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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 healthinitiatives, 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, butalso to health care providers. This textis 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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viil Series Editor’s Introduction

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 itsrole 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
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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, php, FACN



Foreword

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—tfor
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

xi
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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 (Ieptin 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, mp

Susan K. Fried, php



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 aconsequence 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

xiii



Xiv Preface

inflammatory and metabolic responses. Part Il 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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ADIPOSE TISSUE: STRUCTURE
AND FUNCTION



1 The Adipose Organ

Saverio Cinti

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

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

mediastinic
retroperitoneal

abdomino-pelvic

posterior subcutaneous

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.

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) (/-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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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 wm to a maximum of 150 to 160 wm (lean, mammary
subcutaneous) and from a minimum of about 20 to 30 um to a maximum of about 90 to
100 um (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 um
and a maximum of 40 to 50 um. 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
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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 um.

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.
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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 um.

Adrenergic receptors (a1, 2 and B1, 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 (§). 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,/0), suggesting that they belong
to the sympathetic nerve supply to WAT blood vessels.

Brown and white areas also have a provision of sensory nerves (//) 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) (/3—19).
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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 um.

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 (/4).

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. 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 um.

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 (/) are usually found in all
depots of the adipose organ.
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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.
Barin A =2 pum; barin B =1 um.

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 (3/,32).
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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 (/).

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 B3-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 B3AR 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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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.

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)y
agonists (46) or PGC1 transfection (47).
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All together, these data suggest a possible role for B3AR agonists in the treatment of
human obesity and diabetes. Human WAT is immunoreactive to B3AR monoclonal
highly specific antibodies (48), but a B3AR 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 B-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 (57), 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 RIIf (one of the regulatory subunits of
cAMP-dependent proteinphosphokinase A, abundant in adipose tissues) have a com-
pensatory hyperexpression of the Rlo. 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).

FOXC?2 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 FOXC?2 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 PPARY) 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-o, macrophage colony-stimulating factor, angiotensin-2, auto-
taxin—lysophosphatidic acid, leptin, resistin, and the like (67). 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-o 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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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 um.

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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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 (7/). 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 a2-adrenoceptors over the lipolytic
B-adrenoceptors (73). In general, o2-adrenoceptors are more abundant in human adi-
pose tissue than in murine adipose tissue. In genetically modified mice lacking f3- and
expressing human a2-adrenoceptors, obesity induces hyperplasia (but not hypertrophy)
of adipose tissue and mice are insulin-sensitive. These experiments are in line with the
importance of o2 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)
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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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2 Metabolism of White Adipose Tissue

Michel Beylot

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 (/). 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 CO, 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 AcIipS 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
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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 (/0). Insulin promotes this transport by stimulating the expression of these
transporters and their trafficking to plasma membranes (/7).

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 (/2,/3). 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 (/4). 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 (/5). 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 (/7). 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 (/8-21). 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 o
(LXRo; insulin and PUFA) (37) 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 LXRa.
Whether insulin stimulates also the cleavage of the precursor form of the protein
SREBP-1c and the release of its mature form is debated. LXRa 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 LXRa,, although the actual role of SREBP-1c has been questioned (40). Glucose
also stimulates lipogenesis in adipocytes (4/) 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 (/8,24,43), 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 y-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 (AGPATSs) and diacylglycerol acyltransferases (DGATSs) (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
B-adrenergic stimulation and during fasting, with hypoglycemia during fasting (77), 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 3-cells,
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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
snl-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 (87). 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 B-receptors and inhibit it through a-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 o and B-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 B-adrenoreceptors (98) or disruption by insulin of B-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 (/00,/01). They always have
a marked basal lipolysis and a response of lipolysis to B-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 (/03) 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 (/04). This
enzyme is identical to the protein desnutrin (/05) and to the calcium-independent phos-
pholipase A2C (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 (/04,105). 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 (/05). 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 (/07). 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. /08 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 (/04) 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 (//2). The regulation of its expres-
sion is quite different, however, as it is repressed during fasting and increased in fa/fa
rats (//2,113). Divergent results on a possible TAG hydrolase activity of adiponutrin
have been reported (/04,106) 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 (/74).

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 B-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 (/175). This requires the phosphorylation of ser-
ines 659 and 660 (//6). 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. /17). Adipocyte-related differentiation protein is expressed in all cells
storing lipids (//8). 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 (/179). Perilipins are expressed in adipocytes, steroidogenic cells (/20), and
foam cells of atheroma plaques (/2/). 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 (/22) and is also stimulated by
peroxisome proliferators-activated receptor y-agonists (/23). 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 (/20). 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 (/24). The
phosphorylation of perilipin facilitates the interaction of HSL with TAG (/25), and their
hydrolysis, probably through translocation of the phosphorylated perilipin from the sur-
face of lipid droplets to the cytosol (/26). 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 (/27,128). Their lipolysis is increased in the basal state
but the response to [B-adrenergic stimulation is reduced (/27,128). Perilipins are
expressed in human adipose tissue and evidence for a role in the regulation of lipolysis
in humans was provided (/29-131). 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 (/30). The possible role of perilipin in human obesity
remains unclear; both decreased (/30,131) and increased expression (/29) 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) (/32). 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 (/33), 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 (/34) and most of the cholesterol taken up through this receptor
is targeted in mature adipocytes toward lipid droplets (/35). 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 (/34). 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 (/36). Thus adipose tissue can store large amounts of cholesterol, particu-
larly during obesity. Adipocytes express the transporter ABCA1 (/37) 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 (/37). 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 (/32). 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 LXRo. 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-o, interleukin-6, and
angiotensinogen (/36); 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 (/32,136).
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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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3 Leptin

Malaka B. Jackson and Rexford S. Ahima

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 (/).
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 (/). Adipose tissue synthesizes and secretes “adipokines”
such as leptin, adiponectin, and resistin. Additionally, adipocytes secrete proinflamma-
tory cytokines, such as tumor necrosis factor (TNF)-a and interleukins, and proteins
involved in coagulation and vascular function (/). 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 (/,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 (7/0). 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,/0).
Leptin concentration is dependent on the quantity of stored energy in fat, as well as the
status of energy balance (/0). 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 (/0).

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 (6,717). 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 (/5).
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 (/6). 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” (/6). Leptin resistance may
result from diminution of leptin transport across the blood-brain barrier (BBB) or
impairment of leptin signal transduction in the brain (/6).

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 (/0,17). Moreover, low
leptin levels during fasting mediates immunosuppression, torpor, and activation of the
hypothalamic—pituitary—adrenal axis (HPA) in rodents (/8,19). These fasting-induced
changes mediated by low leptin resemble the metabolic phenotype of congenital leptin
deficiency in Lep®”°® and or lack of leptin response in Leprd®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 (/6). 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 (/7-22).

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 (/0,23,24). 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 Lep°”°® 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 (37). 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 (/0). 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 (4/).

Koutkia et al. (47) 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 (4/). 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 (/0,/1). Moreover, elevated leptin levels during fasting or
immobilization stress lead to corticotropin-releasing hormone (CRH), adrenocorti-
cotropin (ACTH), and glucocorticoid inhibition (/7,43). 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 (217,24).

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 (/4), 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. /0,38; 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 (LEPRDb) 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 (5/). The PVN,
which integrates energy balance, neuroendocrine function, and glucose homeostasis, has
a very low level of LEPRb (5/). LEPRD 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, o-melanin-stimulating hormone (0-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 (5/). Outside the
hypothalamus, LEPRb mRNA has also been found in the thalamus and cerebellum (52).
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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.

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 Leprd®/dd
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. 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 LEPRD 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.

through LEPRDb, 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).

Bjgrbaek 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 Lep©?°® but not Leprd®’dd mice. In situ hybridization for SOCS-3 mRNA in
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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 (60,6/). 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 (67).

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-
menton 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 (/0,17). 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 (/0,52). Concurrently, low leptin
disinhibits POMC neurons in the Arc, thereby decreasing the synthesis and release of the
anorectic peptide -MSH (/0,52). o-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). a-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. /9; 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 (7/). 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 y-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, Lep®®°P and Leprd®db mice, which exhibit hyperphagia, have increased spike fre-
quency in NPY/AGRP (76). Leptin inhibits the activity of NPY/AGRP neurons in
Lep®°b but not Leprd®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 Lep°”°® 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 Lep®”°® 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 Lep®”°® mice. Leptin
treatment reversed this defect in neonatal Lep®°® 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, Leprd®d® 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 PB-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 (9/). 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 Leprd®d® 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 Leprd®’db mice, both of which lack functional leptin
receptors (96,/00). Direct effects of leptin on hepatic gluconeogenesis have been
reported (/02); 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. (/03) 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 (/03). 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 (/03). 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 (/03). 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 B-oxidation (704). It has been
proposed that this leptin—~AMPK pathway may play a role in protecting nonadipocytes
from lipid accumulation (steatosis) and lipotoxicity (/05). Obesity and aging are asso-
ciated with leptin resistance, leading to steatosis, lipotoxicity, and pancreatic B-cell failure,
diabetes, cardiomyocellular damage, and dysfunction of various organs (/05).

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
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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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4 Adiponectin

Aimin Xu, Yu Wang, and Karen S. L. Lam

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, Apml, 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 (/). 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 Clq (3).
The primary sequence of adiponectin is composed of a signal sequence, a hypervariable
NH,-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 A (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-o and globular
adiponectin are highly conserved. Both TNF-o. and globular adiponectin have a 10-3
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 ou(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 02,8-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 (/0). 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 NH,-terminal conserved cysteine residue within
the hypervariable region. Substitution of this cysteine with either alanine or serine leads
exclusively to trimer formation (/0—/2). Notably, adiponectin produced from different
sources have different compositions of the oligomeric complexes. The full-length
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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.

adiponectin expressed in mammalian cells can form all three oligomeric forms, a pat-
tern reminiscent of those observed in the circulation (8,/2). 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 (/0). On the other hand, the HMW oligomeric
complex of adiponectin has been the major bioactive form responsible for inhibition of
hepatic glucose production (/3), 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 (/5).

In both human and rodents, the ratio of HMW to total adiponectin in females is much
higher than in males (9,7//). 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 (/7). 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. 2. Major target tissues and biological actions of adiponectin.

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 (/6). 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 B-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 (/7). 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 (/8).

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 (/9). 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 (27). In contrast, adiponectin KO mice
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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)a (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 (/9,24). 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-o 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 (30,37/). 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-o-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 (/4).

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
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fibroblast growth factor (/2,39). 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 (4/). 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-a 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 (CCl,),
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)-B1-
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-o-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-o expression compared with wild-type mice (50). Adiponectin treatment dimi-
nished infarction size, apoptosis, and TNF-o. 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 E,.

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 (5/). 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 NH,-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, adipoR?2 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 adipoR?2 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 adipoR?2 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 adipoR?2 are highly expressed in skeletal muscle, with
the expression ratio of adipoR1 to adipoR?2 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).
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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 (58,6/). 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 (/5).

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 (/5).

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 (7/). 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).



Chapter 4 / Adiponectin 55

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, 1164T, 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 1164T 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 pg/mL) was 2.05-fold higher than
those with adiponectin concentrations of more than 7.0 pg/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 y-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,/00). 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 (/0/). 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 (/02). 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 (/03).
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 pg/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 PPARY 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 (/3,/7). Whether the therapeutic effects of the
PPARY 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 (/04).

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 (58,6/), 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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ADIPOKINES AS REGULATORS
OF IMMUNITY AND INFLAMMATION



5 Vasoactive Factors and Inflammatory
Mediators Produced in Adipose Tissue

Gema Friihbeck

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-o., 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.

. 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 (/). 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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Fig. 1. Multifactorial influences involved in the development of cardiovascular disease (CVD).

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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Fig. 2. Diagram of how increased adiposity lies at the center of metabolic and cardiovascular de-
rangements.

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)-a, 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)-f,
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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Fig. 3. Schematic representation of the multiple adipose-derived factors impinging on the cardio-
vascular sphere.

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-o 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 (//,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 (/7).
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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 (/0,//). 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-o., 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 (§). 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 (8,3/). 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 (3/). Modulators of IL-6 expression in fat depots include
TNF-a, glucocorticoids, and catecholamines (4,3/). Although TNF-o., 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-o

TNF-o 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-ao mRNA has been reported in different
rodent models of obesity as well as in clinical studies involving obese patients (23).
TNF-oo mRNA expression is positively correlated with body adiposity as well as with
hyperinsulinemia, showing positive associations with fasting insulin and triglyceride
concentrations. TNF-o. inhibits the expression of the transcription factor CCAAT/
enhancer binding protein-o. (CEBPo) and the nuclear receptor peroxisome proliferator-
activated receptor (PPAR)Y2 (8,12,14). Furthermore, TNF-o stimulates the nuclear fac-
tor-kB transcription factor (NFxB), 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-o 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 B-adrenergic signaling, resulting
in a negative inotropism (/7). 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 (//,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 (/7). 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 (/6). 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 (/7). 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-0, epinephrine, B-adrenoreceptor stimulation, and thiazolidine-
diones reportedly decrease resistin gene expression. However, insulin, ;-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 (4/). 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 (§). 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 (4/).
Given the expression of FIZZ1/RELMa. 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-a recep-
tor-associated factor (TRAF-3), a potent inhibitor of CD40 ligand-mediated endothelial
cell activation (/6). 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 (/6). 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-o (46). Adiponectin gene expression in human visceral adipose tissue is inhibited
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by glucocorticoids, TNF-o., and IL-6, whereas it is increased by insulin, IGF-1, and
PPARY 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 (/6). 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 NFkB 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 (/6). 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 (57).

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 (/6). 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 (/6).

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 (/7).
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-1B, 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 (/2). 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 (/2,58). 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-o. , IL-1f3, and TGF-J, 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-a,
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 (6/). 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 (/2). 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 NFxB, induction of endothelial IL-6,
TNF-o, IL-1B, 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 (/2). 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 (/6). Circulating SAA con-
centrations are increased in obese and diabetic patients (/2). 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 A 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 (/2).

4.5. Vascular Endothelial Growth Factor

VEGEF is a well-recognized angiogenic factor that induces migration and prolifera-
tion of vascular endothelial cells (/2). 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 (77).
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 (/6). 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 (/6). In addition, the inflammatory IxB
kinase-/NFkB 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,
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Fig. 4. Molecular links underlying the complex adiposity—inflammation—atherosclerosis relation.

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-o., 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.

. 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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Edited by: G. Fantuzzi and T. Mazzone © Humana Press Inc., Totowa, NJ

79



80 Part II / Adipokines as Regulators of Immunity and Inflammation

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)-y,
tumor necrosis factor (TNF)-a, transforming growth factor (TGF)-f, 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 (/) 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 (/0).

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 (/7), such as IL-2, IL-12, and growth hormone (GH). In
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fact, leptin receptor (Ob-R) shows sequence homology to members of the class I
cytokine receptor (gp130) superfamily (/2), 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 (/3); 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 (/5,/6). 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 (/6,17).
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 (/8). Furthermore, phenotypic abnormal-
ities in macrophages from leptin-deficient, obese mice have beeen found (/9). More
important, leptin deficiency increases susceptibility to infectious and inflammatory
stimuli and is associated with dysregulation of cytokine production (/6). 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 CDl11c (2/). 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-o and IL-6 (27). 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-y-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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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 (OBRDb) in the cell surface (29). Thus, leptin has been also found
to increase the production of IL-8, IL-12, IL-6, and TNF-a, whereas it decreases MIP-
1-o 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 (3/,32). Therefore, leptin seems to behave as a survival cytokine for PMN,
similar to G-CSFE.

Leptin promotes neutrophil chemotaxis (/6,33). 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-1f, IL-6, and TNF-o. by mono-
cytes and macrophages (29).

3. LEPTIN MODULATION OF ADAPTIVE IMMUNE RESPONSE

Faggioni et al. (/6) 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 naive T-cells (CD4*CD45RA™), whereas it has been
shown that leptin inhibits proliferation of memory T-cells (CD4tCD45RO") (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 (/0).
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 CDS8*
T-lymphocytes in the presence of suboptimal concentrations of activators such as PHA
(2 ng/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-y 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-y (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 Thl type cytokine production are in line
with the observed effects of leptin stimulating TNF-o 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 (/2). 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 (/0). 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 (5/,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 (/0,57). 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 (57). 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 (67). 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 STATSs 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 (3/), 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
p85S 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 (3/). 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 A2y 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,/0). 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—S8).

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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7 Leptin in Autoimmune Diseases

Giuseppe Matarese

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 (/). 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,/0). By contrast, the Thl-
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 (//-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 Thl-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 (/7). In addition, it has also been
recently observed that a serum leptin surge precedes the onset of EAE in susceptible
strains of mice (/2). This peak in serum leptin is correlated with inflammatory anorexia,
weight loss, and development of a pathogenic T-cell response against myelin (/2). 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 (/2). 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 naive-to-treatment MS patients and positively correlated
with the secretion of interferon (IFN)-y in CSF and inversely with the percentage of
circulating regulatory T-cells (T_,), a key cellular subset in the suppression of immune
and autoimmune responses, invofved in the maintenance of T-cell tolerance (/4). In
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addition, T Regs 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 (/4). 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-y 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) (/4). 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 Thl 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 Thl responses, commonly involved in T-cell-mediated
autoimmune diseases such as MS (/5). Recently, Sanna et al. reported in situ leptin
secretion by inflammatory T-cells and macrophages in active EAE lesions (/2). 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 (/4). 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 (/4). In addition, recent reports (/6) have shown increased secretion of
serum leptin before relapses in patients with MS during treatment with IFN-3 and the
capacity of leptin to enhance in vitro secretion of tumor necrosis factor (TNF)-o., 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 (/6). 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 (/7). Leptin accelerates auto-
immune diabetes in female NOD/LtJ mice (/8). 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 B-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 (/9).
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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-y 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 (2/). 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 (27).
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[3 and
TNF-a, 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
Thl 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 Thl
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 0b/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-a is a crucial cytokine, as specific neu-
tralization of this cytokine reduces liver damage. The injection of TNF-o causes acute
inflammatory hepatocellular apoptosis followed by organ failure, and TNF-o 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-o and IFN-y 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 (3/). Also in this case, leptin administration restores respon-
siveness of ob/ob mice to EIH, and T-lymphocytes and TNF-o. 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-a 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-o, 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-o, 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 Bc/-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 (4/).

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
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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, naive T-cell proliferation/IL-2 secretion, acute phase response, innate immunity,
and angiogenesis. More specifically, on adaptive immunity, leptin favors the switch toward Thl
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.

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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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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8 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 (/). 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 (Thl)- 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)-o 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 (0b/0b) 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—/2). 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 naive T-cells, whereas it has
no activating effect on memory T-cells (/4). 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-RbD), which has been proven to be involved in signal transduction, as further dis-
cussed in the following paragraph (/4,15). 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 (/6—18).

Based on its immune modulatory effects, recently the concept emerged that leptin
should be classified as a cytokine/adipokine (7/9,20). 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 (2/,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 B-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).
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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 naive T Production of IL-10 Induction of proinflammatory
T-cells T (14) resulting in promotion cytokines and colonic

of Th1 polarization (46) epithelial cell damage T (34)
Stimulation of LPMC
and intraepithelial
lymphocytes T (32)
Shift to Th1 T (74) Macrophages/Monocytes
Survival T (45)
Phagocytosis T (43)

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-27~ 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
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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 NFkB 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 (3/). 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, naive T-cells,
characterized by the CD4*CD45Rb"eh 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. Thl
cytokines, such as interferon (IFN)-y are the major players in the induction of this
disease, whereas IL-10 and transforming growth factor (TGF)-3 play a protective role
(35,36).

In order to characterize the effect of leptin on naive T-cells in intestinal inflamma-
tion, either naive 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"CD45Rb"igh
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*CD45Rb"igh 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
NFxB (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 B-cells and promotes an
increased production of IFN-y (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 0b/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 (5/). 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 PPARYy as well as TNF-o. mRNA, as eval-
uated by RT-PCR studies (5/). 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-o. 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-o, 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
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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.

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 (6/). 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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9 Adiponectin and Inflammation

Yuji Matsuzawa

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

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 (/0). The average levels of adiponectin in human
plasma are extremely high—up to 5 to 10 ug/mL (/0). 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 (/7). This finding suggests that
some inhibiting factors for adiponectin synthesis or secretion are released from visceral
adipose tissue. TNF-o was reported to be a strong inhibitor of adiponectin promoter
activity (/2). 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 (/3). Plasma adiponectin concentrations have been shown
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to correlate strongly with insulin sensitivity, which suggests that low plasma concentra-
tions are related to insulin resistance (/4). 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 (/5). 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 (/7). 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 (/6). 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 (/8). Plasma levels of
adiponectin are also decreased in hypertensive humans, irrespective of the presence of
insulin resistance (/9). 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 ng/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-o 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-o has come to be recognized as an
important adipocytokine. It has been shown that adipose TNF-o0 mRNA and plasma
TNF-a protein are increased in most animal models and in humans with obesity and
insulin resistance (25,26). Neutralizing TNF-o in obese rats with a soluble TNF-a
receptor-immunoglobulin G fusion protein markedly improves insulin resistance (27).
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These results indicate that higher production of TNF-o in accumulated adipose tissue
may be causative for obesity-associated insulin resistance. In addition to TNF-o., inter-
leukin (IL)-1B, 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 thr