondrocytes are capable of leptin synthesis
and secretion (64,65), as well as existence of leptin receptors at articular cartilage (66),
may have significant implications for future studies examining the metabolic link
between obesity and OA. Indeed, significant levels of leptin were observed in the carti-
lage and osteophytes of people with OA, yet few chondrocytes produced leptin in the
cartilage of healthy people (64).

To date, the data have tended to support mechanical rather than metabolic factors to
help to account for the association between obesity and OA. However, there is increas-
ing evidence that OA is not a single disorder but a heterogenous group of disorders, with
a complex interplay of several factors that may result in a common pathway of joint dam-
age. Whereas obesity may have a mechanical effect on some joints, it is possible that it
may have a metabolic effect on other joints. It may be that obesity manifests increased
mechanical stress across weight-bearing joints such as the knee, but the effect of obesity
on the small non-weight-bearing joints of the hand is through metabolic mechanisms.

7. ROLE OF WEIGHT LOSS IN PREVENTION
AND MANAGEMENT OF OA

Weight loss may represent the most modifiable risk factor amenable to conservative
treatment in the pathogenesis of OA. Despite this, few studies have examined the effect
of weight loss in subjects with established disease.

Although the contribution of obesity to symptom development in individuals with
OA is unclear, weight loss is correlated with reduced pain among people with estab-
lished disease (67). In particular, when a reduction in the total percentage of body fat
occurs via physical activity, symptomatic improvement of knee OA can be achieved
(68). Similarly, when weight loss is mediated by a significant loss of body fat, signifi-
cant functional improvement is apparent (69).

As well as assisting with symptom management and functional improvement, weight
loss can significantly affect the risk for the development of knee OA (27). When 64
women with confirmed radiographic knee OA who had developed recent-onset symp-
tomatic OA were compared with women without the disease, weight change signifi-
cantly affected the risk for the development of knee OA. For instance, a decrease in BMI
of two or more units over the 10 yr before follow-up examination decreased the odds
for developing OA by more than 50% (OR: 0.46; 95% CI: 0.24–0.86). Women with a
high risk for OA, defined by elevated baseline BMI (>25), also decreased their risk for
the onset of OA by weight loss of two or more units of BMI (OR: 0.41).
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Although the limited data suggest that a reduction of body mass—and, in particular,
body fat—may be important in the prevention of OA, there is a lack of data examining
whether weight loss affects the progression of OA. Given the aging population, as well
as the growing number of obese individuals in the developed world, further work must
examine the role of weight loss in altering the natural history of OA. 

8. CONCLUSIONS

Few studies have examined the relationship between obesity and joint structure in the
absence of significant joint disease. Of these studies, obesity has been more strongly
and consistently associated with bone mineral density. Studies of the association
between added body mass and other joint properties, such as cartilage volume and bone
size, have yielded conflicting results. Future studies examining the link between obesity
and joint structure will however benefit from direct examination of the joint, such as
MRI assessment, rather than indirect and arguably invalid examinations such as meas-
uring the radiological joint space width as a marker of cartilage volume. The limited
number of studies that have directly examined the association between cartilage defects
and BMI have shown promising results.

Although a larger-than-normal BMI is a risk factor for the onset and progression of
OA at the knee, the data associating obesity and OA of the hand and hip are equivocal.
Mechanistically, it is likely that the association between obesity and the pathogenesis of
OA is mediated by both biomechanical and metabolic factors. To date, no consistently
strong associations have been shown between metabolic factors and OA. It may be that
unidentified or unexamined metabolic factors are important in mediating the relation-
ship between obesity and OA. Among the few biomechanical studies available, varus
malalignment in the presence of obesity is strongly associated with the severity of knee
OA, and is also a risk factor for the radiological progression of the disease.

Despite the BMI–OA relationship, it is unclear how features of body composition
influence disease. Unlike cardiovascular disease, central adiposity does not appear to be
associated with OA. To date, muscle mass appears to be the strongest identifiable fea-
ture of body composition that is associated with both normal and arthritic knee joints.
Nevertheless, preliminary findings have suggested that weight loss in obese people
appears to be the most modifiable factor to reduce the risk for the onset of knee OA.
Further work is required to help establish whether weight loss slows the progression of
OA in people with established disease.
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Appendix I

ABBREVIATIONS

ACC acetyl-CoA carboxylase
ACTH adrenocorticotropin
adipoR adiponectin receptor
AGAPT 1-acylglycerol-3-phosphate acyltransferase
AGL acquired generalized lipodystrophy
AGRP agouti-related protein
AHR airway hyper-responsiveness
AIA antigen-induced arthritis
AIDS acquired immunodeficiency syndrome
ALBP adipocyte lipid binding protein
ALT alanine aminotransferase
AMPK AMP-dependent protein kinase
ANP atrial natriuretic peptide
APL acquired partial lipodystrophy
AQPap aquaporin
AR adrenergic
Arc arcuate nucleus
ASM airway smooth muscle
AT adipose tissue
ATGL adipose tissue lipase
ATM adipose tissue macrophage
ATP adenosine triphosphate
BAT brown adipose tissue
BBB blood–brain barrier
BM bone marrow
BMC bone mineral content
BMD bone mineral density
BMI body mass index
BP blood pressure
BPD biliopancreatic diversion
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BSCL2 Berardinelli Seip congenital lipodystrophy 2
CAD coronary artery disease
cAMP cyclic adenosine monophosphate
CART cocaine and amphetamine-regulated transcript
CCl4 carbon tetrachloride
CD Crohn’s disease
CDC Centers for Disease Control and Prevention
CEBP CCAAT/enhancer binding protein
CGL congenital generalized lipodystrophy
cGMP cyclic guanosine monophosphate
CGRP calcitonin gene-related peptide
ChCREBP carbohydrate response element binding protein
CHD coronary heart disease
CHO high carbohydrate
CKD chronic kidney disease
CNS central nervous system
CO cardiac output
ConA concanavalin A
COX cyclooxygenase
CPAP continuous positive airway pressure
CRH corticotropin-releasing hormone
CRP C-reactive protein
CSF cerebrospinal fluid
CVD cardiovascular disease
DAG diacylglycerol
DBP diastolic blood pressure
DEXA dual X-ray absorptiometry
DGAT diacylglycerol acyltransferase
DM diabetes mellitus
DMN dorsomedial nucleus
DNL de novo lipogenesis
DSS dextran sulfate sodium
EAE experimental autoimmune encephalomyelitis
EAT epicardial adipose tissue
ECM extracellular matrix
EIH experimentally-induced hepatitis
eNOS endothelial nitric oxide synthase
ER estrogen receptor
ERK extracellular-regulated kinase
ESRD end-stage renal disease
FA fatty acid
FABP fatty acid binding protein
FAS fatty acid synthase
FAT fatty acid transporter
FDA Food and Drug Administration
FFA free fatty acids
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FMLP N-formyl-methionyl-leucyl-phenylalanine
FOX forkhead box
FPL familial partial lipodystrophy
FPLD familial partial lipodystrophy, Dunningan variety
G3P glycerol 3 phosphate
GalN D-galactosamine
G-CSF granulocyte-colony stimulating factor
GERD gastroesophageal reflux disease
GFR glomerular filtration rate
GH growth hormone
GHRH growth hormone-releasing hormone
Glut glucose transporter
GM-CSF granulocyte macrophage colony-stimulating factor
GPAT G3P acyltransferase
GPCR G protein-coupled receptor
GST glutathione-S-transferase
HAART highly active antiretroviral therapy
HARS HIV-associated adipose redistribution syndrome
HB-EGF heparin-binding epidermal growth factor-like growth factor
HCC hepatocellular carcinoma
HDL high-density lipoprotein
HG hunter-gatherer
HIV human immunodeficiency virus
HLA human leukocyte antigen
HMW high molecular weight
HPA hypothalamus-pituitary-adrenal axis
HR heart rate
HSC hepatic stellate cells
HSL hormone-sensitive lipase
HTA hypertension
IBD inflammatory bowel disease
IBMX isobutyl-methylxantine
ICAM intercellular adhesion molecule
IFN interferon
Ig immunoglobulin
IGF insulin-like growth factor
IGFBP insulin-like growth factor binding protein
I B inhibitor of B
IL interleukin  
IMT intimal-medial thickness
iNOS inducible nitric oxide synthase
IR insulin resistance
IRS insulin receptor substrate
JAK Janus-activated kinase
JSN joint space narrowing
JSW joint space width
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KO knockout
LCFA-CoA long-chain fatty acid Coenzyme A
LDHIV lipodystrophy in HIV-infected subjects
LDL low-density lipoprotein
LEPR leptin receptor
LH luteinizing hormone
LIF leukemia inhibitory factor
LPA lysophosphatidic acid
LPL lipoprotein lipase
LPS lipopolysaccharide
LVM left ventricular mass
LXR liver X receptor
MAD mandibuloacral dysplasia
MAG monoacylglyerol
MAPK mitogen-activated protein kinase
MBP myelin basic protein
mBSA methylated bovine serum albumin
MC4R melanocortin 4 receptor
MCH melanin-concentrating hormone
MCP monocyte chemoattractant protein
MHC major histocompatibility complex
MIP macrophage inflammatory protein
MMP matrix metalloproteinase
MRI magnetic resonance imaging
MS multiple sclerosis 
MSC mesenchimal stem cells
MSH melanin-stimulating hormone
NAFLD non-alcoholic fatty liver disease
NASH non-alcoholic steatohepatitis
NEFA non-esterified fatty acids
NF B nuclear factor kappa B
NGF nerve growth factor  
NHANES National Health and Nutrition Examination Survey  
NIH National Institutes of Health  
NK natural killer  
NO nitric oxide  
NOD non-obese diabetic  
NOS nitric oxide synthase  
NPY neuropeptide Y  
NRTI nucleoside reverse transcriptase inhibitor
OA osteoarthritis
Ob-R leptin receptor
OR odds ratio
OSA obstructive sleep apnea
OSAS obstructive sleep apnea syndrome
PAI plasminogen activator inhibitor
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PBEF pre-B cell colony-enhancing factor
PBMC peripheral blood mononuclear cells
PDGF platelet-derived growth factor
PE pelvic endometriosis
PECAM platelet-endothelial cell adhesion molecule
PEPCK Phosphoenolpyruvate carboxykinase 
PGC peroxisome proliferator-activated receptor coactivator
PHA phytoemagglutinin  
PI protease inhibitor  
PI3K phosphoinositide-3 kinase  
PIF proteolysis-inducing factor  
PIR poverty–income ratio  
PKA protein kinase A  
PKB protein kinase B  
PKC protein kinase C  
PMA phorbol myristate acetate  
PMN polymorphonuclear cells
POMC proopiomelanocortin
PPAR peroxisome proliferator-activated receptor
PSA prostate-specific antigen
PTP protein tyrosine phosphatase
PUFA polyunsaturated fatty acids
RA rheumatoid arthritis
RDI respiratory disturbance index
RELM resistin-like molecule
RNS reactive nitrogen species
ROS reactive oxygen species
RR relative risk
RXR retinoic acid receptor
RYGB Roux-en-Y gastric bypass
SA subsistence agriculture
SAA serum amyloid A
SBP systolic blood pressure
sc subcutaneous
SCD stearoyl-CoA desaturase
SDR sleep-disordered breathing
SES socioeconomic status
sFRP secreted frizzled-related protein
SH2 src homology 2 domain
SHBG sex hormone binding globulin
SHP-2 SH-2-phosphatase
SLE systemic lupus erythematosus
SLR soluble leptin receptor
SNS sympathetic nervous system
SOCS suppressor of cytokine signaling
SOD superoxide dismutase



SP substance P
SR-BI scavenger receptor-BI
SREBP sterol regulatory element binding protein
STAT signal transducer and activator of transcription
T1D type 1 diabetes
T2DM type 2 diabetes mellitus
T3 triiodotyronine
T4 thyroxine
TAG triacylglycerols
TAO thyroid-associated ophthalmopathy
TG triglyceride
TGF transforming growth factor
Th T helper
TIMP tissue inhibitor of metalloproteinase
TNF tumor necrosis factor
TRAF TNF- receptor associated factor
TRH thyrotropin-releasing hormone
Trk-A tyrosine kinase A
TSH thyroid-stimulating hormone
TZD thiazolidinediones
UC ulcerative colitis
UCP uncoupling protein
UDCA ursodeoxycholic acid
VCAM vascular cell adhesion molecule
VDR vitamin D receptor
VEGF vascular endothelial growth factor
VF visceral fat
VLDL very low density lipoprotein
VMN ventromedial nucleus
VSMC vascular smooth muscle cells
WAT white adipose tissue
WC waist circumference
WHO World Health Organization
WHR waist-to-hip ratio
Wnt wingless-related MMTV integration site
WT wild-type
ZAG zinc- 2-glycoprotein
ZIA zymosan-induced arthritis
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Appendix II

USEFUL READING MATERIAL

This appendix contains suggestions about books, journals and web sites that discuss
adipose tissue and obesity, with its associated pathologies. This is not intended to be a
comprehensive list and is only aimed at providing indications on recently published
material on the topic.

BOOKS

1. Aihaud G, ed. Adipose Tissue Protocols. Humana Press, Totowa, NJ: 2001.
2. Bray GA, Bouchard C, eds. Handbook of Obesity, Second Edition ed. Taylor and

Francis Group, New York, NY: 2003.
3. Bray GA, ed. Overweight and the Metabolic Syndrome. Humana Press, Totowa, NJ: 2007.
4. Cameron N, Norgan NGE, Ellison GTH, eds. Childhood Obesity: Contemporary Issues.

Taylor and Francis, Boca Raton, FL: 2006.
5. Ehud U, ed. Neuroendocrinology of Leptin. Karger, Basel, New York, NY: 2000.
6. Ford J. Diseases and Disabilities Caused by Weight Problems: The Overloaded Body.

Mason Crest Publishers, Philadelphia, PA: 2006.
7. Frisch RE, ed. Female Fertility and the Body Fat Connection. University of Chicago

Press, Chicago, IL: 2002.
8. Goldstein DJ, ed. Management of Eating Disorders and Obesity, The Second Edition.

Humana Press, Totowa, NJ: 2004.
9. Hunter W. How Genetics and the Environment Shape Us: The Destined Body. Mason

Crest Publishers, Philadelphia, PA: 2006.
10. Klaus S, ed. Adipose Tissue. Landes Bioscience, Austin, TX: 2001.
11. Kushner RF, Bessesen DH, eds. Treatment of the Obese Patient. Humana Press, Totowa,

NJ: 2007.
12. Mantzoros CS, ed. Obesity and Diabetes. Humana Press, Totowa, NJ: 2006.
13. McElroy SL, Allison DB, Bray GA, eds. Obesity and Mental Disorders. Taylor and

Francis, New York, NY: 2006.
14. Opara E, ed. Nutrition and Diabetes: Pathophysiology and Management. CRC, Taylor

and Francis, Boca Raton, FL: 2006.
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15. Robinson MK, Thomas A, eds. Obesity and Cardiovascular Disease. Taylor and Francis
Group, New York, NY: 2006.

16. Shah PK, ed. Risk Factors in Coronary Artery Disease. Taylor and Francis Group,
New York, NY: 2006.

17. Shils ME, ed. Modern Nutrition in Health and Disease, 10th ed. Lippincott Williams &
Wilkins, Philadelphia, PA: 2006.

18. Sugerman HJ, Nguyen NT, eds. Management of Morbid Obesity. Taylor and Francis,
New York, NY: 2006.

19. Vaidya V, ed. Health and Treatment Strategies in Obesity. Karger, Basel, New York,
NY: 2006.

20. Wolf G, ed. Obesity and the Kidney. Karger, Basel, New York, NY: 2006.
21. Wood PA. How Fat Works. Harvard University Press, Cambridge, MA: 2006.

JOURNALS

Many scientific journals of general interest to biomedical scientists and clinicians
periodically publish research and review articles on the topic of adipose tissue, adipokines
and obesity. These publications include, among others, Nature, Nature Medicine, PloS
Medicine, Science, The Lancet, The Journal of the American Medical Association, The
New England Journal of Medicine, and many others. Below is a selected list of journals
specifically covering issues related to adipose tissue and obesity. In addition to these,
articles on adipose tissue and its role in pathology can be found in publications specif-
ically devoted to each pathology (asthma, cancer, cardiovascular disease, diabetes,
osteoarthritis, etc.)

1. Cell Metabolism. Cell Press, Cambridge, MA.
2. Diabetes. American Diabetes Association, Alexandria, VA.
3. Diabetes Care. American Diabetes Association, Alexandria, VA.
4. Diabetologia. Springer, New York, NY.
5. Endocrine Reviews. Endocrine Society, Chevy Chase, MD.
6. Endocrinology. Endocrine Society, Chevy Chase, MD.
7. International Journal of Obesity. Nature Publishing Group, London, UK.
8. Journal of Clinical Endocrinology and Metabolism. Endocrine Society, Chevy Chase,

MD.
9. Nature Clinical Practice Endocrinology and Metabolism. Nature Publishing Group,

London, UK.
10. Obesity. North American Association for the Study of Obesity, Silver Spring, MD.
11. Trends in Endocrinology and Metabolism. Elsevier Science, London, UK.

USEFUL WEB SITES

1. American Diabetes Association: www.diabetes.org.
2. American Heart Association: www.amhrt.org.
3. American Obesity Association: www.obesity.org.
4. Centers for Disease Control and Prevention (CDC) Overweight and Obesity:

http://www.cdc.gov/nccdphp/dnpa/obesity/index.htm.
5. European Childhood Obesity Group (ECOG): www.childhoodobesity.net.
6. European Public Health Alliance (EPHA): www.epha.org.
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7. The Obesity Society (North American Association for the Study of Obesity, NAASO):
www.naaso.org.

8. United Stated Department of Agriculture (USDA) Nutrition information: www.nutrition.gov.
9. World Health Organization (WHO) Global Strategy on Diet, Physical Activity and Health:

http://www.who.int/dietphysicalactivity/en.
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Index 385

385

Index

A

Abdominal obesity, 192–193, 195f
Acquired generalized lipodystrophy (AGL), 246
Acquired immunodeficiency syndrome (AIDS),

142, 255
Acquired partial lipodystrophy (APL), 245
ACRP30. See Adiponectin
ACTH. See Adrenocorticotropin (ACTH)
Acute phase reactants, 153t
Adenocarcinoma

obesity
esophagus, 316
gastric cardia, 316

Adipocytes. See also Bone marrow adipocytes;
White adipocytes

bone-forming cells, 169–172
brown, 4–5, 163t

histopathology, 7–9
precursors, 10f, 11

dendritic cells, 135–136
differentiation, 247–249, 248f
GH, 171
maturation, 248f
primary human BM, 173–175

Adipogenesis
adiponectin, 172f
hormonal control, 170–171
parathyroid hormone, 172

Adipogenic differentiation, 165–166
Adipokines, 35, 153t

hepatic fibrosis, 302–303
inhibitory and stimulatory signals, 152–153
IR, 299–300
NASH, 298t
oxidative stress, 300–302
steatosis, 296–299
vasoactive or inflammatory effects, 64–73

Adiponectin, 47–56, 66, 69–70, 282, 345
adipogenesis, 172f
antiatherogenic actions, 51–52
anti-inflammation adipocytokine, 114–116
bone marrow fat cells, 164
cardiovascular disease, 55
chronic liver disease, 55–56
clinical significance, 112–113
clinical studies, 54–56

discovery, 112–113
domain organization, 48
hematopoietic differentiation, 175f
hepatoprotective effects, 52
inflammation, 111–116
insulin resistance, 284
insulin response, 287t
as insulin-sensitizing hormone, 50–51
myocardial injury protection, 52–53
NAFLD, 292–293
NASH, 298t
oligomerization, 48–49
plasma levels and adiposity, 54
pleiotropic biological functions, 49–50, 50f
post-translational modifications, 48
potential therapeutic target, 56
primary sequence, 48
putative receptors, 53–54
regulation, 48–49
structural features, 48–50, 49f
T-cadherin, 54
TIMP-1, 116f
visceral adiposity, 112f

Adiponectin receptor 1, 53–54
Adiponectin receptor 2, 53–54
AdipoQ. See Adiponectin
Adipose fibroblasts, 156
Adipose mast cells, 153–154
Adipose organ, 3–19, 12f

brown adipose tissue, 5
development and plasticity, 10–11
gross anatomy, 4–5, 4f
histopathology, 7–9
humans, 15–19
hypertrophy and hyperplasia, 14
hypoplasia, 14–15
light and electron microscopy, 5, 6f, 7f
nerve supply, 6–7
vascular supply, 5–6

Adipose tissue. See also Bone marrow adipose
tissue; White adipose tissue (WAT)

brown, 3
adipose organ, 5
light microscopy, 8f, 9f

cachexia, 257
distribution, 191–193, 247–249
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dynamic endocrine and paracrine organ, 64–66
epicardial, 155
E-selectin, 127
eyes, 143
HIV lipodystrophy, 142–143
hyperinsulinemia, 353–354
hypertrophy and inflammation, 140–141
increased body mass, 353
inflammation, 113–114
insulin resistance, 281–288, 353–354
kidney damage mechanisms, 352–353, 353t
kidney disease

cardiovascular risk factors, 355–357
management, 355

kidney disease progression
epidemiological data, 352

lipodystrophy, 237
lymphedema, 141
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inguinal hernia, ocular depression, Reiger
anomaly, and teething delays (SHORT), 244

Sibutramine, 266
Signal molecules, 133–134
Signal transducers and activators of transcription

(STAT), 85, 102
leptin, 87

Skeletal muscle
cachexia, 257–258

Sleep-disordered breathing (SDR), 344
Smoking

cardiovascular disease, 64f
prenatal hypoxia, 211

Snacks, 198
SOCS. See Suppressor of cytokine signaling

(SOCS)-1
Sodium retention

adipose tissue, 353
Somatostatin, 37
Spontaneous intestinal inflammation

leptin, 106
SS. See Sulfate sodium (SS)-induced colitis
Starvation, 146

bone marrow adipose tissue, 160
STAT. See Signal transducers and activators of

transcription (STAT)
Steatohepatitis

leptin, 96
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Steatosis
adipokines, 296–299
hepatic

TZD, 299
Stress, 146
Stromal vascular fraction (SVC), 127
Subcutaneous fat, 192
Sugar Busters and Zone diets, 266
Sulfate sodium (SS)-induced colitis, 102–103
Suppressor of cytokine signaling (SOCS)-1, 283

obesity, 123
SVC. See Stromal vascular fraction (SVC)
Sweetened beverages, 200
Syndromic lipodystrophy, 244–245

T

TAG. See Triacylglycerols (TAG)
TAO. See Thyroid-associated Graves’ ophthalm-

opathy (TAO)
T-cadherin

adiponectin, 54
T-cells, 103t
T1DM. See Type 1 diabetes mellitus (T1DM)
T2DM. See Type 2 diabetes mellitus (T2DM)
Television viewing, 202–203
Testosterone

obesity, 310t
TGF. See Transforming growth factor (TGF)
TH. See Thyroid hormone (TH)
Thiazolidinediones (TZD), 165–167, 292

hepatic steatosis, 299
Thrifty gene hypothesis, 207–208, 212, 222
Thrifty phenotype model, 212
Thyroid-associated Graves’ ophthalmopathy

(TAO), 155
Thyroid hormone (TH)

adipocytes, 171
Thyroid-stimulating hormone (TSH), 37
Thyrotropin-releasing hormone (TRH), 37
TIMP. See Tissue inhibitor of metalloproteinase

(TIMP)
Tissue factor, 65
Tissue inhibitor of metalloproteinase (TIMP), 115

adiponectin, 116f
T-lymphocytes

leptin, 84
TNBS. See Trinitrobenzene sulfonic acid

(TNBS)-induced colitis
TNF. See Tumor necrosis factor (TNF)-α
Transforming growth factor (TGF), 65

bone marrow fat cells, 164–165
TRH. See Thyrotropin-releasing hormone (TRH)

Triacylglycerols (TAG), 21
biosynthesis pathways, 240f
synthesis and storage, 22–26
WAT, 22–26

Trinitrobenzene sulfonic acid (TNBS)-induced
colitis, 103–104

Trypanosoma cruzi
preadipocytes, 146

Tryptase, 156
TSH. See Thyroid-stimulating hormone (TSH)
Tumor necrosis factor (TNF)-α, 35, 65–68, 111,

114, 282
adiponectin, 48
CD, 144
insulin resistance, 300
insulin response, 287t
leptin, 84
NAFLD, 296
NASH, 298t, 299
obesity, 122
obesity to insulin resistance, 283–284

Type 1 autoimmune diabetes
leptin, 93–94

Type 1 diabetes mellitus (T1DM), 92
Type 2 diabetes mellitus (T2DM), 63, 121

metabolic syndrome, 334–335
prevalence, 281
weight loss, 272–273

TZD. See Thiazolidinediones (TZD)

U

UC. See Ulcerative colitis (UC)
UCP1. See Uncoupling protein 1 (UCP1)
UDCA. See Ursodeoxycholic acid (UDCA)
Ulcerative colitis (UC), 101

leptin, 107
Uncoupling protein 1 (UCP1), 7, 13, 283
Undernourished mothers, 211
Undernutrition

prenatal, 214
Ursodeoxycholic acid (UDCA), 292

V

Vascular adhesion molecules (VCAM-1), 74
adipose tissue, 127
obesity, 124

Vascular endothelial growth factor (VEGF), 65,
73, 282

Vascular smooth muscle cells (VSMC), 67
Vaspin

NASH, 298t
VCAM-1. See Vascular adhesion molecules

(VCAM-1)
VEGF. See Vascular endothelial growth factor

(VEGF)
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Vending machines, 203–204
Viral infection

obesity, 146
Visceral adiposity, 3

adiponectin, 112f
insulin resistance, 281–282

Visfatin, 66, 70–71
insulin resistance, 286, 300
insulin response, 287t
NASH, 298t

Vitamin E, 292
VSMC. See Vascular smooth muscle cells (VSMC)

W

Waist circumference, 192
WAT. See White adipose tissue (WAT)
Weibel-Palade granules, 124
Weight

epidemiological studies, 310–311
Weight loss, 146

asthma, 272
cancer, 271–272
CVD, 272
depression, 276
diet, pharmacological and behavioral treat-

ment, 266–267

disease effect, 265–277
GERD, 274–275
infertility, 268, 269f
obesity, 266–268
OSA, 272
osteoarthritis, 273–274, 368–369
quality of life, 276

White adipocytes, 4, 163t
histopathology, 7–9
precursors

adipose organ, 10–11
electron microscopy, 10f
reversible transdifferentiation into brown

adipocytes, 11–13
White adipose tissue (WAT), 3, 21

cholesterol metabolism, 30
depots, 152
energetic balance, 80
fasting, 15f
inflammation, 152
inflammatory state, 64
lipolysis and fatty acid release, 26–30
metabolism, 21–30

adipose organ, 5
perilipin and HSL translocation, 29–30
TAG, 22–26
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