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Foreword

The worldwide development of an obesity epidemic with associated diabetes and cardiovas-
cular disease represents one of the major challenges of the 21% century. Both the biomedical
research investigator as well as the clinician are being challenged to advance our present under-
standing of the etiology and pathophysiology of obesity as well as to develop new therapeutic
approaches to control the epidemic. During the last several years major new insights have
been made in our understanding of the clinical importance of the adipocyte. The role of the
adipocyte has evolved from that of an uninteresting storage organ for lipids to that of a dynamic
endocrine organ which secretes hormones and cytokines which play a pivotal role in regulating
metabolism, inflammation, and cardiovascular disease. Of particular importance has been the
realization that there are marked differences in the metabolism of visceral and peripheral adi-
posity. Current evidence indicates that visceral obesity accompanied by ectopic fat in the liver
and muscle is associated with insulin resistance and an increased risk of the development of dia-
betes and vascular disease. The frequent combination of visceral obesity and insulin resistance
with increased triglycerides, low HDL, increased blood pressure and elevated blood glucose
has led to the codification of this multiplex risk factor as the insulin resistance syndrome or
metabolic syndrome. Although the academic community has struggled with the selection of the
most effective nosology to deal with this constellation of risk factors, the underlying evidence
that patients with the metabolic syndrome are at risk for the future development of diabetes
and cardiovascular events continues to accrue. The addition of risk factors associated with the
metabolic syndrome to the classical risk factors for cardiovascular disease has resulted in the
concept of global cardiometabolic risk. The ultimate clarification of whether the metabolic risk
factors associated with visceral adiposity and ectopic fat will predict cardiovascular events
beyond or independently from the classical risk factors awaits further clinical studies. An addi-
tional advancement in the clinical assessment of high risk patients will be the delineation of
individual risk factors as a continuum of severity rather than a dichotomized classification
system. For the practicing physician a clinical clue for the identification of the high risk obese
patient with insulin resistance and the metabolic syndrome from the low risk equally obese
individual is an increased waist circumference and elevated triglycerides.

A major breakthrough in our understanding of the pathophysiological basis of obesity
and the metabolic syndrome has been the elucidation of the role of the endocannabinoid system
in the regulation of caloric intake and metabolism. The identification of the CB1 receptor and
the metabolic effects of regulation of the endocannabinoid pathways in the brain as well as
peripheral organs have provided major new insights into lipid and glucose metabolism as well
as obesity. Although a definitive understanding of the endocannabinoid system is being actively
pursued in laboratories around the world, the ability to modulate a potentially dysfunctional
endocannabinoid system in obesity and the metabolic syndrome has arrived. Clinical experience
with CB1 antagonists, in conjunction with aggressive lifestyle changes, is currently underway
and the evaluation of side effects as well as the selection of the appropriate patient for treatment
will be ascertained.

The chapters in this book provide an up to date unique compendium of basic research
and clinical information from investigators with expertise in both obesity and the endocannabi-
noid system. A comprehensive analysis of the topics presented in the individual chapters will
provide the reader with an exceptional in-depth knowledge of this exciting and explosive area
of medicine

Bryan Brewer, Jr.

Cardiovascular Research Institute
Washington Hospital Center
Washington, D.C., U.S.A.



Preface

Why a book on abdominal obesity and the endocannabinoid system? This work summarizes
about 20 years of exciting developments and conceptual advances in our understanding of
the form of overweight/obesity carrying the highest risk for chronic disease: visceral obesity.
Indeed, we now better understand that many complications of obesity are more related to the
distribution of body fat than to excess total fat per se. On the other hand, studies conducted
over the last decade have documented the importance of the endocannabinoid system in the
control of regional fat deposition and in the regulation of carbohydrate and lipid metabolism.
Thus, it is only recently that we have begun to recognize the interplay between a dysfunc-
tional endocannabinoid system and visceral obesity and its complications. These notions have
tremendously important clinical implications on how to target the endocannabinoid system in
order to reduce abdominal obesity. Unfortunately, the pharmaceutical industry and regulatory
agencies have used the old “overall obesity” paradigm to evaluate “anti-obesity” drugs under
development, including the antagonists of endocannabinoid action. This traditional view of
obesity, assessed in the old fashioned way on the basis of indices of relative weight such as the
body mass index, have led to a very difficult and uncertain path for drug developers and for
physicians and their patients who are still expecting a “miracle drug”.

This book is currently the most comprehensive effort at describing the endocannabinoid
system as a whole and its role in the regulation of body fat distribution and of abdominal
obesity-related metabolic complications that increase the risk of type 2 diabetes and cardiovas-
cular disease. Whether pharmaceutical companies and regulatory bodies will agree on better
experimental designs and more carefully selected patient populations for the evaluation of drugs
targeting the endocannabinoid system is, at this stage, unclear. We hope that this comprehensive
effort will help shed light on these issues.

Jean-Pierre Després
Vincenzo Di Marzo
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7 | Abdominal Obesity, Metabolic Syndrome, and
Risk of Cardiovascular Disease

Jean-Pierre Després

Québec Heart Institute, Hopital Laval Research Centre and
Division of Kinesiology, Department of Social and Preventive Medicine, Université Laval, Québec City, QC, Canada

Vincenzo Di Marzo

Endocannabinoid Research Group, Institute of Biomolecular Chemistry, National Research Council, Pozzuoli,
Naples, Italy

INTRODUCTION

Although it is well accepted that obesity is a health hazard and a risk factor for cardiovascular
disease (CVD) and type 2 diabetes (1-4), physicians have been perplexed by the remarkable
heterogeneity noticed among equally obese individuals. For instance, some obese patients are
not characterized by any CVD risk factors, whereas others have type 2 diabetes and/or clinical
signs of coronary heart disease (CHD) (5-10). Thus, although we recognize that obesity causes
prejudice to health, why is this condition so heterogeneous in terms of its clinical manifestations?

Epidemiological and experimental studies published over the last three decades have
contributed to establish the notion that it is the subgroup of overweight or obese patients char-
acterized by an excess of abdominal fat, especially by a selective deposition of intra-abdominal
or visceral adipose tissue, who is at the highest risk of developing type 2 diabetes and CVD
(11-13).

OBESITY: MORE THAN EXCESS BODY WEIGHT

The relationship between body weight and mortality, CHD, or diabetes has been documented in
many epidemiological studies (1,2,14). Thus, when populations are studied, thereis a clear linear
or curvilinear relationship between relative weight (the most common index used being the body
mass index or BMI expressed in kg /m?) and the presence of comorbidities such as type 2 diabetes
and CVD. However, in clinical practice, physicians are constantly confronted to the problem that
some equally obese individuals may or may not be characterized by the expected comorbidities
of obesity. Because of this apparently weak relationship with comorbidities, obesity has for
a long time not been considered among the “heavyweights” of modifiable CVD risk factors,
which have traditionally included smoking, diabetes, a dyslipidemic state and hypertension.

More than half a century ago, Jean Vague from the University of Marseille had recognized
that the complications of obesity were not dependent upon excess body fat mass per se but
were rather the consequence of the regional distribution of body fat (15,16). Vague coined the
term android or male-type obesity to characterize the form of overweight/obesity observed
among his patients with diabetes or clinical signs of CVD, whereas he proposed that the lower
body form of obesity frequently found in premenopausal obese women was rather benign
(Fig. 1) (15,16). These remarkable clinical observations did not receive a lot of attention from the
medical community, and it took more than 35 years before Vague’s hypothesis received further
support from “modern” prospective epidemiological studies.

Bjorntorp and colleagues from the University of Gothenburg in Sweden and Kissebah
and his group in Milwaukee (U.S.A.) almost simultaneously published results showing highly
significant relationships between regional body fat distribution and the comorbidities of obesity
(17-20).

More recently, the international case-control INTERHEART study has provided robust
evidence that among the 27,000 individuals stratified on the basis of their BMI values, subjects
in the top quintiles of waist-to-hip ratio (WHR) were characterized by an increased odds ratio
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Android obesity Gynoid obesity
High-risk obesity phenotype Low-risk obesity phenotype

High risk of cardiovascular Low risk of cardiovascular
disease and type 2 diabetes disease and type 2 diabetes

Figure 1 Android and gynoid obesity phenotype as first defined by Vague with preferential accumulation of
adipose tissue in the abdominal and gluteo-femoral regions, respectively. The android pattern of adipose tissue
distribution is closely associated with the metabolic complications of obesity, whereas the gynoid pattern is seldom
associated with an altered metabolic profile.

of myocardial infarction (MI) (21). Therefore, this case-control study found that the proportion
of abdominal fat is much more important to consider in the identification of individuals with
clinical signs of CHD than the BMI. Additional evidence from other prospective studies has,
however, indicated that both the BMI and the proportion of abdominal fat contribute to the
risk of diabetes and CVD. For instance, data from large epidemiological studies including the
IDEA and EPIC-Norfolk studies have further provided robust evidence that measuring waist
circumference adds to the information provided by the BMI, as it helps physicians identify the
subgroup of overweight/obese patients likely to be characterized by a greater accumulation of
abdominal fat and at greater risk of diabetes and CVD (22,23).

ABDOMINAL OBESITY: A DEEPER LOOK AT THE CULPRIT ADIPOSE DEPOT

However, an increased waist circumference could be the result of an increased accumulation of
subcutaneous fat or of visceral fat. Figure 2 shows two cross-sectional images of the abdomen
which are obtained by computed tomography. The image is usually obtained by scanning the
abdomen at the level of L4-L5. Computed tomography was a specialized equipment found in
academic centres 2 or 3 decades ago. It has now become available even in regional hospitals
making the measurement of visceral adiposity fairly simple for the patient and the physician.
Because of the differences in the attenuation values of adipose, muscle, and bone tissues, it is
very easy when studying the image to distinguish fat from muscle and bone. In the present
figure, the intra-abdominal or visceral adipose tissue is highlighted in white. This Figure shows
abdominal scans of two male subjects who have the same age, same BMI, same amount of
total body fat but with a high or low accumulation of visceral adipose tissue determined by
computed tomography. It is quite obvious that the subject on the right panel (subject B) had a
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Subject A
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¢ Normal lipid profile : e Atherogenic dyslipidemia
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Figure2 Marked differences in visceral adipose tissue accumulation measured by computed tomography in two
subjects having the same amount of total body fat (19.8 kg) quantified by underwater weighing. Despite similar
amount of total body fat, subject B has a greater cross-sectional accumulation of visceral adipose tissue (155 cm?)
than subject A (96 cm?). This higher accumulation of visceral adipose tissue is associated with a diabetogenic
and atherogenic metabolic risk profile.

greater accumulation of visceral fat than the subject on the left panel (subject A), despite the
fact that both men had exactly the same amount of total body fat.

When we studied plasma glucose and insulin responses to a 75-g oral glucose load among
subgroups of obese patients with the same level of obesity but with high versus low levels
of visceral fat, we found trivial differences in glucose tolerance and in the insulin response
between obese subjects with little visceral fat and lean controls (10). However, viscerally obese
patients were characterized by a greater glycemic response observed in the presence of marked
hyperinsulinemia, suggesting a greater level of insulin resistance in subjects with high levels
of visceral adipose tissue compared to equally obese individuals with a low accumulation
of visceral fat. Thus, viscerally obese patients represent a subgroup at much greater risk of
developing type 2 diabetes.

When simple indices of the lipid profile were examined among the same three groups of
subjects, only the viscerally obese patients were characterized by marked hypertriglyceridemia
and by reduced HDL-cholesterol levels (10). Thus, visceral obesity in both men and women is
associated with insulin resistance and with the high triglyceride-low HDL-cholesterol dyslipi-
demic state. Similar results were reported in both men and women (6,10).

Additional metabolic studies conducted in several laboratories around the world have
shown that among equally obese patients, subjects with an excess of visceral adipose tissue
have the most deteriorated metabolic risk profile (24-27). These individuals show insulin resis-
tance and compensatory hyperinsulinemia as a sign of insulin resistance. Among genetically
susceptible subjects, this condition favors the development of glucose intolerance and even-
tually leads to type 2 diabetes when the insulin-resistant state is accompanied by a relative
deficit in insulin secretion (28). It is, however, important to point out that even in the absence
of glucose intolerance and of marked hyperglycemia, visceral obesity and insulin resistance
have been associated with a very typical dyslipidemic profile which includes hypertriglyc-
eridemia, low HDL-cholesterol concentration, elevated apolipoprotein B as a marker of an
increased concentration of atherogenic lipoproteins, and an increased concentration of small,
dense LDL particles (7,29-31). In addition to the dyslipidemic insulin resistant profile of viscer-
ally obese patients, these individuals are characterized by an impaired fibrinolysis, an increased
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susceptibility to thrombosis, endothelial dysfunction (as an early sign of endothelial damage)
and an inflammatory profile (Fig. 2) (8,32-35).

The cardiovascular risk associated with some of the features of visceral obesity has not
been examined extensively as markers of insulin resistance, and related abnormalities have not
been commonly measured in large prospective studies. In the Québec Cardiovascular Study, a
prospective study conducted in a sample of initially asymptomatic middle-aged men, there was
an opportunity to test the hypothesis that fasting hyperinsulinemia, as a crude marker of insulin
resistance, could be a relevant marker of CHD risk (36). Furthermore, as hyperinsulinemic men
are also often characterized by elevated apolipoprotein B and small LDL particles, we tested
the hypothesis that this triad of abnormalities (hyperinsulinemia, elevated apolipoprotein B,
small LDL particles), which is commonly found in viscerally obese individuals, could increase
the risk of CHD (37).

For comparison purposes, men of the Québec Cardiovascular Study who had none of the
features of the atherogenic metabolic triad at baseline were considered as the reference group
to whom a CHD odds ratio of 1.0 was attributed. Men characterized by the three abnormal-
ities had a substantially increased risk of CHD (20.8-fold increase in CHD risk over a 5-year
follow-up). Adjustment of this odds ratio for traditional risk factors and lipid variables such as
LDL-cholesterol, triglycerides, and HDL-cholesterol failed to substantially alter the odds ratio
associated with the presence of hyperinsulinemia, elevated apolipoprotein B, and small LDL
particles; such ratio remaining elevated by 18-fold among men characterized by the athero-
genic metabolic triad compared to men having none of these abnormalities. In comparison,
the presence of the traditional lipid triad (elevated triglycerides, LDL-cholesterol, and reduced
HDL-cholesterol) increased CHD risk by 4.4-fold. These results from the Québec Cardiovascular
Study provided evidence that more refined markers of the metabolic consequences of visceral
obesity could improve our ability to assess CHD risk beyond traditional risk factors and lipid
variables. Further work is clearly warranted to examine this question.

Thus, some of the complications of abdominal obesity associated with an excess of visceral
fat appear to increase the risk of CHD beyond what could be predicted from the presence of
traditional risk factors. As an atherogenic dyslipidemia and a state of insulin resistance are
conditions frequently observed among patients with abdominal obesity and excess visceral
adipose tissue accumulation in clinical practice, it has been suggested that the most prevalent
form of the metabolic syndrome was found among patients with an elevated waistline and an
excess of visceral adipose tissue (31). In addition to these complications, inflammation has also
been examined in the context of abdominal obesity and studies have shown that it is associated
with abdominal fat accumulation (8,38). For instance, we had previously reported that high C-
reactive protein (CRP) concentrations were associated with an elevated waist circumference and
with a greater accumulation of visceral adipose tissue (8). Multivariate analyses revealed that
waist circumference was by far the best predictor of individual differences in CRP concentration
found in our sample.

ADIPOSE TISSUE: A REMARKABLE ENDOCRINE ORGAN

The reason for this close relationship between the expanded waistline and the elevated CRP
could result from the fact that there is evidence of macrophage infiltration in adipose tissue
of abdominally obese patients (39). These macrophages could become a production site of
inflammatory cytokines such as tumor necrosis factor (TNF)-a and interleukin (IL)-6 that could
have a local impact on adipose tissue metabolism as well as on systemic effects exacerbating
the dysmetabolic profile noted among patients with an excess of visceral adipose tissue (40-44).
For instance, the TNF-a could make the adipose tissue insulin resistant (45) and also has an
inhibitory effect on the production of adiponectin (46) (an important adipose tissue-derived
cytokine which has been suggested to have anti-atherogenic and antidiabetic properties) (47).
In addition, the release of IL-6 by fat cells is known to stimulate the production of CRP through
the liver (48).

Therefore, although the so-called “portal free fatty acid hypothesis” has been suggested
to explain some of the metabolic abnormalities associated with excess adipose tissue accumu-
lation, the hyperlipolytic state of the expanded visceral depot cannot, by itself, explain all the
metabolic abnormalities observed in viscerally obese patients (49). However, if we consider
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the exciting new findings indicating that adipose tissue is an important endocrine organ (50)
and a site of production of inflammatory cytokines such as IL-6 and TNF-a and of a poten-
tially protective cytokine such as adiponectin (the production of the latter being reduced in
visceral obesity), one can now better understand why marked alterations are observed in the
metabolic profile of viscerally obese patients (8,38,42,51). Therefore, the hyperlipolytic state and
proinflammatory profile of the expanded visceral fat depot could explain the constellation of
metabolic abnormalities found in viscerally obese patients.

METABOLIC SYNDROME: CLEARING THE CONFUSION BETWEEN THE DEFINITION
AND SCREENING TOOLS

Thus, abdominal obesity characterized by excess visceral fat accumulation is the form of over-
weight/obesity associated with a constellation of abnormalities increasing the risk of diabetes
and CVD. In this context, the introduction of the metabolic syndrome as a concept by the
National Cholesterol Education Program—Adult Treatment Panel III (NCEP-ATP III) in 2001
and the identification of simple criteria to identify in clinical practice individuals likely to be
characterized by the features of the metabolic syndrome were important milestones in preven-
tive medicine (52). Furthermore, NCEP-ATP III has recommended the measurement of waist
circumference rather than BMI to put further emphasis on the important role played by abdom-
inal obesity as the most prevalent form of the athero-thrombotic, inflammatory abnormalities of
the metabolic syndrome (53). It is, however, important to point out that the NCEP-ATP III crite-
ria do not represent the definition of the metabolic syndrome. Indeed, the metabolic syndrome
was defined by NCEP-ATP III as a cluster of athero-thrombotic, inflammatory abnormalities
increasing the risk of type 2 diabetes and CVD, its most prevalent form being found in patients
with abdominal obesity and insulin resistance (53). This definition of a constellation of risk
factors has unfortunately too often been confused with the five clinical criteria proposed by
NCEP-ATP III to identify individuals likely to be characterized by the metabolic syndrome.

Furthermore, in the American Diabetes Association (ADA)/European Association for the
Study of Diabetes (EASD) document, the relevance of the diagnosis of the metabolic syndrome
has been questioned (54). It was suggested, for instance, that the metabolic syndrome cannot
by itself appropriately assess global cardiovascular risk and this criticism is certainly justified.
Whether the diagnosis of the metabolic syndrome adds to global CVD risk assessed on the basis
of traditional risk factors has not been properly examined in the literature. Furthermore, not all
patients with the metabolic syndrome are characterized by the same clustering abnormalities,
and once a diagnosis is established, traditional risk factors have to be treated following guide-
lines. Whether the presence/absence of the metabolic syndrome will modify the therapeutic
pharmacological approaches remains an open question for the moment.

Itis very important to emphasize the notion that although there are other causes of insulin
resistance and of the metabolic syndrome, this constellation of metabolic abnormalities is most
frequently found among patients with abdominal obesity and with an excess visceral adipose
tissue accumulation. This is the most prevalent form of the metabolic syndrome as recognized
by NCEP-ATP III and by the recent International Diabetes Federation (IDF) guidelines (52,55).
This prevalent form of the metabolic syndrome should not be confused with the various clinical
tools, criteria that have been proposed by several organizations to identify individuals who are
likely to have the constellation of metabolic abnormalities. Therefore, the various criteria from
different organizations do not represent different definitions of the metabolic syndrome but
rather tools which can be used in clinical practice to identify patients likely to be characterized
by the clustering abnormalities of the syndrome. In addition, there is a very lively debate
as to whether visceral adiposity or insulin resistance is the key core culprit. Clearly, insulin
resistance is an essential component of the clustering abnormalities of the metabolic syndrome.
However, in clinical practice, it is important to emphasize to the primary care physician that
abdominal obesity, especially when accompanied by an excessive visceral fat accumulation,
is by far the most prevalent form of insulin resistance. Therefore, while additional studies are
needed to better understand the pathophysiological aspects of the metabolic syndrome, it is clear
that the prevalent form of the metabolic syndrome is accompanied by visceral adiposity and
insulin resistance and that these are core features which are predictive of additional metabolic
abnormalities increasing the risk of complications.
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Figure 3 The concept of global cardiometabolic risk. It is now established that the metabolic syndrome is
associated with an increased relative risk of cardiovascular disease (CVD). Under this model, the metabolic
syndrome constitutes a novel modifiable risk factor for CVD. In clinical practice, the metabolic syndrome is often
accompanied by an insulin-resistance state, visceral obesity, and ectopic fat, which reflect the presence of a
dysfunctional adipose tissue. As a classical approach, the clinician interested by the evaluation of global CVD
risk will consider traditional risk factors and calculate a global risk score using algorithms. However, because of
the high prevalence of the metabolic syndrome and of its associated risk, it is also important to take into account
the cardiovascular risk associated with the metabolic syndrome along with the risk associated with traditional risk
factors (age, sex, genetic susceptibility, lipid profile, blood pressure, smoking habits), this risk being described
as global cardiometabolic risk. There is currently a debate as to whether the metabolic syndrome adds to global
CVD risk assessed by traditional risk factors and further work in this area is clearly warranted.

Thus, one should distinguish the conceptual definition of the metabolic syndrome from
tools which can be used by physicians to identify individuals most likely to have the features of
metabolic syndrome. Among those tools and clinical criteria, it has been suggested that waist
circumference and fasting triglyceride levels are probably the two early key markers of an
increased probability of being characterized by the features of the metabolic syndrome (29).

FROM ABDOMINAL OBESITY TO METABOLIC SYNDROME AND GLOBAL
CARDIOMETABOLIC RISK

Therefore, physicians should keep in mind that it is important to first assess global CVD risk on
the basis of the traditional risk factors. Clearly, smoking, hypertension, a dyslipidemic state, and
the presence of diabetes are key modifiable CVD risk factors. Global risk engines do exist such
as the Framingham (56) or the PROCAM (57) algorithms, and modifiable traditional risk factors
are playing a very important role in driving the patient’s absolute risk of CVD in addition to
factors such as age and gender. However, the presence of the metabolic syndrome has been
shown to increase the relative risk of CVD by approximately 2-fold (58,59). However, increasing
the risk of CVD by 2-fold does not necessarily put the patient at high absolute risk of CVD.
Figure 3 illustrates the notion that one has to pay attention to both the traditional risk factors
and the metabolic syndrome. Clearly, we need more results from prospective studies to address
the question whether the presence of the metabolic syndrome has an impact on the global CVD
risk assessed on the sole basis of traditional risk factors.

For the time being, it is proposed that the global CVD risk resulting from the presence
of traditional risk factors and from the features of the metabolic syndrome defines global
cardiometabolic risk (60,61). Additional prospective studies with measurements of traditional
risk factors and of various features of the metabolic syndrome are urgently needed to provide
physicians with better risk assessment algorithms. This is particularly important considering
the very high prevalence of patients with type 2 diabetes, with abdominal obesity, and with the
features of the metabolic syndrome in clinical practice.

CONCLUSION

We need to pay attention to the abdominally obese patient with a large waistline and with
clinical features of the metabolic syndrome, and we need to target a root cause of their
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additional cardiometabolic risk, which is abdominal obesity resulting from their seden-
tary/affluent lifestyle. Unfortunately, until we reshape our urban and living environment to
promote physical activity and healthy nutrition, physicians will have a hard time improving
the lifestyle of their patients because the medical system is currently ill equipped to handle
this huge wave of sedentary patients with abdominal obesity, metabolic syndrome, and type 2
diabetes. To have a true impact on this epidemic of abdominal obesity and type 2 diabetes, a
multidisciplinary approach will be required involving all relevant stakeholders. Meanwhile, it
is hoped that we will work on improving our clinical approach aiming at the optimal assessment
and management of high-risk abdominally obese patients.
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INTRODUCTION

There is a worldwide increase in the prevalence of obesity (1,2), which contributes to the
increasing incidence of type 2 diabetes. This phenomenon represents a challenge to control
cardiovascular disease (CVD), as more than 75% of patients with type 2 diabetes will die from
cardiovascular complications (Fig. 1) (3,4). Type 2 diabetes has therefore reached epidemic
proportions (5,6), and the International Diabetes Federation estimates that almost 333 millions
of individuals will be affected by type 2 diabetes by 2025 (7). As the parallel rapid growth of
overweight/obesity and of type 2 diabetes is striking (2), some investigators have coined the
term “diabesity” (6,8) to stress the link between these two conditions; excess body weight (fat)
being the major cause of type 2 diabetes.

In this regard, a strong positive relationship between excess adiposity and the risk of
type 2 diabetes has been reported in epidemiological studies, since many years (9-11). More
recently, results of the Nurses” Health Study, which enrolled almost 12,000 women followed
for 14 years, have highlighted the fact that the risk of type 2 diabetes was increased even in
women whose body mass index (BMI; a marker of total adiposity) was in the range of 23.0
to 25.0 kg/m? (considered as “normal” weight) compared with women whose BMI was less
than 22.0 kg/m? (10). This study also reported that an increase in body weight (from 7.0 to
10.9 kg) was associated with a 2-fold increase in the risk of developing type 2 diabetes over
the 14-year follow-up (10). Moreover, middle-aged women who lost more than 5.0 kg had a
significantly reduced risk of type 2 diabetes compared to women with stable body weight.
However, despite this well-established contribution of obesity to the risk of type 2 diabetes,
it is also recognized that not all obese individuals will develop this metabolic disease. Some
factors have been identified which can contribute to explain the heterogeneity associated with
the obesity state. In this regard, numerous studies have shown that the regional distribution of
body fat plays a significant role in the modulation of the obesity health hazard. In the present
chapter, we will specially focus on the importance of paying attention to body fat distribution,
particularly to visceral adiposity as the hazardous form of obesity in the evaluation of type 2
diabetes risk.

REGIONAL BODY FAT DISTRIBUTION: DOES IT REALLY MATTER?
REVIEW OF THE EVIDENCE

Early pioneering work from Dr. Jean Vague from the University of Marseille has allowed for
the first time to recognize that the distribution of body fat could influence disease risk beyond
overall obesity (12,13). Vague made the early observation that diabetes and CVD were the
diseases that were more often observed among overweight/obese patients characterized by a
preferential accumulation of fat in the upper body region (he referred to it as android obesity)
than among those who preferentially accumulated adipose tissue in the lower part of their body,
that is, around their hips and thighs (a condition that he described as gynoid obesity) (12,13).
Since these remarkable landmark observations, many cross-sectional and prospective studies
have tied type 2 diabetes to body fat distribution. As early as in 1969, it was reported that
type 2 diabetic patients were characterized by more total body fat than nondiabetic subjects,
and that this fat surplus was preferentially distributed in the trunk as determined by skinfold
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Figure1 The risk of type 2 diabetes increases as a function of increasing glycemia. This phenomenon, in whole
or in part, is the consequence of an insulin-resistant state. On the other hand, the risk of cardiovascular disease
(CVD) also increases in a stepwise manner across the glycemia continuum, and the majority of patients with type
2 diabetes (>75%) will die from CVD.

measurements (14). Moreover, a greater proportion of obese women with upper body fat had
glucose values in the diabetes range compared to equally obese women characterized by fat
localized principally in the gluteo-femoral area (15). In a large sample size of more than 15,000
women, the predominance of fat in the upper body region was associated with a relative risk
of diabetes which was as high as among women with severe obesity (16). In this study, the
simultaneous presence of severe obesity and of upper body fat yielded a 10.3-fold increased
risk of diabetes.

The risk of developing diabetes over a 13.5-year follow-up period has also been investi-
gated in the sample of middle-aged men from the Gothenburg Prospective Study (17). When
men were stratified into tertiles of BMI and of waist-to-hip ratio (as an index of the propor-
tion of abdominal fat), it was evident that even among lean individuals (men in the first BMI
tertiles), those in the top tertile for the waist-to-hip ratio had a 6-fold increase in the risk of
developing diabetes (from 0.5% incidence to 2.9%). On the other hand, being in the top BMI
tertile in the absence of an elevated waist-to-hip ratio was not associated with an increased
risk of developing diabetes. Finally, among equally overweight/obese individuals (the three
subgroups of men in the top BMI tertile), the proportion of abdominal fat as estimated by the
waist-to-hip ratio had a huge impact on the risk of developing diabetes; the risk being increased
by 30-fold among overweight individuals from the lowest to the top waist-to-hip ratio tertile.
The role played by obesity and body fat distribution in type 2 diabetes risk was also examined
in women of the Gothenburg prospective study (18). Similar conclusions were reached with
body fat distribution in the abdominal region (as determined by the waist-to-hip ratio) as well
as the total amount of fat, which were both important risk factors for diabetes (18). Therefore,
results of the Gothenburg Prospective Study were one of the key results of early findings, which
provided the evidence that we had to go beyond measuring the BMI to better appreciate the
risk of diabetes associated with overweight and obesity.

More recently, several large prospective studies have confirmed the role played by abdom-
inal obesity in the modulation of the risk of type 2 diabetes (19-21). The Nurses’ Health Study
followed for 8 years a cohort of over 43,000 women free of diabetes and other major chronic
diseases at baseline (20). Women in the study who were characterized by an elevated waist
circumference (>90™ percentile), as an indicator of the absolute amount of abdominal fat, had
a 5.1-fold increased risk of developing type 2 diabetes compared to women with a low waist
circumference (<10 percentile). Furthermore, a consistent increase in type 2 diabetes risk was
observed as waist circumference increased within each BMI category. The Health Professionals
Follow-Up Study conducted in 27,270 men, examined the predictive risk of type 2 diabetes
according to BMI, waist circumference or waist-to-hip ratio subgroups (21). Age-adjusted rel-
ative risks during the 13-year follow-up across quintiles of waist circumference were 1.0, 2.0,
2.7,5.0, and 12.0; those for quintiles of waist-to-hip ratio were 1.0,2.1, 2.7, 3.6, and 6.9; whereas
those for quintiles of BMI were 1.0, 1.1, 1.8, 2.9, and 7.9. Additional analyses revealed that waist
circumference and BMI were similar and better than waist-to-hip ratio in predicting type 2
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diabetes risk. Finally, robust evidence from the International Day for the Evaluation of Abdom-
inal Obesity (IDEA) was made available in 2008 (19). Briefly, the IDEA study is an epidemiolog-
ical cross-sectional study conducted in 63 countries and involved more than 6400 primary care
physicians who were instructed on how to properly measure the waist circumference of their
patients evaluated on two separate half days. At the end of the study, data on waist circumfer-
ence and BMI were obtained in about 100,000 women and 70,000 men and the relationship with
the prevalence of type 2 diabetes and CVD was examined. There was a continuous relationship
between waist circumference and the prevalence of diabetes and CVD in both men and women.
Moreover, the BMI and waist circumference were both associated with diabetes and CVD. Of
utmost importance, at any BMI value, an elevated waist circumference was predictive of a
greater risk of diabetes or CVD.

Based on the results of the above-mentioned studies, measuring abdominal obesity, espe-
cially with waist circumference, allows to further refine the risk associated with total adiposity.

VISCERAL ADIPOSITY AND TYPE 2 DIABETES RISK: A HIGH-RISK
OBESITY PHENOTYPE

Visceral Obesity and Metabolic Disturbances Predictive of Type 2 Diabetes

Although waist-to-hip ratio and waist circumference have been widely used to characterize
abdominal obesity, they do not distinguish subcutaneous from visceral (intra-abdominal) adi-
pose tissue. Only imaging techniques such as computed tomography or magnetic resonance
imaging have allowed to precisely measure the size of these two metabolically distinct abdom-
inal fat depots (22). Measurements performed with these techniques have shown that individ-
uals with a greater proportion of visceral adipose tissue are at substantially higher risk of being
insulin resistant and of developing atherogenic and diabetogenic complications. In this regard,
in 1987, Fujioka and colleagues (23) were among the first to report that among individuals
with similar BMI values, those with a preferential accumulation of visceral adipose tissue were
characterized by higher glucose responses following an oral glucose tolerance test as well as
by higher triglyceride concentrations than individuals who accumulated their excess fat in the
subcutaneous depot. Following the publication of these results, several studies have reported
similar associations between the accumulation of visceral fat and deteriorations of indices of
glucose-insulin homeostasis (24-34). In a study performed more than 20 years ago, Sparrow
et al. (28) reported that type 2 diabetic patients were characterized by a significantly greater
amount of visceral adipose tissue than subjects with normal glucose tolerance after adjusting
for age and BML. In a sample of healthy nonobese (mean BMI = 24.7 kg/m?) young men, a high
visceral fat accumulation was associated with a decreased insulin sensitivity measured by the
euglycemic-hyperinsulinemic glucose clamp (31). These findings suggest that even in nondia-
betic, nonobese young men, an excess of visceral adipose tissue is associated with impairments
in the metabolism of glucose and insulin.

Additional results have confirmed that visceral obesity, measured by imaging techniques,
is the dangerous form of obesity which is correlated to substantial disturbances in indices of
plasma glucose-insulin homeostasis (27,33-36). For instance, individuals carefully matched for
total adiposity or subcutaneous fat, with either a low or a high accumulation of visceral adipose
tissue, have been shown to be markedly different in their levels of insulin resistance and glucose
tolerance (27,33-36). However, after being matched for visceral adiposity, individuals with low
or high levels of subcutaneous fat were not found to differ in insulin sensitivity (33,34). These
findings reinforce the notion that visceral adipose tissue is a robust marker of insulin resistance
in abdominally obese individuals, independent of overall adiposity.

Visceral Obesity and Development of Type 2 Diabetes

Although many cross-sectional studies have demonstrated relationships between the high-risk
form of obesity, visceral fat, and metabolic complications, only a few prospective studies have
examined the contribution of high levels of visceral fat as a predictor of the onset of type
2 diabetes (37,38). Nevertheless, a study performed in Japanese-American men have clearly
shown that subjects who developed type 2 diabetes during the course of the study had higher
levels of visceral fat at baseline than subjects who did not develop type 2 diabetes, but this
association disappeared after adjusting for glycemia (37). However, this study included only
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men and a limited number of patients developed type 2 diabetes. In a larger sample size with a
longer follow-up, further results were reported from the same cohort (38). Boyko and colleagues
(38) have found that excess visceral fat at baseline preceded the development of type 2 diabetes
over 6 to 10 years in this sample of Japanese Americans. This relationship remained significant
even after controlling for fasting insulin, insulin secretion, glycemia, total and regional adiposity,
and family history of diabetes.

This study confirms the notion that high levels of visceral adipose tissue play a critical
role in the development of type 2 diabetes. Nevertheless, additional prospective studies on
the associations between visceral adiposity and associated metabolic disturbances are clearly
warranted in order to better understand and elucidate the role of visceral adiposity in the
progression of metabolic complications linked with a deterioration of insulin action potentially
leading to the onset of type 2 diabetes (Fig. 2).

TYPE 2 DIABETES IS NOT A HOMOGENEOUS CONDITION: IMPORTANCE OF
ABDOMINAL OBESITY AND RELATED FEATURES

Although patients with type 2 diabetes are, as a group, at greater risk of coronary heart disease
(CHD) than individuals with normal fasting glucose levels, studies recently conducted have
shown that type 2 diabetes is a heterogeneous entity (39,40). Among patients with type 2
diabetes, only those characterized by abdominal obesity and therefore by the likely pres-
ence of features of the metabolic syndrome appear to be at increased CHD risk. For instance,
Alexander and colleagues (39) examined the prevalence of CHD across subgroups of subjects
with/without metabolic syndrome and type 2 diabetes. They found that the presence of the
metabolic syndrome increased the risk of CHD even in nondiabetic individuals. However,
among patients with type 2 diabetes, only individuals with the simultaneous presence of fea-
tures of the metabolic syndrome were at greater risk of CHD. For instance, the prevalence of
CHD in the small group of diabetic patients without the metabolic syndrome was similar to
nondiabetic individuals without the metabolic syndrome.

Furthermore, we have recently published results which support the concept put forward
by Alexander that type 2 diabetes is not a homogeneous condition regarding CHD risk (40).
Indeed, in a cohort of women who underwent coronary angiography for the investigation
of retrosternal pain, Blackburn and colleagues (40) reported that the odds ratio (OR) of being
diagnosed with coronary artery disease (CAD) was significantly increased among type 2 diabetic
women compared with nondiabetic women. However, CAD risk in women with type 2 diabetes
was only significantly increased among those showing some features of the metabolic syndrome,
such as fasting hyperinsulinemia, increased apolipoprotein B levels, and small LDL particles,
a triad of metabolic abnormalities that we had reported to be predictive of a substantially
increased CHD risk (41). Thus, diabetes per se was not predictive of CAD in the absence of the
concomitant presence of features of the metabolic syndrome.

Although it is still debated whether diabetes observed in isolation (in the absence of the
metabolic syndrome) increases CHD risk considerably, results of these studies emphasize the
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Figure 3 Several mechanisms by which visceral obesity, as the high-risk form of obesity, could be associated
with an altered metabolic profile increasing the risk of type 2 diabetes and cardiovascular disease.

need to pay attention to other factors than glycemia to optimally assess and manage CHD risk
among patients with type 2 diabetes.

PATHOPHYSIOLOGY OF EXCESS VISCERAL ADIPOSITY

The literature available on potential pathophysiological mechanisms linking excess visceral fat
with an atherogenic and diabetogenic risk profile has been recently discussed and its review is
beyond the scope of the present chapter (22,42). Figure 3 illustrates three scenarios that have
been proposed to explain the link between visceral adiposity and related metabolic complica-
tions: (1) The hyperlipolytic state of the omental adipose tissue, which shows resistance to the
action of insulin, contributes to expose the liver to increased levels of free fatty acids via the
portal circulation. This situation generates several impairments in hepatic metabolic processes
leading to hyperinsulinemia, glucose intolerance, and hypertriglyceridemia. (2) The adipose tis-
sue, which is not only designed for fat storage and mobilization, but is also an endocrine organ
releasing adipokines (e.g., adiponectin) including inflammatory cytokines (e.g., interleukin-6
and tumor necrosis factor-a), which contribute to the insulin resistant, inflammatory, prothrom-
botic, and hypertensive state of visceral obesity. (3) Excess visceral adipose tissue is in whole
or in part an indicator of the relative incapacity of subcutaneous adipose tissue to play its role
as a protective “metabolic sink.” Therefore, individuals who cannot accumulate their energy
surplus in the subcutaneous fat depot would display accumulation of fat at unwanted sites,
such as the liver, the heart, the skeletal muscle and the pancreas, a phenomenon that has been
described as ectopic fat. However, it is likely that all the above mechanisms are involved in the
relationship of visceral obesity and metabolic complications.

CONCLUSION

It is clear that we are facing a diabetes epidemic worldwide which will not end until we
properly prevent or at least assess and manage its underlying cause: abdominal obesity and more
specifically visceral obesity. We must now urgently reshape our obesogenic and diabetogenic
environments and this will imply the participation of all health care professionals, governments,
and stakeholders in our fight against this “toxic” environment. In our current health care model,
we legitimately treat the consequences of abdominal obesity in order to prevent, delay or at least
treat the cardiovascular complications of patients with type 2 diabetes. However, because of the
huge cardiovascular burden of type 2 diabetes, more focus should be placed on the prevention
of this metabolic disease so closely related to abdominal obesity.
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INTRODUCTION

Obesity, insulin resistance, and dysglycemia are common features in patients with systemic
hypertension. Even if the relationship between these leading factors of cardiovascular disease
is well known, the pathophysiology linking these features is not clear. Review of evidence from
epidemiological and experimental studies, emphasizing a link between these three determinants
of cardio-metabolic abnormalities, suggests that obesity (particularly abdominal obesity) may
play a “central” role in the association between insulin resistance and systemic hypertension.

EXCESS WEIGHT AND BLOOD PRESSURE

The majority of patients with high blood pressure are overweight (1). Systemic hypertension is
about six times more frequent in obese subjects than in lean men and women (1). Not only is
systemic hypertension more frequent in obese subjects than in normal weight controls, but also
weight gain in young people is a potent risk factor for subsequent development of systemic
hypertension. A 10-kg higher body weight is associated with a 3.0-mmHg higher systolic and
2.3-mmHg higher diastolic blood pressure. These increases translate into an estimated 12%
increased risk for CHD and 24% increased risk for stroke (2). In the vast majority of hypertensive
patients, the occurrence of major events is the result of long-term exposure to multiple risk
factors, and is usually preceded by the development of asymptomatic structural and functional
abnormalities at the vascular and cardiac levels (3). Nevertheless, not every obese individual
is hypertensive indicating that obesity is a heterogeneous condition. Also, it is well recognized
that technical difficulties exist in the indirect measurement of blood pressure in the obese patient
that may result in an overestimation of the level of blood pressure (4) or underestimation of the
presence of left ventricular hypertrophy (Table 1).

Factors to be considered in linking obesity to an increase in blood pressure are related to
changes in cardiac output and peripheral vascular resistance since BP = CO x SVR, where BP
is blood pressure, CO is cardiac output, and SVR is systemic vascular resistance. These factors
include: (1) direct impacts of obesity on hemodynamics and (2) mechanisms linking obesity
and an increase in peripheral vascular resistance, for example, insulin resistance, sympathetic
nervous system, and adipokines released from adipocytes, as well as the presence of sleep
apnea. It is important that the physician who evaluates a referred patient for hypertension
should be very suspicious of obese patients who admit habitual snoring, nocturnal gasping or
choking, witnessed episodes of apnea, and daytime sleepiness, and should also consider sleep-
disordered breathing (4). Obesity might be a confounding factor given the strong association
of obesity with sleep-disordered breathing, and sleep apnea might be one of the intermediary
mechanisms by which overweight is causally related to systemic hypertension.

Obesity per se is associated with alterations in hemodynamics (4). An increase in oxygen
demand produced by excess adipose tissue (~1.5 mL/kg/min) requires an increase in cardiac
output as well as a parallel increase in blood volume. Thus, obese individuals have increased
in blood volume, stroke volume, and cardiac output. This high-output state is associated with a
reduction in peripheral vascular resistance in individuals with normal blood pressure as would
be predicted from Poiseuille’s formula: R = AP/F = (8/7) x (n) x (I/r*), where R is resistance,
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Table 1 Detection of Left Ventricular Hypertrophy by QRS Voltage in Obesity

Sensibility in obesity Specificity in obesity Accuracy in obesity

(%) (%) (%)
Sokolow-Lyon 20 93 65
Romhilt-Estes point score >4 31 83 63
Cornell 49 93 76

Sokolow-Lyon voltage criteria: Rin V5 or Vs + Sin Vi >35 mm.

Romhilt-Estes point score; Am Heart J 1968, 75: 752-758.

Cornell voltage criteria: R in aVL + Sin V3 >28 mm in men, >20 mm in women
Source: Adapted from Casale et al., J Am Coll Cardiol 1985, 6: 572-580.

8/ isanumerical factor, nis blood viscosity, and I/ r*isa geometric factor. Because of the marked
influence of the geometric factor (to the fourth power) in the equation, vascular resistance is
decreased. Thus, obese persons with an increase in blood pressure greater than optimal, that
is, systemic hypertension, have a peripheral vascular resistance that is either inappropriately
“normal,” or increased. Therefore, while an increase in cardiac output may add to the increase
in blood pressure, in the obese individual, an abnormal increase in blood pressure is primarily
dependent on an increase in peripheral vascular resistance.

PATHOPHYSIOLOGICAL PROCESSES LINKING INSULIN TO HYPERTENSION

Since the first description of hyperinsulinemia in hypertensive patients (5), numerous investi-
gations have been performed to clarify the link between insulin resistance and hypertension
(6-8). Despite apparently conflicting results reported in the literature, a meta-analysis supported
the role of hyperinsulinemia in the pathogenesis of essential hypertension (9). Since then, this
role was corroborate by results from the San Antonio Heart study in which it was reported
that elevated fasting insulin was among metabolic changes that may precede the development
of hypertension (10). Insulin concentrations have also been associated with the incidence of
hypertension in other large cohort such as the Atherosclerosis Risk in Communities (ARIC)
study (11), the Coronary Artery Risk Development in (Young) Adults (CARDIA) study (12), as
well as in the eastern Finland cohort (13). Recently, insulin resistance was also prospectively
linked to incident hypertension. Interestingly, the Insulin Resistance Atherosclerosis Study
(IRAS), observed an inverse association between insulin sensitivity (SI) and incident hyper-
tension (10% decrease for every increase of SI unit) (14). A large cross-sectional study in the
healthy population (normotensive without diabetes) has shown that each increase of 10 unit of
insulin resistance corresponded to an increment of 1.7 mmHg of systolic and 2.3 mmHg of dias-
tolic blood pressure (15). In young normotensive Americans, Falkner and coworkers reported
a similar association (16). Finally, these results were recently confirmed in individuals with-
out diabetes (7) as well as in individuals with diabetes (17). The pathogenesis through which
insulin potentially induces hypertension is not clearly identified since there are most certainly
numerous mechanisms involved. Except for a mild vasodilator effect encountered in insulin
sensitive individual, it has been shown that insulin stimulates numerous processes (Table 1).
All of the potential pathophysiological mechanisms linking insulin to hypertension have been
investigated in experimental studies which were exhaustively summarized in a recent review
(18). Nevertheless, the link between insulin resistance and blood pressure suffers from a lack
of consistency from one study to another. Ferrannini et al. commented on the large differences
in the strength of the association reported in several studies and suggested that confounders
and sample size are primarily responsible for this discrepancy (15). Adding to this concept,
one could add ethnicity as an important potential confounder. Indeed, the strength of the rela-
tionship between insulinemia, insulin resistance, and hypertension varies widely according to
ethnic groups (1) showing no racial difference in the IRAS study (14), (2) weak associations in
African-Americans as compared to white Americans in the ARIC (11) and the CARDIA studies
(12), and (3) a strong relationship observed in European individuals (15). Thus, ethnicity is
probably an important factor in the relationship between insulin and hypertension (19).

Small cross-sectional studies also showed that hypertensive subjects have a higher risk of
insulin resistance compared to normotensive subjects (20,21) but not in all study (22). Metabolic
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pathways through which elevated blood pressure induces insulin resistance are not clearly
understood. Hemodynamic basis (23,24), resistance to insulin-mediated glucose disposal (6),
the renin-angiotensin system (RAS) (25,26), or the stimulation of nitric oxide (NO) synthesis
(27) have all been implicated, but is still a topic of debate. Nevertheless, the link between insulin
abnormalities and blood pressure has now been more accepted. But, the controversy of the
direction of the link still remains. This is mainly due to the etiological heterogeneity of hyper-
tension (6). Consequently, insulin may be viewed as an etiologic component of hypertension.
Within this multifactorial framework of the etiology of hypertension, one must consider obesity
as another major determinant.

In a population of hypertensive subjects without diabetes, it has been recently shown that
obesity and insulin resistance have an additive effect which explains a significant variance of
the model (38%) (28). In other words, obesity, insulin resistance, and hypertension are highly
interrelated and there is collinearity among these parameters (25). Indeed, the Baltimore Lon-
gitudinal Study of Aging reported, in a Caucasian population of 649 patients, that the simple
correlation between fasting insulin and blood pressure was secondary to the confounding effects
of age and obesity (29). The correlation of blood pressure was considerably stronger, in both
sexes, with body mass index (BMI), percent body fat, and waist/hip ratio than that of insulin
levels (29). The strength of the relationship between insulin resistance, obesity, and hyperten-
sion triad was largely described in adult, as well as in childhood and adolescence 10 years
ago (30).

Obesity is recognized as a major cause of hypertension in humans (31), and is also strongly
associated with insulin resistance (32). For both associations, mechanisms are not fully under-
stood. Many pathways are suspected, such as an activation of the RAS, increment in sympathetic
nervous system activity, which mediates an increase in leptin secretion as well as an involve-
ment of microvascular dysfunction (33). These mechanisms may contribute to the increase in
blood pressure resulting from increasing levels of adiposity independently of insulin resistance.
Sympathetic nervous system activation, associated with obesity (34) and molecules released by
hypertrophied fat cells are two factors with the potential to promote the formation of angiotensin
II (Ang II) and aldosterone. These have a direct vasopressor and antinatriuretic effect (35). A local
RAS is present in human adipose tissue and may act as a distinct system from the plasma RAS
(36,37). The involvement of adipose tissue RAS in hypertension needs to be confirmed in human.
Secondary to the liver, white adipose tissue is an important production site of angiotensino-
gen (AGT). This hormone is secreted into the circulation and it is conceivable that it increased
cardio-metabolic complications.

In accordance, several studies have demonstrated that weight loss induced concomitant
reduction in blood pressure and insulin resistance (38,39). In light of these findings, obesity may
appear to be an essential, yet complex, factor in the insulin resistance-hypertension relationship.
Even if these results need to be prospectively confirmed, this supports obesity as an etiological
factor of hypertension via increased insulin resistance. Also, a gene—environment interaction
should be considered when looking at different populations. Concordance rates of 15% for
dizygotic and 31% for monozygotic twins have been reported in those with both obesity and
hypertension (40).

Whatever be the true extent of the influence of obesity, body fat distribution is a crucial
determinant of insulin resistance and hypertension. It has been established that abdominal
obesity, or android obesity, is an important constituent of insulin resistance, hypertension,
type 2 diabetes, and cardiovascular disease (4). Visceral adipose tissue (VAT) secretes numerous
biologically active substances (adipokines) that act on insulin resistance and vasculature (41). All
components of the RAS system (AGT, AT; receptor, and ACE, but neither renin, nor AT, receptor)
are found in both visceral and subcutaneous adipose tissue (42). Therefore, one could speculate
that the contribution of adipose tissue to plasma AGT levels is significant in the overweight
or obese subjects. Because plasma AGT levels correlate with blood pressure and are associated
with BMI (43), it is tempting to speculate that hypertension is associated with overweight
and/or obesity, which may be mediated by AGT produced by the enlarged adipose tissue mass
(44). This model implies adipose tissue RAS in the pathogenic alterations of metabolism and
hypertension.

There is an increasing evidence from small and large human epidemiological studies
that abdominal fat may have a great implication in the link between insulin resistance and
hypertension. It was reported that 1 kg increment in visceral fat predicts a 10 mmHg increase
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Table 2 Potential Pathophysiological Pathways of Obesity/Insulin
Resistance Leading to Systemic Hypertension

Stimulation of the sympathetic nervous system

Stimulation or renal sodium retention

Decreased heart rate variability

Hemodynamic effects

Hypertrophy of smooth muscle by vascular or endothelial resistance

in blood pressure (45). VAT was also associated with blood pressure and hyperinsulinemia in
children (46). In postmenopausal women, a negative correlation was observed between blood
pressure or insulin and fat leg mass compared to adipose tissue stored in the visceral region,
suggesting some degree a protection of peripheral adiposity (47).

Waist circumference (above and beyond BMI) showed a great ability to predict hyperten-
sion in a large population (48). Indeed, waist circumference has been reported as the strongest
independent predictor (including age, gender, BMI, and insulin resistance) for both systolic and
diastolic blood pressure in 413 normoglycemic Chinese individuals (49). A similar association,
in a cohort of 563 Japanese Americans, has been recently reported between the prevalence of
hypertension and intra-abdominal fat accumulation, but not with waist circumference (50).
Recently, a comparative study on different abdominal fat measurement showed that waist cir-
cumference correlated better than BMI or percent fat measured by DEXA with insulin, blood
pressure as well as glucose concentration, triglycerides, and HDL levels in healthy whites and
African-American men and women (51).

Waist circumference may be “central” in the association between insulin resistance and
hypertension, but further research is needed to confirm this concept (52). It is plausible that
crosstalks exist between VAT, Ang II, and insulin in the overweight/obesity state in humans, in
an independent and facilitative manner, depending on a permissive genetic background. This
process may contribute to conditions such as the development of cardiovascular diseases and
metabolic complications. Central obesity, assessed by waist circumference, has a predominant
role, compared to insulin levels, in explaining individual differences in blood pressure, at least
in Caucasian (48), Chinese (49), and Japanese (50).

Potential pathophysiological mechanisms linking insulin to hypertension are numerous
(Table 2). The presence of abdominal obesity may influence the pathophysiological events
linking insulin resistance to hypertension as shown by the association between blood pressure
and waist. Nevertheless, the link between insulin resistance and blood pressure suffers from a
lack of consistency, and ethnicity may be an important potential confounder.

ADIPOSITY INDICES AND HYPERTENSION

Although excess fatness may contribute to high blood pressure in obese patients, the best indices
of adiposity which relate to blood pressure are still unclear. Investigators have reported the rela-
tionship between indices of adiposity (BMI, waist circumference, waist/hip and waist/height
ratios, percentage of body fat derived from skin-fold thicknesses) and blood pressure in nor-
motensive and untreated hypertensive African-Americans (53). In a stepwise regression analy-
sis, waist/hip ratio was the best adiposity parameter explaining the variation in blood pressure
in the whole population, while waist circumference was the best correlate of blood pressure in
normotensive individuals.

WEIGHT LOSS

Regardless of the mechanisms involved, weight loss in obese individuals is associated with a
decrease in blood pressure. In 50% or more of individuals, the average decrease in diastolic
blood pressure is 1-4 mmHg systolic and 1-2 mmHg diastolic per kilogram of weight reduction
as normalization of blood pressure (54-56). It is noticed that after the weight loss has ceased,
the persistent effect of weight loss on blood pressure may not always be encountered (57,58).
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CONCLUSION

Obesity alone does not appear to be responsible for an increase in blood pressure. Even when
the obesity is distributed to the upper body and the individuals are morbidly obese, not all
individuals are hypertensive. Factors such as genotype, diabetes mellitus, atherosclerosis, etc.,
and environmental factors are probably responsible, just as they are for lean individuals with
systemic hypertension. Regardless of mechanism, weight loss in obese individuals is associated
with a decrease in blood pressure. In the search for a “healthy weight,” it is very important to
inform patients about the results to be expected to avoid unrealistic weight loss expectations.
Bodyweight normalization should not be the primary target but rather some weight loss could
lead to substantial improvements in blood pressure. There is extensive research directed at the
development of new anti-obesity compounds. The effect of these molecules on cardiovascu-
lar risk factors has been studied and reported but information regarding their impact on the
cardiovascular system is sparse (59).
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The dramatic increase of obesity worldwide is the driving force behind the pandemic of the
metabolic syndrome, type 2 diabetes, and consequently for the new rise of cardiovascular disease
(CVD) morbidity and mortality. Obesity is in most, but not all, subjects associated with excessive
visceral fat that clusters with vascular risk factors. A close interaction between visceral obesity,
non-alcoholic fatty liver disease (NAFLD), and dyslipidemia have been well documented (1-3).
The unique anatomical relation of visceral fat to the hepatic portal circulation and consequently
to hepatic lipoprotein metabolism has led to intensive endeavor to unravel the pathophysiology
and the initiating factors for dyslipidemia.

SPECIFIC FEATURES OF ATHEROGENIC DYSLIPIDEMIA

Dyslipidemia is characterized by elevation of both fasting and postprandial plasma levels of
triglyceride-rich lipoproteins (TRL) together with lowering of high-density lipoprotein (HDL)
cholesterol and elevation of small dense low-density lipoprotein (LDL) particles (Fig. 1). It is
of note that these components are not isolated, but metabolically closely interrelated. The lipid
and lipoprotein abnormalities together comprise the atherogenic lipid profile that predisposes
to atherosclerosis and is an ultimate goal for the management. It is important to realize that TRLs
are not a homogenous pool of lipoprotein particles. The hypertriglyceridemia, which accom-
panies abdominal obesity and insulin resistance, is characterized by pronounced increase of
large very-low-density lipoprotein (VLDL)1 particles that are the major determinant of plasma
triglyceride levels (4). Emerging data indicate that this increase of large VLDL particles is due to
excess hepatic production of VLDL particles (5). In contrast, the changes in smaller VLDL2 par-
ticles are less marked than those of VLDL1 particles. Similarly, direct hepatic secretion of VLDL2
particles is comparable in insulin-resistant and insulin-sensitive subjects. As apolipoprotein B
100 (apo B100) is the major structural protein of VLDL particles, the atherogenic lipid profile
also comprises elevation of apo B100 (6).

In circulation, VLDL, intermediate-density lipoprotein (IDL), and LDL are linked in a
delipidation cascade in which triglyceride-rich VLDL particles are converted to cholesterol-rich
LDL in a process catalyzed by lipoprotein lipase (LPL) and hepatic lipase (HL) (7). Large VLDL1
particles are an excellent substrate for cholesteryl ester transfer protein (CETP) that mediates
the exchange of triglycerides and cholesterol esters (CEs) between VLDL1 and both HDL and
LDL particles. Expanded pool of plasma TG and long residence time of TRLs accelerates the
exchange process resulting in TG-enriched LDL and HDL particles. In this process, both LDL
and HDL become depleted in CEs. Triglyceride-rich LDL and HDL particles are good substrates
for HL, which is commonly increased in visceral obesity and insulin resistance (8,9). Lipolysis of
large triglyceride-rich LDL results in the formation of small dense LDL. Since each LDL particle
contains one molecule of apo B100, the number of LDL particles is increased if particles are small
and dense at the same level of LDL cholesterol (6). Consequently, the absolute concentration
of LDL cholesterol can be misleading in the evaluation of CVD risk in abdominally obese
subjects. This seems to be particularly true in people with the metabolic syndrome, where LDL
particle number and concentrations of small LDL particles increase with the number of MetS
components despite only trivial changes in LDL cholesterol concentration (10).
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The dyslipidemia of intra-abdominal obesity
and Type 2 diabetes
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Figure 1 The dyslipidemia of intra-abdominal obesity and type 2 diabetes.

Triglyceride-rich large HDL particles are also a preferred substrate for HL (9). This interac-
tion alters the composition of HDL particles and renders them less stable. Substantial evidence
demonstrate that indeed the catabolic rate of HDL is enhanced in subjects with visceral obesity
(11). In fact, the amount of intra-abdominal fat measured by MRI shows a close correlation with
the clearance rate of HDL apo A-I (12). In this process, free apo A-I molecules are shed from
particles and cleared by the kidney. Thus, HDL particles become CEs depleted and contain less
apo A-I molecules per particle. Phospholipid transfer protein (PLTP) is another factor remodel-
ing HDL particles in circulation. Similar to CETP activity, PLTP activity has been reported to be
increased in obesity and also to correlate with waist-to-hip circumference ratio (13,14). Recent
data suggest that PLTP activity may be linked with liver fat (14). The end result of the concerted
action of increased HL, CETP, and PLTP activities is decrease in HDL mean particle size, and
the HDL profile is characterized by dense HDL3a, 3b, and 3c species. It is important to note
that small dense HDL particles in people with metabolic syndrome seem to be dysfunctional,
showing impaired antioxidative and defective antiapoptotic activity (15,16). Importantly, the
functional abnormalities are associated with compositional changes of neutral core lipid con-
tent. In parallel with small dense LDL, HDL mean particle size closely correlates with waist
and is considered to be a novel component of the atherogenic dyslipidemia (17,18). Thus, there
seems to be a symmetry of mechanism leading to the generation of small dense LDL and HDL
particles. These changes are reflected in higher apo B/apo A-I ratio in obese subjects with vis-
ceral obesity (6). A high apo B/apo A-I ratio has come up as a superior predictor of CVD risk
over the traditional lipid parameters and may thus provide a new tool to identify abdominally
obese subjects at high CVD risk (6,19).

INTERACTION OF FATTY LIVER AND VISCERAL OBESITY WITH DYSLIPIDEMIA

The different components of dyslipidemia correlate with measures of visceral fat like waist/hip
ratio, waist circumference, and the quantitated intra-abdominal fat volume by using MRI or
CT. Similarly, individual lipid abnormalities correlate with different measures of insulin resis-
tance, such as glucose disposal rate, fasting insulin concentration, or the homeostasis model
assessment (HOMA) index. Substantial number of studies have reported that the components
of dyslipidemia correlate with the liver fat (1,3,20). There is a positive correlation between
plasma triglycerides and liver fat, but a negative correlation between HDL cholesterol and
liver fat. Recent data confirmed that fatty liver correlates more strongly with HDL2 cholesterol
than total HDL cholesterol consistently with the changes of HDL profile observed in subjects
with metabolic syndrome (21). In a study, in 2006, we observed a strong relationship between
increased liver fat volume and overproduction of large VLDL particles (5). We reported that
VLDL1 production rate correlated inversely with LDL size and HDL cholesterol. Thus, overpro-
duction of large VLDL1 particles initiates a sequence of events leading to the generation of small
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dense LDL particles and increased catabolism of HDL particles. Therefore, it is of key impor-
tance to elucidate the mechanisms behind the relationship between fatty liver, visceral obesity,
insulin resistance, and how these factors associate with the overproduction of VLDL1 particles.

IMBALANCE OF LIPOREGULATION: THE CULPRIT OF HEPATIC STEATOSIS
AND DYSLIPIDEMIA

Non-alcoholic fatty liver disease (NAFLD) is highly prevalent in people with the metabolic
syndrome and type 2 diabetes (3,22). Emerging data indicate that fatty accumulation in the liver
tightly associates with insulin resistance and visceral fat volume (23). Thus, fatty liver seems
to be the hallmark of hepatic insulin resistance. Collectively, the components contribute to the
dyslipidemia seen in these people. The fact that VLDL1 overproduction is the central component
of dyslipidemia raises the question “What regulates VLDL1 overproduction?” The dynamics
of FA metabolism and FA sources [FA flux from adipose tissue, diet, and de novo lipogenesis
(DNL)] seem to play the critical role in the pathogenesis of both liver fat and hepatic insulin
resistance. The fat of lipids entering the liver may be directed to VLDL triglycerides, B-oxidation,
or storage. Recent data indicated that the contribution of FA sources was similar in the VLDL
triglycerides and in the liver fat (24). Overall imbalance between FA flux to the liver, DNL,
B-oxidation, and VLDL secretion results in the accumulation of TG in hepatocytes. Of note is the
fact that about 80% of fatty acids in the plasma FFA pool is derived from adipose tissue in fasting
state and even in the fed state 60% originates from adipose tissue highlighting the importance
of contribution of plasma FFA (25,26). Importantly, the contribution of visceral adipose tissue
lipolysis to FFA pool increases as a function of visceral fat volume. In insulin resistant states,
insulin fails to suppress the release of FFAs from adipose tissue resulting in increased flux of
FFA to the plasma pool and ultimately to the liver. We recently demonstrated that insulin fails
to suppress plasma FFA in subjects with high liver fat and also that the suppression of VLDL1
secretion associates with liver fat content and to the actual suppression of plasma FFA by insulin
(27). We also observed that FFA suppression was inversely correlated to intra-abdominal fat
volume but not to subcutaneous fat proving evidence for the role of visceral fat as the source of
FFA for the liver. This is further supported by the observation that insulin-resistant men have a
higher flux of FAs from visceral lipolysis to hepatic VLDL-TG production than insulin-sensitive
men in postprandial state (28). Altogether the data clearly pinpoint the role of visceral fat as a
source of FA flux to the liver as well as to VLDL secretion.

Excessive flux of FA together with impaired hepatic B-oxidation initiates a deleterious
sequence of events directing FAs to harmful nonoxidative pathways (29). Metabolites of fatty
acids and intermediate lipids may interfere with insulin signaling, resulting in hepatic insulin
resistance. It is important to note that hepatic insulin resistance per se seems to be sufficient to
produce derangement of cholesterol metabolism in livers of insulin receptor knock-out (LIRKO)
(30) mice. In humans, the coexistence of insulin resistance and hyperinsulinemia encumber to
dissect a causal relationship between hepatic insulin resistance and liver fat, leaving this question
to be answered by future studies.

PREDICTORS OF VLDL1 OVERPRODUCTION

The fact that VLDL1 overproduction is the central component of dyslipidemia raises the question
“What regulates VLDL1 production?” The mechanisms whereby visceral obesity, fatty liver, and
insulin resistance can modify VLDL assembly and secretion are multiple and complex and not
very well established (20). We have recently shown that features of insulin resistance including
insulin, HOMA-IR, adiponectin, intra-abdominal fat, and liver fat were determinants of VLDL
apo B and VLDL TG production rates. However, in a multiple regression analysis, only liver
fat and fasting glucose remained significant. We also explored the relationship between liver
fat and the suppression of VLDL1 production by insulin in subjects with a wide range of liver
fat volume. This study showed that insulin downregulates VLDL1 secretion in subjects with
low liver fat, but fails to suppress VLDL secretion in subjects with high liver fat resulting in
overproduction of VLDL1 (5). Importantly, insulin resistance and visceral obesity lower plasma
adiponectin concentrations that modifies both VLDL-TG and HDL concentrations by several
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mechanisms (31,32). Adiponectin may also impair liver fatty acid B-oxidation via AMPK and
PPARa and shift the metabolism of FAs towards TG storage. Finally, recent data has linked liver
endocannabinoid (EC) system to lipogenesis and to the regulation of plasma lipids (33,34). CB1
receptor-blockade could have salutary effects directly on hepatic fat metabolism manifested as
a weight-independent component of plasma lipids seen in RIO program (35). The potential role
of both adiponectin and CB1 receptor in the regulation of hepatic lipid metabolism as well as
novel target for therapy remain to be established in humans.

CONCLUSIONS

Recent advances in our knowledge of dyslipidemia in visceral obesity and insulin resistance
open new options for management and hopefully will be translated into clinical benefits to
reduce cardiometabolic risk.
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VISCERAL FAT—AN ECTOPIC FAT DEPOT

The negative consequences of an excessive accumulation of body fat have long been recognized.
However, our acceptance to the concepts that not all obese individuals carry the same risk for
type 2 diabetes, dyslipidemia, and cardiovascular diseases are more recent.

Around 20% of obese individuals are characterized as obese but at the same time they
are metabolically healthy—in contrast, around 20% of nonobese individuals display several
metabolic abnormalities associated with the metabolic syndrome (for review see Ref. 1). A key
factor driving the obesity-associated propensity for the various risk factors included in the
metabolic syndrome is the dysregulated adipose tissue (reviewed in Ref. 2).

Several studies with genetically engineered animal models have shown that the ability to
expand the subcutaneous tissue, to store and appropriately package the lipid droplets, can occur
without any obvious metabolic consequences. For instance, overexpression of adiponectin in
the subcutaneous adipose tissue allows the mice to become morbidly obese but at the same
time metabolically perfectly normal (3). In this case, like in human, the adipose tissue is then
characterized by many small adipose cells, that is, a hyperplastic adipose tissue.

In contrast, inability of the subcutaneous adipose tissue to recruit new preadipocytes leads
to adipose cell enlargement and inflammation in the adipose tissue, which prevents the normal
differentiation of the preadipocytes in the subcutaneous site and also favors the accumulation
of lipids in ectopic sites (2). These sites include the liver, skeletal muscle, and other ectopic
fat depots like the visceral fat, epicardial fat, and perivascular fat. Several recent studies have
also shown that an expanded visceral fat depot is associated with expanded epicardial fat and,
conversely, that the amount of epicardial fat is also associated with the various components of
the metabolic syndrome as have been reported for amount of visceral fat (4,5).

This line of reasoning is obviously focused on mechanisms and the pathogenesis of the
obesity-associated metabolic consequences. It should not, however, be taken as downplaying
the clinical importance of defining amount of visceral fat or its surrogate measurement—waist
circumference (WC) (6). The important work by Despres and Lemieux (6) has convincingly
demonstrated that WC is a highly useful marker of cardiometabolic risk and, indeed, it is now
also a key criterion for defining the metabolic syndrome (7).

VISCERAL FAT AND INFLAMMATION

We know that an enlarged WC is frequently associated with an expanded visceral fat depot (and
liver fat, epicardial fat, etc.) and that cardiometabolic risk is associated with the WC. The key
question is obviously, why! the amount of visceral fat is usually quite small; and the extensive
work by Jensen and Koutsari (8) (also reviewed in Ref. 1), clearly indicates that the contribution
of this depot to free fatty acid (FFA) release and turnover is quite small. Additionally, there
is no convincing evidence in human that the portal FFA levels are higher than the systemic
levels. Thus, if it is not through an augmentic lipolytic activity, how can an expanded visceral
fat contribute the metabolic syndrome. Obviously, the view that visceral fat is only one, albeit
clinically easily accessible, marker of ectopic fat deposition provides a credible answer since it is
then also associated with ectopic fat deposition in other depots as well. In addition, however, we
know that visceral fat is characterized by a marked proinflammatory profile. Many cell-based
studies have shown that visceral adipose tissue has a higher gene expression, and secretion,
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Figure 1 Endocrine effects of cytokines released from visceral or subcutaneous adipose tissue: The cytokines
released from visceral depot would primarily alter carbohydrate and lipid metabolism and stimulate production of
acute-phase response proteins in the liver, whereas the cytokines produced by subcutaneous depot would mainly
affect adipose cell development and function locally as well as exert systemic effects on, for example, the skeletal
muscle. Source: From Ref. 1.

of IL-6, IL-8, and plasminogen activator inhibitor (9-11) as well as increased infiltration of
inflammatory cells, including plasma cells (12).

An increased release of proinflammatory molecules by visceral fat may be particularly
relevant for the liver since this depot, in contrast to subcutaneous fat, is drained by the portal
vein (Fig. 1). Considering the discussion above, that is, that the visceral fat depot is quite small
compared to subcutaneous fat, one may again question what evidence do we have to support
a strong systemic proinflammatory potential of the visceral fat. Importantly, however, recent
studies have convincingly demonstrated that visceral fatis an important proinflammatory depot
(13,14). Fontana et al. (13) measured IL-6, TNFa, MCP-1, resistin, leptin, and adiponectin levels
in the portal vein in morbidly obese subjects undergoing bariatric surgery. The key finding was
that the IL-6 levels were ~50% higher in portal blood than in the radial artery. All other levels of
cytokines and adiponectin were unchanged while, surprisingly, leptin levels were ~20% lower
in portal blood. Importantly, arterial C-reactive protein (CRP) levels were positively correlated
with the portal vein concentration of IL-6 (13), supporting that the liver was a target, increasing
the secretion of acute phase reactants like CRP.

These findings were further corroborated by the recent publication of Cartier et al. (14).
These authors measured the circulating levels of IL-6 and TNF-a in a large group of individuals
with varying body mass index (BMI). They also compared individuals with a similar BMI but
with varying amounts of intra-abdominal adipose tissue. They found that the levels of both
IL-6 and TNF-a were increased in obesity. However, individuals with the same BMI but with
a larger intra-abdominal fat depot had clearly increased circulating IL-6 levels. Interestingly, a
positive correlation was found between circulating IL-6 levels and insulin, similar to a previous
study (15). In this latter study, where insulin sensitivity was also measured with the euglycemic
clamp technique, it was concluded that the correlation between circulating insulin and IL-6
levels remained even after adjusting for degree of insulin sensitivity (15).

An emerging picture is, thus, that visceral fat is an important producer of IL-6 (and possibly
IL-8 although this has not been documented in vivo) which, in turn, can induce peripheral
insulin resistance when chronically elevated. Thus, IL-6 impairs insulin signaling and action
in the adipose cells as well as in the liver (16,17). The effect in skeletal muscle has been more
unclear and short-term positive effects on glucose uptake have been reported (18). However, we
have recently overexpressed IL-6 in the skeletal muscle in mice, leading to markedly increased
circulating levels (19). When examined after 7 to 14 days of elevated circulating IL-6 levels, we
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found increased serum amyloid A levels, reduced adiponectin, and a reduced glucose uptake
by the skeletal muscle in vivo combined with a reduced GLUT-4 expression. Thus, this study
strongly supports the concept that chronically elevated IL-6 levels lead to insulin resistance in
vivo combined with a marked proinflammatory response in the liver (19).

In conclusion, expanded visceral fat is also associated with an increased lipid accumulation
in other ectopic sites. It is unlikely that the association with the metabolic syndrome and
cardiometabolic risk is due to an important contribution of this depot to the portal or circulating
FFA levels. Instead, recent studies have consistently shown that visceral fat is an important
contributor of circulating, and portal, IL-6 levels and that circulating IL-6 levels are particularly
increased in visceral obesity. Chronically elevated IL-6 levels induce insulin resistance in all key
target tissues for insulin as well as a marked proinflammatory response in the liver.
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INTRODUCTION

Different prospective epidemiological studies have shown that overweight and obese men and
women, especially those with abdominal obesity, experience increased risk of coronary heart
disease and type 2 diabetes (1-4). Abdominal obesity belongs to the metabolic syndrome that
includes insulin resistance, changes in lipoprotein metabolism (hypertriglyceridemia and hypo
HDL cholesterolemia), abnormalities of vascular homeostasis with hypertension, endothelial
dysfunction, and a prothrombotic state.

In this review, we describe how visceral adiposity and the features of the metabolic
syndrome result in alteration in haemostasis leading to atherothrombosis. We also give some
arguments on a reciprocal relationship between haemostasis, endothelial dysfunctions, and the
metabolic syndrome (Figs. 1-4).

ABDOMINAL OBESITY AND PLATELET HYPERACTIVITY

Increased platelet response is seen in individuals with abdominal obesity and this increase in
platelet may play a role in the cardiovascular risk associated with this type of obesity (5-7).

This platelet hyperactivity may be supported by insulin resistance, inflammation, and
adipokines. Insulin resistance, which is well recognized in the muscle, hepatic, and adipose cells
during obesity, also develops at the platelet level (8-11). Platelets from obese subjects are resistant
to the hypoaggregating effect of insulin (12). Urinary thromboxane metabolite excretion, which
reflects platelet activation, is increased in obese women and is mainly determined by insulin
resistance (13).

Platelet activation is modulated by inflammatory factors and can lead to the release of
proteins with known proinflammatory functions, thus combining haemostasis and the chronic
low inflammatory state (14) observed in obesity (Fig. 1).

Lipid abnormalities described in the metabolic syndrome also have an effect on platelet
activity. Hypertriglyceridemia and increased concentration of free fatty acids (FFA) induce a
proaggregating effect in vitro (15). Hypo HDLemia could also influence platelet aggregation,
because HDL opposes the activation properties of LDL on platelets, whereas the effects of
chylomicrons, VLDL or IDL on platelet function are debatable (16).

Recently, products of adipose tissue have been shown to modulate platelet function. Leptin
is primarily produced by adipocytes, and its circulating levels reflect the amount of energy stored
in adipose tissue. In addition to its role as a hormonal regulator of body weight and energy
expenditure, leptin is now considered to play a regulatory role in various physiological states.
Platelets have leptin receptors and are activated in vitro by leptin (17-19). Leptin promotes
human platelet aggregation by potentiating the normal response to adenosine diphosphate and
thrombin. This has been suggested as a mechanism for acute thrombotic events in obesity (17—
19). In obese humans, however, homozygous or heterozygous leptin deficiency is associated
with increased platelet aggregation relative to controls, and in vitro incubation with leptin did
not increase platelet aggregation (20). Four-day leptin infusion only slightly increases platelet
aggregation in healthy volunteers (21). It is well known that human obesity is characterized by
a leptin-resistant state. Thus, one may argue that obesity is associated with impaired platelet
sensitivity to leptin, resembling the reduced sensitivity of platelets to insulin in insulin resistance
(22,23). This needs to be confirmed in vivo.
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Figure 1 Connections between abdominal obesity and platelet hyperactivity.

Adiponectin is an adipocytokine abundantly present in plasma. Its plasma concentration
decreases in obesity, type 2 diabetes, and patients with coronary artery disease. Adiponectin
levels are negatively correlated with the percentage of visceral fat and insulin resistance. Results
obtained in adiponectin knockout mice clearly indicate that adiponectin acts as an endogenous
antithrombotic factor (24). These mice showed an accelerated thrombus formation on carotid
arterial injury, which was corrected by adenovirus-mediated supplementation of adiponectin. In
vitro platelet aggregation induced by low concentration of agonists was enhanced in adiponectin
knockout mice and recombinant adiponectin inhibited the enhanced platelet aggregation. These
data suggest that the defect of adiponectin plays a key role in the thrombotic risk observed in
obese insulin-resistant patients. This effect, however, has yet to be demonstrated in humans. Pre-
liminary data indicate that addition of human recombinant adiponectin induces no significant
antiaggregation effect on platelets from individuals without hypoadiponectinemia (25).

Platelets play a major role in the development of atherothrombosis, and their pharma-
cological inhibition is at the center of the active cardiovascular disease treatment and in the
secondary prevention of cardiovascular events. There is growing view that all patients with
type 2 diabetes should receive aspirin (26). There is no consensus regarding antiplatelet ther-
apy in insulin-resistant patients with prognostically important coronary arterial disease. The
identification of optimized approaches for the prevention and treatment of heart disease in
insulin-resistant, nondiabetic patients remains a major global challenge. A few data are avail-
able about the primary protective effect of antiplatelet therapy in both obese and type 2 diabetic
patients. In fact, recent trial suggests that antiplatelet therapy is beneficial for patients with
symptomatic atherothrombosis but at the same time harmful for patients with multiple risk fac-
tors without symptoms (27). It is admitted that the platelet response to antiagregating agent is
variable, some patients being resistant to the drug effect (28). It cannot be excluded that platelet
hyperactivity, which is present in patients with abdominal obesity, can cause the heterogeneity
of response to treatment. Indeed, obesity is associated with a lower sensitivity to aspirin (29)
and clopidogrel (30), and the presence of a type 2 diabetes decreases the biological efficiency of
the aspirin—clopidogrel (30) association.

ABDOMINAL OBESITY AND HYPERCOAGULABILITY

Abdominal obesity is accompanied by coagulation abnormalities that may favor thrombus
propagation.

Tissue factor (TF), the key initiator of coagulation, is widely expressed in atherosclerotic
plaques and found in macrophages, smooth muscle cells, extracellular matrix, and acellular
lipid-rich core. The blood-borne TF encrypted on the circulating microparticles derived from
vascular cells is a marker of vascular injury and a source of procoagulant activity. Evidence indi-
cates that elevated levels of blood-borne or circulating TF have been associated with metabolic
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Figure 2 Connections between abdominal obesity and hypercoagulability.

syndrome, type 2 diabetes, and cardiovascular risk factors and are a candidate biomarker for
future cardiovascular events (31). Treatment of insulin resistance such as weight loss (32) or thi-
azolidinediones decreased circulating TF levels. Adipose tissue participating in the TF pool may
increase during the metabolic syndrome. Indeed, homogenates of human adipose express TF
on macrophages and smooth muscle cells. This elevated TF expression may result from various
stimulants, such as C-reactive protein, oxidized LDL, TGF-B, angiotensin II, hyperglycemia, and
adipocytokines, which accompany abdominal obesity. Among them, hyperinsulinemia may be
of particular relevance. Adipose TF expression is potentiated by insulin administration in obese
mice (33,34). In human volunteers, a 24-hour hyperinsulinemic or hyperglycemic clamp pro-
duces a strong increase in TF procoagulant expression in circulating monocytes with a parallel
increase in plasma thrombin—antithrombin complexes and other markers of thrombin genera-
tion. Effects of selective hyperinsulinemia or hyperglycemia were less striking but were additive
(35).

More than a consequence of abdominal obesity, TF could indirectly affect the development
of adipose tissue. It is involved in the maintenance of vascular integrity and angiogenesis (36).
An accelerated angiogenesis could favor a pathological development of adipose tissue. Recent
studies have shown that vascular endothelial growth factor (VEGF) synthesis is controlled by
TF, and the blocking of VEGF can inhibit adipose tissue growth [(37); Fig. 2].

Plasma concentrations of vitamin K-dependent proteins are increased during obesity
and decreased after weight loss (38,39). In obese nondiabetic patients, increased levels of vita-
min K-dependent coagulation proteins are clustered with dyslipidemia and inflammation,
whereas they are not related to anthropometric parameters or arterial pressure or glucidic
metabolism (40). These results may be in favour of a potentiation of hepatic synthesis of vitamin
K—dependent proteins during obesity. Accumulation of fat in the liver could play an impor-
tant role in this process, as a strong relationship has been reported between circulating levels
of vitamin K-dependent proteins and the hepatic enzyme gamma glutamyl transferase (41).
Moreover, it has been reported that VLDL produced in excess during abdominal obesity sup-
ports activation of factor VII by the Xa/Va complex—this could slow down the clearance of
factor VII (42).

High factor VIII levels correlate with measures of obesity (43). This elevation must be
brought closer to that of von Willebrand factor, produced by endothelial cells (vide infra), since
factor VIII circulates as an inactive procofactor in complex with von Willebrand factor, which
slows down factor VIII elimination.

High fibrinogen level is associated with an increased prevalence and incidence of primary
and recurrent coronary heart disease (44). Fibrinogen promotes thrombus formation and platelet
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aggregation. The plasma concentration of fibrinogen is increased in obesity, especially in women.
Its plasma concentration depends on the fat mass and not on fat repartition (45,46). It is proposed
that the increase in IL-6 level produced by macrophages of adipose tissue, and adipocytes
themselves, is responsible for the slight increase in hepatic synthesis of fibrinogen in obese
persons (47,48).

Interestingly, it was shown that HDL attenuates the expression of TF and downregulates
thrombin generation via the enhancement of the anticoagulant protein C pathway (49). There-
fore, the hypo HDLaemia, which accompanies abdominal obesity, could again be involved in
the thrombotic risk by increasing thrombin generation.

In summary, the increase in local and systemic TF concentration, factor VIII, vitamin
K-dependent proteins, and fibrinogen levels in patients with the metabolic syndrome may
support an exacerbated tendency to thrombosis. Abdominal obesity may be independently
involved directly or indirectly through its capacity to produce haemostatic factors or inflam-
matory mediators and its association with several other well-known cardiovascular risk factors
such as insulin resistance and dyslipidemia.

ABDOMINAL OBESITY AND HYPOFIBRINOLYSIS

Hypofibrinolysis, due to an increased level of plasminogen activator inhibitor 1 (PAI-1), is the
most important and visible change of the haemostatic system in the metabolic syndrome. PAI-1
is the predominant inhibitor of the fibrinolytic system. Increased concentration of PAI-1 in the
circulation leads to impairment of the removal of thrombi from the vascular system (50) and
may influence the development of atherosclerotic lesions as well (51). In large epidemiological
studies, elevated plasma levels of PAI-1 proved to be predictors of myocardial infarction (for
review see Ref. 52). Remarkably, the predictive ability of PAI-1 disappears after adjustment for
markers of the metabolic syndrome (53). These results suggest that the presence of abdominal
obesity and insulin resistance are a prerequisite for the increased PAI-1 levels in patients at risk
of atherothrombosis and have led to the proposal that increased PAI-1 level can be considered
as a true component of the metabolic syndrome (52,54).

The increase in plasma PAI-1 levels associated with abdominal obesity may be attributed
to PAI-1 production by ectopic adipose tissues (55-57) (Fig. 3). PAI-1 is localized mainly in the
stromal compartment of human adipose tissue (58,59). Macrophages infiltrating adipose tissue
(60) express PAI-1 (56) as well as adipocytes in response to PAI-1 inducers (61). Thus, adipose
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Figure 3 Connections between abdominal obesity and hypofibrinolysis.
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tissue has evolved into a PAI-1 producing organ, with PAI-1 being produced by macrophages
and adipocytes when they gain the capacity to respond to inducers of PAI-1 synthesis. This may
be particularly relevant in the visceral fat, which is strongly infiltrated by macrophages (62).
Ectopic fat accumulation in liver is also associated with strong PAI-1 expression close to the fat
cells (63). Overall these findings suggest that circulating PAI-1 levels reflect fat redistribution
and may be considered a biomarker of ectopic fat storage disease.

Tissue expression of PAI-1 is not constitutive but mainly inducible. Many inducers of
PAI-1 synthesis during obesity have been identified that may exert their effect locally or more
remotely. The TNF and TGF-B pathways (64,65), reactive oxygen species (ROS) (66,67), and local
cortisol production within adipose tissue (68,69) may all be involved in PAI-1 overproduction
during abdominal obesity. Alteration of the self-regulated circadian clock may also dysregulate
PAI-1 synthesis in obese patients. Several groups as well as ours have observed in vitro that high
insulin, high glucose, or high triglyceride concentration and elevated levels of FFA contribute to
PAI-1 synthesis (for review see Ref. 52). However, in vivo, acute changes in insulin or triglyceride
levels (postprandial period, in vivo administration) are not accompanied by changes in PAI-1
levels.

The involvement of the renin-angiotensin system, which is fully expressed in adipose
tissue, may be important because inhibition of angiotensin-converting enzyme significantly
reduces plasma PAI-1 levels in obese individuals (70).

Therefore, the causes of PAI-1 overexpression in metabolic syndrome are complex, with
much interference between biological systems. Establishment of inflammation or oxidative
stress at the macrophage level as fundamental precursors is tempting and may reveal interesting
approaches to elucidate the link between atherosclerosis and metabolic syndrome.

Contribution of PAI-1 to the Development of Adipose Tissue and Insulin Resistance
Circulating PAI-1 levels predict development of type 2 diabetes, suggesting that PAI-1 may
causally be related to development of obesity (71-74). Carriers of the -675 4G PAI-1 allele were
more prone to obesity and metabolic syndrome in some studies but not in all (75-77). We
recently showed that patients with the highest pro-insulin levels were at risk for developing
a myocardial infarction only if they were homozygous for the 4G allele, suggesting that PAI-1
genotype may influence the vascular risk associated with hyperinsulinaemia (78). All together
these findings indicate that PAI-1 gene variability plays a role in modulating obesity-associated
phenotypes.

In vivo in mice and in vitro studies support the role of PAI-1 in obesity development. Three
groups found that fat accumulation was prevented in mice lacking PAI-1 in both a nutritionally
induced (79,80) and a genetic (81) murine model of obesity. Results obtained by our group (82—
84) followed this direction, showing an effect of pharmacological inhibition of PAI-1 on weight
gain and on insulin sensitivity.

In addition, PAI-1 deficiency may exert beneficial effects through improved insulin sensi-
tivity within adipose tissue. Adipocytes from PAI-1~/~ mice exhibited enhanced basal as well as
insulin-stimulated glucose uptake. In agreement, 3T3 adipocytes treated with PAI-1 neutraliz-
ing antibodies exhibited greater differentiation than wild-type or untreated 3T3 adipocytes (85).
This effect may be mediated through the ability of PAI-1 to interfere with insulin signaling by
preventing binding of vitronectin to integrin o, 83 and thus cooperation between integrin and
insulin signaling (86,87). PAI-1 deficiency may also block the deleterious effect of TNF on insulin
sensitivity of adipocytes. Indeed, PAI-1 deficiency blunted the deleterious effect of TNF on glu-
cose uptake and on adipocyte differentiation marker expression (85). Finally, it was recently
hypothesized that PAI-1 could exert its deleterious effect through inhibition of the proprotein
convertase furin, which is involved in TGF-f activation and insulin receptor processing (88).

Mice overexpressing murine PAI-1 in adipocytes and macrophages exhibited adipocyte
hypotrophy, a higher mRNA level of a preadipocyte marker in adipose tissue, and reduced
feeding efficiency compared with wild-type mice (89). These findings suggest that targeted
PAI-1 overexpression in macrophages and adipocytes impairs adipose tissue growth, which
agrees with the recently described inhibitory effect of PAI-1 on murine adipocyte differentia-
tion (85). This finding may, at first glance, appear to be at odds with that obtained in PAI-1
deficient mice, but it must be interpreted in connection with the multiple facets of PAI-1, which
render it a serpin that acts locally at various sites and perhaps systemically through endocrine
effects. Interestingly, when one looks at metabolic parameters, it appears that old transgenic
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mice overexpressing PAI-1 that are maintained on standard fat diet exhibit significantly higher
insulinaemia and a tendency toward higher triglyceride levels, despite lower body fat (84).
These data are not inconsistent with those obtained in PAI-1 deficient mice and indicate that
PAI-1 overexpression might worsen the metabolic profile. This requires confirmation, because
this deleterious effect was not found in younger transgenic mice fed a diet high in fat (89). Note
that two studies from the same group were unable to demonstrate any effect of PAI-1 deficiency
on adipocyte differentiation (90) or weight gain (91).

Invitroand in vivo studies have indicated that PAI-1 might be involved in the development
of obesity. Overall, these data support the concept that PAI inhibition has the potential to
reduce obesity and improve insulin sensitivity, and may represent a new therapeutic target.
This requires confirmation in different experimental models, and the mechanisms involved

should be precisely defined.

ABDOMINAL OBESITY AND ENDOTHELIAL DYSFUNCTION

Endothelial dysfunction contributes to cardiovascular diseases, including hypertension and
coronary artery disease (92) (Fig. 4).

It has become clear that the metabolic syndrome is associated with endothelial dysfunc-
tion (93), with inadequate vasodilatation and /or paradoxical vasoconstriction in coronary and
peripheral arteries in response to stimuli that release nitric oxide (NO). Endothelial dysfunction
during obesity may also result from impaired NO bioavailability due to increased endogenous
endothelin levels (94) in addition to the direct vasoconstrictor effects of endothelin (95). The
metabolic syndrome leads not only to endothelial dysfunction through the frequent association
with traditional cardiovascular risk factors (49) but also to insulin resistance. In healthy condi-
tions, insulin promotes glucose disposal and stimulates the production of NO, which in turn,
through NO-dependent increases in blood flow to skeletal muscle and may account for 25%
to 40% of the increase in glucose uptake in response to insulin stimulation (96). A physiologic
increment in plasma insulin concentration particularly increased microvascular blood volume,
consistent with a mechanism of capillary recruitment (97).

Metabolic insulin resistance is characterized by pathway-specific impairment in phos-
phatidylinositol 3-kinase-dependent signaling, which in endothelium may cause imbalance
between production of NO and secretion of endothelin-1, leading to decreased blood flow, which
worsens insulin resistance (98-100). Experimental inhibition of phosphatidylinositol 3-kinase
with wortmannin not only blocked the ability of insulin to stimulate increased expression of
endothelial NO synthase but also increased expression of vascular cellular adhesion molecules-
1 (VCAM]1) and E-selectin, and increased rolling interactions of monocytes with endothelial

Role of insulin resistance
Dyslipidemia (N HDL)
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dysfunction

N Vasodilatation

2 Vasoconstriction

7 Proadhesive molecules
7 Release of vWF

7 Microparticles

Abdominal obesity
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g

Decreased vasodilatation limits insulin diffusion
and action in skeletal muscle

Figure 4 Connections between abdominal obesity and endothelial dysfunction.
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cells, showing that inhibition of the metabolic branch of insulin signaling leads to an enhanced
atherogenic action of insulin in endothelial cells (101).

In parallel with inadequate vasodilatation, in obesity, endothelial cells take a proinflamma-
tory phenotype with increased expression of VCAMI1, ICAMLI, E-selectin, a release of micropar-
ticles (102) and shedding products, and an increased synthesis and release of von Willebrand
factor (VWF); the latter plays a major role in the adhesion of platelets to the vascular wall. VWE
levels are correlated with parameters of the insulin resistance syndrome (45,103) and inflam-
matory parameters (40,45,104,105). These endothelial disorders may arise at a very early age
in obese children who display significantly elevated values for sSICAM-1, VWF in parallel with
inflammatory, and insulin resistance markers (106).

Interestingly, some recent clinical studies demonstrated that nonpharmacological and
pharmacological strategies targeting obesity and/or insulin resistance ameliorate endothelial
function and low-grade inflammation whereas improving endothelial function ameliorates
insulin resistance (98,100), underscoring the reciprocal connection between endothelial dys-
function and insulin resistance.

CONCLUSION

Abdominal obesity is accompanied by important changes in the haemostatic system that favor
not only the development of arterial but also venous thrombosis (107). Hyperactivity of platelets
and hypercoagulability favor platelet and fibrin deposits, and hypofibrinolysis due to the PAI-1
excess prevents their elimination. The increased PAI-1 expression that accompanies abdominal
obesity is the main abnormality in haemostasis, with an original regulation. As PAI-1 could
also be directly involved in the physiopathology of obesity, it represents an original target for
preventing both the vascular and metabolic risks.
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INTRODUCTION

Abdominal obesity is recognized as a strong predictor of the metabolic disorders associated with
obesity (1,2). Excess visceral fat accumulation, also known as intra-abdominal or visceral obesity,
is strongly and independently associated with metabolic alteration such as insulin resistance,
hypertension, and dyslipidemia, which are important risk factors for cardiovascular disease
(1,3). Specific features of the visceral adipose tissue depots, which include omental, mesenteric,
and retroperitoneal fat, have been shown to be related or lead to metabolic alterations. In this
chapter, we provide an overview of the biological nature of the visceral adipocyte and its
potential links with the metabolic disturbances associated with visceral fat accumulation.

ADIPOCYTE SIZE

According to the size of their triglyceride droplets, the mature adipocyte population of a given
depot will show important differences in cell size. These differences vary as a function of
the nutritional status of the individual (4). The mean adipocyte size also varies according to
sex, adiposity level, and anatomical location of the adipose tissue depot (5-8). In both sexes,
omental and subcutaneous adipocytes become larger with obesity, but adipocyte size reaches a
plateau in massively obese subject (5,8,9). In normal weight to moderately obese women (5,8,9),
omental adipocytes are 20% to 30% smaller than those of subcutaneous adipocytes. Omental and
subcutaneous adipocytes actually reach a similar size at very elevated BMI values (>60kg/m?)
(5,8,9). As women reach menopause, the omental-subcutaneous depot difference seems to be
attenuated because omental, but not subcutaneous, adipocyte size is increased (10). In men,
omental and subcutaneous adipocytes have a similar cell size through most of the adiposity
range. In addition, maximal adipocyte size is lower in men (~120 pm) than in women (~140
pm) (9). Since fat cell size is a critical determinant of adipocyte function (4), these sex-, depot-,
and adiposity-related differences might play an important role in the variation of adipose cell
function in various fat compartments.

ADIPOCYTE METABOLISM

The response of adipose tissue to lipolytic agonists is known to be different in the visceral and
subcutaneous compartments (5,8,11-13). Again, one of the main determinants of these regional
differences is adipocyte size (4,5,8). Studies assessing differences in adipocyte metabolism
between small and large adipocytes from the same adipose tissue depot of a given individual
showed that lipolysis, lipid synthesis, and glucose uptake (4,14,15), as well as gene expres-
sion (16), are strongly influenced by adipocyte size. Consequently, adipocyte hypertrophy in
a given adipose tissue depot lead to high rates of lipid synthesis, increased lipolysis, and
therefore increased fatty acid flux across the cell membrane (17). Consistent with the fact that
adipocytes from the omental fat compartment are smaller than that of the subcutaneous fat
compartment in women, basal lipolysis in this depot is lower in the former than in the latter
(8,11-13). Thus, in women and possibly in very lean men, visceral adipose tissue is not believed,
at least in the basal condition, to be a major contributor to circulating free fatty acids (FFA)
(18). However, compared to the subcutaneous adipose tissue depot, lipolysis in omental fat is
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more responsive to 3-adrenergic agonist stimulation (8,11-13) and less to insulin suppression
(19,20). Since abdominal obesity is characterized by excess of positive lipolytic stimuli and
insulin resistance, the contribution of this highly responsive tissue to the circulating pool of
FFA is likely to be increased in such condition (18). In consequence, the increased FFA flux may
preferentially alter liver metabolism as this depot is drained by the portal vein system (21).
In men, lipolytic activity is higher than that observed in women, but no regional difference is
observed (5,8). Thus, in absolute values, more FFA are released into the portal vein circulation
by visceral adipose tissues in men (18). Compared to women, this may increase the impact of
omental adipose tissue on the metabolism and lead to a greater cardiovascular disease risk (5).
In women, at menopause, visceral fat lipolysis rates tend to increase in parallel to visceral fat cell
size (10), which could partially offset the apparent protection of women against cardiovascular
disease.

Accumulation of triglycerides in adipose tissue relies mainly on the hydrolysis of
triglyceride-rich lipoproteins by lipoprotein lipase (LPL) and on triglyceride synthesis inside
the adipocyte. The regional differences in the rate of these processes are also tightly associated
with adipocyte size. Many studies including both sexes failed to find differences in omental ver-
sus subcutaneous LPL activity (22,23). However, higher LPL activity in subcutaneous adipose
tissue is observed in studies including mostly women (8,20,24), and the opposite is observed in
studies including mostly men (5,24,25). Thus, we propose that regional differences in LPL activ-
ity are sex-specific and likely reflect the propensity of each compartment to accumulate lipids
in each sex. Concordant with these observations, triglyceride synthesis in women is reduced
in omental adipose tissue (11,26), and is similar in both abdominal subcutaneous and omental
adipose tissue depots in men (11).

In summary, adipocyte metabolism seems to favor greater accumulation of lipid in the
visceral fat compartment and higher release of FFA in the portal vein of men compared to
women. Adipocyte size appears to be a major correlate of these differences.

ADIPOKINES

In addition to the lipid-storage function, adipose tissue is known to produce a number of
cytokines, termed adipokines, as well as many other factors involved in the regulation of
several biological processes (27). Adipokines are mainly secreted not only by adipocytes or
preadipocytes, but also, especially in obesity, by macrophages invading the tissue (27). Recent
studies have observed that visceral and subcutaneous adipose tissue did not contribute equally
to the secretion of these factors (28-31). The literature also suggests that adipocyte size has
an important influence on the secretion pattern of these factors (32). Similar to adipocyte
metabolism, sex- and depot-specific differences in adipocyte size may modulate the secretion
pattern of some adipokines.

Circulating levels of adiponectin, an adipokine with insulin-sensitizing and anti-
inflammatory properties, are inversely associated to adiposity (33). The decrease in adiponectin
concentration with obesity is believed to have negative consequences on whole-body glucose
homeostasis (33). Studies suggested that visceral adipose tissue accumulation assessed by com-
puted tomography is an independent predictor of circulating adiponectin levels (34,35). Omen-
tal adipose tissue also seems to be a critical determinant of serum adiponectin levels. Indeed,
omental adipocyte adiponectin secretion is primarily reduced in obesity, while subcutaneous
adipocyte adiponectin secretion is maintained in abdominally obese women (36).

Interleukin-6 (IL-6), a proinflammatory cytokine, is positively associated with obesity and
especially with visceral fat accumulation (37,38). IL-6 is also tightly linked to C-reactive protein
(CRP) production and other markers of cardiovascular disease (39). As it accounts for one-
third of IL-6 production, it is suggested that adipose tissue-derived IL-6 may have systemic
effects on metabolism (39). In addition, local production and accumulation of this cytokine can
alter lipid metabolism of the adipose tissue itself (32,39,40). Indeed, elevated plasma IL-6 is
associated with increased omental fat cell B-adrenergic lipolytic responsiveness (41), and B-
adrenergic-dependent lipolysis is increased by high levels of IL-6 (42). Moreover, LPL activity
is reduced by half in subcutaneous and omental adipose tissue depots by chronic IL-6 treatment
(42,43). Although metabolism of both adipose tissue depots is affected by IL-6, this effect is more
pronounced in visceral fat since this tissue releases 2 to 3 times more IL-6 than subcutaneous
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adipose tissue (40). In menopausal women, higher visceral fat accumulation also seems to be
related to higher circulating levels of IL-6 (41). In consequence, increased secretion of IL-6 in
obesity could alter lipid metabolism of visceral adipose tissue and possibly increase the release
of FFA into the portal vein (39).

Tumor necrosis factor alpha (TNF-a) is a proinflammatory cytokine mainly secreted by
immune cell such as macrophages (39). Obesity is associated with increased circulating and
adipose tissue TNF-a (44). This increase is mainly imputable to infiltration of macrophages in
adipose tissue and to increased secretion by adipocytes (32,45). In addition to its role in immu-
nity, chronically high levels of TNF-a tend to reduce fat mass accumulation through the induc-
tion of lipolysis and the impairment of insulin-induced lipogenesis and glucose uptake (30,46).
Moreover, TNF-a may be associated with insulin resistance in muscle through the induction of
nitric oxide production (47). Since TNF-a correlates positively with visceral fat accumulation,
TNF-a could alter fat partitioning between the visceral and subcutaneous compartment through
the regulation of adipocyte metabolism (48,49). However, this remains controversial (30,38). In
this regard, studies measuring regional expression differences in TNF-a and its receptor failed
to find consistent results (29,30), and the alteration of fat disposal by this cytokine seems to be
greater in subcutaneous adipose tissue (30). Taken together with the fact that tissues with hyper-
trophic adipocytes may contain higher levels of TNF-a (32), it may be suggested that TNF-a
could limit fat accumulation in subcutaneous adipose tissue and drive the lipid overflow to the
visceral and ectopic fat compartments.

Impairment of fibrinolysis by an enhanced plasma activity of the plasminogen activator
inhibitor-1 (PAI-1) may be involved in the development of cardiovascular disease (50). PAI-1 is
expressed by hepatocytes and endothelial cells, although preadipocytes and mature adipocytes
also secrete significant amounts of PAI-1 (50). The release of this cytokine in omental adipose
tissue is higher compared to subcutaneous adipose tissue and this regional difference is even
more pronounced in the presence of obesity (31,51,52). Indeed, strong positive correlations
have been observed between plasma PAI-1 levels and measures of visceral obesity (53). Specific
accumulation of visceral adipose tissue may contribute to increased plasma levels of PAI-1 and
consequently to the impaired fibrinolysis associated to abdominal obesity (50). Therefore, PAI-1
secretion by the visceral adipocyte could contribute to visceral obesity-associated metabolic
disturbances.

As described above, adipose tissue can secrete numerous adipokines which can alter
metabolic pathways and lead to an increased risk of developing metabolic diseases. Several
studies support the hypothesis that visceral adipocyte hypertrophy is accompanied with dele-
terious changes in the expression and/or secretion pattern of some key adipokines such as
adiponectin, IL-6, TNF-«, and PAI-1. These studies tend to confirm that visceral obesity is char-
acterized by a proinflammatory and proatherogenic state, at least partly created by abnormal
adipokine secretion.

GENOMICS AND GENE EXPRESSION

Few studies have compared gene expression profiles of visceral and subcutaneous adipose
tissue to highlight the intrinsic properties of abdominal adipocytes and other cell types found
within these fat depots (54-57). It appears that the interindividual variability of gene expression
within each depot is relatively low even if physiological, metabolic, and environmental factors
are not controlled (54).

Moreover, less than 10% of the genes are differentially expressed in omental versus sub-
cutaneous adipose tissue (55). This highly similar expression pattern suggests that the primary
characteristics of adipose tissue are generally conserved regardless of anatomical localization
and habitus of the individual in whom the sample is taken (54,55). However, specific bio-
logical functions, including cell differentiation, lipolysis, and cytokine secretion, show clear
differential regulation in visceral versus subcutaneous adipose tissue (55,56). Furthermore,
the identification of genes specifically prone to high interindividual variation lead to path-
ways of the inflammatory response, cell death regulation, and lipid metabolism (57). None of
these genomic studies have assessed the consequences of obesity on gene expression patterns
in visceral and subcutaneous adipose tissue. Nevertheless, Jernas et al. have identified gene
expression differences in large adipocytes compared to small adipocytes (16). In that study,
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immune and structure-related genes showed higher expression levels in larger adipocyte. Thus,
based on the increase in mean adipocyte size with obesity, we may suggest that adipocyte gene
expression patterns would also change with obesity. Macrophage infiltration in adipose tissue
of obese individuals could also significantly affect gene expression patterns (45). Future studies
will be necessary to better evaluate the contribution of nonadipocyte cells and the impact of
obesity on adipose tissue gene expression profiles.

LINK BETWEEN PHYSIOLOGICAL AND METABOLIC CHARACTERISTICS OF THE
VISCERAL ADIPOCYTE AND METABOLIC ALTERATIONS

The development of metabolic alterations in obesity is closely linked to visceral fat accumulation.
The greater negative impact of this depot on metabolic pathways appears to be attributable, at
least partly, to the physiological and metabolic nature of visceral adipocytes. Visceral adipocyte
lipolysis is more sensitive to B-adrenergic agonists and less to its suppression by insulin. Even
if this visceral fat is not a major contributor to whole-body FFA production, its altered lipoly-
tic responsiveness, amplified by the release of FFA directly in the portal vein of abdominally
obese individuals may play a significant role. As previously described, the visceral adipocyte
or visceral fat reveals a distinct secretion pattern of proinflammatory and anti-inflammatory
adipokines compared to adipocytes located in subcutaneous adipose tissue. The greater proin-
flammatory potential of visceral adipose tissue may alter local and systemic metabolism. Indeed,
visceral adipocytes and surrounding cells secrete more proinflammatory adipokines such as
TNF-q, IL-6, and PAI-1 which can alter lipolysis, insulin sensitivity, and fibrinolysis. More-
over, in abdominally obese individuals, this depot secretes less adiponectin, which acts as
an anti-inflammatory and insulin-sensitizing molecule. Taken together, the proinflammatory
adipokine profile and altered lipolysis in visceral adipose tissue may contribute to metabolic
alterations observed in abdominally obese individuals, and subsequently to the increased risk
of developing type 2 diabetes and cardiovascular disease.
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The topography of fat distribution plays an important role in the development of health risks.
Patients with abdominal obesity exhibiting fat accumulation in subcutaneous and particularly
in intraabdominal deposits (i.e., those with expanded visceral depots) are the one who are most
prone to metabolic and cardiovascular problems (1-3). In humans, omentectomy (i.e., removal
of the omentum), when performed together with adjustable gastric banding, has significant
positive and long-term effects on the metabolic profiles of glucose and insulin in obese subjects
(4). Regional differences in fat depots are intriguing and far-reaching, and the mechanisms
leading to the deleterious effects of visceral fat remain controversial (working hypothesis in
Fig. 1).

Originally, adipose tissue was considered to be the biological system that stored triglyc-
erides (TG) and released nonesterified fatty acids (NEFA) and glycerol. Understanding the
site-related differences in the regulation of lipolysis and lipid mobilization have been clarified
for insulin and catecholamines and validated in vivo (5). In addition to these functions, adipose
tissue is now recognized as expressing and secreting a large variety of biological compounds—
details of which can be found in a number of recently published reviews (5-9). The other
important point that has expanded our views is that most of the scientists studying adipose
tissue have now clearly integrated the fact that adipose tissue not only consists of fat cells but
also contains the cells present in the stroma-vascular fraction (SVF). SVF is the fraction usually
removed after collagenase digestion of adipose tissue for the preparation of isolated fat cells.
The SVF includes a number of cell types, such as fat cell progenitors (i.e., the preadipocytes),
microvascular endothelial cells, pericytes, lymphocytes, monocytes, and macrophages. It is also
a site where human adipose-derived stem cells, capable of differentiating along the adipocyte,
chondrocyte, and osteoblast pathways (10,11) are found. The crosstalk between the various
cell types in adipose tissue and the nature of paracrine messages between them is an intense
area of research. Blood monocyte-derived macrophages infiltrate the adipose tissue of obese
patients and their number correlate directly with obesity (12,13). Finally, each fat deposit is also
characterized by its vascular bed and its innervations that could also interfere with the control
of the fat-storage function (14). Why is it more risky for health to accumulate fat in the visceral
area than in other regions? Although the answer is not yet entirely clear, biochemical and phys-
iological explanations will be proposed here with particular attention paid to the production of
visceral adipose tissue. Do visceral adipocytes possess unusual or special properties that could
be at the origin of metabolic disturbances? Do other visceral adipose tissue elements such as
the SVF play any role? Is visceral fat (i.e., omental and mesenteric fat) a major culprit or simply
an innocent bystander as posed by Frayn (15)? This review will focus on the endocrine compo-
nents of visceral fat compared with other fat deposits. A brief overview of the cell populations
of visceral fat will introduce the review.

THE CELLULAR CONTEXT OF VISCERAL ADIPOSE TISSUE

Visceral fat deposits represent the minor component of total body fat; they occupy the body
cavity and surround most of the visceral organs and abdominal vessels. Mesenteric and omen-
tal depots represent 5-8% and 20% of the total body fat in women and men, respectively; and
the total body fat increases during obesity in both the sexes. Visceral adipocytes are smaller
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Figure 1 Working hypothesis for the mechanism(s) involved in the privileged visceral adipose tissue—liver inter-
actions leading to the appearance of obesity-related diseases. Major factors involved in the control adipocyte
metabolism and adipose tissue secretions are depicted. Putative incidence of adipose tissue productions on liver
dysfunctions is pinpointed. Visceral fat deposits represent only 5% to 20% of body fat mass. Visceral adipose
tissue contains visceral adipocytes, mesothelial cells (specific of the omentum), and a number of different fat cell
types in the stroma-vascular fraction (SVF) [i.e., macrophages, lymphocytes (T cells), microvascular endothelial
cells, and adipose-derived stem cells]. Most of these cell types possess secreting activities which largely remain
to be identified but mainly quantified. The interleukin IL-6 is the unique factor which is increased in the portal
vein of obese patients. Adipokines, growth factors, chemokines, and interleukins secreted by visceral fat deposits
are still poorly characterized in human obesity. It is essential to delineate those which appear in portal vein from
those devoted to paracrine/autocrine effects. Non-esterified fatty acids (NEFAs) are directly delivered by visceral
adipocytes to liver and impact on a number of metabolic parameters in liver. Note that the upper subcutaneous
fat depot is also a site of NEFA release. Abbreviation: 113-HSD1: Type 1, 11B-hydroxysteroid dehydrogenase (in
humans, converts the inactive 11-keto metabolite, cortisone into the active glucocortocoid cortisol).

(1) Increased (activity or secretion)

() Decreased (activity or secretion).

than subcutaneous adipocytes in lean men and women. Regional differences in fat cell size
disappear in obese men while being preserved in obese women. Omental adipose tissue is
characterized by the presence of mesothelial cells that surround fat lobules and do not exist in
subcutaneous deposits (16). In the SVF fraction, there are more macrophages in visceral adipose
tissue than in abdominal subcutaneous fat of some obese populations (17-19). With adipose
tissue expansion, adipocyte hypertrophy cannot account for the entire gain of fat in obesity or
in the variations in regional fat gain. Regional adipocyte hyperplasia occurs in humans and
is related to the pattern of proliferation and differentiation of fat cell precursors. According
to some in vitro results, subcutaneous preadipocytes, replicate and differentiate more rapidly
than the visceral ones (omental and mesenteric) (20,21). The replication decreases with aging
in subcutaneous fat while it is maintained in visceral fat. A higher population of progenitors
and/or maintenance of their replication in visceral fat, as well as increased sensitivity to insulin
growth factor-1 (IGF-1), could contribute to the late development of visceral fat that is observed
with aging. A study has revealed that ability to differentiate remain stable in both types of
fat deposits (22). Nevertheless, other studies have shown that omental preadipocytes have a
reduced responsiveness to pro-differentiating agents, such as peroxisome proliferator-activated
receptor-y (PPAR-v) and retinoid X receptor-a (RXRa) agonists. Reduction of responsiveness
is probably related to lower expression and activity of PPAR-y/,, and RXRa receptors (23-25).
Other contradictory results, which will not be discussed here in detail, exist, but these results
are probably related to discrepancies in the techniques used to collect fat cell precursors and in
the culture techniques used to promote differentiation. The fate of the other cell types present
in the SVF together with fat cell precursors will also depend on the composition of the cul-
ture media. SVF cells secretion will also be able to impact differently on the differentiation
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processes (26-28). A useful method in the future for isolating enriched fat cell progenitor
(i.e., preadipocytes) populations from the SVF fraction could be using cell surface markers,
such as CD34- and CD31-coupled magnetic microbeads. The CD34*/CD31~ cell population
in the SVF of human adipose tissue displays progenitor cell properties that are different from
adult mesenchymal cells and hematopoietic stem cells (29). They can exhibit adipocyte and
endothelial-like phenotypes under appropriate differentiating stimuli, and their migration and
differentiation are modulated by factors originating from capillary endothelial cells in adipose
tissue (30). The results are too preliminary to come to any final conclusions on the cell dynamics
in visceral fat deposits. It will be interesting to determine in the near future, using optimized
methods, how the composition of the SVF is affected in fat depots. Biological studies of the SVF
cell population are required to accurately establish the regional differences in the recruitment,
accumulation, and proliferation of progenitor cells and their development into adipocytes or
other cell types (i.e., vascular endothelial cells) in normal weight and obese patients.

AN OVERVIEW OF THE ENDOCRINE FACTORS AND CYTOKINES SECRETED
BY ADIPOSE TISSUE

The induction of insulin resistance and the appearance of vascular disorders through the altered
production and release of numerous bioactive molecules from adipose tissue remains an open
question. The factors expressed and/or secreted by adipose tissue, as well as their major bio-
logical impact are listed in Table 1. Some factors are strictly limited to adipocyte activity, that is,
the adipokines. A number of other products that are secreted originate mainly from the various
cell types of the SVE although sometimes they may be weakly secreted by adipocytes (31).
Leptin, adiponectin (Acrp30), retinol binding protein 4 (RBP-4), tumor necrosis factor-a (TNF-
a), interleukin-6, -8, and -10 (IL-6, IL-8, and IL-10), plasminogen activator inhibitor-1 (PAI-1),
resistin, monocyte chemoattractant protein-1 (MCP-1; also known as CCL2), angiotensinogen
and angiotensin II, macrophage inflammatory protein-13 (MIP-1p IL-1 receptor antagonist (IL-
1Ra), visfatin, angiopoietin-like peptide 4 (ANGPTL4), vaspin, serum amyloid A (SAA), apelin,
omentin and some others still poorly studied are new candidates among the growing num-
ber of factors found to be secreted by adipose tissue (see reviews in Refs. 5 and 7). Leptin
and adiponectin are primary adipokines mainly secreted by adipocytes. RBP-4 (32-34) and
apelin (35) are not only secreted by the adipocytes but they are also secreted by other tissues.
TNF-q, IL-6, IL-7, IL-8, IL-10, MCP-1, visfatin, and PAI-1 are expressed in adipocytes and in acti-
vated macrophages and immune cells. Resistin is produced by peripheral mononuclear cells in
humans while it is secreted by the adipocytes in rodents. A general tendency to overestimate the
importance of the adipocyte secretions is linked to a number of original studies that were carried
out on adipose tissue explants instead of isolated adipocytes. Moreover, the definition of some
factors was often limited to RT-PCR identification of mRNAs without identification of proteins.
As this field is expanding rapidly, a recent study has reported changes in six newly identified
secretory products of omental adipose tissue, which were deregulated with obesity. These six
changes are as follows: three chemokines (growth-related oncogene factor, regulated on acti-
vation, normal T cell expressed and secreted protein (RANTES) and MIF-1p3), one interleukin
(IL-7), one tissue inhibitor of metalloproteinases (TIMP-1), and one growth factor (thrombopoi-
etin) (36). The relative and quantitative contribution of adipocytes and other cells of the SVF
fraction (i.e., macrophages, lymphocytes, microvascular endothelial cells, and adipose-derived
stem cells) as well as mesothelial cells in the omentum (16) to the total secretion of the adipose
tissue still remains unclear. Further studies are needed to clarify this important point. In terms
of adipocyte secretions, cell size seems to be an important determinant. Enlarged adipocytes
are associated with insulin resistance and are independent predictors of type 2 diabetes. A
differential expression of pro- and anti-inflammatory factors was observed with increasing
adipocyte size with a shift toward the dominance of proinflammatory adipokines appearing as
a dysregulation of the hypertrophic fat cell (37,38).

LEPTIN AND ADIPONECTIN: THE GOLD STANDARD OF ADIPOKINES

Leptin is the well-known satiety factor playing a role in energy regulation. Syndromes produced
as a result of deficient leptin signaling (i.e., leptin deficiency, mutated leptin receptors, and
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Table 1 Adipose Tissue Productions

Lipid and lipoprotein metabolism
Lipoprotrein lipase (LPL)
Acylation stimulating protein (ASP/C3desARG))
Prostaglandin E2 (PGE2), prostaglandins F2a (PGF2a), prostacyclin (PGI2)
Autotaxin (lysophospholipase D) and production of lysophosphatidic acid (LPA)
Retinol binding protein-4 (RBP4)
Cholesterol ester transport protein (CETP)

Food intake and activation of sympathetic nervous system
Leptin
Metabolism and energy homeostasy
Leptin
Adiponectin
Resistin
Interleukin-6 and Interleukin-8 (IL-6 and IL-8)

Vessels and angiogenesis
Vascular endothelial growth factor (VEGF), thrombopoietin
Monobutyrin
Leptin, apelin
Fasting-induced adipose factor (FIAF) or peroxisome proliferator-activated receptor y angiopoietin-related
gene (PGAR)
Angiopoietin-2, angiotensinogen/angiotensin-2, adrenomedullin

Metabolism of extracellular matrix
Type 6 collagen
Plasminogen activator inhibitor-1 (PAI-1)
Metalloproteases (gelatinases MMP-2 and MMP-9)
Tissue inhibitors of metalloproteases (TIMP-1 toTIMP-3)

Immune system, acute phase reactants and inflammation
Tumor necrosis factor a (TNFa)
Interleukins 1B, -6, -8, -10 (IL-13,IL-6,IL-8, IL-10)
Interleukin-1 receptor antagonist (IL-1Ra), macrophage inflammatory protein-13 (MIP-1B)
Regulated on activation, normal T cell expressed and secreted (RANTES)
Adipsin, factors C3, B, and D of alternate complement system
Monocyte chemoattractant protein-1 (MCP-1)
a1-Acid glycoprotein
Serum amyloid A3 (SAA-3)
Haptoglobin, pentraxin-3, lipocalin 24p3
Metallothionein
Cathepsin S and L

Insulin sensitivity of muscle, hepatocyte and adipocyte
Leptin
Adiponectin
Resistin
Visfatin
Omentin
Vaspin
Interleukine-6 (IL-6)
Adipsin/ASP
Apelin
Growth factors influencing adipose tissue development
Insulin growth factor-1 (IGF-1),
Nerve growth factor (NGF)
VEGF
Thrombopoietin

This list of productions/secretions originating from adipocyte and/or various cells of the stroma-vascular fraction is nonexhaustive.
The factors are grouped according to their contribution in the control of major functions.
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altered function of signaling pathways) have been reported in human beings. The current
situation regarding the actions of leptin in the brain, with particular emphasis on transport across
the blood-brain barrier, signal transduction, neuropeptide targets, and role during fasting and
obesity has recently been reviewed (39). Leptin is a highly pleiotropic molecule that regulates a
number of other endocrine and immune functions in peripheral organs and vessels (9). Levels
of leptin mRNA (40,41) and leptin secretion rates are higher in subcutaneous than in visceral
adipocytes, and in these two fat depots, there is a strong correlation between fat cell size and
the leptin secretion rate (42). Regional differences in adipocyte leptin secretion are marked and
presented during different stages of preadipocyte differentiation and seem to be determined
by intrinsic (i.e., primary) factors (43). The subcutaneous fat depot is the major source of leptin
due to the combination of a mass effect (subcutaneous fat being the major depot in men and
women) and a higher secretion rate. Most of the circulating leptin originate from peripheral fat
deposits, with the contribution from visceral fat being very limited. The leptin concentration
was 20% lower in the portal vein than in the radial artery in obese subjects (44).

Adiponectin is a plasma protein, abundantly secreted from adipocytes, that assembles into
a number of different complexes of higher orders. It exhibits a number of actions on skeletal
muscle, liver, and vessels. Adiponectin exerts insulin-sensitizing effects, and thus its admin-
istration results in improved insulin sensitivity and glucose tolerance and it can correct the
hyperglycemia associated with obesity (45). A number of studies in rodents have shown that
adiponectin exerts anti-inflammatory and anti-atherogenic effects on vessels, and thus prevents
cardiovascular diseases (46). Although it operates on various peripheral organs, its effects on
the central nervous system (CNS) cannot be ruled out since adiponectin receptors have been
identified in the paraventricular nucleus, area postrema, amygdala, with more in the periven-
tricular areas. A CNS action for peripheral adiponectin was recently described. Adiponectin
stimulates food intake and decreases energy expenditure during fasting through its effects in
the CNS (47). Plasma adiponectin decreases in parallel with the progression of obesity and
type 2 diabetes. Low plasma adiponectin concentrations in different ethnic groups indicate that
the level of hypoadiponectinemia is more closely related to the degree of insulin resistance
and hyperinsulinemia than on adiposity and glucose intolerance (45). The administration of
adiponectin to rodents decreases body fat mass by stimulation of fatty acid oxidation in muscle
(48). The action on muscle fatty acid oxidation involves stimulation of adiponectin receptors
(i.e., AdipoR1), activation of AMP-activated protein kinase, and inactivation of acyl-CoA car-
boxylase via intracellular signal transduction proteins (see review in Ref. 49). A 3-fold increase
in circulating adiponectin levels in response to a targeted mutation of the adiponectin gene
enhanced insulin sensitivity and decreased hepatic glucose output (50). Moreover, long-term
adenovirus-mediated overexpression of adiponectin ameliorates glycemic and lipid parameters,
and reduces obesity in rats.

The mechanisms controlling adiponectin maturation and its secretion are still unclear (51).
The secretion of adiponectin by omental fat cells is generally higher than by subcutaneous fat
cells; and a strong negative correlation exists with body mass index (BMI). Adiponectin con-
centrations were similar in the portal vein and radial artery in obese subjects (44). Adiponectin
gene expression is repressed by TNF-a in human preadipocytes. Adiponectin secretion from
omental fat cells was increased by insulin, thiazolidinedione, and rosiglitazone, while secretion
from subcutaneous fat cells was unaffected. The reduced secretion of adiponectin from omental
adipose tissue, associated with the lower production by subcutaneous adipocytes, may account
for the decline in plasma adiponectin often observed in obesity (52). An increase in adiponectin
production from adipose tissue could be highly beneficial for glucose and lipid homeostasis
although visceral fat does not appear to be the unique determinant of systemic adiponectin
levels.

MEDIATORS OF INSULIN RESISTANCE IDENTIFIED IN ADIPOSE TISSUE AND
VISCERAL FAT

A number of studies in rodents have provided details of the molecular links between obesity,
inflammation, and insulin resistance, and are described and discussed in recently published
reviews (53,54). The NF-kB pathway [activated by an inhibitor of NF-kB (IkB) kinase § (IKKp)]
and the cjun NH2-terminal kinase (JNK) pathway have been identified as the link between
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Table 2 Differences in Expression/Secretion of Various Factors Between Visceral and Subcutaneous Human
Adipocytes

Effects and factors Regional differences

Miscellaneous secreted factors and hormone receptors
Leptin mMRNA and protein secretion SCAT > VAT
Plasminogen activator inhibitor 1 (PAI-1) VAT > scAT
11B-Hydroxysteroid dehydrogenase Type1 activity (cortisone — cortisol) VAT > scAT
Adiponectin (ACRP30) VAT > scAT
Growth-related oncogen factor-a (GRO-«) VAT > scAT
Regulated upon activation normal T cell expressed and secreted (RANTES) VAT > scAT
Inhibitor of apoptosis clAP2 mRNA VAT > scAT
Macrophage inflammatory protein-18 (MIP-13) VAT > scAT
Interleukin-7 (IL-7) VAT > scAT
Tissue inhibitor of metalloproteinases-1 (TIMP-1) VAT > scAT
Thrombopoietin VAT > scAT
Peroxisome proliferator-activated receptor-y (PPAR-y) mMRNA VAT > scAT
Tumor necrosis factor-a (TNF-a) secretion VAT = scAT
Interleukin-6 (IL-6) secretion VAT > scAT
Omentin VAT > scAT
Insulin-like growth factor-1 and IGF-binding protein-3 VAT > scAT
Angiotensinogen VAT > scAT

Some of the differences mentioned in this table can be increased or reduced according to the extent of the fat mass and adipocyte
hypertrophy. Moreover, some sex-related differences have not been detailed. All the references are included in the text.
Abbreviations: vAT, visceral adipocytes; scAT, subcutaneous adipocytes.

the proinflammatory effect of obesity and insulin resistance. They are activated by a number
of cytokines and chemokines secreted by adipose tissue. Epidemiologic studies have clearly
demonstrated that obesity represents a “low-grade” inflammatory condition, a state proposed
to represent a common denominator in the genesis of obesity-associated pathologies. Some of
these molecules are secreted in a depot-specific manner (Table 2). Regional secretion in human
adipose tissue will be summarized below. TNF-a and IL-6 are the most widely studied cytokines
produced by adipose tissue.

Tumor Necrosis Factor-a (TNF-«)

In the case of insulin resistance, overproduction of TNF-a from adipose tissue has been proposed
to explain its origin, at least in rodents (55-57). Adipose TNF-a may be an important specific
and local factor in adipose tissue, influencing the ability of insulin to stimulate glucose transport
into human fat cells, at least in obese women (58). In human adipose tissue, although TNF-a
mRNA was identified in adipocytes and SVF cells, it is not found in the veins draining the
subcutaneous adipose tissue (59). There is no difference in TNF-a expression between visceral
and subcutaneous adipose tissues—TNF-a is essentially produced by the cells of the SVF in
human adipose tissue (18,60,61). Macrophages that infiltrate the adipose tissue of obese subjects
are able to release TNF-a and IL-6 and IL-8, when activated. They are putative candidate cells of
the SVF that could account for the insulin resistance of large fat cells of obese patients. Although
increased levels of circulating TNF-a has been observed in insulin-resistant subjects by some
groups, a systemic effect of the adipose tissue-derived TNF-a cannot be sustained, since the
cytokine is not released into the veins draining fat deposits. The role of TNF-a originating from
visceral adipose tissue remains to be established. Plasma TNF-« levels are similar in the portal
vein and the radial artery (44) and moreover, since TNF-a is bound to specific binding proteins,
it is not certain that it is an important endocrine signal.

Interleukin-6 (IL-6)

Increased IL-6 levels have been reported in patients with type 2 diabetes, while IL-6 levels
decrease with weight loss. Plasma IL-6 levels are correlated to the level of insulin sensitivity in
patients. Since excess IL-6 in rodents inhibits the autophosphorylation of insulin receptors and
downstream signaling, a similar mechanism is expected in humans. Interleukin-6 is an important
systemic signal in inflammatory situations and it is also released by skeletal muscle during
exercise. Interleukin-6 found in human adipose tissue is mainly produced by cells of the SVE,
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with a higher expression in visceral than in subcutaneous fat (62). Visceral fat is clearly a site of
IL-6 secretion since increased levels of the cytokine are found in the portal vein of obese patients
(44). Based on results obtained in rodents, and on its increased production in the visceral fat of
the obese patients, IL-6 from visceral fat could represent a potential mechanistic link between
visceral fat and systemic inflammation in patients with abdominal obesity. Interleukin-6 is the
major cytokine regulating the production of C-reactive protein (CRP) and acute-phase proteins
by the liver (63).

Interleukin-8 (IL-8)

Interleukin-8 is a chemokine that promotes the recruitment of polymorphonuclear leukocytes to
sites of inflammation and activation of monocytes. Circulating IL-8 in obese subjects is primarily
due to the release of IL-8 from nonfat cells from adipose tissue with a 4-fold higher release from
visceral fat than from subcutaneous fat. Interleukin-8 mRNA was 2-fold higher in visceral
compared with subcutaneous fat. High levels of IL-8 are released from human adipose tissue
and may account for some increase in circulating IL-8, observed in obese patients (64,65).

Monocyte Chemoattractant Protein-1 (MCP-1)

Monocyte chemoattractant protein-1 (also called CCL2) recruits immune cells at sites of inflam-
mation. Two studies have focused attention on its putative role in macrophage recruitment in
adipose tissue. Overexpression of MCP-1 in mice adipocytes is sufficient to initiate macrophage
recruitment into adipose tissue (66,67). Mice deficient in the receptor for MCP-1 (i.e., CCR2)
are protected against diet-induced obesity and have fewer macrophages recruited into adipose
tissue (68). In human adipose tissue, MCP-1 expression is increased with adiposity (69) and
decreased after bariatric surgery (70). MCP-1 production is higher in SVF cells versus adipocytes
and correlates with macrophage markers in both adipose tissue compartments. MCP-1 release
is higher in obese subjects and in abdominal obesity, but after adjusting for the macrophages
resident within adipose tissue, the difference disappears. MCP-1 is stimulated by IL-18, TNF-a,
IL-8, IL-4, and IL-6, and is decreased by metformin and TZD, suggesting that these agents have
anti-inflammatory properties (61).

Serum Retinol-Binding Protein-4 (RBP-4)

Under normal conditions, hepatocytes are regarded as the major source of this recently char-
acterized adipokine, that is, a 21-kDa secreted protein that was thought to deliver vitamin
A (retinol) to tissues through its transport activity (71). Adipose tissue had previously been
reported to contain relatively high levels of the specific mRNA for retinol-binding protein (RBP)
with a level of approximately 20% of that of liver (72). Retinol-binding protein is expressed
almost exclusively in the adipocytes and only weakly in the SVF cells. Cultured adipocytes
synthesized RBP-4 protein and secreted it into the medium (73). Studies in mice have focused
attention on an unsuspected role of the RBP form, RBP-4, in insulin resistance. Injection of RBP-
4 in normal mice caused insulin resistance, while genetic deletion of RBP-4 enhanced insulin
sensitivity. RBP-4 knockout mice show enhanced insulin sensitivity, and pharmacological treat-
ment, which lowers serum RBP-4, improves insulin sensitivity (34). Serum RBP-4 levels are
elevated in insulin-resistant mice and in humans with obesity, impaired glucose tolerance or
type 2 diabetes (74). Three other studies have not confirmed the initial observations (75-77).
Severe calorie restriction, reduced adipose tissue and plasma levels of RBP-4, but there was
no evidence for a role for RBP-4 in the regulation of diet-induced changes in insulin sensitiv-
ity (77). The reasons for the discrepancies between the various research groups are not clear
and require further investigations. Treatment with the insulin sensitizing agent rosiglitazone
lowered serum RBP-4 (78) and a recent report has shown that in man, RBP-4 is preferentially
expressed in visceral versus subcutaneous fat. RBP-4 expression is considerably increased in
the visceral fat of obese patients and its circulating levels are also increased. RBP-4 mRNA cor-
related inversely with GLUT-4 mRNA in visceral fat and positively with adipocyte size in both
fat depots. Compared with the other proteins secreted by adipocytes (i.e., IL-6, adiponectin,
visfatin, and leptin), RBP-4 was the best predictor of insulin resistance and the best marker
of visceral fat mass (79). In rodents, increasing serum RBP-4 levels induce hepatic expression
of phosphoenolpyruvate carboxykinase (PEPCK) and impair insulin signaling in muscle. The
degree to which RBP-4 contributes to insulin resistance in humans is not known, but RBP-4
seems to be an adipocyte-derived signaling molecule highly expressed by visceral adipocytes
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that may contribute to the pathogenesis of liver dysfunction and type 2 diabetes. In a recent
report, serum RBP-4 was not associated with the amount of fat including the visceral depot, but
correlated positively with liver fat. Metabolic measures support the close relationship between
circulating RBP-4 with liver fat and, presumably, hepatic insulin resistance (80). In the face of
the heterogeneity of the clinical reports concerning the links between RBP-4 and insulin resis-
tance, further studies are still necessary with paying particular attention to the various groups
of patients.

RESISTIN, VISFATIN, OMENTIN, VASPIN, AND OTHER MOLECULES SECRETED
BY ADIPOSE TISSUE

Resistin is a member of the family of resistin-like molecules (RELM) that is found in inflamma-
tory zones. Initial studies in rodents have given promising results that this hormone, secreted by
rodent adipocytes, and increased during obesity, reduced insulin sensitivity. It was claimed to
represent a putative link between obesity and diabetes (81). In mouse models, systemic admin-
istration or transgenic expression of resistin antagonizes insulin action in the liver. Elevated
resistin levels in normal rats fed a regular chow diet produced many features of metabolic
syndrome (82). Resistin is expressed in human visceral adipose tissue and probably released
by the macrophages of the SVF (18). Inflammation is a state associated with an increase in
resistin in human macrophages, being induced by inflammatory endotoxin together with pro-
inflammatory cytokines of the macrophages. In patients with type 2 diabetes, serum resistin
levels correlate with levels of soluble TNF-a receptor, an inflammatory marker linked to obesity
and insulin resistance. In fact, resistin may contribute to insulin resistance in endotoxemia,
other inflammatory states, and obesity (83). The clinical relevance of resistin is still under
investigation.

Visfatin [known previously as pre-B-cell colony-enhancing factor (PBEF) and expressed
in lymphocytes] has recently been identified as an adipokine that is secreted by the adipocytes
in visceral fat (84). It has also been found in the cells of the SVF (18). Visfatin lowered plasma
glucose levels in mice and exerted insulin-mimetic effects in cultured cells, and has been shown
to bind to and activate the insulin receptor. Targeted mutation in the visfatin gene led to a
modest increase in plasma glucose in mice heterozygous for the mutation relative to wild-
type littermates. An increase in subcutaneous adipose tissue visfatin mRNA was promoted by
exercise, but was not however, accompanied by an increase in plasma visfatin (85). Further
studies of the physiological role of visfatin in humans are required to clarify its incidence
upon glucose homeostasis and its possible relevance to the development of new therapies for
metabolic disorders, such as diabetes.

Vaspin (visceral adipose tissue—derived serine protease inhibitor), a member of the serpin
superfamily, was found to improve insulin sensitivity and possess anti-inflammatory properties.
Administration of vaspin to obese mice fed with a high-fat/high-sucrose diet improved glucose
tolerance and insulin sensitivity. It also led to the reversal of the altered gene expression of factors
relevant to insulin resistance, for example, leptin, resistin, TNF-a, glucose transporter-4 (GLUT-
4), and adiponectin. DNA chip analyses revealed that vaspin treatment resulted in the reversal
of expression of approximately 50% of the genes in white adipose tissue that were induced by
a high-fat/high-sucrose diet (86). In a population of (#200) normal patients, the expression of
vaspin mRNA was only detectable in 23% of the visceral and in 15% of the subcutaneous adipose
tissue samples. Vaspin mRNA expression was not detectable in lean subjects but was frequently
detected in the adipose tissue of patients with type 2 diabetes. No significant correlations were
found between visceral vaspin gene expression and the area of visceral fat or subcutaneous
vaspin expression. Nevertheless, visceral vaspin expression significantly correlates with BMI,
percentage body fat, and plasma glucose after a 2-hour oral glucose tolerance test. It should be
noted that until now all the studies are limited to determinations of vaspin mRNA (87).

Omentin, also named intelectin, was previously known to be expressed in intestinal Paneth
cells and endothelial cells (88). It was then identified as a novel fat depot-specific secreted factor
that was highly expressed in omental fat in humans and nonhuman primates. It is not found in
subcutaneous adipose tissue but it is a secreted product that is detectable in serum. Omentin
is mainly expressed in the SVF fraction of adipose tissue. It is biologically active, enhancing
insulin-induced glucose transport, and Akt phosphorylation in human adipocytes; however, it
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does not stimulate basal glucose transport on its own (89). Two omentin genes, omentin 1 and
omentin 2, are localized adjacent to each other in the 1q22-q23 chromosomal region that has
previously been linked to type 2 diabetes. The expression of both omentin genes is decreased in
obesity and is highly correlated with each other in visceral adipose tissue. Decreased omentin
levels are associated with increasing obesity and insulin resistance (90). Further investigation
is required to elucidate the roles of these new adipose tissue productions (i.e., visfatin and
omentin) in the development of obesity and type 2 diabetes.

Angiopoietin-like peptide 4 (ANGPTL4), also known as fasting-induced adipose factor
(FIAF), is a member of the fibrinogen/angiopoietin-like protein family initially identified in
liver. It is expressed at high levels in adipocytes and induced by thiazolidinedione treatment
and is elevated in genetic models of obesity. Hormone-dependent adipocyte differentiation coin-
cides with a dramatic early induction of the ANGPTL4 transcript (91). In rodents, ANGPTLA4 is
a powerful regulator of lipid metabolism and adiposity; where its overexpression caused a 50%
reduction in adipose tissue weight, partly by stimulating fatty acid oxidation and uncoupling.
A possible role for ANGPTL4 in the regulation of systemic lipid metabolism or glucose home-
ostasis has been postulated (92). Although expressed by adipocytes, the molecular targets, and
mechanisms of action of ANGPTL4 and related molecules are still unclear.

Plasminogen activator inhibitor-1 (PAI-1), a member of the serpin family, is the primary
inhibitor of fibrinolysis. Although identified in adipose tissue, its expression is not limited as
it is expressed in various cell types of SVF (65). PAI-1 expression and secretion is higher in
visceral adipose tissue than in subcutaneous. Increased circulating levels of PAI-1 are strongly
associated with visceral obesity. A decrease in circulating levels of PAI-1 is correlated with an
improvement of insulin resistance in patients treated with thiazolidinediones or after bariatric
surgery. PAI-1 has a number of impacts: in addition to its role in fibrinolysis, it inactivates
urokinase-type and tissue-type plasminogen activator. It is also involved in angiogenesis and
atherogenesis. The regional contribution of adipose tissue to the circulating levels of PAI-1 is
not obvious.

Cathepsins are cysteine proteases, which play an important role in extracellular matrix
(ECM) remodeling. Expressed and secreted by the preadipocytes and the adipocytes they are
upregulated in the obese. Changes in the expression of some members of the cathepsin family
have been reported during fat cell differentiation (i.e., cathepsin K and L are increased, while
cathepsin S and B are decreased). Cathepsins are released into the extracellular milieu and
degrade matrix proteins. Major changes in the expression and function of ECM components
take place during adipogenesis and contribute to ECM remodeling in adipose tissue. Cathepsin
L and cathepsin S have been shown to be involved in the control of adipogenesis and glucose
tolerance (93) and human preadipocyte differentiation (94).

Acute Phase Reactants or Acute Phase Proteins: Acute Phase Reactants

or Acute Phase

Proteins are required during the acute phase response following an inflammatory stimulus.
Several acute phase reactants are produced by adipose tissue [complement factor C, PAI-1,
lipocaline 24p3, al-acid glycoprotein, pentraxine-3, and serum amyloid-A (SAA)]. Some of
these factors are expressed not only in adipocytes but also in cells of the SVF. Hyperglycemia,
and the production of the associated reactive oxygen species (ROS), upregulated the production
of adipocyte acute phase reactants (95). SAA-3 and pentraxine-3 are produced within adipose
tissue. SAA-3is a proinflammatory and lipolytic adipokine in humans. The increased expression
of SAA-3 by adipocytes in obesity suggests that it may play a critical role in local and systemic
inflammation and free fatty acid production, and could be a direct link between obesity and its
comorbidities, such as insulin resistance and atherosclerosis (96). The production of acute phase
reactants could also represent a contribution of the adipose tissue to the immune response; a
role of adipose tissue which remains to be clarified.

PRODUCTION OF STEROID HORMONES IN THE ADIPOSE TISSUE
REGIONAL DIFFERENCES

Various enzymes controlling steroid synthesis have been described in adipose tissue:
cytochrome P450-aromatase, 3B-hydroxysteroid dehydrogenase (HSD), 3a-HSD, 11p-HSD
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type 1, 17B-HSD, 7a-hydroxylase, 17a-hydroxylase, and 5a-reductase. Therefore, when there
is an excess of adipose tissue, significant amounts of steroid hormones could be produced.
As a result of the promising results reported in rodents, a link was made between increased
11B-HSD1 activity in adipose tissue and the metabolic syndrome (97); our attention will be
focused on cortisol in human adipose tissue. 11-HSD1 catalyzes the conversion of inactive
11B-ketoglucocorticoid metabolites to active 11B-hydroxylated metabolites; thus, the produc-
tion of cortisol from cortisone exists in human adipose tissue. 113-HSD1 is abundantly expressed
in rodent visceral adipose depots where it increases the local production of corticosterone with-
out affecting its circulating levels. 113-HSD1 activity in man shows tissue-specific differences.
Increased expression and activity of 113-HSD1 has been reported in human adipose tissue in
some studies. However, discrepancies still exist in the results, and comparison between visceral
and subcutaneous deposits has yet to be determined in obese subjects. A recent report has
shown that tissues draining into the portal vein, including visceral adipose tissue, contribute
substantially to the regeneration of cortisol. Thus, in addition to free fatty acids and adipokines,
the portal vein delivers cortisol to the liver (98).

CONCLUSIONS, OUTLOOK, AND FUTURE TRENDS

This overview has focused attention on the diversity of factors secreted by adipose tissue.
An important and emerging conceptual point is that a number of the secretions previously
attributed to the adipocyte originate, in fact, from various cell types of the SVF (i.e., at least
monocytes, macrophages, microvascular endothelial cells, lymphocytes, and adipose-derived
stem cells). Although neglected for a long time, the population of the various cells composing
the adipose tissue SVF is a matter of renewed interest for investigators in adipose tissue biology.
Except for adiponectin and leptin, a large part of the adipokine release by adipose tissue can be
attributed to the nonfat cells of the SVE. Most of the adipokines released by this heterogeneous
nonfat cell population is due to cells retained in the tissue matrix after collagenase digestion. The
definition of the biology of resident macrophages and of the other cell types, which infiltrate the
adipose tissue of the obese, will provide valuable information on the putative crosstalk between
adipocytes and the other cell types and its effects on adipose tissue function.

Although the number of factors identified in adipose tissue is increasing rapidly, the
definition of their physiological/pathological role is slower. It may be a little disappointing
for the reader to note that, although differences in the expression of adipokines and cytokines
exist between visceral and subcutaneous fat deposits, it is rather difficult to assert that they
represent a determining element in the metabolic disorders observed in visceral obesity. There
are few data on the concentration of the various secretions in the portal vein that is draining
a large part of the visceral fat. A recent study, which certainly requires further confirmation,
has provided some clues in obese subjects. Leptin levels were lower in the portal vein of obese
subjects, which fits with the lower level of expression of the leptin gene in visceral fat. The fact
that plasma TNF-q, resistin, MCP-1, and adiponectin concentrations are similar in the portal
vein and radial artery in massively obese patients does not argue for a significant role for
these visceral adipose tissue—derived factors. It is only levels of IL-6 that are increased in the
portal vein in massive obesity. This observation fits with the results of several studies on IL-6
expression showing increased expression and secretion of IL-6 in the visceral adipose tissue. It
is a result suggesting that increased IL-6 secretion in visceral fat of the massively obese patients
could be involved in the pathogenesis of metabolic abnormalities associated with abdominal
obesity. Proteomics and microarray technologies are providing a large number of new putative
adipocyte produced compounds. Demonstration of their physiological /pathological relevance
is a time-consuming process and the full characterization of the properties of a new adipokine
is a very long exploit. Moreover, due to species-specific differences, results obtained in rodents
must be then confirmed by clinical studies.

The “portal paradigm” proposed that visceral adipocytes will release portal NEFAs, which
disturb liver metabolism as a result of the increase in lipolysis due to the conjunction of reduced
insulin-induced antilipolysis, on the one hand, and the enhancement of the lipolytic potencies of
catecholamines, on the other (99). This paradigm has been replaced by a tendency for a number
of investigators during the last decade to shift, probably too rapidly, toward an emerging
“endocrine paradigm” to explain all the metabolic and cardiovascular problems in abdominal
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obesity. It is necessary to supplement our knowledge of the physiological/pathological role
of the numerous secreted products. Considering the present state of knowledge, the reality
is probably in between (Fig. 1). It is clear that chronic excessive fat intake and excess plasma
NEFA, quite rapidly leads to glucose intolerance, hyperinsulinemia, hepatic insulin resistance,
and dyslipidemia. These various events could occur before any change in the expression of a
number of visceral adipokines and cytokines. This view was recently validated in a dog model
(100). The contribution of all the newly identified secreted factors (i.e., adipokines, cytokines,
and other secreted products) to the origin of the adverse metabolic consequences of the increase
in visceral fat in abdominal obesity remains largely an open question.
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INTRODUCTION

In the postabsorptive state free fatty acids (FFA) are the primary circulating lipid fuel for many
organs, including heart, liver, and kidney (Fig. 1). Adipose tissue is the proximate source of
>95% of FFA, except under postprandial conditions, when spillover of fatty acids released
from lipoprotein lipase (LPL)-mediated hydrolysis of chylomicrons (Fig. 1) can account for
up to 50% of circulating FFA, although at suppressed levels. The ability of adipose tissue
to modulate lipolysis to accommodate for fuel needs in different situations is remarkable. In
healthy adults, FFA concentrations may vary across an immense range, from <20 to >3000
pmol/L. In addition, lipolysis/FFA concentrations can change rapidly over relatively short
periods of time, as might be expected for a substrate with a half life of <4 minutes. Systemic
FFA availability is regulated through a complex system of hormonal, neural, and perhaps
substrate interactions that modulate the adipose tissue FFA release. FFA concentrations in turn
reflect the balance between release and uptake.

Chronically elevated plasma FFA concentrations are associated with reduced insulin-
mediated glucose uptake in muscle, impaired suppression of hepatic glucose production, excess
VLDL secretion, impaired B-cell insulin secretion, and endothelial dysfunction. We now know
that excess release of FFA by adipose tissue is the cause of elevated postabsorptive FFA con-
centrations. Individuals with upper body/visceral obesity are more likely to have increased
FFA, insulin resistance, dyslipidemia, and greater cardiovascular risk. In contrast, equally obese
individuals with a predominantly lower body fat distribution tend to have normal FFA and
much less in the way of metabolic abnormalities. The link between fat distribution, fatty acid
metabolism, and metabolic risk has become an interesting focus of research in the recent years.
Understanding the characteristics of different adipose tissue beds with respect to fatty acid
metabolism has helped clarify the role of visceral fat. At least with respect to FFA metabolism,
we now have a good idea as to the link between visceral obesity and metabolic abnormalities
associated with increased cardiovascular risk and insulin resistance. This chapter will briefly
review FFA metabolism and regulation of lipolysis, changes that occur with different obesity
phenotypes as well as effects that lead to increased cardiovascular risk, and metabolic as well
pathophysiological consequences of these changes.

FFA METABOLISM

The main focus in this chapter is on FFA, particularly long-chain fatty acids. Free fatty acids
circulate nonesterified and are highly albumin bound. The major site of esterified fatty acid
storage is in adipocytes in the form of triglyceride. Triglyceride stores are present in other cell
types, although the current concept is that these pools normally serve as local (intracellular)
buffer against the wide variations in plasma FFA concentrations and do not in themselves
contribute to plasma FFA availability.

Free Fatty Acid Release from Adipose Tissue
Circulating plasma FFA concentrations are largely related to the rate of release, although at com-
parable FFA concentrations women have ~40% greater FFA flux than men (1). Other exceptions
to the good link between FFA release and FFA concentration are: (1) exercise, where greater
uptake of FFA (presumably by muscle) masks increases in lipolysis (2,3) and (2) treatment with
thiazolidinediones, which lower concentrations by increasing clearance (4).

The flux of FFA through the systemic circulation in the resting, postabsorptive state is most
strongly related to resting energy expenditure (REE) (1). Interindividual variations in plasma
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Figure 1 The vast majority of FFA originate from adipose tissue lipolysis, although spillover of fatty acids from
chylomicron hydrolysis can also contribute to the FFA pool. Sites of FFA uptake include liver, heart, kidney,
muscle, and adipocytes themselves. A small, but biologically important site of FFA uptake are pancreatic 3 cells.
The effects of excess FFA on tissue function is discussed.

epinephrine concentrations account for some of the interindividual differences in plasma FFA
flux not attributable to REE and sex (1). Of interest, variability in body fat is not a good
predictor of FFA flux, which means that those with less body fat have greater FFA release rates
relative to fat mass. Because of this, expressing FFA flux relative to total body fat mass to make
comparisons between lean and obese can lead to problematic conclusions. The factors that have
been shown to have an important role in regulating FFA release in vivo in humans are listed in
Table 1, together with an estimate of their potency (how changes in concentrations are relative
to the usual range of plasma concentrations) and rapidity of onset of action. The potency of
insulin (5,6), catecholamines (7), growth hormone (8), cortisol (9), and atrial natriuretic peptide
(10) have been examined in vivo. Only recently has it been discovered that the nicotinic acid
receptor GPR109 A (HM74 A or PUMA-G) also mediates the inhibition of lipolysis by ketone
bodies (11) and therefore information on potency and timing of the action of ketone bodies is
not published.

Contribution of Fat Depots to Systemic FFA Release

The statistical link between elevated FFA concentrations and visceral obesity logically lead to the
idea that visceral fat is a main source of elevated circulating FFA. To address this hypothesis, a
series of studies involving femoral artery, femoral vein and hepatic vein catheterization, leg and
splanchnic blood flow measures, and systemic and regional FFA kinetics have been conducted.

Table 1 Regulators of lipolysis in humans—circulating factors

Effect Potency Onset of action
Insulin Inhibition Very high  Minutes
Catecholamines Stimulation ~ Very high  Minutes
Growth hormone Stimulation ~ Medium Hours
Cortisol Stimulation  Low Hours
Atrial natriuretic peptide ~ Stimulation  Low Minutes

Ketone bodies Inhibition Unknown  Unknown




FREE FATTY ACID METABOLISM IN VISCERAL OBESITY 71

These studies allowed investigators to compare the contribution of different fat depots to the
systemic FFA circulating pool. Upper body subcutaneous fat was found to contribute the greatest
fraction (~65%) of systemic FFA release (12-16). Leg fat contributes ~20%, and splanchnic
fat (which represents visceral fat) contributed about ~15%. The problem with measurement
of visceral fat contribution is the difficulty in accessing the portal vein, especially in human
subjects. In studying different obesity phenotypes, leg contribution was similar between upper
and lower body obese women. However, upper body subcutaneous fat was a greater contributor
in upper body obesity (12,14,16). Therefore, the differences in most of the studies relate to upper
body subcutaneous fat. A major distinction between nonobese or lower body obese groups
and upper body obesity is that postprandial suppression of adipose tissue lipolysis is markedly
defective in the later group. Systemic FFA release is almost 3-times greater in upper body obesity,
despite higher insulin concentrations (12).

Although the contribution of visceral fat to hepatic FFA delivery does increase in those
with greater amounts of visceral fat, this does not translate in substantially greater splanchnic
FFA release. This suggests that visceral fat does not directly contribute to peripheral insulin
resistance, at least with regards to fatty acid toxicity.

Obesity and Lipolysis
The regulation of lipolysis associated in obesity and different obesity phenotypes has been
studied to some extent. The ability of insulin to suppress lipolysis is reduced in adults with
greater amounts of body fat (17,18) and reduced in those with upper body obesity compared
with lower body obesity (19,20). Somewhat surprisingly, epinephrine (20) and exercise (21) do
not increase lipolysis as much in upper body obese women as they do in nonobese or lower
body obese women.

The independent effect of insulin on suppression of lipolysis in different fat depots has
been studied in nonobese, but not in obese adults. In nonobese adults, splanchnic FFA release
is less readily suppressed by insulin as compared to lower body fat (6).

SYSTEMIC EFFECTS OF ELEVATED FFA

Free Fatty Acid Metabolism and the Liver

The delivery of excess FFA to the liver acts to prevent the normal insulin-mediated suppression
of glucose output by the liver. There is some controversy as to whether the effects of elevated
FFA are on hepatic gluconeogenesis or a combination of gluconeogenesis and glycogenolysis. It
is proposed that FFA influence glucose output by creating surpluses of factors, such as acetyl-
CoA, NADH, ATP, and citrate, perhaps with intrahepatic triglyceride as the intermediate step.
Elevated FFA have also been shown to stimulate VLDL-triglyceride production (22).

Effect of Free Fatty Acids on Vasculature and Blood Pressure Regulation
Hypertension is one of the risk factors for cardiovascular disease and is tightly associated with
insulin resistance and visceral obesity. Many mechanisms are thought to fit hypertension into
the circle. These mechanisms include impaired (i) insulin-mediated vasodilatation in vascular
beds (23), (ii) a-adrenergic stimulation (24), and (iii) nitric oxide and endothelial dysfunction
(25,26).

Many of the studies have been conducted at levels of FFA that are high- or supraphysio-
logic (25,26). Further studies to determine the effect of chronic, more physiologic elevated levels
of FFA are required.

Elevated Systemic Free Fatty Acids and B-Cell Dysfunction

It is established that fatty acids can have adverse effects on islet insulin content (27,28). One
theory is that type 2 diabetes develops as part of a biphasic B cell response to excess FFA
(28,29) (Fig. 1). A number of mechanisms have been proposed to mediate the toxic effects of
excess intracellular fatty acids, but species differences in how B cells respond make it difficult
to directly translate animal and cell model systems to human type 2 diabetes.

Muscle and Free Fatty Acids
In the 1960s, the discovery that increased fatty acids can preferentially be oxidized by muscle
mitochondria and “out-compete” glucose (the Randle cycle), suggested a mechanism for fatty
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acid-induced insulin resistance (30). More recently, FFA elevation has been shown to interrupt
muscle insulin receptor substrate and PI3K insulin-mediated glucose uptake independent of
their oxidative role, contributing to peripheral resistance in a novel pathway (31). Intramy-
ocellular triglyceride (imTG) accumulation may provide a link between extracellular FFA and
the intramyocellular environment, as imTG correlates well with insulin resistance and FFA are
a precursor of imTG (32,33). The precise mechanism(s) are not entirely known at present, but
interesting possibilities include actions of diacylglycerols, ceramides, and long-chain acyl-CoA’s
themselves as intracellular mediators of impaired insulin signaling.

SUMMARY

To summarize, abnormalities of FFA metabolism are highly complex and are closely associated
with insulin resistance. This is very commonly associated with visceral obesity. The reason why
upper body subcutaneous fat appears dysregulated in visceral obesity is not yet known. The
implication of understanding this association, however, is that treatments targeted towards
creating healthy subcutaneous fat may alleviate some of the metabolic abnormalities of visceral
obesity.
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BACKGROUND

Obesity has reached epidemic proportions in most of the developed world and is now known
to increase the risk for many diseases and shorten life expectancy (1). Among the various fat
depots, the accumulation of visceral fat (VF), which is the fat surrounding the viscera, is most
strongly related to many health conditions, including insulin resistance and diabetes (2). The
mechanism(s) linking VF with the metabolic syndrome is not entirely clear, but it has been
suggested to involve its anatomical location, leading to a “portal” effect of greater free fatty
acids (FFA) and glycerol released by increased omental fat (3). More recently, evidence has
shown that adipose tissue is an active endocrine organ, capable of secreting many peptides that
can promote inflammation and insulin resistance (4). Our studies have shown that several genes
from adipose tissue, thought to be involved in insulin resistance (PPARYy, leptin) and metabolic
syndrome (angiotensinogen, resistin, PAI-1), are more highly expressed in VF, as compared to
subcutaneous (SC) fat (5,6).

As obesity, and specifically VF accrual, is strongly associated with disease risk (2), the
importance of having good animal models to recapitulate the obesity phenotype is crucial in
understanding its pathophysiology. Several strategies exist for generating obesity in animals,
which has been reviewed in detail elsewhere (7). Briefly, some of the approaches taken include
high-fat feeding in rodents (8) and dogs (9), seasonal models (10), transgenics (11), and sponta-
neous mutants such as the Lep® /Lep® and db/db mouse (12). In addition, a common feature
of obese animal models is a marked increase in VF and hyperinsulinemia, but similar to human
studies, the distinct contribution of body fat distribution in these models cannot be directly elu-
cidated. Since VF is more strongly related with disease risk than other fat depots, this chapter
will review work utilizing animal models which confirm this association by demonstrating a
causal role for VF, rather than SC fat, in the etiology of insulin resistance, atherosclerosis, and
aging in mammalians.

VISCERAL FAT ACCRETION STUDIES

Transgenic Model of Visceral Obesity

Excess glucocorticoids are known to promote VF deposition and insulin resistance in obesity.
As glucocorticoids can be produced locally by the enzyme 11 § hydroxysteroid dehydroge-
nase type 1 (11 B HSD-1), Masuzaki et al. (13) produced transgenic mice overexpressing this
enzyme in adipose tissue. These mice were reported to be hyperphagic, despite elevated leptin
levels, obese and displayed greater levels of corticosterone in fat. Most important, transgenic
mice displayed exaggerated visceral obesity on a high-fat diet as compared to controls. Further-
more, transgenic animals demonstrated greater adipokine levels than controls, hyperlipidemia,
glucose intolerance, and hyperinsulinemia.

Fat Transplantation

Using a surgical approach, Ohman et al. (14) determined whether transplanting epididymal fat
pads from C57BL/6] mice could affect vascular disease in atherosclerosis-prone apolipoprotein
E-deficient ApoE(—/—) mice. Plasma from ApoE(—/—) mice receiving fat transplants displayed
elevated levels of leptin, resistin, and monocyte chemoattractant protein-1 (MCP-1) compared
with plasma from sham-operated mice. Furthermore, mice transplanted with VF developed
significantly more atherosclerosis than controls. In contrast, SC fat transplants did not accelerate
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Table 1 Effect of Visceral Fat Removal on Metabolic Parameters in Rodents
Study Species/strain Glucose/insulin Cytokines Lipids Insulin action
Barzilai etal. Male SD rats <Glucose JTNF-a 75% and <FFA JInsulin infusion
(15) JInsulin 49% |Leptin 60% <Glycerol rate 53%
expression in SC LIGFBP-1 68%
fat
Kim et al. (22) Female SD <Glucose NA JFFA 66% NA
rats (MSG <Insulin JTG 18%
treated) <> Cholesterol
Gabriely et al. Male SD rats <Glucose NA <FFA 1Glucose infusion
(18) JInsulin 39% rate 80% 1 Glucose
uptake 30%
| Glucose
production 50%
Gabriely etal. Male ZDF rats | Insulin 50% NA JFFA 44% 1Glucose infusion
(18) during clamp rate
<Glucose uptake
1 Glucose
production 20%
Borst et al. Male SD rats <Insulin JIL-6 53%, <~FFA JGTT AUC 15%
17) <TNF-« tInsulin-stimulated
JAdiponectin 30% glucose transport in
| Resistin 26% muscle 24-31%
<Leptin
Pitombo et al. Male Swiss JGlucose 35% | TNF-a 40% NA 4lnsulin action 45%
(19) mice JInsulin 45%, 1IL-6 60%
t+Adiponectin 40%
Einstein etal. Female «~Glucose «~IL-6 JHepatic TG 1GIR 32%,
(16) pregnant SD <Insulin <Adiponectin 60% JHGP 42%
rats JFFA 38% <>Glucose uptake

atherosclerosis despite a similar degree of inflammation, suggesting that VF, rather than SC fat-
related inflammation, accelerates atherosclerosis development in this model.

VISCERAL FAT REMOVAL STUDIES

Improvement in Insulin Action

Using a different surgical approach to demonstrate causality between VF and disease, we and
others have selectively removed perinephric and epididymal fat pads from rats and mice and
studied its impact on insulin action. Please refer to Table 1 for a summary of the metabolic effects
of VF removal in rodents. In an initial study (15) from our lab, moderately obese Sprague-Dawley
(SD) rats were randomized either to surgical removal of VF (VF—) or to sham operation (VF+).
Since the VF that was removed accounted for only ~10% of total fat mass (FM), there was no
difference between groups for body weight or total FM. Nevertheless, VF— rats demonstrated
significantly reduced plasma insulin levels, and during a glucose clamp, the rates of insulin
infusion required to maintain plasma glucose levels and hepatic glucose production (HGP) were
reduced by 50%. More recently, we have shown that VF accretion is an important determinant of
hepatic insulin resistance during pregnancy, which can be largely prevented by surgical removal
of VF prior to mating (16), providing further evidence that VF directly impacts hepatic insulin
action.

Borst et al. (17) studied the impact of VF removal on insulin action and skeletal muscle
glucose transport in male SD rats. VF removal in rats tended to improve glucose tolerance (15%
reduction in glucose AUC) and significantly lowered some pro-inflammatory adipokines in
serum. Most striking, VF— animals displayed increased insulin-stimulated glucose transport in
excised soleus and digitorum longus muscle as compared to sham-operated controls. Overall,
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these studies provide verification that VF is a potent modulator of both hepatic and peripheral
insulin action.

Prevention of Diabetes
Our group (18) and others (19) have also demonstrated a protection from type 2 diabetes
in rodents with VF removal. In our study, 2-month-old Zucker Diabetic Fatty (ZDF) rats were
assigned to receive either a sham operation (ZDVF+) or surgical removal of visceral fat (ZDVF—)
(18). Despite no differences in plasma glucose or FFA levels, ZDVF— rats had a marked reduction
in fasting insulin levels by ~50%. In addition, during a glucose clamp, ZDVF— rats demon-
strated a greater glucose infusion rate and insulin suppression of glucose production than
controls. Furthermore, when rats were monitored longitudinally, the development of diabetes,
as determined by fasting glucose, was delayed in ZDVF— rats but not in sham-operated rats.
Using a mouse model of diet-induced obesity and diabetes, Pitombo et al. (19) assessed
the impact of VF removal on glucose metabolism, insulin signaling, and serum adipokine
levels. Control mice became diabetic and hyperinsulinemic, but VF removal partially restored
metabolic parameters. In addition, VF removal completely attenuated the impairment of insulin
signaling, observed in muscle from control animals, and lowered serum adipokines to near
normal levels. Taken together, these studies demonstrate the ability of VF removal to prevent
diabetes in both a spontaneous and diet-induced obesity-prone rodent model.

Mediator of Caloric Restriction

Visceral Versus Subcutaneous Fat

Caloric restriction (CR) limits the accumulation of VF with aging, prevents the onset of diabetes,
and extends life span in a variety of species (20). As we have shown that CR preserves hepatic
insulin action by decreasing VF (21), we suspected that the ability of CR to prevent insulin
resistance with aging was due to the attenuation of VE, rather than other fat depots. To directly
test this hypothesis, we studied four groups of rats: VF—, SC— (equivalent SC fat removed), SO
(sham-operated controls), and CR (CR + sham operated) (18). Post-absorptive plasma insulin
levels were nearly 50% greater in the SC— and SO rats as compared to CR and VF— animals. Dur-
ing a glucose clamp, VF— rats had an 80% increase in the rate of glucose infusion, significantly
greater glucose uptake, and 50% increase in the ability of insulin to suppress HGP compared to
SC— and SO rats. Most striking, the dramatic improvement in insulin action with VF, but not
SC fat removal, closely resembled the effects of prolonged CR, suggesting that decreased VF
could largely account for the beneficial effects of a reduction in food intake.

In a related study, Kim et al. (22) surgically removed SC (S5C—) or VF (VF—) pads from
monosodium glutamate—obese (MSG-Ob) rats and assessed markers of the metabolic syndrome.
In the VF— group, basal insulin levels were not different, but FFA and HGP were restored to
normal levels, while glucose uptake tended to be normalized. In contrast, removal of SC fat only
partially normalized FFA and glucose uptake while HGP was unchanged. Overall, these results
demonstrate a causal relationship between VF and metabolism, and suggest that VF accrual is
more relevant to the metabolic syndrome than SC fat.

Longevity

As previously mentioned, VF accretion is a common hallmark of aging, and we have demon-
strated metabolic benefits to VF removal (21), and that decreased VF largely accounts for the
improvement in insulin action with CR (18,21). Therefore, it seemed plausible that the beneficial
effects of CR on longevity may be due to the attenuation of VF (23). Therefore, we prospectively
studied life span in three groups of rats: ad libitum (AL) fed, 40% CR and VF— rats (24). CR
rats demonstrated the greatest survival among all experimental groups (Fig. 1). Remarkably, VF
removal also resulted in improved survival as compared to AL, albeit to a lesser extent than CR.
Furthermore, VF— and CR rats had a greater maximum life span than AL animals, suggesting
that the reduction in VF may be an important underlying cause of life span extension with
CR. Please refer to Figure 2, which summarizes the shared benefits of VF removal and CR on
metabolism and aging.
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Figure 1 Percentage of rats surviving up to 2 years of age. Rats were either fed ad libitum (AL), had VF removed
(VF-), or were caloric restricted (CR). CR rats demonstrated the greatest survival up to 2 years, but VF— also
resulted in improved survival as compared to AL controls (24). Different letters denote a significant difference
between groups (p < 0.05).

TREATMENT STUDIES

Leptin and B3-Agonist Administration

Our group and others have demonstrated various treatment strategies for VF and/or its com-
plications. In an initial study (25), we administered leptin by osmotic minipumps for 8 days to
rats, since this fat-derived peptide had been shown to play an important role in energy home-
ostasis. Remarkably, we found that leptin administration led to a more dramatic decrease in
VF than pair-fed controls, which were moderately food restricted, but body weight and total
FM were not different. Furthermore, leptin-treated rats demonstrated the greatest enhancement
in hepatic insulin action. Likewise, because the effects of leptin function primarily through the
83-adrenoreceptor, we performed an analogous experiment designed to decrease VF to a similar
extent by $83-adrenoreceptor agonist or CR (26). Similarly, compared to controls, hepatic insulin
sensitivity was increased (~3-fold) in CR and 33-treated animals, further demonstrating that a
pharmacologic reduction in VF can improve insulin action.

Shared benefits of surgical visceral
fat removal and caloric restriction

A Longevity
y Hepatic insulin resistance
¥ Proinflammatory cytokines

y Type 2 diabetes

Figure 2 The benefits of VF, rather than SC fat removal, resembles many of the effects of prolonged CR in
aging rodents, including improved hepatic insulin action, systemic inflammation, and longevity. Furthermore, the
benefits observed in our surgical model are entirely due to a reduction in the epididymal and perinephric fat
pads (VF), while the benefits of CR include, reductions in body weight, total fat mass (VF and SC fat), and food
intake.
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113-Hydroxysteroid Dehydrogenase Inhibitors

As previously mentioned, the enzyme 11 B HSD-1 type 1 converts inactive cortisone into active
cortisol in cells and excess glucocorticoids promote VF deposition. When this enzyme was
overexpressed in adipose tissue in mice, animals developed visceral obesity and diabetes (13).
Therefore, it seemed intuitive to Hermanowski-Vosatka and colleagues that pharmacologic
inhibition of 11 § HSD-1 might serve as a therapeutic target for the metabolic syndrome. When
a selective and potent 11 § HSD-1 inhibitor was given to DIO mice, they observed a reduction
in body mass, retroperitoneal fat pad weight, as well as serum insulin, glucose, and lipids (26).
Similarly, this inhibitor resulted in improved glucose tolerance in a mouse model of type 2
diabetes and attenuated vascular plaque formation in ApoE(—/—) mice (26).

Prevention of Systemic Inflammation

Mounting evidence supports a role for adipose tissue-derived pro-inflammatory cytokines in
the pathogenesis of diabetes and atherosclerotic diseases. Therefore, Ohman et al. (14) admin-
istered pioglitazone, which has been shown to reduce MCP-1 levels and fat inflammation,
to ApoE(—/—) mice that received a VF transplant or sham-operated controls. Pioglitazone
treatment lowered MCP-1 levels and macrophage content in the VF transplant and reduced
atherosclerosis development in VF-transplant mice, but not in sham-operated mice. Like-
wise, in obese mice, short-term treatment with a pharmacological antagonist of CCR2 lowered
macrophage content in adipose tissue and systemic inflammation, resulting in improved insulin
action (28). Therefore, drugs which can interfere with the infiltration of macrophages into fat,
and specifically VF, may provide an effective strategy for the prevention of cardiovascular
complications and metabolic syndrome due to visceral obesity.

SUMMARY

The accumulation of VF is strongly related to the development of metabolic syndrome. Utilizing
novel models of visceral obesity, several studies have demonstrated a cause—effect relationship
between VE, insulin action, metabolic syndrome, and longevity in mammalians. In contrast, SC
fat does not appear to play an important role in the etiology of disease risk in animal models.
Treatment strategies including pharmacologic agents (leptin, 83-agonists) can improve glucose
tolerance by effectively reducing VF. Compelling evidence also supports a role for inhibitors
of macrophage infiltration into fat (thiazolidinediones, CCR2 antagonists), and hence systemic
inflammation, for the treatment of insulin resistance and vascular disease. Therefore, two lines of
investigation worth pursuing include (1) understanding the secretory biology of VF to identify
the important mediators of the metabolic syndrome and (2) the development of drugs designed
to modulate body fat distribution. In summary, these studies in animals highlight the distinct
metabolic capacity of VF, the importance of accounting for body fat distribution in disease risk,
and the potential of treating VF-mediated insulin resistance.
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INTRODUCTION

It is now generally accepted that obesity is increasing in the United States and other “western-
ized” countries, and that it is becoming epidemic in several parts of the underdeveloped world
(1,2). Part and parcel with the increase in obesity are rampant increases in diseases associated
with increased body weight, including not just type 2 diabetes mellitus, but also cardiovascular
diseases, and cancer (3-5). While the causes of the increased fat deposition are not entirely clear
(6), it is widely believed that increased consumption of palatable foods marketed by so-called
“fast-food” vendors is an important cause (7,8). Such food intake appears to have increased
fat deposition in various depots of the body, including the subcutaneous and visceral fat
depots.

Compelling epidemiological evidence exists that visceral fat is particularly problematic
as a cause of insulin resistance. Insulin resistance, in turn, is a primary risk factor for type 2
diabetes, although not sufficient as a beta-cell defect is required for most forms of the disease
(9). Yet, the mechanisms underlying the “sinister trio” of visceral fat, insulin resistance, and
diabetes mellitus remain to be understood. Understanding the trio is an important step in
approaches to reduce risk for diabetes and other chronic diseases by reducing visceral fat, in
particular.

One potential approach to reduction of visceral adiposity, and therefore risk of diabetes is
to exploit our knowledge of the so-called cannabinoid system. Following the understanding that
use of marijuana, and consumption of the active factor tetrahydrocannabinoid (THC) increased
food consumption, led to a bevy of studies attempting to reduce body weight by blocking THC
receptors (CB;, in particular). There is now extensive evidence that such blockade by a variety
of antagonists will lead to a beneficial metabolic profile (10,11). In our laboratory, we also have
been studying the effects of CB; receptor blockade with the compound rimonabant. In fact, we
have exploited a unique canine model of adiposity in which we have validated under a variety
of conditions as being a good representation of visceral adiposity as observed in man (12,13).
This model has increased our understanding of the linkage between visceral fat and insulin
resistance, but has generated new and intriguing questions as well.

THE MODEL

Our studies are performed in animals without a single genetic background. We used magnetic
resonance imaging (MRI) to measure with accuracy the amount of fat stored in visceral versus
subcutaneous depots of the animals. Because the dog stores most fat in the truncal region,
it is possible to obtain accurate measures of stored fat. When arriving in the laboratory, we
have found that similar to humans, even animals which are nonobese still have widely varying
amounts of fat stored in different depots (Fig. 1).

In a population of 20 animals, for example, we have found that total fat varied from 10%
to 40% of body weight, and that the visceral component averaged 17% of the total fat deposits.
Likewise, insulin sensitivity is highly varied, but is negatively correlated with the amount of
stored fat (Fig. 2).
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Figure 1 Baseline normal distribution of total fat
depots, visceral adipose tissue (VAT), and subcuta-
neous adipose tissue (SAT) in 20 normal dogs.

Figure 2 Negative relationship between insulin sensitivity and
total body fat in normal dogs.

Figure 3 Glucose tolerance (K¢), insulin sensitivity
(S1), acute insulin response (AIRg), and insulin clear-

ance in dogs maintained on an isocaloric fat diet for
12 weeks.
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Figure 4 Adipocyte size distribution in control and fat-fed dogs. Cell diameter increased from 79 to 86 in the
visceral depot.

Fat Feeding in the Canine Model
We have examined the effects of high-fat feeding in the canine model. The results are very
reminiscent to that of fat feeding in normal humans.

In our first study, we found that an isocaloric diet with a modest elevation in fat calories
(~10%) caused reduced insulin sensitivity within 1 week, which was maintained for 12 weeks
of observation (Fig. 3). Interestingly, despite insulin resistance, there was no change in glucose
tolerance, due to a responsive increase in insulin secretion, and a reduction in clearance of
insulin by the liver. We have also reported that with elevated fat intake, first-pass clearance
of insulin by the liver is reduced over 25%, from 60% to 44% after 12 weeks of isocaloric fat
feeding (14). Thus, the canine model, like the human (15), reflects a highly integrated closed-
loop feedback system that maintains normal carbohydrate metabolism despite changes in diet.
This regulatory system is critical to metabolic health, and it is only with significant dysfunction
of the beta cells that overt disease can result after changes in insulin sensitivity (16).

Deposition of Fat

Using MRI, we are able to measure with accuracy the amount of fat in visceral versus subcu-
taneous fat depots. Figure 1 shows that about 62% of total fat stored is located in the visceral
depot in these nonobese animals. After 6 weeks of a hypercaloric diet that consisted of 5386
kcal/day (carbohydrates 28%, fat 53%, proteins 19%), we observed a 26% increase in visceral
and a doubling of subcutaneous fat deposition, associated with a reduction in insulin sensitivity
of 37%. It is interesting that not all animals store fat in the same pattern. Thus, there was a ten-
dency for some animals to deposit fat specifically in the visceral depot, while others deposited
it subcutaneously. In fact, the ratio of fat deposition (visceral:subcutaneous) varied from 0.9 to
5.0 among 20 animals, with a mean of 1.8 £ 0.2.

Adipocytes Distribution and Morphology

In this canine model, we are able to take adipose tissue biopsies of the two major fat depots,
as well as that of the liver. Figure 4 represents the distribution of adipocyte size in control and
fat-fed dogs. Under control conditions, visceral adipocytes are slightly larger than subcutaneous
adipocytes (~8%). After fat feeding, the differences between visceral versus subcutaneous fat
become more pronounced. There are more large cells (>100 wm) in the visceral fat depot
compared to subcutaneous. In addition, there is a rightward shift in the distribution of cell size
in visceral and subcutaneous cell distribution (Fig. 4). An additional contrast between visceral
and subcutaneous adipocytes relates to the ability of adrenergic agonists to stimulate lipolysis;
lipolysis from the visceral depot has been shown to be more responsive to adrenergic stimulus,
more specifically to isoprotenerol. This sensitivity increases the possibility that visceral lipolysis
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Figure 5 Demonstration of slight fat accumulation and hydropic change in a representative fat-fed dog.

can be stimulated by adrenergic signals. Furthermore, the visceral depot is less sensitive to
inhibition by insulin than is the subcutaneous depot. We have reported a 3-fold increase in the
ED50 of insulin to suppress lipolysis in visceral tissue (17).

Hepatic Morphology

It is well established that increased fat intake results in deposition of fat in human liver, a con-
dition which can progress to nonalcoholic fatty liver disease (NAFLD). A reminiscent increase
in liver fat is observed in the dog model. We have previously reported that after fat intake, there
is an increase in triglyceride deposition (18). More recently, we have also observed hydropic
changes in combination with slight fat accumulation in liver images, similar to changes observed
inman (Fig. 5). Thus, in less than 2 months, increasing the fat content of the diet will cause hepatic
changes which may well reflect the earliest signs of hepatic steatosis. Again, this demonstration
confirms the appropriate use of the fat-fed dog as a model for insulin resistance in human.

MECHANISMS OF DIET-INDUCED INSULIN RESISTANCE

What is the cause of the insulin resistance observed in the fat-fed dog model? While various
mechanisms have been proposed relating changes in diet and insulin resistance, our data is
consistent with the so-called “portal theory,” that is, the visceral fat is associated with increased
flux of free fatty acids (FFA) in the portal vein, resulting in deposition of liver triglycerides and
insulin resistance. We have shown that the changes in genes expression and visceral fat and liver
are consistent with the portal hypothesis—upregulation of gene expression reflective of visceral
fat turnover (hormone sensitivity lipase, lipoprotein lipase, SREBP-1), as well as gluconeogenic
genes in liver (PEPCK, glucose-6-phosphatase) (18). We have not observed changes in gene
expression for adipose cytokines (“adipokines”), which have been proposed to mediate insulin
resistance. Based upon our results, we concur with the views of other investigators (19), which
have implicated FFA as an important signal by which visceral fat results in insulin resistance at
the liver, and possibly in the peripheral tissues as well.

Why does lipolysis increase in the fat-fed dog model? We have entertained the possibility
that the sympathetic nervous system plays an important, if not critical, role in the increase in FFA
flux from the visceral depot to the liver. Several years ago, we reported that lipolysis from the
visceral fat depot was oscillatory, with a period of about 11 minutes (20). The oscillations could
be blocked with a high-affinity $-3 blocking agent—in canine, the most -3 receptors are in
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the visceral fat depot (21). Recently, we have demonstrated in our laboratory that pulsatile FFA
administration is more potent than constant FFA release in stimulating endogenous (hepatic)
glucose production (22). Therefore, it is reasonable to suggest that the sympathetic nervous
system plays a role in the pathogenesis of temporal increases in FFA in blood, which in turn
may render the liver resistant to insulin. Thus, we suggest that the putative increase in flux of
FFA from the visceral fat depot is due, at least in part, to sympathetic signals which presumably
stimulate B-3 receptors in the visceral fat depot. This result supports the previous work of
Landsberg (18) and others demonstrating increased sympathetic tone in obesity, and may in
fact play a role in the negative effects of increased central fat stores.

Effects of Rimonabant

The large animal model provides an excellent platform to examine the metabolic effects of the
CB; receptor antagonist, rimonabant. While there is abundant evidence that rimonabant acts
centrally to control body weight (23), many questions regarding the importance and role of the
cannabinoid system in metabolic function still remain. Among the most important are whether
CB, receptor antagonists work only centrally, or have effects outside the central nervous system,
and whether the effects are on food intake per se, or whether they have additional effects on
energy utilization? We have examined the effects of rimonabant (RIM), administered orally at
a dose of 1.25mg/kg/day, on many metabolic functions of the fat-fed conscious canine model.
We have found the effects of the compound to be profound along with their potential benefit
with respect to metabolic regulation.

Body Weight

The design of our study is shown in Figure 6. Animals were put on normal diets (~33% fat
calories) for 3 weeks, after which they were switched to a hypercaloric, high-fat diet (~53% fat
calories). We observed the animals for 6 weeks, during which they gained weight (+-2.2kg) and
deposited fat in the visceral and subcutaneous depots (increased 26% and 50%, respectively). At
6 weeks, about half the animals (11/20) were randomized to RIM, while the remaining others
(n = 9) were treated as placebo.

As expected, we observed that the placebo animals continued to gain weight throughout
the additional 16 weeks of treatment. In contrast, body weight in the RIM animals was stabilized.
As expected, rimonabant prevented additional weight gain in the face of a high-fat diet. But,
we only observed a slight reduction in body weight with RIM, reducing by only 2.8% by week
16, while the placebo dogs increased their body weight by 6.5%. Reduced food intake could not
totally account for the RIM effect on body weight. Figure 7 presents the relationship between
the change in food intake versus the change in body weight in the RIM and placebo animals. If
food intake were able to explain RIM’s effect on body weight, we would expect that RIM versus
placebo animals could be represented by a single line. But, overall the RIM animals lost more
weight than could be attributed to food intake alone; that is, in Figure 7, the RIM-treated animals
were on a lower line, with the difference between the lines attributable to an effect of RIM on
energy expenditure. Thus, RIM has a potent effect to change expenditure of energy which
explains much of its effect on body weight. Measurements of energy expenditure revealed
that the RIM animals “switched” from carbohydrate to fat consumption (24). Metabolically
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switching from carbohydrate to fat consumption can explain much of the RIM effect on stored
calories.

Insulin Action
Figure 8 shows the effect of rimonabant on changes in insulin sensitivity. All animals had
reduced insulin sensitivity after 6 weeks of high-fat feeding. During the remaining period,
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Figure 8 Effect of rimonabant on insulin sensitivity during sustained fat feeding. RIM promptly restores insulin
sensitivity.
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reduced insulin sensitivity was maintained in placebo animals, whereas the animals treated
with RIM demonstrated a reversal, such that insulin sensitivity was returned to pre-fat values.
It is likely that the effect of RIM to prevent a further reduction in insulin sensitivity was due, at
least in part, to the switch from carbohydrate to fat utilization; it is also possible that adipokines
may have played a role. In fact, we observed a significant 2-fold increase in adiponectin in the
RIM-treated animals compared to controls. Thus, blockade of the CB; receptors resulted in a
better metabolic profile due to improved insulin sensitivity, conversion from carbohydrate to
fat oxidation, and elevated adiponectin.

Rimonabant Effects on Adipocytes and Liver

CB; blockade had remarkable restoration powers with regard to fat deposition in adipose tissue
and liver. We were surprised to find that adipocyte size distribution of fat in visceral and
subcutaneous depots was virtually restored to the pattern observed under control conditions—
that is RIM reversed the rightward shift in visceral and subcutaneous size distribution which
was caused by fat feeding, and which was continued with the high-fat diet in the absence of a
CB; blocker. Similarly, we noted the evidence of reduced fat accumulation in liver tissues with
RIM treatment. Further analysis is required to understand whether the positive effects of CB,
blockade can be explained by increased adiponectin alone, or whether additional mechanisms
are involved.

SUMMARY

The canine model serves as an excellent tool in attempting to unravel the complex relation-
ship between obesity and insulin resistance. This animal model develops visceral and subcu-
taneous fat deposition when the diet is enriched with fat, even without an increase in total
calories. The degree of obesity is reminiscent of that seen in humans and consequently asso-
ciated with increased metabolic risks. Studies from our laboratory have demonstrated that
increased fat deposition with fat feeding results in reduced insulin sensitivity as well as adverse
morphological changes within adipocytes and the liver. Interestingly, the CB; receptor antag-
onist rimonabant has been shown to reverse diet-induced insulin resistance and also reverse
the adverse changes observed in adipocytes and liver. How rimonabant produces these ben-
eficial effects is not clearly understood, but changes in substrate utilization and adipokines
may be the critical mediators. However, in light of the recent findings, understanding crosstalk
between the endocannabinoid system and metabolism will be the key in attempting to unravel
the complexities between obesity and disease risk.
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INTRODUCTION

Physical inactivity is a prominent risk factor for type 2 diabetes (1) and cardiovascular diseases
(CVD) (2), and along with poor nutrition, is a leading cause of mortality in North America (3).
Numerous health organizations promote the use of physical activity as a therapeutic strategy for
the management of metabolic risk (4-6). Unfortunately, although physicians often counsel their
at-risk patients regarding physical activity (7), these patients seldom adopt the recommended
behavior (8). In fact, current estimates suggest that over half of Americans (51.9%) (9) and a
similar proportion of Canadians (51.0%) (10) perform less than the recommended minimum of
30 minutes of moderate-intensity physical activity on most days of the week (11).

While the promotion of physical activity in today’s environment remains a challenge, the
utility of physical activity in the management of cardiometabolic risk is evident. Indeed, sig-
nificant improvements in a number of cardiometabolic risk factors are observed after only
a single session of moderate-intensity physical activity—improvements, which are further
enhanced through chronic physical activity. While weight loss remains the desired outcome
of chronic physical activity, mounting evidence also suggests that significant improvements
in cardiometabolic risk can be achieved through physical activity in the absence of significant
weight change. This chapter outlines the influence of aerobic-type physical activity without
caloric restriction on cardiometabolic risk, with specific focus on visceral obesity, insulin resis-
tance, dyslipidemia (triglycerides, HDL cholesterol, LDL cholesterol), elevated blood pressure,
thrombosis, and inflammation.

VISCERAL OBESITY

It is suggested that visceral obesity represents a central component of cardiometabolic risk, one
that is mechanistically linked to many other individual risk factors (12; see Chapter 1 in this
volume). As reviewed here, an expanding literature base suggests that chronic physical activity
with or without significant changes in body weight is associated with significant reductions in
visceral obesity (13,14).

Chronic Physical Activity
It is reported that as little as 20 minutes of moderate-intensity daily physical activity with an
energy expenditure of less than 1500 kcal /wk is generally associated with modest reductions in
visceral fat (5-10%) (15,16). Not surprisingly, increasing physical activity to 60 min/day (energy
expenditure of 35004500 kcal/wk), generally leads to much greater reductions in visceral fat
(~30%) (17,18). Evidence from rigorously controlled physical activity studies suggests that the
reduction in visceral fat approximates 1/10% of the reduction in body weight (17,18). That is, as
illustrated in Figure 1, for every 10 kg loss in body weight, visceral fat is reduced by about 1.5 kg
in men and 1.0 kg in women (17,18). Since baseline visceral fat values predict the magnitude of
reduction (R? = 0.53, p < 0.001; unpublished results), the greater relative reduction in visceral
fat among men is likely a consequence of higher baseline values.

As a caveat to the above generalizations, the visceral fat changes reported across physical
activity studies have been quite varied and inconsistent (+3.1% to —30.2% change) (18,19).
Not surprisingly, attempts to derive a dose-response relationship between physical activity
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Figure 1 (A) Average composition of a 10-kg reduction in body weight due to regular physical activity in males
and females. (B) An example of typical body composition changes due to a physical activity intervention in a male
and female.

and visceral fat reduction have been unsuccessful (14,20). Indeed, the relationships between
physical activity energy expenditure, weight loss, and visceral fat reduction are complex. Figure
2(A) documents the relationship between physical activity energy expenditure and consequent
weight change derived from numerous intervention studies in nondiseased Caucasian samples
conducted over the past 10 years (15,17-19,21-34). Surprisingly, there does not appear to be a
significant relationship between physical activity energy expenditure and degree of weight loss
across these studies (R* = 0.10, p > 0.1). Furthermore, as Figure 2(B) clearly shows, while those
studies which report the greatest mean reduction in body weight generally observe the highest
loss of visceral fat, weight change explains less than half (48%) of the variance in visceral fat
change. Additionally, the variability noted between studies [Fig. 2(B)] masks the true extent
of the variation in visceral fat reduction associated with physical activity-induced weight loss
between individuals [Fig. 2(C)].
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Accordingly, regular physical activity can often lead to marked reductions in visceral fat,
even when body weight is largely unchanged. Findings from studies in type 2 diabetic subjects
suggest that approximately 2 to 3 months of regular moderate-intensity aerobic exercise is
associated with substantive reductions in visceral fat (—27% to —45%) despite little or no change
in weight (25,35,36). Similar results have been documented in healthy nonobese premenopausal
women (27) and middle-aged men (23). Furthermore, several studies have specifically examined
the effect of physical activity on visceral obesity, independent of weight loss, by having study
participants consume compensatory kilocalories equivalent to the amount expended during
physical activity (17,18,25). These results suggest that in Caucasian lean and obese men and
women, significant reductions in visceral fat (—10% to —19%) occur through 3—4 months of
regular physical activity (40-60 min/day), despite no significant change in body weight.

In unison, the above observations clearly highlight the notion that changes in body com-
position rather than body weight are more meaningful outcomes in response to physical activity
(13). In fact, significant reductions in fat mass, especially visceral fat, often occur concurrent with
compensatory increases in lean body mass in response to physical activity (18). These equal but
opposite changes in fat mass and lean mass are obviously undetected by alterations in body
weight (18). Nevertheless, the reductions in visceral fat in response to physical activity are gen-
erally less among those who maintain body weight than those who lose significant amounts
(17,18). Thus, while physical activity-induced weight loss is likely to be associated with the
greatest reduction in visceral fat, it is equally important to recognize that visceral obesity can
be markedly reduced in response to minimal weight loss.

INSULIN RESISTANCE

Insulin resistance has been postulated to represent the common soil for the development of both
type 2 diabetes and CVD, and has also been regarded as a central tenet of cardiometabolic risk
(37,38). Insulin resistance is well established as the key factor in the pathogenesis of impaired
glucose tolerance, impaired fasting glucose and is the earliest detectable abnormality in the
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development of subsequent type 2 diabetes (39—-41). As reviewed here, both an acute bout
and/or chronic physical activity with or without significant changes in weight have been shown
to significantly improve insulin sensitivity, and thereby reduce risk of diabetes (42).

Acute Physical Activity

Significant improvements in insulin resistance, as measured by the rate of glucose clearance dur-
ing a euglycemic-hyperinsulinemic clamp, have been achieved after approximately 1 hour of
moderate-intensity physical activity in healthy normoglycemic subjects (43,44), insulin-resistant
subjects (45), and diabetics (44,46). The enhanced insulin sensitivity is not only present imme-
diately after the acute exercise bout (44), but also appears to persist 20 to 48 hours postexercise
(43,45,46). The magnitude of improvement in insulin sensitivity after a single exercise bout
ranges from 15% (43) to 24% (44)—improvements, which are equivalent to those achieved
through chronic pharmacological intervention (47,48). Although the exact influence of acute
physical activity duration and/or intensity on insulin resistance has yet to be established (49),
some report shows that higher intensity (70% Voamayx) activity may provide the greatest improve-
ments (50). A potential mechanism underlying the enhanced glucose disposal after an acute bout
of physical activity may be the increased translocation of the glucose transporter GLUT-4 into the
sarcolemma and the T-tubules of the muscle (51), the main site of insulin-stimulated glucose dis-
posal (52). This enhanced translocation of GLUT-4 may occur due to physical activity—induced
muscle contraction (53) and/or tissue hypoxia (54).

Chronic Physical Activity

In addition to the acute effect of exercise, repeated bouts of exercise over an extended period
of time result in even greater improvements in insulin sensitivity. Indeed, approximately 3 to
4 months of daily aerobic exercise training inducing 6-8% body weight reduction was shown
to improve insulin sensitivity by 32% and 60% in middle-aged women and men, respectively
(17,18). It is noteworthy that measurements of insulin sensitivity in these studies were performed
4 days after the last physical activity session (17,18), and thus obviate the acute effects of the
last activity session (discussed above). Thus, had insulin sensitivity been measured within 24
hours following the last physical activity bout, the cumulative effects of chronic and acute
physical activity would have likely resulted in a greater improvement in insulin sensitivity than
reported. Indeed, among sedentary and overweight men and women who underwent exercise
interventions of varying volume and intensity, insulin sensitivity improved by as much as 85%
when it was assessed 24 hours after the last bout of activity (55).

Several studies have also shown that improvements in insulin sensitivity through chronic
exercise can occur in the absence of significant weight reduction (16,17,56,57). For example,
3 months of daily aerobic training in obese men, who consumed compensatory kilocalories
equivalent to the amount expended during exercise, resulted in a 30% improvement in insulin
sensitivity despite no change in weight (17).

The mechanisms behind the improvements in insulin sensitivity in response to chronic
physical activity likely include changes in body composition, in particular reductions in visceral
fat (17), an augmented expression of GLUT-4 protein in skeletal muscle (58,59), as well as
enhanced metabolic efficiency of muscle (60,61). As described above, while the reduction in
visceral fat is not incumbent on a significant reduction in body weight, the magnitude of
visceral fat reduction is generally more substantive when body weight is also reduced (17,18).
This may explain why reductions in insulin resistance in response to chronic physical activity
are generally greater when body weight is significantly reduced.

In all, the beneficial effects of physical activity on insulin resistance may explain the
results of a number of large studies (62,63), which report that physical activity can prevent
the development of diabetes in predisposed patients. In fact, physical activity may reduce the
risk of diabetes to a greater degree than what can be achieved through pharmacological inter-
vention (62).

DYSLIPIDEMIA

The atherogenic lipid profile, consisting of hypertriglyceridemia, low levels of HDL cholesterol,
and high levels of LDL cholesterol, in particular small and dense LDL particles, has been
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tied to abdominal obesity (64), insulin resistance (65), and cardiovascular-related morbidity
and mortality (66). Additionally, levels of apolipoprotein B, the apolipoprotein moiety of the
atherogenic lipoproteins (VLDL, IDL, and LDL), have been shown to predict CVD and related
events, independent of traditional risk factors (67).

Acute Physical Activity
Subsequent to the seminal work of Holloszy et al. (68), numerous studies have reinforced the
notion that a single bout of aerobic physical activity can lead to significant reductions in TG
and increases in HDL-cholesterol levels (49). These lipid changes are apparent between 24 and
48 hours post acute physical activity in both untrained (69,70) and trained subjects (71) in
response to caloric expenditures of 350-500 and 1000 kcal, respectively. Typical reductions in
TG levels range in magnitude from about —10% to —25% (69-71), and are greatest among those
with the highest baseline TG values (69). In comparison, increases in HDL-cholesterol postacute
activity range from approximately 7% to 15% (69-71). These increases are largely due to the
increase in the HDL3-C subfraction among untrained subjects, in contrast to the predominant
increase in HDL,-C among trained subjects (72). While no minimum duration of physical activity
appears to exist for inducing improvements in TG or HDL-C, generally, the greater the duration
of the physical activity bout, and thus the greater the caloric expenditure, the more pronounced
is the improvement in lipid levels (73). On the other hand, the intensity of the acute activity
bout has not been shown to have a clear effect on the degree of lipid improvements (69).
Although reductions in LDL-C following extreme feats of physical activity (i.e., following
a 42-km marathon) have been reported (74), more modest sessions of aerobic activity (350-500
kcal expenditures) have failed to note a change in LDL-C levels (69,70). Finally, in contrast to
the reductions generally reported following chronic physical activity (discussed below), acute
aerobic activity (inducing a 350-kcal energy expenditure) in both trained and untrained subjects
has been reported to transiently elevate levels of apolipoprotein B by 4% to 9% (69,75).

Chronic Physical Activity

The evidence for beneficial lipid changes due to chronic physical activity is strongest for HDL-C
and TG (76-80). A meta-analysis reveals that 30 to 60 minutes of aerobic physical activity, 3-5
times per week, at a moderate intensity results in a mean increase in HDL-cholesterol levels of
~4% (0.05 mmol/L), predominantly as a result of increases in the HDL,-C subfraction (81,82),
and a decrease in triglyceride levels of ~12% (0.21 mmol/L) (79). Others have concluded that
physical activity, which induces an energy expenditure of 1200 to 2200 kcal/wk may bring
about a 4% to 22% (0.05-0.21 mmol/L) increase in HDL-cholesterol levels, and a 4% to 37%
(0.01-0.43 mmol/L) decrease in triglyceride levels (77). Considering that every 0.025 mmol/L
increase in HDL-C has been shown to reduce risk of CVD by approximately 5% (83), these
findings suggest that only a modest amount of physical activity is required to produce clinically
significant improvements in HDL cholesterol and triglycerides. However, a clear dose-response
relationship between duration of physical activity and lipid changes has yet to be established
(78). Additionally, it is apparent that the relative intensity of the activity and the extent of the
improvement in cardiorespiratory fitness in response to training has little, if any influence on
lipid changes (84).

In contrast to the consistent findings for HDL-C and TG, the preponderance of available
evidence suggests that chronic physical activity does not significantly alter the levels of LDL
cholesterol (77,79). However, an elevated proportion of small, dense LDL particles has been
shown to predict incidence of CVD independently of total LDL cholesterol levels (85). It is
thus noteworthy that irrespective of training intensity and clinically significant weight loss, 25
minutes of daily aerobic activity can increase the mean LDL particle size without altering total
LDL-cholesterol levels (84).

Additionally, cross-sectional studies suggest that those who are most active tend to have
the lowest apolipoprotein B levels (86,87). A number of exercise intervention studies (88-90)
have also shown physical activity to significantly reduce apolipoprotein B levels by a magnitude
of 7% to 20%. This reduction appears to be the greatest among those with elevated baseline
triglyceride concentrations (91).

It has previously been suggested that physical activity-induced weight loss must be
achieved in order to bring about significant improvements in lipid status (76). However, others
have concluded that while improvements in HDL-C and TG are generally greater in those who
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lose weight, these improvements can be seen even when weight remains virtually unchanged
(77,79,84). For example, a number of physical activity interventions that do not significantly alter
body weight have documented —5% to —35% reductions in TG levels (29,92) and/or 3% to 5%
increases in HDL values (27,92). Additionally, others have failed to note a correlation between
reductions in body weight and changes in TG, HDL-C, and apolipoprotein B (75). Finally,
significant increases in the average LDL-C particle size have also been noted in response to
physical activity consequent to clinically insignificant weight changes (<2% reduction) (84).

These lipid improvements, independent of significant weight reduction, may be mediated
by improvements in body composition, such as reductions in visceral fat and /or improvements
in cardiorespiratory fitness (17,18). Indeed, physical activity—induced reductions in visceral fat
have been shown to independently predict improvements in lipid status (93). Additionally,
while the improvement in cardiorespiratory fitness in response to training has apparently little
influence on TG and HDL-C changes (84), the reduction in apolipoprotein B levels has been
reported to correlate with improvement in cardiorespiratory fitness, independent of changes in
abdominal obesity (88).

ELEVATED BLOOD PRESSURE

High blood pressure is an established risk factor for stroke, coronary heart disease, and renal
disease, and its reduction is associated with a significant decrease in the risk of cardiovascular-
related morbidity and mortality (94). Furthermore, the magnitude of blood pressure reduction
need not be large in order to see significant decrements in associated health risk (95). Inactivity is
a major risk factor for high blood pressure, and sedentary individuals have up to a 50% greater
chance of hypertension as compared to more active counterparts (96).

Acute Physical Activity

The lowering effect of blood pressure resulted from a single bout of aerobic physical activ-
ity has been long established (97). This effect, termed postexercise hypotension, is especially
pronounced among hypertensive individuals with documented maximal reductions in systolic
blood pressure (SBP) and diastolic blood pressure (DBP) of —11 and —6 mmHg, respectively
(98,99). However, averaged across studies in both normotensive and hypertensive subjects, doc-
umented reductions in SBP and DBP following a single activity session tend to be more modest
—2.1 and —0.3 mmHg, respectively (49). These rather modest average estimates are largely due
to the nonsignificant changes in blood pressure in response to acute activity among studies of
normotensive samples (49). The onset of postexercise hypotension is immediate and can persist
for up to 22 hours after an acute bout of aerobic physical activity (100). Available evidence
suggests that as little as 15 minutes of low intensity (40% of maximal oxygen consumption) aer-
obic physical activity can induce marked postexercise hypotension that persist throughout the
day (101). These encouraging results suggest that independent of any training effects, repeated
bouts of aerobic physical activity may be a viable treatment strategy for the treatment of mild
hypertension (102).

Chronic Physical Activity
It is well documented that regular aerobic physical activity consistently leads to reductions
in blood pressure (103-109). In fact, chronic physical activity has been shown to reduce both
SBP and DBP in lean (103,108), obese (103,108), hypertensive (103,106,107), and normotensive
(103,104,106) subjects. The results of various reviews and meta-analyses suggest that indepen-
dent of age and body mass index, 40 minutes of moderate-intensity physical activity performed
3 times per week reduces SBP by a range from —3 to —11 mmHg and DBP by —3 to —8 mmHg
(103-109). Further, the blood pressure reductions are significantly greater among hypertensive
versus normotensive subjects (—7 and —5 mmHg vs. —2 and —2 mmHg reductions in SBP and
DBP, respectively) (109). In contrast to the short duration of postexercise hypotension, the blood
pressure reductions of chronic physical activity can take up to 2 weeks of inactivity to fully
dissipate (110).

Interestingly, the training-induced blood pressure reductions do not appear to be related
to alterations in body weight or abdominal obesity (109). In fact, it is noteworthy that the average
weight loss across studies included in the meta-analyses of physical activity and blood pressure



96 JANISZEWSKI AND ROSS

(discussed above) was largely inconsequential (—1.2 kg) (109). Nevertheless, some studies report
that individuals who become active and also lose a significant amount of weight (—7.9kg) in
comparison to those who lose minimal weight (—1.8kg) show greater reductions in SBP and
DBP (-7 and —5 mmHg vs. —4 and —4 mmHg, respectively) (111). Thus, it is plausible that
physical activity and weight loss may have additive effects on blood pressure reduction (111).
On the other hand, reductions in blood pressure have been shown to be significantly related to
training-induced improvements in cardiorespiratory fitness (109).

Specifically, mean blood pressure is dictated by the product of cardiac output (heart
rate and stroke volume) and systemic vascular resistance. It appears that the blood pressure
reductions in response to chronic physical activity are the result of reduced systemic vascular
resistance but unchanged cardiac output (due to equal but opposite changes in heart rate and
stroke volume) (109). The changes in systemic peripheral resistance with physical activity may
be attributable to alterations in autonomic nervous system activity, renin—angiotensin system
activity, and/or endothelial function (109).

With regard to ideal physical activity training parameters, most reports have suggested
that low-to-moderate intensity is ideal for inducing reductions in blood pressure (103,107),
but other parameters (duration, frequency) have no clear impact on the level of improvement
(103,108,112). Overall, it can be concluded that chronic physical activity of low-to-moderate
intensity induces modest reductions in blood pressure, but it rarely decreases to sufficient
magnitude to bring about normal blood pressure in previously hypertensive individuals (113).
Nevertheless, given that a 2 mmHg reduction in SBP is associated with a 4-6% lower risk of
mortality due to stroke and coronary heart disease (114), the blood pressure changes associated
with chronic physical activity, while modest, are clinically significant.

THROMBOSIS

Thrombosis, or the formation of a blood clot in an intact blood vessel, is a key antecedent to
stroke, myocardial infarction, and other overt symptoms of blood flow obstruction throughout
the circulatory system (115). The process of thrombus formation is dependent on the balance
between the opposing coagulatory (clot forming) and fibrinolytic (clot dissolving) systems, as
well as the influence of blood platelets.

Acute Physical Activity

The notion of acute physical activity acting as a trigger for myocardial infarction is established
(116). Indeed, while physical inactivity is a major risk factor for thrombosis, an acute bout of
strenuous physical activity among sedentary and at-risk individuals has been reported to lead
to a prothrombotic state, and predispose to cardiovascular events (115,117). Interestingly, a
single bout of physical activity appears to simultaneously augment both coagulation and fibri-
nolysis (118,119). However, while increased coagulation persists into the recovery period, the
enhanced fibrinolysis quickly dissipates, thus providing an ideal environment for clot forma-
tion postactivity (118,119). Additionally, acute physical activity can also increase blood platelet
adhesiveness and aggregation (120), changes which may further predispose to a cardiovascular
event (121). Nevertheless, numerous potential factors can influence the effect of acute physical
activity on thrombosis such as baseline fitness and intensity of the activity (115). For example,
a number of studies (122,123) have documented that while acute moderate intensity (55-65%
Voomax) physical activity can lead to improved fibrinolysis and attenuated platelet adhesiveness
and aggregation, high intensity (80% Voamax) exercise can induce the opposite effect resulting
in a prothrombotic state.

Chronic Physical Activity

Cross-sectional studies (124,125) regularly document an anti-thrombotic effect of chronic phys-
ical activity, in particular lower coaguability along with a higher fibrinolytic capacity. Addi-
tionally, numerous intervention studies have documented an enhanced fibrinolytic capacity
following physical activity training, as indicated by an increase in tissue plasminogen activa-
tor (a fibrolytic stimulator) and a decrease in its inhibitor (plasminogen activator inhibitor-1)
(126-128). Further, chronic aerobic physical activity at a moderate intensity also appears to
suppress platelet adhesiveness and aggregation at rest and following acute intense physical
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activity (129,130), and thus may attenuate the cardiovascular risk associated with an acute bout
of high-intensity activity. Emerging evidence also suggests that chronic physical activity may
increase levels of adiponectin (131), a cytokine released from adipose tissue which may act to
decrease thrombosis and platelet aggregation (132). Nevertheless, the effects of chronic exercise
on these hemostatic factors are reversed to pre-training values within 4 weeks of cessation of
regular physical activity (129,130), and suggest that regular exercise must be maintained for
sustained anti-thrombotic effects. Lastly, although weight reduction has been shown to lead to
improvement in hemostatic factors (133), the independent effects of chronic physical activity
and weight reduction on thrombosis are largely unknown.

SYSTEMIC INFLAMMATION

Systemic inflammation may be a common thread linking various cardiometabolic risk factors
including insulin resistance, obesity, and dyslipidemia (134). Chronic low-grade inflammation,
as evidenced by the increased concentration of proinflammatory markers such as C-reactive
protein (CRP), tumor necrosis factor-a (TNF-a), and interleukin-6 (IL-6) among others, may
also be a causal factor in the development of atherosclerosis (135).

Acute Physical Activity

Similar to the evidence for thrombosis, an acute bout of physical activity has been shown to
lead to an overall proinflammatory state, as evidenced by significantly elevated (up to 2000%)
levels of CRP postactivity (136). The magnitude of the spike in inflammation due to physical
activity depends highly on activity intensity, duration, the mass of the muscles recruited, and
cardiorespiratory fitness of the participant (137,138). An approximately 100-fold increase of IL-6
is the most immediate and pronounced inflammatory marker response to acute activity (139)—
an effect which can directly augment CRP levels by promoting its production by the liver (140).
It is thought that the combination of muscle injury and the process of muscle contraction are
likely responsible for the rise in IL-6 during acute physical activity (138). Interestingly, acute
physical activity is also associated with elevations in numerous anti-inflammatory markers (i.e.,
IL-10) as well as inhibitors of proinflammatory markers (i.e., IL-1 receptor antagonist) (139).
This simultaneous increase in anti-inflammatory mediators may, via counter-regulation, act to
limit the extent and duration of the inflammatory response to acute physical activity (136).

Chronic Physical Activity

Counter to the proinflammatory effect of acute physical activity, numerous cross-sectional stud-
ies have documented an inverse relationship between levels of chronic exercise and systemic
levels of inflammatory markers (141-144). Paradoxically, given that high-intensity acute activity
results in the greatest inflammatory response (138), in reference to chronic physical activity, vig-
orous intensity appears to be superior to low or moderate intensity for the reduction of inflam-
mation (145). Additionally, only a limited number of intervention studies have examined the
effect of exercise training on systemic inflammation (143,146-148). Most (143,146,148,149), but
not all (147,150), exercise interventions ranging in duration from 3 to 9 months reported signifi-
cant reductions in inflammatory status postintervention. Chronic physical activity also appears
to blunt the acute inflammatory response to a single strenuous bout of activity (151). However, it
is suggested that physical activity-induced improvements in inflammatory status may be exclu-
sive to individuals with high levels of inflammatory markers at baseline (148). The magnitude of
reduction in the levels of inflammatory markers postexercise intervention appears to be around
25% to 48% (143,146,148,149). In all, the available evidence would support the contention that
regular exercise, of sufficient intensity, appears to be anti-inflammatory in nature (152).

A recent systematic review concluded that weight reduction is linearly associated with
decrements in CRP, such that for every 1-kg reduction in body weight, CRP levels fell by
—0.13mg/L (153). However, others (154-156) have shown that increases in physical activity
and reductions in body weight are independently predictive of improvements in inflammatory
status, suggesting that in the absence of body-weight change, chronic physical activity may
reduce inflammatory markers. Nonetheless, some have also noted that without significant
weight loss, chronic physical activity appears to have no effect on inflammatory status (150,157).
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Table 1 Summary of the Effects of Physical Activity on Cardiometabolic Risk
Visceral Insulin Blood
obesity resistance Dyslipidemia  pressure Thrombosis  Inflammation
Acute NA Improvements TG reduced by Across High intensity:  Stimulation of
physical of 15-24% 10-25% studies: prothrombotic  mainly proin-
activity lasting up to HDL increased SBP/DBP = Low-moderate flammatory
48hr by 7-15% —-2.1/-0.3 intensity: anti-  but also anti-
postactivity mmHg thrombotic inflammatory
Among markers
hypertensives Largely
SBP/DBP = mediated by
—-11/-6 increase in
mmHg IL-6
production
Chronic  20min/day = Improvements TG reduced by SBP reduced  Anti- Reduction in
physical 5-10% of 32-85% 4-37% by 3—-11 thrombotic inflammatory
activity  reduction with modest HDL increased mmHg Enhanced markers of
60 min/day = weight loss by 4-22% DBP reduced fibrinolytic 25-48%
30% reduction Increased by 3-8 mmHg  capacity Reduced
1-1.5kg of mean LDL Reductions Suppressed proinflamma-
visceral fat lost particle size more platelet tory response
for every 1kg Apolipoprotein  pronounced in  adhesiveness to acute
of weight loss B reduced by hypertensives  and activity
7-20% aggregation

Thus, it remains unclear whether chronic physical activity independent of significant weight
loss has an effect on reducing systemic inflammation.

LIMITATIONS

The preponderance of evidence presented in this chapter is derived from samples of middle-
aged Caucasians. Additionally, the evaluation of how gender, race, and age mediates the rela-
tionships between physical activity and the cardiometabolic risk factors discussed is beyond
the scope of this chapter. Nevertheless, limited evidence suggests that interventions consisting
of physical activity appear to be effective in the treatment of cardiometabolic risk irrespective
of gender and race (158).

CONCLUSION

An acute bout of physical activity has clear beneficial implications for insulin resistance, ele-
vated blood pressure, and dyslipidemia, while a strenuous activity bout may induce a tran-
siently proinflammatory and prothrombotic state. Further, chronic physical activity is associated
with beneficial effects on all cardiometabolic risk factors discussed, including thrombosis and
inflammation. Although the improvements in cardiometabolic risk factors with chronic physi-
cal activity tend to be more pronounced when a modest reduction in body weight is achieved;
significant reductions in visceral obesity, insulin resistance, dyslipidemia, and blood pressure
are also observed in the absence of significant weight change. These observations (summarized
in Table 1) reinforce the recommendation that regular, moderate-intensity physical activity be
used as a therapeutic strategy for the reduction of global cardiometabolic risk.
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INTRODUCTION

Type 2 diabetes (T2D) develops as a result of complex multifactorial process having both lifestyle
and genetic origins. The main risk factors for T2D are obesity and sedentary lifestyle (1). A
“Westernized” dietary pattern with low fiber (2—4) and high saturated (5) and trans fats (6),
refined carbohydrates (7), sweetened beverages (8), sodium (9), and red meat (10,11) intake
has been shown to be associated with increased T2D risk. Another feature of modern lifestyle,
voluntary sleep deprivation, also increases diabetes risk (12,13). Fortunately, there are also
protective lifestyle-related factors such as physical activity (14). The data are also accumulating
on decreased T2D risk associated with coffee (15-17) and moderate alcohol, particularly wine
consumption (18).

There are some “natural” experiments available in which ethnic groups have experienced
rapid westernization and with it a rapid increase in the rates of obesity and T2D (19). Therefore,
it is logical to assume that by reversing these lifestyle changes it would be possible to prevent
the development of the disease. Such a potential for the reversibility has been shown among
Australian Aboriginals by O’Dea (20). In these experiments, hyperglycaemic people returned
back to nature living in traditional hunter-gatherer way of life. As a result hyperglycaemia
reversed.

MAJOR LIFESTYLE TRIALS IN PREVENTION OF T2D

The Malmé Feasibility Study

The feasibility of diet and exercise intervention in 217 men with IGT was assessed in the Malmo
feasibility study (21). The effect of exercise and diet (n = 161) was compared to a reference group
(n =56) with no intervention. The reference group consisted of men who themselves decided not
to join the intervention program. Thus, the groups were not assigned at random. The lifestyle
intervention was delivered in group sessions, aiming at reduction in the intake of refined sugar,
simple carbohydrates, fat, saturated fat, energy, and alcohol (if relevant) and increase in the
intake of complex carbohydrates and vegetables. Physical activity training consisted of two
weekly 60-minute sessions with various dynamic activities.

By the end of the 5-year study period, 11% of the intervention group and 29% of the ref-
erence group had developed diabetes. This study is important in demonstrating the feasibility
of carrying out a diet—exercise program for 5 years among the volunteers, and it furthermore
suggests that the incidence of T2D might be reduced by approximately 50%. Overall, the pro-
gression to diabetes in these Swedish men was relatively low even in the reference group
compared with the data from the observational studies (22). Among the men who did not
want to join the intervention program, some may have changed their lifestyle as a result of the
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screening program. Thus, these results based on intention-to-treat analysis may underestimate
the true effect of lifestyle changes. This intervention resulted in significant changes in lifestyle
and physiological parameters. While the results on diabetes risk in the Malmo feasibility study
are likely to be due to the effects on diet and exercise, the nonrandomized study design limits
the generalizability of the results.

The Da-Qing Study

Data on the preventive effect of a diet and exercise intervention have been reported in a cluster-
randomized clinical trial in Da-Qing, China (23). Altogether 577 subjects (mean age, 45.0 years;
mean BMI 25.8) with IGT were assigned either to the control, exercise alone, diet alone, or exer-
cise and diet group. In clinics assigned to dietary intervention, the participants were encouraged
to reduce weight if BMI was >25 kg/m? (61% of all participants) aiming at 23 kg/m?, other-
wise high-carbohydrate (55-65% of energy) and moderate-fat (25-30% of energy) diet was
recommended. Counselling was done individually by physicians, and also group sessions were
organized weekly for the first month, monthly for 3 months, and every 3 months thereafter. In
clinics assigned to physical exercise, counselling sessions were arranged at a similar frequency.
The participants were encouraged to increase their level of leisure-time physical activity by at
least 1 to 2 “units” per day. One unit would correspond, for instance, 30-minute slow walking,
10-minute slow running or 5-minute swimming.

The cumulative 6-year incidence of T2D was lower in each of the three intervention groups
(41-46%) compared with the control group (68%). In this study, the relative risk reduction was
approximately 40% while the absolute risk reduction was 22% to 26% during the 6-year period.
The progression from IGT to diabetes was high, more than 10% per year in the control group,
which is more than usually reported in observational studies.

The study did not apply an individual allocation of study subjects to the intervention
and control groups, but the participating clinics were assigned. Furthermore, the study subjects
were relatively lean making inferences, for instance, to European obese IGT subjects difficult.
Body weight did not change in lean subjects, and there was a modest (~1 kg/m?) reduction in
subjects with baseline BMI>25 kg/m?.

The Finnish Diabetes Prevention Study (DPS)

The results of the DPS conducted in Finland provided the first convincing evidence from a
proper randomized controlled trial (RCT) that T2D can be prevented by lifestyle modification
(24,25). A total of 522 persons (mean age, 55 years; all with IGT) were randomized to either an
intensive lifestyle or a control intervention. During an average of 3.2 years of follow-up, T2D
incidence was reduced by 58% in the lifestyle group compared to the control group. The subjects
in the intervention group had frequent consultation visits with a nutritionist (7-times during the
first year and every 3 months thereafter). They received individual advice about how to achieve
the intervention goals. These goals were 1) reduction in weight of >5%, 2) total fat intake
less than 30% of energy consumed, 3) saturated fat intake less than 10% of energy consumed,
4) fiber intake of at least 15 g /1000 kcal, and 5) moderate exercise for 30 min/day or more. During
the first year of the study, body weight decreased on average 4.5 kg in the intervention group
and 1.0 kg in the control group subjects (p < 0.0001). Indicators of central adiposity and fasting
glucose and insulin, 2-hour postchallenge glucose and insulin, and HbAlc reduced significantly
more in the intervention group compared with the control group at 1-year examination.

The Diabetes Prevention Program (DPP)

The United States DPP (26) was completed 1 year after the DPS. In the DPP, 3234 individuals
(mean age, 51; mean BMI, 34.0; all with IGT and fasting glucose >95 mg/dL) were random-
ized to receive intensive dietary and exercise counselling, metformin, or placebo. The lifestyle
intervention included a 16-session (individual and/or group) core curriculum for 24 weeks
and a maintenance period thereafter, with monthly contacts between the case manager and
participant (27). Furthermore, many different exercise activities were offered. The main aims of
the intervention were 7% weight reduction and 150 minutes of moderate physical activity in a
week. The relative risk reduction after 2.8 years of follow-up in the lifestyle intervention group
compared with the placebo control group was exactly as in the DPS, that is, 58%. The effect
of lifestyle was higher than the effect of metformin, which showed 35% relative risk reduction
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compared with the placebo control group. During the first year of the intervention, weight
reduction was 5.6 kg (~6%), with slight, gradual regain to the end of the study at year 4 (26).

Indian Diabetes Prevention Program (IDPP)

The IDPP (28) recruited 531 subjects with IGT (mean age, 45.9 £ 5.7 years; BMI, 25.8 +
3.5kg/ m?) who were randomized into four groups (control, lifestyle modification, metformin,
and combined lifestyle modification and metformin). Lifestyle modification included advice on
physical activity (30 minutes of brisk walking per day) and reduction in total calories, refined
carbohydrates and fats, avoidance of sugar, and inclusion of fiber-rich foods. The intervention
included personal sessions at baseline and 6-monthly, and monthly telephonic contacts. The
intensity of the intervention was thus lower than those in the DPP and DPS. After median
follow-up of 30 months, the relative risk reduction was 28.5% with lifestyle modification, 26.4%
with metformin, and 28.2% with lifestyle modification and metformin, as compared with the
control group. Thus, there was no added benefit from combining the drug and lifestyle inter-
ventions. In the control group, diabetes incidence was high (55.0% in 3 years) and comparable
to the findings from the Chinese study (23). These populations apparently have high rates of
insulin resistance and IGT, and lower thresholds for the risk factors for diabetes (29).

Japanese Prevention Trial

The Japanese trial with IGT males (30) included 458 men who were diagnosed with IGT in health
screening and allocated randomly to receive either intensive lifestyle intervention (n = 102) or
standard intervention (n = 356). The participants in the intensive intervention group visited
hospital every 3 to 4 months where they were given detailed, repeated advise to reduce body
weight, if their BMI was >22 kg/ m? (otherwise, to maintain present weight), by consuming
large amount of vegetables and reducing the total amount of other foods by 10%, for example,
by using a smaller rice bowl. Intake of fat (<50 g/day) and alcohol (<50 g/day) were limited, as
was eating out (no more than once a day) and physical activity recommended (30-40 min/day
of walking, etc.). The participants in the control group visited hospital every 6 months and were
given standard adviced to eat smaller meals and increase physical activity.

The cumulative 4-year incidence of diabetes was 3% in the intervention group and 9.3%
in the control group, with 67.4% risk reduction (p < 0.001). BMI at baseline was 23.8 £+ 2.1 in
the intervention group and 24.0 & 2.3 in the control group. Body weight decreased by 2.18 kg
in the intervention group and 0.39 kg in the control group during these 4 years (p < 0.001).
Thus, there was a remarkable reduction in diabetes risk despite the relatively modest weight
reduction. Post hoc analyses in the control group revealed that diabetes incidence was positively
correlated with change in body weight in this population, however, weight loss apparently was
not the sole explanator of diabetes risk reduction.

EFFECT OF LIFESTYLE INTERVENTION ON THE METABOLIC SYNDROME (METS)

The DPP research group has recently reported that the intensive lifestyle intervention they
applied reduced CVD risk factors (31) and also the prevalence of the MetS (32). In the DPS,
at baseline the prevalence of the MetS was 74%, in both the groups. After the first year, the
prevalence was 57.3 versus 66.8% (p = 0.020) and at the end of the trial 60.2 versus 68.9% (p =
0.026) in the intervention and control group, respectively (33). This corresponds to an odds
ratio of 0.62 (95%CI 0.41;0.95). At the end of the study, 26.7% versus 17.6% (p = 0.026) of those
fulfilling the criteria for the MetS at baseline in the intervention and control group no longer
met the criteria. In participants who had the MetS at baseline, the mean weight loss was 4.7 kg
(95%ClI 4.0;5.5) versus 0.8 kg (0.4;1.4) at year 1 and 2.4 kg (1.6;3.1) versus 0.3 kg (—0.4;1.1) at
the end of the trial in the intervention and control group, respectively. The corresponding mean
reduction in waist circumference was 4.7 cm (3.9;5.4) versus 1.4 cm (0.7;2.0) at year 1 and 2.3 cm
(1.6;3.1) versus 0.5 cm (—0.3;1.3) at the end of the trial. Thus, intensive lifestyle counseling
resulted in a significant long-term decrease in the prevalence of the MetS, body weight and
abdominal obesity in this high-risk group participating in the DPS. At the end of the trial, the
participants of the intervention group showed a significantly larger decrease in weight, BMI,
waist circumference, fasting, and 2-hour insulin levels, the HOMA g index, and a larger increase
in HDL-cholesterol.
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LONG-TERM EFFECTIVENESS OF LIFESTYLE PREVENTION OF T2D

The 12-year follow-up of the Malmo study (21,34) revealed that the mortality rate among men
in the former IGT intervention group was lower than among the men in the nonrandomized
IGT group who received “routine care” only (6.5 vs. 14.0 per 1000 person years, p = 0.009).
The findings suggest that a long-term intervention program including dietary counselling and
physical exercise will reduce mortality in subjects with IGT who are at an increased risk of
premature death due to IHD and other causes.

In an analysis using the data collected during the extended follow-up of the DPS, we were
able to show that after a median of 7 years total follow-up, a marked reduction in the cumulative
incidence of diabetes was sustained (35). The relative risk reduction during the total follow-up
was 43%. More importantly, the effect of intervention on diabetes risk was maintained among
those who after the intervention period were without diabetes: after median postintervention
follow-up time of 3 years, the number of incident new cases of T2D was 31 in the intervention
group among 221 people at risk, and 38 in the control group among 185 people at risk. The
corresponding incidence rates were 4.6 and 7.2 per 100 person years, respectively (log-rank test
p = 0.0401), that is, 36% relative risk reduction. Thus, the absolute risk difference between the
groups increased slightly during the postintervention period. There is an important message
from the public-health point of view: An intensive lifestyle intervention lasting for a limited
time can yield long-term benefits in reducing the risk of T2D in high-risk individuals.

EVIDENCE OF THE EFFECT OF LIFESTYLE FACTORS ON T2D RISK

In most of the published prevention trials, the main aim was to see if comprehensive lifestyle
intervention reduces T2D risk. In the Chinese prevention study (23), an attempt to determine
whether a diet or exercise intervention is more effective by randomizing the perticipating
centres to diet only, physical activity only, or diet plus physical activity intervention, revealed
no difference in outcome between the two interventions.

In the DPS, the risk of being diagnosed with diabetes was strongly associated with the
number of lifestyle goals achieved (35). Success in achieving the intervention goals in the DPS
was estimated from the food records and exercise questionnaires. The success score (from 0 to 5)
was calculated as the sum of achieved lifestyle goals. There was a strong inverse correlation
between the success score and the incidence of diabetes during the total follow-up. This was
especially apparent when the success in achieving the goals was assessed at year 3, which
probably reflects the importance of sustained lifestyle changes. The hazard ratios were 1.00,
0.87,0.67, 0.70, and 0.23, for success score from 0 to 4-5, respectively (p for trend <0.001).

Because the question about the effects of different components of intervention is
interesting, we did complete some post hoc analyses related to this issue. The independent
effects of achieving the success score components at 3-year examination was assessed by includ-
ing each of the five lifestyle goal variables individually in a Cox model. Univariate hazard ratios
for diabetes incidence (95%CI) were 0.45 (0.31-0.64) for weight reduction from baseline, 0.65
(0.45-0.95) for intake of fat, 0.59 (0.31-1.13) for intake of saturated fat, 0.69 (0.49-0.96) for intake
of fiber, and 0.62 (0.46-0.84) for physical activity, comparing those who did or did not achieve the
respective goal. When all the five success score components were simultaneously included in the
Cox model, the multivariate-adjusted hazard ratios for diabetes (95%CI) were 0.43 (0.30-0.61)
for weight reduction, 0.80 (0.48-1.34) for intake of fat, 0.55 (0.26-1.16) for intake of saturated fat,
0.97 (0.63-1.51) for intake of fiber, and 0.80 (0.57-1.12) for physical activity. Furthermore, weight
change was significantly associated with the achievement of each of the other four lifestyle
goals, and consequently, success score was strongly and inversely correlated with weight
reduction (35).

Correspondingly, the reduction in body weight was reported to be the main determinant
of risk reduction in the US DPP (36). After adjusment for other components of the intervention,
there was a 16% reduction in diabetes risk per 1 kg weight lost during the first year of the
intervention. Furthermore, lower percent of calories from fat and increased physical activity
predicted weight loss, and increased physical activity was important to help sustain weight
loss. Achieving the physical activity goal of 150 min/wk reduced diabetes risk especially among
those participants who did not achieve the weight reduction goal of 7%, with risk reduction of
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44% compared with those who achieved neither the weight reduction nor the physical activity
oal.

i The findings suggest that dietary composition and physical activity are important in
diabetes prevention but their effect on diabetes risk is in large part, although not entirely,
mediated through resulting weight reduction. Nevertheless, due to multicolinearity, the inter-
pretation of the results should be done cautiously. Also, it should be noted that in the IDPP
(28) and Chinese prevention study (23), the participants were relatively lean and there was no
large change in body weight, but in spite of that a remarkable reduction in diabetes risk was
apparent. Thus, in these studies other components of the intervention than weight control were
responsible for the beneficial effects on diabetes risk.

CONCLUSIONS

The DPS and other prevention trials have shown that with intensive lifestyle intervention, it
is possible to influence high-risk individuals’ lifestyle, and that T2D can be prevented. Most
importantly, lifestyle changes do not have to be extreme: If people would adopt the lifestyle
including physical activity and balanced diet advocated to healthy population, the diabetes
trend could at least be leveled out.

Behavior change is a process, and we should not assume that significant lifestyle changes
could be achieved after one brief counselling session. Information must be personalized, and
the implementation must be very practical; people eat food, not nutrients. Few people are
willing and/or able to make extreme changes in their food-intake pattern. Permanent lifestyle
changes can only be achieved through small, concrete steps towards specific goals. Obesity and
susceptibility to weight gain is a chronic condition. Continuous care is required especially after
intensive weight loss. Lifestyle goals must be realistic, practical, and individualized.

While it is now firmly established that T2D is preventable in high-risk individuals with
lifestyle intervention in a clinical trial setting, it remains to be seen how this strategy can be
implemented at the population level, and what the effectiveness of such a strategy will be. Most
importantly, obesogenic environment is to some extent a political issue. Walking and bicycling
to work, school, and shops should be made easy and appealing. Kindergartens, schools, and
staff canteens are in an excellent position to guide children, adolescents, and adults to healthy
diet.
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PPARy AND THIAZOLIDINEDIONES

Peroxisome proliferator-activated receptor gamma (PPARvy) is a member of a subfamily of
nuclear receptor transcription factors with primary roles in fat metabolism. PPARY is expressed
most abundantly not only in adipose tissue adipocytes and macrophages, but also in muscle
and liver and to lesser degrees in other tissues (1). The thiazolidinediones (TZDs) are syn-
thetic agonists of PPARy. Thiazolidinediones act primarily in adipose tissue, where they have
regenerative, lipometabolic, endocrine, and anti-inflammatory effects. These effects directly and
indirectly promote insulin-mediated glucose uptake in muscle and fat, insulin-mediated sup-
pression of hepatic glucose production (2), and pancreatic insulin secretion (3). Clinically, the
increase in insulin sensitivity promotes lower glucose levels in people with diabetes, impaired
fasting glucose (IFG), and impaired glucose tolerance (IGT). To date, the TZDs that have been
used to treat diabetes include pioglitazone, rosiglitazone, and troglitazone. Of these, troglita-
zone was removed from the market due to idiosyncratic liver toxicity (not seen with the other
two).

Research with PPARYy agonists has contributed significantly to the understanding of adi-
pose tissue biology and the relationships between obesity and glucometabolic abnormalities,
and has suggested that TZDs increase the capacity to safely store excess energy as fat in healthy
subcutaneous (sc) adipose tissue, and prevent “toxic” accumulation of fat in visceral adipose
tissue, muscle, liver, and pancreas where it may cause metabolic derangements.

TZD ACTIONS ON UNHEALTHY ADIPOSE TISSUE

Excess energy intake overwhelms the normal storage capacity in obesity leading to morphologi-
cally and metabolically unhealthy and inflamed fat (Fig. 1). Compared to nonobese individuals,
the adipose tissue of those who are obese: (a) contains larger adipocytes, (b) has a lesser ability to
take up and retain free fatty acids (FFAs) in response to insulin, (c) is more prone to macrophage
infiltration and secretion of inflammatory adipokines (4), and (d) has a lesser ability to secrete
adipokines that maintain glucometabolic and vascular health (5). For example, obesity leads
to increased production of TNF-a, PAI-1, and angiotensinogen, and decreased production of
adiponectin which is an insulin sensitizer that may reduce ectopic fat deposition in muscle and
liver, and suppresses inflammation (2).

Thiazolidinediones restore adipose tissue health (Fig. 1). By promoting preadipocyte dif-
ferentiation and large adipocyte apoptosis, they remodel adipose tissue into an organ with
smaller adipocytes that are less susceptible to the abnormalities listed above (6).

DEPOT-SPECIFICITY

As PPARy expression is greater in sc fat than visceral fat (7), the TZDs have a greater potential
to act on sc tissues. Indeed, it is only in sc fat that PPARy activation induces differentiation
of preadipocytes into mature adipocytes (8). In addition, PPARy upregulates key lipogenic
enzymes like lipoprotein lipase (important for lipid uptake), enzymes promoting esterification
of FFAs (9) and perilipin (essential for enlargement of lipid droplets) (10) in sc fat but not in
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visceral fat. Thus, FFA uptake is increased 14-fold in sc fat after TZD treatment compared to
only a 4-fold increase in visceral fat (9). By increasing the capacity of sc fat to store triglycerides,
there is less of a burden on visceral adipose tissue which is more prone to obesity-induced
macrophage infiltration and adipokine dysregulation (11,12). This may partly explain why TZD
treatment leads to reduced macrophage infiltration (13) and increased adiponectin secretion (12)
particularly in visceral fat. These effects may minimize excessive lipid release into the portal
circulation by lipolysis, which may lead to reduced deposition of ectopic fat in visceral organs.

EFFECT ON TOTAL BODY WEIGHT

It is well established that on average, body weight increases with TZD therapy. Mean weight
gain is reportedly 1 to 5.5 kg but ranges in individuals from —30 to 30 kg. Weight gain is
progressive over the first year of therapy, but appears to plateau to some degree over time, and
is proportionate to TZD dose (14). More interesting is that greater TZD-induced weight gain is
associated with better glycemic control; a 2 to 3 kg weight gain is associated with about a 1%
reduction in A1 C (1). Moreover, rosiglitazone reduced the risk of diabetes by more than 60%
in high-risk people, despite a weight gain of ~0.6 kg/year in the DREAM trial (15). Although
some weight gain is due to fluid retention (16), which is known to occur with TZDs, most weight
gain is due to increased body fat. The seemingly paradoxical relationship between weight gain
and glycemic control with TZDs can be explained by the distribution of body fat deposition
induced by these drugs.

WAIST AND HIP CIRCUMFERENCE

Although total body weight and BMI are surrogates for abnormal fat deposition, they are
poor markers of risk of cardiovascular disease, whereas waist circumference and waist-to-hip
ratio (WHR) are better predictors of cardiovascular disease (17). Large clinical trials in people
with IFG or IGT (15) or early diabetes (18) indicate that while long-term treatment with TZDs
causes weight gain, they increase hip circumference to a greater degree than waist circumference
leading to alower WHR (Table 1). Thus, TZDs lead to a more favorable fat distribution associated
with prevention of diabetes (15) and better long-term diabetes control (18).

SC AND VISCERAL FAT

Reduction of WHR is consistent with redistribution of fat from visceral to sc fat. The effects of
TZDs on specific body fat depots has been assessed more accurately in small, short-term studies
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Table 1 Effect of Rosiglitazone on Anthropometric Measures in Large Clinical Trials

Waist Hip
Duration Compared Weight circumference circumference Waist-to-hip
Trial (yr) to (kg) (cm) (cm) ratio
DREAM (15) 3 Placebo +2.2 0 +1.8 —0.012
ADOPT (18) 4 Metformin +6.9 +4.1 +5.3 —0.008
Glyburide +2.5 +0.8 +2.4 —0.010

measuring sc versus visceral abdominal fat using imaging techniques, such as CT and MRI in
people with type 2 diabetes, obesity, and HIV-related lipodystrophy (Table 2).

In people with diabetes, these studies show that TZDs increase total body fat; in most
cases, this is due to an increase in sc abdominal fat and in some studies TZDs also decreased
visceral abdominal fat, thus leading to a lower visceral to sc fat ratio. Several studies also
showed that this redistribution of abdominal fat from visceral to sc depots was associated with
improved glucose and lipid metabolism.

Studies of the effects of TZDs on visceral and sc fat in nondiabetic people with obesity
and/or insulin resistance are limited (Table 2). However, three small, short-term randomized
studies in heterogeneous nondiabetic populations did not show a consistent effect on abdominal
fat distribution.

In people with lipodystrophy, abnormal fat distribution leads to metabolic consequences
similar to those seen in obesity. HIV lipodystrophy, which may be related to HIV infection
itself or to its treatment, manifests as loss of sc fat and an increase in visceral fat. In vitro
studies indicate that rosiglitazone prevents the block in adipocyte differentiation induced by
protease inhibitors (19). However, randomized studies summarized in Table 2 suggest that
in this condition TZDs may not have the same ability to redistribute fat or to increase sc fat

Table 2 Effects of TZDs on Fat Distribution Measured by CT or MRI in Randomized Controlled Trials

Effect of TZD on fat

Duration Total SAT Other

Reference TZD Control N (wk) body (cm?) VAT Liver effects
Studies in type 2 diabetes

(25) Tro  Placebo 21 12 0 0 —0.47 kg - JFPL TG

(22) Tro Placebo 78 24 - +7.6 —26.6cm?> +7HU |Afc, [FPI

(26) Pio  Placebo 42 24 +4 kg +44 0 0 JA1c, tHDL

(16) Pio  Glipizide 19 12 0 -35 —35 cm? - 0

(27) Pio  Metformin 36 26 +4.1kg +52 0 - 0

(21) Rosi  Placebo 33 16 +14kg +25 0 —45%  |Alc

(28) Rosi  Placebo 28 26 0 0 —1.3kg - -

(29) Rosi  Placebo 19 26 0 0 0 - JFPI

(30) Rosi  Metformin 20 16 - 0 0 —51% 0
Studies in nondiabetic obese individuals

(31) Tro Placebo 29 12 - 0 0 - JAlc, | TG

(32) Pio  Diet/exercise 39 19 +10.6 kg +63 +80 cm? - JFPG, FPI

(23) Pio  Metformin 23 10 0 0 0 - JVAT/SAT
Studies in HIV lipodystrophy

(33) Rosi  Placebo 30 24 0 0 0 —41%  |FPI,ATG

(34) Rosi  Placebo 28 12 +2.2% 0 0 - tLeg fat

2.2 cm?

(35) Rosi  Placebo 108 48 0 0 0 - JFPILATG

(36) Rosi  Metformin 37 26 +4 kg +27 +24 cm? - JHDL, 1 TG

(37) Rosi  Placebo 54 16 —0.4 kg 0 0 - 0

Abbreviations: Alc, glycated hemoglobin; FPG, fasting plasma glucose; FPI, fasting plasma insulin; HU, hounsfield units (higher
HU = less liver fat); Pio, pioglitazone; Rosi, rosiglitazone; SAT, subcutaneous abdominal adipose tissue; TG, triglycerides; Tro,
trogitazone; TZD, thiazolidinedione; VAT, visceral abdominal adipose tissue; 0, no effect; —, not measured.
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mass, and may therefore not have the same metabolic benefit that they have in type 2 diabetes.
Conversely, primary forms of lipodystrophy, which are variably associated with loss of sc and
visceral fat, and metabolic consequences, did respond in a small study to troglitazone with a
2.4% increase in body fat, increased sc fat, reduced liver size, and improved glucometabolic and
lipid parameters (20).

Thus, TZDs increase sc fat and decrease visceral fat; however, their ability to change
the body fat distribution phenotype seems to depend on the degree or type of adipose tissue
disorder.

ECTOPIC FAT

By increasing storage of fatin sc adipose tissue, TZDs reduce the ectopic deposition of lipid. Liver
fat, which is associated with insulin resistance, type 2 diabetes, dyslipidemia, and cardiovascular
disease is reduced by TZDs concomitantly with the increase in sc fat (21,22). Furthermore, large
clinical trials of TZDs have shown small but significant reductions in alanine aminotransferase
(ALT) (15,18), which is a marker of nonalcoholic fatty liver disease. In addition, accumulation
of intramyocellular lipid (a factor associated with peripheral insulin resistance) is also reduced
by pioglitazone as a result of diversion of lipid from ectopic sites to sc adipose tissue (23). The
pancreas is another site where ectopic lipid deposition is associated with impaired function (24),
and it has been shown that TZD treatment reduces islet triglyceride content while improving
glucose-stimulated insulin secretion in mice (3).

SUMMARY

PPARy is an important adipose tissue transcription factor with effects on adipocyte differ-
entiation, fatty acid metabolism, adipokine secretion, and inflammation. Activation of these
pathways with PPARy agonists leads to increased sc fat accumulation while shunting lipid
away from visceral fat and other ectopic sites including muscle, liver, and pancreas. Thus, while
TZDs increase total body fat, the pattern of body fat accumulation and redistribution leads to a
phenotype associated with improvements in glucose and lipid metabolism.
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INTRODUCTION

Abdominal obesity has been associated with several metabolic irregularities that increase the
risk of cardiovascular disease (CVD) and diabetes, as discussed in previous chapters of this
book. Effective management of patients with abdominal obesity and the metabolic syndrome
through dietary approaches is considered crucial because it targets key pathophysiological
mechanisms responsible for the development of the disease (1). The objective of this short
chapter is to review the evidence supporting the role of nutrition in managing abdominal
obesity and related cardiometabolic risk.

CALORIC RESTRICTION

An extensive review of the abundant literature pertaining to the impact of weight/visceral
fat loss through caloric restriction on cardiometabolic risk factors is beyond the scope of this
chapter. Only a brief summary will be provided since we have opted to focus primarily on diet
quality rather than on energy intake per se.

Several studies have shown that weight loss as small as 5% of initial body weight,
achieved through different hypocaloric regimens, markedly improves almost all aspects of
the cardiometabolic risk profile associated with abdominal obesity (2). Indeed, body weight
reduction in various studies has been associated with reduced plasma TG and apolipopro-
tein B (apoB) levels, with a lowered preponderance of small dense LDL particles and with
a more efficient postprandial lipid metabolism. Kinetic studies have shown that weight loss
reduces VLDL-apoB secretion and reciprocally up regulates LDL-apoB catabolism in viscer-
ally obese patients, probably owing to reduced visceral fat mass, enhanced insulin sensitivity,
and decreased hepatic lipogenesis (3). The HDL raising effect of weight loss through caloric
restriction has been less consistent with both conclusive and inconclusive studies. Reductions
in plasma CRP concentrations have consistently been observed following different weight loss
regimens, particularly rigorous dietary restrictions, leading to >10% body weight reductions
(4). Data suggest that the magnitude of the response of various lipid and inflammation risk
factors to dietary restriction and weight loss may be dependent upon the baseline phenotype of
the patient, with metabolically abnormal patients showing more significant improvements than
metabolically normal obese subjects (5). Finally, the odds of successful long-term body weight
reduction through caloric restriction alone are generally small. On the other hand, there is now
overwhelming evidence emphasizing that the importance of modifying the quality of the diet,
rather than focussing on energy restriction only, should no longer be overlooked.

LOW-FAT VERSUS LOW-CARBOHYDRATE DIETS

For many years, several health agencies have prescribed low-fat diets (<30% of daily calories
as fat) for the management of obesity and its associated comorbidities based on the fact that

1 Benoit Lamarche is a Canada Research Chair in Nutrition and Cardiovascular Health.
2 Caroline Richard is a recipient of a Studentship from the Fonds de la recherche en Santé du Québec.
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(1) low-fat diets effectively lower blood cholesterol concentrations and (2) dietary fat intake
has been considered one of the key etiological factors responsible for the contemporary rise
in the obesity epidemic. While the favorable impact of a low-fat diet on plasma cholesterol
concentration is beyond debate, its effects on other features of the cardiometabolic risk profile
have been controversial. Indeed, low-fat diets when consumed under isoenergetic (weight sta-
ble) condition tend to deteriorate plasma triglyceride and HDL-C concentrations and lead to
a greater prevalence of the atherogenic small dense LDL phenotype. Small reductions in body
weight tend to attenuate these undesirable effects. We have shown that ad libitum consump-
tion of a relatively low-fat diet (27% of calories as fat) in the presence of moderate weight loss
led to a parallel reduction in the levels of visceral fat in overweight individuals (6). However,
diet-induced reduction in visceral fat did not correlate with the parallel improvements in car-
diometabolic risk factors, suggesting that changes in macronutrient quality may alter risk factors
through mechanisms that are independent of diet-induced changes in the levels of abdominal
obesity.

The controversies surrounding low-fat diets have been further propelled by the recent
popular hype for low-carbohydrate/high-fat diets, for which there is growing scientific evi-
dence supporting their efficacy for body weight and cardiovascular risk management (7). In
general terms, low-carbohydrate diets have been associated with greater reductions in body
weight than low-fat diets, at least in relatively short-term studies (8). In a study of obese
diabetic patients consuming energy-restricted diets, the reduction in visceral fat area mea-
sured by computed tomography was greater (—40 cm2 vs. —10 cm2) in the low-carbohydrate
diet group (protein:carbohydrate:fat = 25%:40%:35%) than in the high-carbohydrate/low-fat
diet group (protein:carbohydrate:fat = 25%:65%:10%), despite comparable reductions in body
weight between the two groups. The low-calorie/low-carbohydrate diet was also more effec-
tive in improving insulin sensitivity and in increasing plasma HDL-C levels than the low-
calorie/high-carbohydrate diet in obese patients with type 2 diabetes (9). Krauss et al. have
suggested that moderate carbohydrate restriction and weight loss may represent equivalent but
nonadditive approaches to improve cardiometabolic risk factors (10).

Although there is convincing evidence supporting the fact that low- to very low-
carbohydrate diets are effective in promoting weight loss and modifying the cardiometabolic
risk profile; concerns regarding such diets have also been raised. First, a diet with less than
20% of calories as carbohydrates should be seen as extreme and restrictive. Adherence to such
diets may result in unwanted behavioral changes in populations, such as obese patients, who
already have fragile if not disrupted behaviors toward foods. Risk of potential deficiencies in
essential nutrients, minerals, and vitamins, resulting from the restricted consumption of fruits,
vegetables, and whole grain products, is also a concern. Long-term applicability has not been
established to date. Finally, the efficacy of low-carbohydrate diets in reducing the risk of chronic
disease, such as diabetes and CVD, has yet to be shown in large-scale population studies. It
should be stressed that the impact of low-fat diets on the risk of diabetes and CVD has also not
been convincingly demonstrated so far (11).

THE DASH DIET

The Dietary Approach to Stop Hypertension (DASH) is a carbohydrate-rich diet that emphasizes
the consumption of fruits, vegetables, fibers, and low-fat dairy products. It is also reduced in
dietary saturated fat, total fat, and cholesterol. Several studies have repeatedly demonstrated
that DASH can substantially lower blood pressure, a hallmark of the cardiometabolic risk
profile of abdominally obese patients with the metabolic syndrome. DASH can also favorably
alter several other cardiovascular risk factors, such as plasma TG, LDL-C, and HDL-C levels,
as well as indices of insulin sensitivity (12). Yet, DASH is not known as a weight-reducing
diet, thus further exemplifying the importance of nutrient quality as a key determinant of the
cardiometabolic risk profile, independent for the most part of variations in body weight (13). The
palatability and the applicability of DASH over longer time periods is not a concern. This makes
DASH an interesting choice as a primary dietary tool for the management of the cardiometabolic
risk associated with abdominal obesity, although further studies are clearly needed to further
support this hypothesis.
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THE PORTFOLIO DIET

The portfolio diet was devised to comprise four dietary elements that have been granted
cholesterol-lowering health, claimed by the Food and Drug Administration in the United States,
namely, viscous fibers (10g /1000 kcal), plant sterols (1g/1000 kcal), soy protein (25g/1000 kcal),
and almonds (23g/1000 kcal). In a series of metabolically controlled and longer term free-living
studies, it has been shown that the combination of these four dietary components was very
effective in reducing plasma LDL-C levels (14). The portfolio diet has also been shown to reduce
plasma apoB and TG concentrations and the total/HDL-C ratio, and to increase LDL particle
size, independent of body weight change, which is generally small with this dietary regimen.
The portfolio diet has also been shown to reduce plasma CRP in subjects with moderate con-
centrations at baseline (15). However, because this diet has been formulated to target patients
with elevated plasma cholesterol concentrations, its efficacy in obese patients with abdominal
obesity and with the metabolic syndrome has not been demonstrated yet.

THE MEDITERRANEAN DIET (MEDDIET)

A typical Mediterranean-style diet is characterized by a high consumption of fruits, vegetables,
legumes, grains and nuts, whole grain products, olive oil, and foods with a high monounsat-
urated to saturated fatty acid ratio, a moderate consumption of dairy products and alcohol
(mostly wine), and a low intake of red meat and meat products in general (16).

Several studies (17,18) have confirmed the early observations from the Seven Countries
Study, which first documented in the early 1960s the cardioprotective properties and health
benefits attributable to the MedDiet (19). The overall pattern of the MedDiet has been shown to
be a stronger correlate of mortality rates than the individual elements of the MedDiet (20) and
mechanisms through which the MedDiet exerts its cardioprotective effects are just beginning to
being unravelled.

The “Indo-MedDiet Heart Study” involving 1000 subjects who were randomly assigned
to the MedDiet (1 = 499) or a prudent diet (n = 501) reported significant reductions in mortality
and CVD rates with the MedDiet. The authors observed a significant reduction in serum con-
centration of total cholesterol (—12%), LDL-C (—18%), and TG (—20%) in the MedDiet group.
Plasma HDL-C increased by 2.6% but no change in the fasting blood glucose, blood pressure,
and body mass index (BMI) were noticed between the two groups (18). The MedDiet was also
associated with marked reductions in CVD rates in the Lyon Heart Study, despite having had no
effect on total plasma cholesterol and HDL-C levels, blood pressure, and fasting blood glucose
(17). Thus, the cardioprotective properties of the MedDiet cannot be entirely attributable to
changes in traditional risk factors, but could also be ascribed to changes in nontraditional risk
factors.

The MedDiet has been associated with a 48% net reduction in the prevalence of the
metabolic syndrome after 2 years and with greater reductions in body weight and in waist
circumference compared with a cardiac-prudent diet (21). Patients on the MedDiet have also
shown significant reductions in serum concentrations of several inflammatory markers includ-
ing CRP and IL-6, in insulin resistance as well as in endothelial function score (21). Finally, the
MedDiet may beneficially alter the atherogenic small dense LDL phenotype (22) and reduce
LDL oxidation (23). No study has yet examined the extent to which the MedDiet alters the
cardiometabolic risk profile independent of concurrent variations in abdominal/visceral fat
accumulation.

CONCLUSIONS

In summary, it is clear that there will be no “one size fits all” diet for the management and
treatment of abdominal obesity and its associated cardiometabolic risk. However, the MedDiet
shows great promises because it is readily applicable and simple, is acceptable from a global
nutrition perspective, and there is now sound science supporting its effects. Unlike many other
dietary plans, the MedDiet exerts positive effects on almost all components of the metabolic



120 LAMARCHE AND RICHARD

syndrome, including inflammation, insulin resistance, and endothelial dysfunction. Although
further research is needed to better understand how this dietary pattern modulates the car-
diometabolic risk associated with abdominal and visceral obesity, there is now convincing
evidence that the MedDiet could help fighting diseases that are related to chronic inflammation,
including abdominal obesity (24).
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INTRODUCTION: THE ENDOCANNABINOID SYSTEM AND THE HYPOTHALAMUS

All components of the endocannabinoid system are expressed in the hypothalamus, although
data on their distribution are still largely incomplete. Cannabinoid CB; receptors are expressed
in all hypothalamic nuclei except, perhaps, for the suprachiasmatic and lateral mammillary
nuclei, and they are mostly (1), but not uniquely (2), found at the presynaptic level. The two
major endogenous agonists of cannabinoid CB; receptors (or endocannabinoids), anandamide,
and 2-arachidonoylglycerol (2-AG), are also present in the hypothalamus (3), and so are the
enzymes that catalyze their biosynthesis, the diacylglycerol lipase-a (DAGL-a) for 2-AG and
the N-acyl-phosphatidylethanolamine-selective phospholipase D (NAPE-PLD) for anandamide
(V. Di Marzo and L. Cristino, unpublished results). The endocannabinoid (mostly anandamide)-
degrading enzyme, fatty acid amide hydrolase (FAAH), is also known to be expressed in several
nuclei of the hypothalamus (4). Anandamide levels in the hypothalamus have been found to
peak before puberty and to fluctuate during the oestrus cycle in female rats (3,5), whereas
hypothalamic 2-AG levels are modified by stress in various ways (6), thus suggesting a role of the
endocannabinoid system in this brain area, at least for what concerns the control of reproductive
and emotional function [see (7) for review]. However, as reviewed in this chapter, perhaps the
most important function played by the endocannabinoid system in the hypothalamus has to do
with the regulation of food-intake (7).

HYPOTHALAMIC CONTROL OF FOOD INTAKE BY THE ENDOCANNABINOID SYSTEM

It has been known for centuries that marijuana induces food intake (8). The stimulatory effects
of A°-THC on body weight, as well as its anti-emetic actions, have been exploited for the
treatment of cachexia in cancer patients undergoing chemotherapy, and of wasting in AIDS
patients, even before the cloning of cannabinoid CB; receptors (9). The development of potent,
metabolically stable and selective agonists and antagonists/inverse agonists of CB; receptors,
and of transgenic CB; receptor-null mice, made it possible to demonstrate that activation of these
receptors is responsible for the appetite-inducing actions of A’-THC and, more importantly, also
of anandamide and 2-AG (10-11). In fact, pharmacological or genetic blockade of CB; causes
reduction of food intake in rodents (12), and this is particularly noticeable either when the
animals have been deprived of food for a few hours or in obese animals (13-14). However,
the anorectic effect of CB; antagonists administered per se seems to undergo to tolerance
after a few days of treatment (15). Nevertheless, chronic blockade of CB; receptors leads to
sustained and significant weight loss, especially in obese rodents (13-14). Since one expects
antagonists/inverse agonists to be more efficacious in the presence of an increased endogenous
tone of the receptors they target, these data suggest that endocannabinoid levels in the brain
centers controlling food intake are elevated following food deprivation and during obesity.
Itis now known that CB; receptor activation strongly contributes to the intake of “normal”
food mostly after brief food deprivation, whereas the consumption of palatable foods and drinks
can be stimulated by CB; agonists, and blocked by CB; antagonists, even in satiated animals
(16-18). These observations suggested a potential role of the endocannabinoid system in the
control of both motivational and appetitive aspects of food intake. Accordingly, CB; receptors
have been detected not only in the hypothalamus (19), but also in other brain nuclei involved
in the control of energy intake, including the nucleus accumbens (20) and the vagus nerve and
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its termination at the level of the nodose ganglion (21), as well as in other brainstem areas
controlling satiety and emesis, such as the nucleus tractus solitarius and area postrema (22).
Although the contribution of the limbic and brainstem endocannabinoid system to food intake
is discussed in other chapters, I shall review here the major mechanisms underlying the role of
hypothalamic endocannabinoids in stimulating appetite.

Regulation and Dysregulation of Hypothalamic Endocannabinoids

In agreement with data obtained using CB; receptor antagonists, rat hypothalamic endocannabi-
noid, and in particular 2-AG, levels were shown to vary during food consumption and depri-
vation, being maximal following food deprivation and minimal during food consumption (11).
This is similar to what observed for both anandamide and 2-AG in the limbic forebrain (11). In
the brainstem nodose ganglion, which controls satiety, CB; receptor expression increases during
food deprivation, possibly because of the action of ghrelin, the levels of which increase under
these conditions; CB; expression, instead, decreases following food intake, probably because
under the control of cholecystokinin, the levels of which increase following food consump-
tion (21-23). The higher hypothalamic levels of endocannabinoids observed in rats following
brief food deprivation (11), and of anandamide during the “lights-on” phase of the day (when
the animals are sleeping and food-deprived) (24), might be due to the fact that leptin, whose
levels are increased following food consumption and decreased following food deprivation,
tonically limits the levels of anandamide and 2-AG in the rat hypothalamus (13), much in the
same way it reduces the levels of hypothalamic orexigenic mediators and increases those of
anorectic ones. As a consequence, in the hypothalamus of obese rodents that cannot produce
leptin (ob/ob mice), or that are characterized by impaired leptin receptor signaling (db/db
mice and Zucker rats), permanently elevated endocannabinoid levels were detected (13). This
suggests that also in obese humans, who rapidly develop leptin resistance, the hypothalamic
levels of endocannabinoids might be increased, and possibly contribute to hyperphagia. Leptin
also decreases endocannabinoid levels in other cells or tissues that express the leptin receptors,
such as T lymphocytes (25) and the uterus (26), and a negative correlation between blood leptin
and anandamide levels was found in normoweight and anorexic women (27).

Ghrelin is another important peripheral hormone involved in food intake and, as men-
tioned above, is released into the bloodstream from the stomach during food deprivation to
stimulate energy intake. This peptide was recently shown to elevate 2-AG levels in the hypotha-
lamus (28), and this effect clearly contributes to its orexigenic actions, as pharmacological and
genetic blockade of CB, receptors strongly reduces the orexigenic action of the hormone (29)
as well as its activation of the AMP kinase (28), which, in the hypothalamus, also causes orexi-
genic effects. Ghrelin levels are known to be chronically elevated in obese individuals, and this
phenomenon, together with leptin resistance, might again lead to elevation of hypothalamic
endocannabinoid levels in obesity. Accordingly, unpublished work carried out in the author’s
laboratory has shown that the expression of the major enzyme involved in 2-AG biosynthesis,
the DAGL-q, is significantly upregulated in the hypothalamus (namely, the arcuate nucleus and
lateral hypothalamus) of ob/ob mice and of mice with diet-induced obesity.

Glucocorticoids are another likely candidate for the regulation of hypothalamic endo-
cannabinoids. In fact, activation of “fast” glucocorticoid receptors, likely localized in the neu-
ronal plasma membrane, was found to stimulate the biosynthesis of endocannabinoids in this
brain area (30), whereas the circulating levels of corticosterone are known to increase after food
deprivation and decrease immediately after food consumption. Unlike leptin, ghrelin and glu-
cocorticoids, intracerebral or intra-hypothalamic infusions of a-melanin stimulating hormone
and insulin, under conditions in which these hormones cause anorectic and metabolic effects,
do not appear to affect the levels of the two major endocannabinoids (31). Conversely, indirect
evidence exists suggesting a positive regulation by orexin A on endocannabinoid levels, since
sub-effective doses of the CB; antagonist rimonabant were recently shown to attenuate the
orexigenic actions of the neuropeptide (32).

Effects of Hypothalamic CB; Receptor Activation

Activation of hypothalamic CB; receptors can, in principle, cause two general types of effects
depending on CB; distribution in neurons. When the endocannabinoids act as retrograde
signals on presynaptic CB; receptors (33), they normally lead to rapid modulation of gluta-
mate or GABA release, with subsequent tuning of the activity of either orexigenic or anorectic
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postsynaptic neurons. Conversely, when postsynaptic CB; receptors are stimulated, they might
lead to long-term regulation of the expression of genes encoding for orexigenic or anorectic
neuropeptides.

Short-Term/Presynaptic Effects

Electrophysiological data support the involvement of endocannabinoids, under the negative
control of leptin, as modulators of short-term synaptic plasticity in the hypothalamus (34).
The activation of presynaptic CB; receptors, located on GABA terminals, decreases GABA
release onto orexigenic melanin concentrating hormone (MCH)-releasing neurons of the lateral
hypothalamus, and this effect is consistent with increased feeding behavior. The activation of
leptin receptors on these neurons inhibits calcium currents, and the consequent decrease in
calcium results in reduced endocannabinoid biosynthesis. Leptin-deficient obese mice (ob/ob)
are characterized by both an increase in steady-state voltage-gated calcium currents in lateral
hypothalamic neurons and a CB; receptor-mediated depolarization-induced suppression of
inhibition that is 6-fold stronger than that in littermate controls, in agreement with previous data
showing elevated endocannabinoid levels in the hypothalamus of these mice (13). Subsequently,
perifornical lateral hypothalamic neurons in ob/ob mice have larger calcium currents, which
is consistent with upregulated endocannabinoid signaling, enhanced excitability and MCH
release, and consequent hyperphagia (34).

Hentges and coworkers recently suggested that the activity of anorectic pre-
opiomelanocortin (POMC)—expressing neurons in the arcuate nucleus are also either stimulated
or inhibited by presynaptic CB; receptors (35), via inhibition of GABAergic or glutamatergic
inputs on these neurons, respectively. These two retrograde actions of endocannabinoids might
produce opposing effects on melanocortin release, that is, stimulation or inhibition, respec-
tively, only the latter of which would be consistent with the orexigenic actions of CB; receptors
(35). It is possible that following food deprivation or during obesity, when hypothalamic levels
of endocannabinoids increase, the population of CB; expressed on glutamatergic neurons is
activated preferentially, thus leading to inhibition of POMC neurons and stimulation of food
intake. A similar mechanism might also occur with orexigenic orexin A—expressing neurons of
the lateral hypothalamus, where it was reported that retrograde endocannabinoids produced
from these neurons act on presynaptic CB, receptors to inhibit glutamate release and thus cause
inhibition of orexin A release (36). On the other hand, unpublished data from the author’s labo-
ratory show that CB; receptors are also expressed on GABAergic terminals innervating orexin
A—expressing neurons in this hypothalamic nucleus, thus raising the possibility that retrograde
endocannabinoids might also disinhibit the activity of these neurons.

Finally, it was recently shown that endocannabinoids, acting retrogradely on CB;-
expressing parvocellular neurons of the paraventricular nucleus (PVN) and produced following
activation of ghrelin receptors in postsynaptic PVN neurons, inhibit glutamatergic signaling and
subsequently the activity of these anorectic neurons (28).

Long-Term/Postsynaptic Effects

By using in situ hybridization techniques, Cota and coworkers demonstrated that CB; mRNA
is expressed in neurons producing several of the neuropeptides that regulate food intake (37),
such as the orexigenic agouti-related protein (AgRP), orexins and MCH, or the anorectic POMC
and the cocaine- and amphetamine-regulated transcript (CART). MCH co-localizes with CB4
in the lateral hypothalamic area and both corticotropin-releasing hormone (CRH) and CART
co-localize with CB; in the PVN. Importantly, hypothalamic CRH mRNA levels in the PVN, but
not in other extrahypothalamic areas, such as the amygdala and piriform cortex, are higher in
CB;-deficient mice, thus indicating that CB; receptors tonically downregulate CRH expression
(37-38). Accordingly, blood corticosterone levels are increased following CB; antagonism in
obese Zucker rats (39), which contain high hypothalamic levels of endocannabinoids (13).

It has also been shown that elevation of endogenous anandamide levels, obtained by
knocking out the FAAH enzyme, is accompanied by reduced CART release in several hypotha-
lamic regions, an effect antagonized by a CB; antagonist (4,40). Based on the finding that
stimulation of hypothalamic CB; receptors increases the levels of neuropeptide Y (NPY) (41),
it was suggested that the orexigenic effects of endocannabinoids could be in part mediated by
this neuropeptide. However, no co-localization of CB; receptors with NPY was observed by
Cota and colleagues in hypothalamic neurons (37), which would indicate that multisynaptic
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Figure 1 Regulation of hypothalamic endocannabinoids by peripheral hormones and their effects on hypotha-
lamic orexigenic and anorectic mediators. Abbreviations: a-MSH, a-melanocyte stimulating hormone; CART,
cocaine and amphetamine-regulated transcript; CCK, colecystokinin; CRH, corticotropin-stimulating hormone;
Gluco, glucocorticoids; MCH, melanin-concentrating hormone. Continuous arrows denote activation, broken
arrows denote inhibition.

mechanisms are required for CB; to stimulate NPY release. Furthermore, pharmacological CB;
blockade reduces food intake in NPY knockout mice as efficaciously as in wild-type mice (13),
suggesting that NPY signaling is not necessary for CB;-mediated food intake. If anything, it is
the activation of CB; receptors that is down-stream of NPY since the orexigenic effects of this
peptide are lost in CBy null mice (42).

Finally, another type of effect by postsynaptic CB; receptors might be to enhance orexin A
signaling. In fact, it has been shown that orexin A receptors can be sensitized by CB; receptors
co-expressed in the same cells (43-44), and unpublished immunohistochemical work carried out
in the author’s laboratory showed that, in the mouse hypothalamus, CB; and orexin A receptors
are indeed strongly co-localized in the arcuate nucleus and PVN, at both the presynaptic and
postsynaptic level.

CONCLUSIONS

Asreviewed in this chapter, the endocannabinoid system plays a major role in the hypothalamus
by stimulating food intake after food deprivation or during obesity. Hypothalamic endocannabi-
noids are under the positive or negative control of several key players in food intake, and in turn
possess several ways to affect the levels and release of orexigenic and anorectic neuropeptides,
by acting via pre and postsynaptic mechanisms and with short- and long-term effects (Fig. 1).
Although we now know that the central control of food intake and satiety is not the only way
through which the endocannabinoid system contributes to body weight (see other chapters in
this book), certainly the hypothalamus, with its neural connections to the mesolimbic system
and the brainstem, is one of the favorite sites of action for endocannabinoids. There is evidence,
in fact, that even activation of CB; receptors in the nucleus accumbens, and the subsequent
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induction of food intake, is accompanied by the activation of several hypothalamic nuclei (45).
Importantly, and like in other organs controlling energy homeostasis, the hypothalamic endo-
cannabinoid system, possibly because of the dysregulation of hormones controlling its outputs,
is also characterized by aberrant activity during obesity, and this alteration is likely to underlie
at least in part the anti-obesity effects of CB; receptor antagonists.
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INTRODUCTION

The appetite-stimulating actions of Cannabis sativa and its extracts have long been recognized
and are documented in the most ancient of medicinal texts. These actions are now attributed to
phytocannabinoid actions at brain CB; cannabinoid receptors (1-2), and are considered to reflect
a crucial biological role of endocannabinoids in appetite processes. Indeed, as will be outlined
below, endogenous CB; agonists have been shown to induce eating via actions at key, appetite-
related, brain nuclei, and levels of brain endocannabinoids fluctuate in relation to fasting and
food consumption. Recent empirical evidence strongly supports a role for the ECS in the nor-
mal controls of appetite, and CB; antagonists/inverse agonists—with their established anorectic
actions—have been intensively researched as a potential new class of anti-obesity agents. How-
ever, there is still much to be learned about the actual mechanisms through which cannabinoids
promote appetite and eating, quite apart from ECS involvement in nonbehavioral aspects of
energy regulation. More specifically, there is an urgent need to define the precise behavioral
and motivational actions of central endocannabinoids, and to characterize the possibly distinct
roles that each endocannabinoid may play in these processes. The principal sources of evidence
that currently shape our hypotheses regarding the role of the ECS in the psychological aspects
of appetite are briefly summarized below.

CANNABINOID EFFECTS ON HUMAN APPETITE

Apart from anecdotal reports obtained from cannabis users, there are very few laboratory-
based, empirical studies of phytocannabinoid effects on human appetite (1-4), and only a
handful of clinical trials assessing THC (dronabinol) efficacy in the treatment of wasting and
appetite loss in cancer cachexia and AIDS patients (5-8). The critical findings are that acute or
chronic doses of smoked or orally administered THC or cannabis can stimulate hunger and food
craving, and enhance food appreciation (9-12). These effects are associated with substantial
increases in caloric intake (typically, but not exclusively, derived from snack foods) and an
increased frequency of eating episodes (13-18). We have recently obtained data to show that
THC administered by means of an oromucosal spray dose dependently stimulates appetite,
accelerating the normal rise in pre-prandial hunger ratings, and increases consumption of a
variety of sweet and non-sweet foods (Jones and Kirkham, unpublished observations).

It is probable that the above-described actions of phytocannabinoids are CB; receptor—
mediated, since the broader psychopharmacological actions of cannabis in people are reversed
by the selective CB; antagonist rimonabant (19,20). However, no specific antagonist challenge
of cannabinoid hyperphagia has been reported. Moreover, although CB; antagonists obviously
provide a valuable tool to explore the normal role of ECS in appetite processes, and despite the
extensive clinical trials with rimonabant (and more recently, taranabant) (21-25), few meaningful
data have been published to describe the acute effects of the antagonists on subjective appetite
ratings. However, there are indications that CB; blockade can produce opposite, complementary,
effects to the agonists. Blundell and colleagues (26) treated patients with 20 mg/day rimonabant
for over 3 months. The study found not only a reduction in energy intake (that was independent
of the dietary composition or intrinsic pleasantness of foods), but also a reliable attenuation of
food craving and hunger ratings prior to periodic test meals. The size of these motivational
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effects became more reliable over the course of treatment, leading the authors to conclude that
rimonabant enabled patients to gain improved control of their habitual overeating.

ANIMAL STUDIES

Cannabinoid effects in people lay the basis for current hypotheses about the normal role of
brain endocannabinoids in appetite processes. But, although even the insights contained within
anecdotal reports can inform our model building, we are largely dependent on animal studies
for the development of theoretical accounts about ECS involvement in the control of appetite.

Anorectic Effects of CB; Antagonists

The first indirect indications of a role for endocannabinoids in feeding came from demon-
strations of the anorectic action of rimonabant in animals (27-28), potentially indicating tonic
endocannabinoid activity in feeding-related systems. Reliable anorectic actions of a variety of
CB; antagonists/inverse agonists (e. g., AM281, AM251, O-3259 and O-3257, surinabant, taran-
abant) have since been reported, following systemic or central administration in satiated or
food-deprived animals, and after acute or chronic treatments [e. g., (28-33)]. Additionally, CB;
blockade can attenuate the phenotypic hyperphagia in genetic models of obesity (34,35).

An important consideration in the interpretation of antagonist effects relates to their
behavioral specificity. There are numerous reports that the antagonists may suppress food
intake through the induction of nonspecific malaise, conditioned taste aversion, anxiety, or by
stimulation of behaviors that are incompatible with the expression of eating, such as compulsive
grooming and scratching (36-40).

Hyperphagic Effects of CB; Agonists

Systemic or central THC administration can potently stimulate feeding in a variety of ani-
mal models (41-43) and this hyperphagia is mediated by CB; receptors, being reversed by
rimonabant but not the CB, selective antagonist SR144258 (44). Of greater significance is the
discovery that the hyperphagic actions of exogenous cannabinoids may be replicated with the
endocannabinoids anandamide, 2-AG and noladin ether, following systemic or central injection.
Again, these actions appear to be CB;-mediated and can be blocked by very low, sub-anorectic
doses of CB; antagonists that are devoid of the above noted non-specific behavioral actions (45—
49). Importantly, anandamide and 2-AG will promote feeding when administered into brain
regions that are closely associated with eating motivation, including various hypothalamic
nuclei and the shell of the nucleus accumbens (see below) (3,47-48).

ENDOCANNABINOIDS AND APPETITE: MOTIVATIONAL MECHANISMS
AND THE NUCLEUS ACCUMBENS

Reflecting the limited human evidence related to cannabis and THC, hypotheses about how
cannabinoids affect eating motivation have largely focused on the heightened food craving,
enhanced sensitivity to the sensory properties of food, and apparently preferential effects of
CB; ligands on preferred, highly palatable foods. Notably, rimonabant’s anorectic action was
initially reported to be enhanced when animals were fed sweet, palatable foods. As the drug also
suppressed sucrose and ethanol drinking, it was proposed that the drug modifies the hedonic
value of ingesta via actions on reward pathways (27,28).

Research now supports a role for endocannabinoids in the distinct incentive and reward
aspects of appetite, modulating not only the motivation to obtain food and to engage in eating,
but also the hedonic evaluation—or palatability—of food that maintains consumption within
a meal (50-51). Thus, rats will work harder to obtain palatable ingesta after administration of
CB; receptor agonists, while antagonist treatments attenuate responding (52-53). Additionally,
CB;~/~ mice show lower levels of responding for sucrose than wild-type mice (54).

Observational and meal pattern analyses reveal that exogenous and endogenous cannabi-
noids directly increase the salience of food, independent of need or energetic status. Thus,
CB; agonists can induce feeding almost as soon as food becomes available. Our animal stud-
ies show that, within a finite test interval after cannabinoid treatment, increased food intake
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primarily results from the advance of meal onset, with only modest increases in meal duration
or meal size. Importantly, apart from reduced eating latency, the microstructure of cannabinoid-
induced feeding behavior is identical to that of normal, spontaneous eating (1,48,55), indicating
that cannabinoids provoke feeding through adjustments to natural feeding processes and hence
supporting a normal physiological role of the ECS in appetite control.

Of the various brain loci linked to feeding, the shell subregion of the accumbens (AcbSh)
has particularly strong associations with incentive-reward processes (56). The AcbSh contains a
relatively high density of CB; receptors (57,58) and is particularly sensitive to endocannabinoid-
induced feeding. Administration of 2-AG or anandamide into this region induces substantial
short-term, antagonist-reversible hyperphagia (48,59). In line with the notion that endocannabi-
noids mediate the incentive value of food, intra-accumbens 2-AG dramatically advances the
onset of feeding. Fasting, which naturally increases food incentive value (and reduces eating
latency), significantly increases anandamide and 2-AG levels within the forebrain regions con-
taining the AcbSh (48); effects, which may underlie the enhanced anorectic potency of rimona-
bant in fasted animals (1,3) and the reduced hyperphagic response to fasting in CB; ~/~ animals
(60). Emphasizing the importance of accumbens circuitry in endocannabinoid influences on
appetite, Soria-Gémez and colleagues found that intra-AcbSh injection of the FAAH inhibitor
N-arachidonoyl-serotonin increased both accumbens 2-AG levels and stimulated food intake
(59).

Endocannabinoid—Dopamine Interactions in Food Wanting

Mesolimbic dopamine (DA) neurons, arising in the ventral tegmental area (VTA) and project-
ing to the nucleus accumbens, are also central to incentive processes in feeding (61-62), and
are key to an organism’s orientation toward motivationally significant stimuli and the elicita-
tion of appropriate behavioral responses (63-66). Food stimuli cause DA release in the nucleus
accumbens under conditions were food incentive is elevated, such as after fasting, or with the
presentation of novel or palatable food. Melis and colleagues (67) have reported that rimona-
bant reduces the increase in accumbens DA release induced by a novel, highly palatable food.
Hyperphagic doses of THC stimulate accumbens DA release (66-68), while THC hyperphagia is
attenuated by the D1 antagonist SCH23390 (69). Additionally, SCH23390 and the D2 antagonist
reticlopride, respectively, increase anandamide and 2-AG levels in limbic forebrain (70). Com-
plementing those findings, anandamide has been shown to increase extra-cellular DA levels in
the AcbSh (70).

Endocannabinoid-Opioid Interactions in Food Liking

In addition to incentive processes, endocannabinoids may also contribute to the pleasure
(reward) derived from eating. Such a role is evident in anecdotal reports of cannabis users (10),
and animal studies show that CB; stimulation or blockade/deletion can, respectively, render
food more or less pleasurable. For example, rimonabant was reported to preferentially attenuate
the intake of palatable, sweet foods (27-28) and reduce operant responding for sweet food (72);
while CB; knockout mice do not display the hyperphagia characteristic of the wild-type when
fed a palatable, high-fat diet (73).

It should be noted that CB; agonist and antagonist effects are not only obtained with
highly palatable test foods. For example, antagonist suppression of operant responding is also
evident with low palatability foods (72-74), rimonabant is equi-anorectic when tested with foods
of differing macronutrient content (75), and agonists will increase intake of the blandest diets
(44,45,48). It is probable, therefore, that endocannabinoids modulate appetitive processes per se
to provide a general gain in the incentive and reward value of food. Indeed, in taste reactivity
tests, THC has been shown to increase the acceptability of even bitter, normally aversive, quinine
solutions (76).

The actions of exogenous and endogenous cannabinoids on the microstructure of sucrose
drinking match those observed in drug-free animals through a simple increase in the palatability
of the test solution (77). Conversely, antagonists alter drinking patterns and hedonic reactions
to sweet solutions in a way that is wholly consistent with a reduction in palatability (76,77).
Additionally, CB; ~/~ mice are less responsive to sweet taste, consistently drinking less sucrose
solution than the wild type (54). Key components of the neural mechanisms underlying food
palatability lie within the AcbSh and, as already noted, 2-AG administered here produces a
profound hyperphagic response (48). Interestingly, in taste reactivity tests, intra-accumbens
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administration of anandamide specifically increases the number of positive ingestive responses
to intra-oral infusions of sweet solutions, indicating that anandamide specifically enhances
their hedonic impact, or liking (78). Moreover, accumbens CB; receptors are downregulated in
rats that chronically overconsume palatable foods (79), presumably in response to increased
activation of these receptors by endocannabinoids.

Endocannabinoids may have important functional relationships with the endogenous
opioid systems that have an established role mediating food palatability (80-82). Notably, there
is ultrastructural evidence that cannabinoid—opioid interactions are mediated by activation of
CB; and p-opioid receptors within the same, or synaptically linked, reward-relevant neurons in
the AcbSh (83). In rats, THC hyperphagia is blocked by the general opioid receptor antagonist,
naloxone (44), and the facilitatory effects of the CB; agonist CP55940 on responding for palatable
solutions are reversed by both a CB; antagonist and naloxone (53). Moreover, low doses of
rimonabant and opioid antagonists that are behaviorally inactive when administered separately,
combine synergistically to suppress food intake (84,85). In addition, the accumbens shell sites at
which anandamide increases the liking of sweet solutions in taste reactivity tests overlap those
where morphine administration produces similar behavioral effects (78,86). Moreover, systemic
administration of THC has been shown to stimulate B-endorphin release in both the VTA and
AcbSh (87), and CB; agonist-induced DA release in the accumbens is blocked by intra-VTA
infusion of the w1-selective antagonist, naloxonazine (88).

Typically, the consequences of cannabinoid or opioid manipulations on eating motiva-
tional can be easily distinguished. For example, cannabinoids primarily reduce eating latency
without affecting meal duration (i.e., actions on appetitive processes) (55); while opioids gener-
ally do not alter eating latency but extend meal duration by enhancing palatability (i.e., actions
on consummatory processes) (80). However, Solinas and Goldberg (89) found that increased
responding for food after both THC or morphine can be blocked by either rimonabant or nalox-
one, suggesting that activation of endocannabinoid and endogenous opioid systems jointly
facilitate the motivational effects of food. Arguably, such co-operativity between cannabinoid
and opioid systems could provide a mechanism whereby direct, primary cannabinoid influences
on appetitive motivation (wanting) and their secondary facilitation of opioid-mediated consum-
matory motivation (liking) merge to provide the anticipatory component of the psychological
experience of conditioned hunger and food craving.

CONCLUSION

The combined human and animal data outlined here, although still relatively limited, con-
verge to support a model in which the ECS is critical to the processes that underlie the normal
controls of appetite and eating motivation. Specifically, it can be proposed that endocannabi-
noids are intimately associated with the brain mechanisms (particularly those involving the
nucleus accumbens) that mediate food craving and the pleasure that is derived from eating.
Endocannabinoids, acting in part by modulation of mesolimbic DA systems, may be key to the
wanting of food and to the anticipation of eating. Additionally, endocannabinoids appear to
interact with opioid peptides to mediate the rewarding effects, or liking, of food. As such, a
deeper understanding of endocannabinoid involvement in these processes may provide impor-
tant intervention targets to manage the compelling overconsumption of palatable, energy-dense
foods that is the major contributor to the development and maintenance of obesity.
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INTRODUCTION
The term “stress,” as it is currently used, was first coined by Hans Selye in 1936; and the
term “stressors” (or stressful stimuli) identifies any physical or psychological event that might
threaten the homeostatic balance of an organism (1). Exposure to stress triggers a complex,
multi-level response involving neuro-vegetative, hormonal, and motor systems whose function
is to restore homeostasis in response to the perturbation (2). Activation of the hypothalamic-
pituitary—adrenal (HPA) axis represents the major neuroendocrine response to stress.

This neuroendocrine cascade begins in the central nervous system (CNS) with the release
of corticotrophin-releasing hormone (CRH) from the paraventricular nucleus (PVN) of the
hypothalamus. CRH induces the release of adrenocorticotrophin hormone (ACTH) from the
anterior pituitary, which regulates glucocorticoid production from the adrenal gland. Then,
the glucocorticoids complete the negative feedback loop necessary for the regulation of CRH and
ACTH release (Fig. 1). The hierarchical regulation of the axis also includes extra-hypothalamic
brain structures, such as the pre-frontal cortex, the hippocampus, and amygdala, whose function
integrates the HPA hormonal response (Fig. 1). Short-term activation of the HPA axis is usually
beneficial for the organism. However, if the HPA-axis response is inadequate or excessive,
it might lead to metabolic and behavioral alterations, thus predisposing the organism at an
increased risk of illness (1). In fact, dysregulation of the HPA axis is often associated with
affective disorders, depression, abdominal obesity, and cardiovascular disease (1).

The EC system is known to have an effect on several neuroendocrine axes as well as on
the secretion of both prolactin and growth hormone (3). In particular, several pieces of data
point to a role for this system in the modulation of the HPA axis. For instance, CB1 receptors
are expressed in extra-hypothalamic structures regulating the stress response, as well as in
the hypothalamus (particularly in the PVN), anterior pituitary, and adrenal gland [reviewed in
(3,4)]. In addition, endocannabinoids have been found in those tissues and organs [reviewed in
(34)].

Taking into account the role of the EC system in energy balance regulation, and the
association between HPA-axis dysfunctions and body weight disorders, it is worth providing a
brief overview of the EC system as a modulator of the HPA-axis function.

CANNABINOIDS AND THE HPA AXIS

Studies conducted in marijuana smokers in the 1970s were the first to report that exogenous
cannabinoids were able to modulate several neuroendocrine functions. However, while it was
generally described as an inhibitory effect on most neuroendocrine actions, cannabinoids actu-
ally stimulated the HPA axis (3,5). Indeed, smoking marijuana or administration of A°>-THC
stimulates ACTH and glucocorticoids secretion in both humans and experimental animals
[reviewed in (5)]. However, these effects seem to disappear over time, suggesting that a rapid
tolerance develops [reviewed in (5)].

Several studies have supported the notion that exogenous cannabinoids are able to modu-
late the HPA axis directly at hypothalamic level. Indeed, intracerebroventricular administration
of A’-THC induces a strong stimulation of ACTH release, together with CRH depletion in the
median eminence (6). Moreover, chronic treatment with the CB1 agonist CP-55,940 increases
both CRH and proopiomelanocortin (POMC) mRNAs in the PVN and pituitary, respectively
(7). The ability to modulate CRH release is CB1-dependent, since pre-treatment with the CB1
antagonist SR141716A (rimonabant) inhibits the release of ACTH induced by the central admin-
istration of A’-THC (8). Actually, cannabinoids were proposed to act on the HPA axis exclusively
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at hypothalamic level. This hypothesis was supported by initial studies describing the inability
of A’-THC to induce ACTH release in hypophysectomized rats [reviewed in (3)]. Moreover,
both A?-THC and the CB1 agonist WIN 55,212-2 were found unable to induce ACTH secretion
from either isolated pituitary slices or dispersed pituitary cells, suggesting that cannabinoids
had no direct effect on the pituitary [reviewed in (3)]. However, as it will be described in the
following paragraphs, these findings have been challenged by more recent studies.

It is known that the action of exogenous cannabinoids on the HPA axis is dose-dependent
and relies on the activation of CB1. However, the reader should also takes into account that
the administration of the CB1 antagonist rimonabant at higher doses than those required for
blocking the action of a CB1 agonist, is also able to increase ACTH and corticosterone release
[reviewed in (3)]. Thus, an endogenous cannabinoid tone might exist, which is actually inhibiting
the release of both hormones (8).

THE EC SYSTEM AND THE HPA AXIS

While initial studies with the endocannabinoid anandamide reported an increase in both ACTH
and corticosterone secretion and the induction of c-Fos expression in the PVN [reviewed in
(3)], subsequent investigations have actually demonstrated that endocannabinoids negatively
modulates HPA-axis activity in a context-dependent manner (9). In mice, acute injections of a
CB1 agonist, an endocannabinoid transport inhibitor or a fatty acid amide hydrolase (FAAH)
inhibitor, all significantly decrease the corticosterone release induced by acute exposure to
stress (restraint). Conversely, pre-treatment with the CB1 antagonist rimonabant before restraint
robustly potentiates restraint-induced corticosterone release and c-Fos expression within the
PVN. Finally, while acute exposure to stress is associated with a decrease in hypothalamic 2-AG
content, chronic exposure determines and increase in hypothalamic 2-AG (9).

In support of these data, context-dependent effects on ACTH release have been recently
described in mice lacking CB1 (CB17/7). After exposure to a more stressful unfamiliar environ-
ment, CB1~/~ mice have higher ACTH levels than wild-type (WT) mice (10). Actually, normal
expression and activation of CB1 is required for the basal modulation of the HPA axis (4). As
compared to WT animals, CB1~/~ mice show an enhanced circadian drive on the HPA axis,
which results in elevated plasma corticosterone levels at the onset of the dark. CB1~/~ mice are
also characterized by neuro-functional alterations, both at hypothalamic and pituitary levels.
In fact, they show increased CRH mRNA expression in the PVN. Moreover, CB1~/~-derived
pituitary cells have greater responsiveness to CRH- and forskolin-induced ACTH secretion (4).
Finally, CB1~/~ mice have selective glucocorticoid receptors nRNA down-regulation in the CA1
region of the hippocampus; a possible result of the feedback regulation exerted by increased
circulating corticosterone levels (4). Moreover, it is worth mentioning that CB1~/~ mice are
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Figure 2 Model of fast-feedback glucocorticoid (CORT) signaling
in PVN neuroendocrine neurons (i.e., CRH neurons). 1, glucocor-
ticoids bind to membrane glucocorticoid receptors (mMGR) localized
on neuroendocrine cells in the PVN; 2, activation of mGR initiates
an intracellular cascade leading to synthesis and retrograde release
of endocannabinoids (ECs); 3, ECs bind to presynaptic CB1 recep-
tors; 4, activation of CB; receptors leads to suppression of glutamate
release from glutamate synapses onto the CRH neuron. See also
CORT (11,13).

resistant to the actions of anxiolytic drugs and have anxiogenic-like and depressive-like
responses under different behavioral paradigms [reviewed in (3)].

The findings aforementioned clearly point to the ability of the EC system to modulate the
HPA axis at extra-hypothalamic, hypothalamic, and pituitary levels; however, how does the EC
system actually affect the HPA-axis function? A series of studies from Jeffrey Tasker’s laboratory
has elegantly elucidated the role of endocannabinoids in mediating the negative fast-feedback
actions of glucocorticoids on CRH-containing neurons in the PVN. In particular, glucocorti-
coids, after binding to membrane glucocorticoid receptors localized on neuroendocrine cells in
the PVN, induce synthesis and release of endocannabinoids, which in turn inhibit presynaptic
excitatory transmission via CB1 (11) (Fig. 2). Thus, these findings might provide a possible
mechanism for the rapid feedback inhibition of the HPA axis by glucocorticoids (11). Inter-
estingly, leptin, which has been found to lower hypothalamic endocannabinoids levels (12),
counteracts the glucocorticoid-induced endocannabinoid-release in the PVN (13). The mutu-
ally exclusive action of glucocorticoids and leptin on endocannabinoid secretion is particularly
compelling; also bearing in mind that both glucocorticoids and endocannabinoids increase food
consumption, while leptin does the opposite.

CONCLUSIONS

In summary, differently from what initially suggested by pharmacological studies using exoge-
nous cannabinoids, recent data have highlighted a role for the EC system as a negative modulator
of the HPA axis. These latest findings also suggest that alterations of the endocannabinoid tone
might be associated with the development of stress-related diseases. In this regard, it is worth
mentioning that a low number of obese subjects treated with the weight-reducing CB1 antago-
nist rimonabant suspended the treatment due to the occurrence of anxiety and mood disorders
(14-17). Thus, particular care should be used in administering CB1 antagonists to obese patients
that show anxiety or other mood disorders.
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INTRODUCTION

Interactions between the gut and the brain are well recognized to play important roles in the con-
trol of energy intake (1). In particular, hormones released from the gut signal information to the
CNS regarding the ingestion of nutrient and these signals in turn influence food intake (2). Some
effects of the gut hormones may be mediated by direct action on CNS neurons, for example, in the
hypothalamus. Many effects, however, are mediated by afferent fibers in the vagal nerve (1). The
same afferent neurons may also function as mechanoreceptors. Cholecystokinin (CCK) was the
first of the gut hormones to be shown to influence food intake (3), and its action via vagal neurons,
which also function as gastric mechanoreceptors, isnow well defined (4). Subsequently, a variety
of other peptide hormones from the gut were shown to inhibit nutrient ingestion, including pep-
tide YY (PYY) and glucagon-like peptide (GLP)-1 (5). In recent years, gut peptide hormones that
stimulate food intake have also been identified, for example, ghrelin. It is now clear that there
are complex interactions at the level of vagal afferent neurons between anorexic and orexigenic
hormones such as CCK and ghrelin (6,7). Interestingly, this signaling system has been shown to
involve notjust peptide hormones and their receptors but also the endocannabinoid (EC) system
(8,9). Moreover, the role of the latter in controlling feeding behavior appears to be independent
of EC signaling within the CNS. The present chapter provides an overview of recent progress
in elucidating gut-brain signaling mechanisms with special relevance to the role of the EC
system.

THE VAGUS NERVE AND GUT-BRAIN SIGNALING

The vagus nerve trunk carries both afferent and efferent fibers. The cell bodies of the for-
mer are located in the nodose ganglion: their central projections terminate in the nucleus
tractus solitarius (NTS) in the brainstem, and peripheral projections are made to virtually all
regions of the gastrointestinal tract with the exception of the distal colon. Afferent fibers
predominate, but parasympathetic efferent fibers play important roles in controlling post-
prandial gastric and pancreatic secretion, and motility (in particular gastric emptying); they
are regulated by vago-vagal reflexes through which delivery of nutrient to the gut triggers
the appropriate secretory and motor responses. The peripheral projections of vagal afferent
neurons are the primary target of a wide variety of signaling molecules including gut hor-
mones, classical neurotransmitters, cytokines, fatty acids, and endocannabinoids (1). It should
be noted that many of these molecules may act at multiple levels on the gut-brain axis. The
endocannabinoids are a case in point, since there is evidence for actions within the gastroin-
testinal tract on intrinsic enteric neurons (10), on vagal afferent neurons (see below), within
the dorsal motor complex of the vagus including the NTS (11), as well as at higher CNS
sites.
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CCK: PRIMARY DETERMINATION OF VAGAL AFFERENT SIGNALING

The release of CCK from the upper small intestine occurs in response to ingestion of lipid
or protein. CCK stimulates gallbladder contraction, pancreatic enzyme secretion, inhibition of
gastric emptying, and inhibition of food intake. It therefore acts to balance delivery of nutrient
to the small intestine with the capacity to digest fat and protein (1). The actions of CCK on
pancreas, gastric emptying, and food intake all depend on intact vagal afferent neurons, and
electrophysiological evidence, together with immunohistochemistry and in situ hybridization,
indicates that CCK acts at CCK1 receptors expressed by neurons of the nodose ganglion which
are then transported to peripheral nerve terminals (12). There appear to be potentiating inter-
actions between CCK and leptin in stimulating the discharge of vagal afferent neurons (13).
Conversely, orexigenic factors like ghrelin inhibit the action of CCK in stimulating vagal affer-
ent nerve discharge (6). In addition, and importantly, CCK is now recognized to regulate the
expression of genes encoding some other receptors and peptide transmitters in vagal afferent
neurons, including the CB; receptor (8,14). Thus, CCK can be viewed as a primary regulator not
just of vagal afferent discharge after a meal, but also of the capacity of vagal afferent neurons to
respond to other neurohumoral agents including endocannabinoids.

ENDOCANNABINOIDS AND VAGAL AFFERENT SIGNALING

Intestinal Endocannabinoids

It has been recognized for some time that CB; receptors are expressed extensively by enteric
neurons and there is evidence for CB; regulation of gastrointestinal motility and secretion
(10). Until recently, little was known of the control of endocannabinoid production in the gut.
However, Gomez et al. have reported that in rats, the abundance of anandamide increases 7-fold
in the small intestine in response to a 24-hour period of fasting (9). This appears to be a selective
increase since there were no changes in brain or stomach. Refeeding of fasted rats was associated
with a return of anandamide concentrations to normal. The relevance of peripheral changes in
anandamide for control of food intake was shown by the demonstration that on intraperitoneal
administration it stimulated food intake, as did the CB; receptor agonist WIN 55212-2, in
partially satiated rats (9). In fasted rats, in which the EC system was assumed to be already
activated, peripheral anandamide had no effect. However, peripheral administration of the
CB; receptor antagonist rimonabant decreased food intake in both partially satiated and fasted
animals, while a CB, receptor antagonist had no effect. Interestingly, the effects of peripheral
anandamide on food intake were inhibited by vagotomy and by perivagal capsaicin indicating
a dependency on vagal afferent neurons (9). Thus, in addition to the evidence indicating a
role within the CNS for regulation of feeding behavior by EC, it appears that there are also
peripheral mechanisms involving endocannabinoids that are brought into play during energy
withdrawal.

CB; Receptor Expression in Vagal Afferent Neurons

Expression of CB; receptors by vagal afferent neurons has been described in rat, ferret, and
humans (8,15). Inrats fed ad libitum, CB; receptor expression is found in neurons in the proximal
parts of the nodose ganglion that are thought to project predominately to the airways. Expression
of CB; in neurons of the mid- and distal parts of the ganglion that project to sub-diaphragmatic
structures is barely detectable in these animals (8). However, CB; receptor expression in these
neurons is dramatically upregulated between 8 and 12 hours of fasting (Fig. 1). There is also
relatively rapid downregulation after refeeding so that expression of the protein is virtually
undetectable 5 hours after refeeding a fasted rat. Downregulation of CB; receptors in fasted
rats is produced by intraperitoneal administration of CCK, and since the downregulation that
occurs with refeeding is blocked by administration of the CCK1 receptor antagonist, lorglumide,
it would appear that endogenous CCK regulates CB; receptor expression (8). Taken together,
the available data therefore indicate that there is the potential for peripheral EC regulation of
food intake mediated by vagal afferent neurons, during fasting and in the period of 1-2 hours
following refeeding of fasted rats.
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Integrative Functions of Vagal Afferent Neurons

The vagal afferent neurons that express CB; and CCK1 receptors also express ghrelin (GHS-1),
orexin (Ox-R1), leptin (Ob-R), and MCH-1 receptors (8,14,16-18). Two patterns of expression
are readily distinguishable. On present evidence, CCK1, Ob-R, Ox-R1 and GHS-1 receptors are
all expressed constitutively and do not change with feeding. In contrast, expression of both
CB; and MCH-1 receptors is increased during energy withdrawal when plasma CCK concen-
trations are low, and depressed by refeeding in response to increasing plasma concentrations of
CCK (Fig. 2). In addition, vagal afferent neurons exhibit CCK-dependent, reciprocal expression
of two neuropeptide transmitters. Thus, cocaine and amphetamine regulated transcript (CART),
which is associated with inhibition of food intake, is expressed in response to CCK (7); in con-
trast, the expression of MCH, which stimulates food intake, is inhibited by CCK (18). Recent
studies on the relevant cellular mechanisms indicate that CCK acts via protein kinase C and the
transcription factor CREB to control CART and MCH (7). These observations point, therefore, to
a simple form of memory that exists at the level of vagus nerve: withdrawal of food for periods
of about 12-hour long is associated with a neurochemical phenotype that includes CB; receptor
expression allowing responses to orexigenic stimuli such as anandamide from the intestine, and
associated with production of an orexigenic peptide transmitter. Conversely, in animals fed ad
libitum, this system is suppressed, and instead there is induction of an anorexic peptide trans-
mitter. Interestingly, administration of ghrelin inhibited the downregulation of CB; receptor
expression with refeeding, although it did not stimulate expression in rats fed ad libitum (14).
Thus, the potential for peripheral EC stimulation of appetite during fasting may subsequently
be modulated during the refeeding period depending on interactions between CCK and ghrelin.
Moreover, there is also evidence that EC stimulation maintains plasma ghrelin concentrations
(19), indicating ghrelin—EC interactions at several levels.

CONCLUSIONS

An increasing body of evidence suggests a role for the gastrointestinal EC system in the stimula-
tion of appetite via gut-brain signaling pathways. Food withdrawal induces both the synthesis
in the gut of anandamide, and the expression of CB; receptors by vagal afferent neurons.
Induction of both receptor and ligand, therefore, appears to provide a mechanism to stimulate
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Figure 2 Schematic representation of the neurochemical phenotype of vagal afferent pathways relevant to
control of food intake, in rats after energy restriction compared with fed ad libitum. Vagal afferent fibers innervate
all relevant regions of the gut apart from the distal colon; for simplicity the different regions are not indicated here.
In addition to the pathways shown, there is also evidence that gastric distension, leptin, PYY, and GLP-1 signaling
may inhibit food intake by vagal pathways. See text for further details and references.

appropriate increases in food intake after energy restriction. The available data have largely
been obtained in animal studies; human experiments are now required to determine whether
similar mechanisms exist in man and provide opportunities for therapeutic interventions in
feeding-related disorders.
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INTRODUCTION

Preparations of Cannabis sativa have been known for centuries to stimulate appetite, inhibit
emesis, and improve a variety of other gastrointestinal disorders including gastrointestinal pain,
flatulence, gastroenteritis, Crohn’s disease, diarrhoea, and diabetic gastroparesis (1-5). The main
psychotropic constituent of Cannabis sativa is A°-tetrahydrocannabinol, which activates CB;
receptors (present in central and peripheral nerves, including the enteric nervous system) and
CB, receptors (expressed mainly in immune cells) (6,7). A general feature of CB; activation is the
reduction in the release of a variety of neurotransmitters, including acetylcholine from enteric
nerves. Endogenous ligands for the cannabinoid receptors have been identified; the best knowns
are anandamide and 2-arachidonylglycerol (2-AG) (8). Endocannabinoids are biosynthesized
“on demand” and released from cells immediately after their production. Endocannabinoid
levels in the gut appear to be elevated as an adaptive reaction to re-establish normal homeostasis
when this is acutely and pathologically perturbed. For example, noxious stimuli (9-12), food
deprivation (13), or clinically diagnosed gut diseases [e.g., inflammatory bowel disease (IBD),
colorectal cancer, diverticulitis, and celiac disease] (14-17) produced measurable increases in
intestinal endocannabinoid (mainly anandamide) levels.

Anandamide and 2-AG are removed from extracellular compartments by a carrier-
mediated re-uptake process, and once within the cell, both endocannabinoids are hydrolyzed by
the enzyme fatty acid amide hydrolase (FAAH) (8). There is no direct evidence for the existence
of this putative membrane transporter in the gut as yet; although functional studies suggest that
this process might be involved in some experimental pathophysiological states (e.g., ileus, diar-
rhoea, and IBD) (9,11,17). FAAH mRNA and activity have been detected in different regions of
the rodent intestinal tract (18) and FAAH inhibition results in anticancer (12), antiinflammatory
(16,19) and constipant effects (18).

In addition to the two cannabinoid receptors, anandamide can also activate the transient
receptor potential vanilloid subtype 1 (TRPV1), the molecular target for the pungent plant
compound capsaicin (20). Activation of TRPV1 receptors by anandamide results in enteritis in
rat in vivo (10) and enhanced acetylcholine release from myenteric guinea pig nerves (21).

Cannabinoid receptors, their endogenous ligands (endocannabinoids), and the proteins
involved in endocannabinoid synthesis and inactivation are collectively referred as to the
endogenous cannabinoid system. This article will review data on the role of the endogenous
cannabinoid system in physiology and pathophysiology of the gastrointestinal tract.

GASTROPROTECTION

Cannabinoids (via CB; activation) have been shown to exert protective effects in two models of
experimental ulcer (e.g., stress- and aspirin-induced gastric damage) (22-24). The gastric antiul-
cer action of cannabinoids could be due, at least in part, to their antisecretory effect (25,26).
Indeed, experimental data have clearly indicated that activation of CB; receptors, located on
vagal efferent pathways to the gastric mucosa, decreases the acid secretion induced by cholin-
ergically mediated secretagogues, such as 2-deoxy-D-glucose and pentagastrin, but not by his-
tamine, which activates H; receptors on parietal cells. The gastric antiacid action of cannabinoids
is relevant in the light of the observation that these compounds (via CB; activation) also inhibit
transient lower esophageal sphincter relaxation (TLESR) in dogs and ferrets (27,28). Reduction
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in both acid secretion and TLESR could be beneficial for patients with gastroesophageal reflux
disease.

INTESTINAL MOTILITY

Cannabinoids have been shown to reduce gastric and intestinal motility in randomized clinical
trials (29,30). Experimental evidence suggests that cannabinoid agonists act on prejunctional
CB; receptors to reduce excitatory enteric transmission (mainly cholinergic transmission) in dif-
ferent regions of the gastrointestinal tract (14), including the human intestine (17,31). Animal
studies in vivo have shown that endocannabinoids (via CB; activation) constitute a physiolog-
ical “brake” for the gut, both in the small and in the large intestine (32-34). This was mainly
based on the findings of (a) high amount of endocannabinoids in intestinal tissues; (b) strategic
location of CB; receptors on neurons of the myenteric plexus (a neuronal network important
in the control of intestinal motility); (c) inhibitory actions of cannabinoid agonists, including
the endocannabinoid anandamide, on intestinal motility; (d) prokinetic effect of the CB; recep-
tor antagonist rimonabant, and (e) inhibitory action on motility of inhibitors of anandamide
inactivation (32,33).

Depending upon the experimental model, activation of both CB; and CB, receptors can
limit the increase in intestinal motility induced by an inflammatory stimulus. In the croton
oil model of intestinal hypermotility associated to ileitis, the potency of cannabinoid agonists
in reducing motility (via CB; activation) is greatly increased compared to control mice (32).
By contrast, in the model of intestinal hypermotility induced by an endotoxic inflammatory
agent, the CBj-mediated reduction of gastrointestinal transit was absent and was replaced by
CB,-mediated inhibition of stimulated transit (35).

Finally, Mascolo and colleagues (11) provided the evidence for the involvement of the
enteric endocannabinoid system in the induction of experimental paralytic ileus induced by
peritoneal irritation. Reduced gastrointestinal motility associated with intraperitoneal acetic
acid in mice was restored by the CB; receptor antagonist rimonabant, while it was exaggerated
by the cellular re-uptake inhibitor VDM11. Ileus was characterized by increased intestinal levels
of anandamide (but not 2-AG) and by an increase in the number and density of CB; receptors
on cholinergic and substance P-containing neurones (11).

INTESTINAL SECRETION

Studies monitoring electrolyte movement in muscle-stripped sheets of tissues mounted in using
chambers revealed that activation of CB; receptors located on submucosal neurones and extrin-
sic primary afferents in the submucosa, reduces ion transport in the isolated intestine (36,37).
In vivo, experimental data suggest that anandamide inhibits, via CB; activation, secretion in
mice treated with cholera toxin (9). In mice, oral cholera toxin increases the intestinal levels
of anandamide and cannabinoid CB; mRNA expression. The overstimulation of endocannabi-
noid signaling with an antisecretory role was strengthened by the following pharmacological
experiments: (i) the CB; antagonist rimonabant further increased cholera toxin-induced fluid
accumulation, (ii) the anandamide re-uptake inhibitor VDM11 reduced fluid accumulation, and
(iii) the cannabinoid agonist CP55940 or the selective CB; agonist ACEA inhibited secretion in
a CB, antagonist-sensitive manner (9).

INTESTINAL INFLAMMATION

Many patients with IBD anecdotally reported that they experience relief from smoking mari-
juana. Moreover, experimental inflammation enhances cannabinoid signaling, as revealed by
the increased expression of cannabinoid receptors and/or increased intestinal levels of endo-
cannabinoids (38). The endocannabinoid anandamide is increased in intestinal tissues from
patients with ulcerative colitis (16), diverticular disease (17), and from celiac patients (15).
Experimental evidence suggests that both CB; and CB, receptors can exert protective effects
against gut inflammation. In the experimental model of colitis induced by oil of mustard,
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Kimball and colleagues found that both ACEA (a CB; receptor agonist) and JWH-133 (a CB,
receptor agonist) reduced colon weight gain, colon shrinkage, colon inflammatory damage
score, and diarrhoea (39). Massa and colleagues (19) reported that genetic ablation of CB; recep-
tors rendered mice more sensitive to colitis, induced by intracolonic dinitrobenzene sulphonic
acid (DNBS); in addition, the cannabinoid agonist HU-210 inhibited, while the CB; receptor
antagonist rimonabant exacerbated intestinal inflammation. There is also evidence that the
increase of anandamide levels could represent an endogenous mechanism and a pharmacolog-
ical strategy to limit colon inflammation. Indeed, (a) FAAH-deficient mice, which are expected
to have higher levels of anandamide, showed significant protection against intestinal inflamma-
tion due to DNBS administration (19) and (b) inhibitors of anandamide re-uptake or enzymatic
hydrolysis strongly reduce DNBS-induced colonic inflammation (16).

In vitro studies have highlighted the importance of both CB; and CB, receptors in mod-
ulating inflammatory processes. Cannabinoids have been shown to promote epithelial wound
healing in a CB;-sensitive manner in the human colon (40). In the same study, the importance
of CB, receptors was emphasized by the presence of CB, receptors in the epithelium of colonic
tissue characteristic of irritable bowel syndrome (IBS) (40). In a different study, Ihenetu and col-
leagues found that CB, receptor activation by cannabinoids exerted an inhibitory effect on the
expression of TNF-a—induced interleukin-8 release in human colonic epithelial cells, which are
recognized to exert a major influence in the maintenance of intestinal immune homeostasis (41).

VISCERAL SENSATION

Heightened visceral sensation is commonly accepted as an explanation for the symptoms of pain
and discomfort of IBD and, importantly, IBS (42). Recent findings have provided evidence that
cannabinoid receptors activation inhibits visceral afferent nerve activity in rodents. Sanson and
colleagues (43) showed that both CB; and CB; receptor agonists reduced the degree of visceral
sensitivity (abdominal response to colorectal distension) under basal conditions and that this
effect was more evident if the abdominal hypersensitivity was induced by an inflammatory
stimulus (43). In a different study, Hillsley and colleagues evoked a visceral afferent response by
the administration of the algesic agent bradykinin (44). It was found that the CB, receptor agonist
AM1241 inhibited the bradykinin response of murine mesenteric afferent nerves. The effect of
AM1241 on the bradykinin response was blocked by the selective CB, receptor antagonist
AMG630 and, most importantly, no effect of AM1241 was observed in CB,-deficient mice. In line
with these observations, a relevant study (45) has recently shown that probiotics, which play
a role in the clinical management of IBS (46), may induce the expression of CB, receptors on
intestinal epithelial cells that locally contribute to the restoration of the normal perception of
visceral pain in rodents.

COLON CANCER

Cannabinoids have been licensed for clinical use as palliative treatment of chemotherapy, but
increasing evidence shows direct antiproliferative actions of cannabinoid agonists on several
tumor cells in vitro and in animal models (47). The formation of aberrant crypt foci (ACF;
precancerous lesions) in the mouse colon has been shown to be associated to increased levels of
2-AG. The FAAH inhibitor N-arachidonoylserotonin increased colon endocannabinoid levels
and reduced ACF formation, the latter effect being mimicked by the cannabinoid receptor
agonist HU-210 (12). In vitro, a number of cannabinoid agonists, including the endocannabinoids
anandamide and 2-AG preferentially inhibited cell proliferation of CaCo-2 cells, which express
CB; receptor, compared to DLD-1 cells (which express both CB; and CB, receptors, with CB,
receptor less expressed than CaCo-2 cells). Such data suggest that CB; receptors are more
important than CB, receptors in reducing the proliferation of colorectal carcinoma cells (14).
In line with these results, in a study performed on SW480 colon carcinoma cells, Joseph and
colleagues (48) reported that CB; activation by anandamide inhibited tumor-cell migration,
which is of paramount importance in metastasis development. In a different study, it has been
proposed that anandamide inhibits cell death in colorectal carcinoma cells by targeting cells
that are high expressors of cyclooxygenase-2 (49).
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INTESTINAL ANANDAMIDE IN THE CONTROL OF ENERGY INTAKE

Many gut molecules (mainly peptides) have been shown to influence energy intake. The most
well studied in this regard are cholecystokinin (CCK), pancreatic polypeptide, peptide YY,
glucagons-like peptide-1, oxyntomodulin, and ghrelin (50). These messengers diffuse through
interstitial fluids to activate nearby nerve fibers and/or enter the bloodstream to function as
hormones (51). With the exception of ghrelin, these hormones act to increase satiety and decrease
food intake (50,51). Experimental evidence suggests that the intestinal endocannabinoid system
might be involved in the control of appetite and this action be modulated by peripheral peptides
(e.g., CCK) which are known to have a role in feeding.

The endogenous cannabinoid system in the gut undergoes adaptive changes in response
to diet. Food deprivation produced a 7-fold increase in anandamide content in the small intes-
tine but not in the brain or stomach (13). This effect was associated to increased expression of
vagal CB; receptors (52). Refeeding normalized intestinal anandamide levels and CB; expres-
sion. Moreover, capsaicin deafferentation abolished the hyperphagic action of a cannabinoid
agonist (13). These findings suggest that CB; receptors, located on capsaicin-sensitive sensory
neurons, may be involved in cannabinoids-induced modulation of appetite and that anan-
damide acts as a “hunger signal”. Interestingly, the intestinal levels of the anorexic compound
oleoylethanolamide (OEA; a natural analogue of anandamide which does not activate cannabi-
noid receptors) may change in response to nutrient status (53-56)—they are lower in food-
deprived than free-feeding rodents, and return to baseline values upon refeeding. Overall, it
appears that intestinal levels of anandamide and OEA are inversely correlated to feeding. Food
deprivation increases intestinal levels of anandamide (an orexic fatty-acid ethanolamide), while
it decreases the levels of OEA (an anorexic fatty-acid ethanolamide); conversely, food ingestion
decreases intestinal levels of anandamide while it increases the levels of OEA. Thus, it is possible
that the two acylethanolamides act in a coordinated manner to control feeding through their
opposing actions on food intake (13,53).

CCK is an anorexigenic peptide produced in gall bladder, pancreas, and stomach, and
concentrated in the small intestine (50,51). Like CB; activation (2), CCK receptor agonism inhibits
gastric emptying and primarily increases central signaling of satiety through vagal afferent
signals to the brain resulting in short-term inhibition of food intake (50,51). It is, therefore,
noteworthy that gastric and intestinal vagal afferents that express CCK receptors also express
CB; receptors. Moreover, food intake produced a rapid loss of CB; receptor expression, an effect
blocked by a CCK-1 receptor antagonist and mimicked by administration of CCK to fasted rats.
Because CCK is a satiety factor that acts via the vagus nerve and CB; agonists stimulate food
intake, the data suggest a new mechanism modulating the effect on food intake of satiety signals
from the gastrointestinal tract (52).

CONCLUSIONS

Cannabinoids exert different important physiological and pathophysiological functions in the
gut, which include inhibition of gastrointestinal motility, gastric acid and intestinal secretion,
inflammation, cell proliferation, and visceral pain. Most of these actions are mediated by CB,
receptors, although the CB, receptor may have a role in pathophysiological states such as gut
inflammation. Potential therapeutic applications of cannabinoid drugs include the treatment
of gastrointestinal reflux disease, IBD, IBS, and colon cancer. In relation to the possible role of
intestinal endocannabinoids in the control of energy balance, there is evidence that anandamide
in the gut may act as a “hunger signal”, an action which could be counterbalanced by intestinal
oleoylethanolamide, which exerts opposite effect on food intake.
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INTRODUCTION

Over past centuries, cannabis and its major psychoactive component A°-tetrahydocannabinol
(A’-THC) have been extensively used for recreational use, and one of its widely effects was the
onset of a ravenous appetite and eating behavior (1). Moreover, the discovery of the EC system
and the cloning of the cannabinoid receptors, which are activated by the A°-THC, suggested
that the EC system might have a key role in the regulation of food intake. Data from CB,
knockout mice and from pharmacological blockage of the CB; receptor by the well-known
specific antagonist rimonabant reinforced definitively the concept that CB; receptor has a key
role in the regulation of food intake (2). A recently expressed view, however, changed the
scenario of the mode of action of the EC system not limited to neuronal target and shed light
on the peripheral model of action of the EC system. Accordingly, endocannabinoids and CB,
receptors are present in peripheral cells and tissues controlling energy homeostasis, including
the gut (3), the liver and hepatocytes (4), the white adipose tissue (5) and the adipocytes (6-10),
the skeletal muscle (11), and the pancreas (9,12-14).

There is increasing evidence for overactivity of the EC system during conditions of unbal-
anced energy homeostasis (e.g., obesity and hyperglycemia), and for its causative role in these
disorders, and in particular in organs such as the adipose tissue and the pancreas (15,16). How-
ever, it is still not clear whether the EC system hyperactivity is a consequence or a cause of
obesity even if a selective CB; receptor rimonabant is already commercially available to nor-
malize the overactive EC system in obese pathological states (17-20). At this point it might
be interesting to better understand how the EC system participates in the regulation of the
metabolic and endocrine processes, in particular in the adipose tissue and pancreas.

ROLE OF THE EC SYSTEM IN THE ADIPOSE TISSUE (SEE FIG. 1)

Role of the EC System in Lipogenesis and in Adipogenesis

Several studies, carried out either on adipose tissue or on isolated adipocytes, demonstrated
the presence of the EC system and seem to favor the idea that the endocannabinoid system is
involved in fatty acid homeostasis in this tissue and that the activation of CB; receptors increases
de novo lipogenesis. Cota and coworkers suggested, for the first time, a role for the EC system
at the peripheral level, and in particular in adipocytes and adipose tissue, demonstrating the
presence of the CB; receptors (7). In fact, they showed that CB;~/~ mice exhibits lower body
weight due to a reduction of fat mass during a period of 12 weeks after birth accompanied by an
increase in lean mass. Since CB; receptor knockout and wild-type mice show similar circadian
variations in body temperature and locomotor activity, and only a trend toward higher energy
expenditure (wWhich corresponds to the energy combustion and fat and carbohydrates oxidation),
the fat mass reduction observed in CB; receptor knockout mice must be directly connected to the
absence of CB; receptors and to their role in fat mass accumulation and in fatty acid synthesis
(7). The importance of the CB; receptor in fat mass regulation had already been pointed out
by studies carried out with the use of the antagonist rimonabant in a diet-induced obesity
mouse model. While its inhibitory effect on food-intake was only transient, the CB; antagonist
induced a persistent fall in energy intake and a reduction in fat content after 5-weeks treatment
of diet-induced obese (DIO) mice in comparison to the vehicle-treated mice (21). Moreover,
the blockade of the CB; receptor in a 40-days regimen with rimonabant in the same animal
model also reduced body weight persistently in a dose-dependent way, and this effect was
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Figure 1 Role of the EC system in the adipose tissue.

accompanied by a decrease of white adipose tissue in epidydimal, perirenal, and lumbar tissues
(5). Cota and coworkers also demonstrated that CB; was found in the epidydimal fat pads from
CB;*/* but not from CB; ~/~.

The effect of the EC system on lipogenesis is also substantiated by the finding of CB;
receptors in a primary epidydimal-derived adipocyte cell line 3T3F442 A. In these cells, stimu-
lation of CB; by the agonist WIN-55212 leads to activation of the lipoprotein lipase, an enzyme
involved in the hydrolysis of the triglycerides for adipocyte adsorption and fat storage, whereas
its blockade by rimonabant causes inhibition (7). Bensaid and coworkers have also advanced
a hypothesis that could possibly explain the effect of rimonabant on peripheral lipogenesis. In
fact, in addition to a direct EC system—dependent effect on lipogenesis, the EC system could
also affect lipid metabolism through the release of adipokines. They showed that the expression
of one of the major adipocyte-derived hormones, which is playing a crucial role, among other
things, in reducing the expression of enzymes involved in lipogenesis, adiponectin (Acrp30)
could be enhanced by the CB; antagonist rimonabant (6). Blockage of CB; receptors by its
antagonist rimonabant leads to an increase of adiponectin expression in the adipose tissue of
obese zucker (fa/fa) rats, which is more pronounced in lean rats. Rimonabant also induced
adiponectin overexpression in the mouse adipocyte cell line, but not on adipocytes from CB;
receptor knockout mice (6). In agreement with these results, Matias and coworkers (9), using
the same adipocyte cell line, demonstrated that the activation of CB; receptors by the agonist
HU-210 inhibits adiponectin expression in mature/hypertrophic adipocytes. Moreover, HU-210
stimulates the appearance of an early marker of differentiation such as peroxisome proliferator-
activated receptor-y (PPAR-y) and the accumulation of lipid droplets in the same conditions
as assessed by Oil Red O-staining. An almost 2-fold stimulation of PPAR-y expression was
observed in both partially differentiated and mature adipocytes. All these effects were attenu-
ated or reversed by rimonabant, pointing to the direct role of CB; receptors in increasing lipid
accumulation in adipocytes (9). Considering that stimulation of CB; receptors, which has led to
inhibition of adenylyl cyclase and of cAMP formation, an intracellular event coupled to lipolysis
and inhibition of lipogenesis in adipocytes, one can then hypothesize that the CB; receptor—
induced lipogenesis or inhibition of lipolysis might be due to inhibition of cAMP formation. The
authors studied the effect of the compound on forskolin-induced cAMP formation in mature
3T3F442 A adipocytes and found that HU-210 dose-dependently inhibited cAMP formation in
a way that was significantly attenuated by rimonabant but not by a CB, receptor antagonist (9).
Furthermore, it is well established that cAMP inhibition stimulates lipogenesis by inhibiting
the AMP-activated protein kinase (AMPK), which is considered a cellular fuel gauge and plays
a key role in the regulation of energy metabolism. Interestingly, it has been demonstrated that
A%-THC decreases the AMPK activity in both visceral and subcutaneous adipose tissue and
also decreases, in particular in the visceral fat, AMPK phosphorylation on threonine 172 in
the similar manner as the orexigenic hormone ghrelin does (22). These data, together with the
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observation that A°-THC inhibits AMPK and, therefore stimulates fatty acid synthesis in the
adipose tissue (22), suggest that the EC system has several potential mechanisms to increase
fatty acid storage into white adipocytes and, hence, the mass of adipose tissue. Since CB; recep-
tors are expressed in adipose tissue and that rimonabant stimulates adiponectin synthesis (6),
which in turn stimulates AMPK activity, these results are in agreement with the inhibition of
AMPK activity by a CB; agonist like A’-THC. AMPK stimulates catabolism and inhibits fatty
acid synthesis by inhibiting ACC and decreasing malonyl-CoA availability (23). It is then impor-
tant to note that, in fat pads, the activation of CB; receptors also stimulates the expression of the
important transcription factor SREBP-1 ¢ and its targets, the ACC1 and FAS lipogenic enzymes,
suggesting that CB; receptors might increase lipid levels by increasing directly fatty acid syn-
thesis (4). In the whole white adipose tissue of DIO mice, using DNA chip technology, it has
been demonstrated that rimonabant increases the expression of lipolytic enzymes, such as CAT,
CPT2, and crotonase, and of enzymes involved in the TCA cycle, such as fumarase, aconitase,
and oxoglutarate dehydrogenase (24). Lipolysis regulators such as the 3 adrenergic and growth
hormone receptors were also upregulated. Since fatty acids can be endogenously synthesized
from amino acids in order to increase energy expenditure, Jbilo and coworkers also looked at the
expression of three enzymes involved in amino acid degradation and showed that rimonabant
in DIO mice increased the expression of the cysteine dioxygenase responsible for the oxidative
degradation of the cysteine, and of the methylcrotonoyl-CoA carboxylase and methylmalonyl
CoA mutase responsible for valine, leucine, and isoleucine degradation (24). Also in the brown
adipose tissue, rimonabant increased the genes involved in energy storage and expenditure and
in the regulation of mitochondrial functions (24). In particular in mouse brown adipocytes, it has
been recently demonstrated that CB; inhibits the thermogenic uncoupling protein-1 (UCP-1),
which is a marker of terminal brown fat differentiation and a hallmark of the thermogenic
recruitment process (25). Treatment with the CB; agonist WIN55212-2 decreases the expres-
sion of UCP-1 in a dose-dependent way. Moreover, the CB;-mediated inhibition was maximal
between 2 and 4 hours of stimulation and was paralleled by similar decreases in UCP-1 mRNA
levels (25). Blockage of such effects by rimonabant, although interesting in rodents, could be
of limited interest since the role of brown adipose tissue is still a matter of debate in humans.
However, the authors conclude that CB; signaling activation in mice reduces thermogenesis
(25) and that rimonabant increased it (26).

Interestingly, in the process of adipocyte differentiation, the endocannabinoid anan-
damide, whole levels of which we found to peak immediately before adipocyte maturation
(9), was also found to stimulate PPAR-y in a non CB;-dependent way (27). In fact, the authors
observed that anandamide enhances the differentiation of the mouse preadipocyte 3T3L1 by
increasing lipid accumulation and adiponectin, lipoprotein lipase and PPAR-y expression in a
way reverted by a PPAR-y antagonist but not by the CB; antagonist rimonabant (27). Recently,
Yan and coworkers suggested that not only in the same adipocyte cell line but also in visceral
and subcutaneous tissue, CB; receptors expression is instead regulated by PPAR-8, which has
received less attention than the other PPARs but appears to be a powerful regulator of lipol-
ysis (28). In white but not in brown adipose tissue, both the high-fat-diet-induced adipocyte
fattening and the exercise-induced adipocyte size reduction were accompanied by changes in
PPAR-3 levels opposite to those of CB; receptors. Accordingly, when 3T3L1 adipocytes were
submitted to selective silencing of PPAR-8 mRNA, a significant increase in both CB; receptor
expression and adipocyte differentiation was observed, whereas adenovirus-mediated overex-
pression of PPAR-8 significantly reduced both CB; expression and adipocyte differentiation.
Since PPAR-8 activate genes for fatty acid catabolism and oxidation and then lipolysis, and
CB, receptor stimulates lipogenesis; it is not surprising to see that PPAR-8 downregulates CB;
receptor expression (28). These findings reinforce the concept that endocannabinoids actively
and directly participate in adipogenesis and fat accumulation.

Role of the EC System in Glycolysis in the Adipose Tissue

Recent findings also suggest that in the adipose tissue, the EC system seems to be involved not
only in fatty acid but also in glucose homeostasis and that CB; receptors blockage increases gly-
colysis. Inmouse 3T3F442 A adipocytes, rimonabant inhibits cell proliferation in a concentration-
dependent manner and stimulates the expression of GAPDH, an enzyme involved in both lipid
and glucose metabolism, both at the level of the RNA and the protein (29). Furthermore, also in
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whole white adipose tissue of DIO mice, rimonabant was shown to increase GAPDH and other
glycolytic enzymes such as the glycogen phosphorylase and synthase, the phosphofructoki-
nase, the glyceraldehyde-3-phosphate dehydrogenase, the phosphoglycerate mutase, and the
B-enolase (24). Blockage of CB; receptors by rimonabant also induced an upregulation of the
insulin-responsive glucose transporter, GLUT4, which suggests a facilitated glucose transport
and consequently, increased glycolysis and lipogenesis. Recently, in contrast to this finding,
Gasperi and coworkers have demonstrated that anandamide stimulates insulin-induced glu-
cose uptake in the adipocyte cell line 3T3L1, and that this effect is antagonized by rimonabant
(30). Recently, Pagano and coworkers also observed that CB; stimulation increases glucose
uptake and translocation of GLUT4 in plasma membrane, mediated by increased [Ca?*]; and
PI3-kinase in human adipocytes, suggesting that endocannabinoids and insulin share a common
intracellular signaling pathway (31). In conclusion, blockade of CB; receptors might increase
glucose uptake and metabolism in the white adipose tissue cells depending on their energy
status and insulin sensitivity and resulting in an increased energy loss, which might, at least in
part, contribute to the observed 18% to 27% weight loss in DIO mice (21,24).

Regulation of the EC System in the Adipose Tissue

Furthermore, in the 3T3F442 A mouse adipocyte cell line, the levels of endocannabinoids
appeared to be regulated by leptin and PPAR-y according the differentiation status of the
adipocytes (9). As previously reported in rodent hypothalamus (32), both anandamide and 2-AG
levels in mature adipocytes were decreased after either both acute or prolonged stimulation with
leptin. In partially differentiated but not in mature adipocytes, the selective agonist of PPAR-y
ciglitazone decreased 2-AG, but not anandamide levels. The data obtained in 3T3F442 A suggest
that the EC system is upregulated immediately before adipocyte differentiation, concurring to
induce differentiation and lipogenesis. Consequentially, at the early stage of differentiation,
2-AG might be downregulated by PPAR-y and then, at late stage of differentiation, both endo-
cannabinoids and PPAR-y might then be “turned off” by leptin, which is produced by mature
adipocytes (9). In agreement with our studies, Pagano and coworkers recently reported an
upregulation of PPAR-y expression induced by WIN55212 only in early differentiated human
adipocytes (31). Interestingly, differentiation of human adipocytes with the PPAR-y agonist
rosiglitazone was shown to downregulate CB; expression and upregulate FAAH expression
(31). All these data suggest a feedback mechanism between PPAR-y and endocannabinoids at
early stage of differentiation, while leptin would then inhibit both endocannabinoids levels and
PPAR-y expression (9,31) at late stage of differentiation.

Deregulation of the EC System in the Adipose Tissue

In the adipose tissue, several authors have recently shown a dysregulation of EC system.
Bensaid and coworkers found for the first time an upregulation of the CB; receptor expression
in adipocyte tissue of zucker (fa/fa) obese rats as compared to lean rats, and at the same time,
in differentiated 3T3F442 A mouse adipocyte cell line compared to that of the undifferentiated
adipocyte cell line (6). Data from Matias and coworkers demonstrated that not only CB; but
also CB, receptors were expressed only in differentiating 3T3F442 A adipocytes and remained
expressed in mature cells, although CB, levels significantly decreased in hypertrophic versus
partially differentiated preadipocytes (9). Furthermore, they demonstrated that 2-AG levels
become hyperregulated in hypertrophic adipocytes (day 12). Accordingly, the differentiation
was accompanied by a dramatic increase in the expression of the 2-AG biosynthesizing enzyme,
DAGL-a, whereas the 2-AG degrading enzyme, MAGL, was unchanged. In DIO mice, the epi-
didymal fat levels of 2-AG were 2.5-fold higher in DIO versus normoweight mice in agreement
with an upregulation of the EC system in the adipocyte 3T3F442 A cell line (9). Moreover, Di
Marzo’s group recently demonstrated by immunochemistry that both cannabinoid receptors
and all the endocannabinoid enzymatic machinery is present in both mice subcutaneous and vis-
ceral adipose tissue (33). Importantly, however, no differences in the expression of endocannabi-
noids metabolic enzymes and endocannabinoids normalized or total levels were found in the
visceral fat of mice fed with a high-fat diet (HFD) as compared to standard diet (STD). Instead,
in the subcutaneous fat the high fat regimen, starting 8 weeks from its beginning, resulted in an



THE EC SYSTEM IN THE ADIPOSE TISSUE AND ENDOCRINE PANCREAS 157

increased expression of endocannabinoids metabolic enzymes and normalized or total levels
of AEA and 2-AG that were lower than the corresponding ones in STD mice. The above data on
endocannabinoid levels in the adipose tissues do not entirely agree with the previous finding
of increased levels of 2-AG in DIO mice (9). Methodologically, different sampling of the visceral
and subcutaneous adipose tissue, and high-fat diet differences might account for not only the
differences on endocannabinoids levels observed, but also on the expression of CB; receptors.
Higher or lower CB; or CB, expression in subcutaneous and visceral adipose tissue of high-fat-
diet-fed mice as compared to standard diet fed mice was not observed (9). On the other hand,
Yan et al. (28) showed that in rats fed a high-fat diet, the expression of CB; in the adipose tissue is
increased.

ROLE OF THE EC SYSTEM IN THE ENDOCRINE PANCREAS (SEE FIG. 2)

Role of the EC System in Insulin Release and Glucose Tolerance

Recent findings suggest that endocannabinoids are also involved in the control of metabolism
by regulating insulin levels as well as glucose uptake and utilization by tissues, with subsequent
impact on glucose tolerance (9,12-14). The role of the EC system has been first investigated in
the RIN-m5 F B-cells, a model of rat insulinoma that is a widely used model of pancreatic islet
B-cells because of the quantity of insulin they release and also the response they show to this
hormone (9). Using quantitative real-time PCR, the author recently demonstrated the presence
of both CB; and CB, in the RIN-m5 F cells of the endocannabinoid biosynthetic enzymes such
as the DAGL-a and the NAPE-PLD, and of the degradating enzymes such as MAGL and FAAH
(9,34). The author observed that stimulation of cannabinoid receptors by HU-210 enhanced
insulin release, as assessed by a specific ELISA. This effect was reversed by rimonabant but not
by a cannabinoid CB; receptor antagonist and was likely due to elevation of intracellular Ca**
by HU-210, which occurred within a similar range of concentrations (9). Interestingly, since
insulin secretion is determined by the [Ca?"]; transients, De Petrocellis and coworkers recently
investigated the functional activity of CB; and CB, receptors (34). We demonstrated that, like
bombesin receptors, but with lower potency, CB; and CB, receptor activation is coupled to
Ca®* mobilization from intracellular stores, possibly from endoplasmic reticulum. This process
is sensitive to a specific inhibitor of phosphoinositide selective phospholipase C (PI-PLC),
U73122, butnot toits inactive analog, U73343, nor to pertussis toxin, adenylyl cyclase stimulation
or extracellular Ca?". This might suggest that CB; and CB, receptors are coupled to elevation
of [Ca**]; via G-proteins of the Gq/11 type, activation of the PI-PLC cascade and also [Ca**];
mobilization via IP; receptors (34).

In mouse Langerhans’ islets, Juan-Pico and coworkers showed that stimulation of CB,
receptors reduces insulin release via inhibition of calcium transients, whereas CB; receptors,
which were absent from mouse B-cells, exert the same effect to a much lesser extent (12).
However, the authors later reported that systemic CBy, but not CB,, receptor stimulation in rats
causes glucose intolerance in vivo (13). These results from the same group can be interpreted
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Figure 2 Role of the EC system in the endocrine pancreas.
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only by assuming that activation of CB; receptor agonists reduce glucose tolerance through
an indirect mechanism (i.e., not by targeting B-cells and reducing insulin release directly, but
rather by affecting other factors that regulate insulin release, or by inhibiting glucose uptake by
tissues in other ways). Alternatively, it is possible that a small population of B-cells do express
these receptors under certain conditions. Indeed, the finding of high levels of CB; receptors in
insulinoma cells (9) might suggest that the expression of these receptors in B-cells might also
depend on their differentiation and/or metabolic state. Species differences are also possible,
and it has to be underlined that no study in human pancreas has been reported to date. In fact,
immunohistochemical data from Di Marzo’s group indicate that, in pancreatic islets from lean
mice and rats, both CB; receptors and endocannabinoid-producing enzymes are mostly located
on glucagon-producing a-cells (33).

Furthermore, Bermudez-Silva and coworkers recently established the presence of both
CB; and CB; receptors in rat pancreatic 3- and non—B-cells from isolated Langherhans islets
and demonstrated that CB, receptors improved glucose tolerance (14). Since it has been demon-
strated that CB; stimulation increases insulin release (9) and that CB, stimulation decrease
insulin release (12), they suggested that CB; and CB; have opposite role in glucose homeostasis
suggesting a coordinated action of both receptors in the regulation of glycaemia (14). Accord-
ingly, higher glucose levels have been found after CB; stimulation while they return to normal
levels after CB, stimulation. Furthermore, the authors demonstrated that the activation of both
CB, and CB; receptors did not affect glucose levels showing that these receptors inhibited their
individual contribution (14). Further detailed studies on the occurrence and function of cannabi-
noid receptors in cells and tissues producing, regulating, and responding to insulin need to be
performed especially in humans.

Regulation of the EC System in Pancreatic Islet p-cells

Furthermore, in RIN-m5 F pancreatic islet B-cells, the levels of endocannabinoids appeared to
be under the regulation of glucose and insulin according to the glucose concentration of the
cell medium (9). Matias and coworkers reported that a pulse of a “very high” concentration of
glucose significantly elevates the levels of both anandamide and 2-AG in these cells. However,
we also observed that, contrary to “low” glucose conditions, where insulin reduces the “very
high” glucose-induced elevation of endocannabinoid levels and has no effect per se, in B-cells
kept for 24 hours in “high” glucose endocannabinoid levels are not depressed any longer by
insulin, which instead elevates both AEA and 2-AG levels also in the absence of the “very
high” glucose pulse. Additionally, under both conditions, leptin only decreased 2-AG, but not
anandamide, levels and that too only after prolonged stimulation (9).

Deregulation of the EC System in the Pancreas

An overactive EC system has also been detected in isolated pancreatic 8-cells and in the pan-
creas in hyperglycaemic and obese states by Matias and coworkers (9). Accordingly, in RIN-m5
F rat insulinoma B-pancreatic cells, in which a high glucose “pulse” elevates both AEA and
2-AG levels, insulin keeps this effect under negative control when the cells are maintained in a
relatively low concentration of glucose. However, under conditions mimicking hyperglycemia,
insulin no longer inhibits glucose-induced endocannabinoid levels and, instead, it stimulates
them per se. In agreement with these findings in isolated cells, enhanced levels of both AEA
and 2-AG were observed in the pancreas of hyperglycaemic DIO mice as compared to mice
fed a normal diet (9). Recently, they found in the pancreas of mice fed with a HFD, a strong
expression of NAPE-PLD and DAGL-« inside the islets, whereas these biosynthetic enzymes
are normally expressed in a-cells in the pancreas of mice fed with a STD, suggesting an over-
expression of these enzymes in the B-cells of HFD mice (33). On the other hand, the expression
of FAAH in these cells decreased starting at 8 weeks from the beginning of the HFD. Fol-
lowing prolonged HFD and development of overt obesity, pancreatic endocannabinoids levels
return to normal despite the fact that deregulation of biosynthetic and degradative enzyme
persist (33). This overactivity of the EC system in the pancreas is likely to have a strong impact
on insulin levels (see below), and hence on glucose utilization and metabolism. Furthermore,
it may affect adipo-insular interactions, thus contributing to further hyperinsulinemia and
hypoadiponectinemia.
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DEREGULATION OF THE EC SYSTEM AND CONSEQUENCE OF SUCH
DEREGULATION IN HUMAN

Recently, human subcutaneous or visceral adipocytes and adipose tissue have been found to
express CB; and CB, receptors, suggesting a role for the EC system in the pathophysiology of
obesity and hyperglycemia not only in experimental models but also in humans (8,10,31,35).
In fact, in overweight/obese patients with mild hyperglycaemia, almost 2-fold higher levels of
2-AG were found in visceral adipose tissue as compared to normoweight controls (9). Impor-
tantly, in these patients, visceral fat, known to be the most important determinant in fat mass
regulation and obesity-associated disorders, contained significantly higher levels of 2-AG than
subcutaneous fat, thus emphasizing the potential implication of the EC system in the link
between the metabolic syndrome and visceral adiposity. Engeli and coworkers also found a
reduction in CB; and FAAH expression in the visceral adipose tissue of obese women. They
also observed in obese women a strong correlation between FAAH in the adipose tissue and
elevated plasmatic endocannabinoid levels (5). Regarding the expression of CB; receptors,
discrepancy results have been observed in obese according to, probably, methodological dif-
ferences. Conversely, a decrease of CB; receptor expression in the visceral fat of obese versus
normoweight women, and a negative correlation between CB; mRNA levels and the amounts
of visceral fat in obese patients was reported by another group (5,36), whereas two other studies
showed no changes in CB; expression (9,37). Nevertheless, a study carried out in human subcu-
taneous gluteal fat and visceral adipose tissue from normoweight and obese patients, indicates
that deregulation of the EC system in adipose tissue is depot-specific, since a decrease in the
expression of CB; receptors and of the FAAH have been observed in the subcutaneous gluteal
fat, whereas an opposite change of these genes was observed in visceral adipose tissue from
obese patients (31). These above data are in agreement with the recent data from Di Marzo’s
group indicating that the expression of endocannabinoids metabolic enzymes and normalized
or total levels of endocannabinoids were lower in the subcutaneous fat of HFD mice compared to
STD mice (33). Methodologically, different sampling of the subcutaneous adipose tissue which
contains two layers of adipose tissue with different biochemical and functional properties, and
species differences (see below) might account for not only the different endocannabinoids levels,
but also on the expression of CB; receptors or endocannabinoids metabolic enzymes. Neverthe-
less, all these data still suggest that a different distribution between visceral and subcutaneous
fat in individuals with the same body mass index (BMI) and overall adiposity might have a
dramatic impact on the levels of endocannabinoids in this organ. In fact, it can be predicted that,
in both mice and humans, a higher percent of visceral versus subcutaneous fat will result in
higher peripheral endocannabinoids levels, thus possibly accounting for the strong association
between high-circulating 2-AG levels and intra-abdominal adiposity observed in obese patients
with the same BMI (36,39).

Even if endocannabinoids are not normally released from tissues into the bloodstream
to act as hormone, plasmatic elevated endocannabinoids levels have been found in obese and
diabetic humans suggesting that the deregulation of the EC system, observed in the adipose
tissue or in the pancreas or in the other peripheral tissues, might spills over into the blood.
In fact, in the blood of women that became obese because of binge eating or menopausa,
the levels of anandamide or both endocannabinoids, are also significantly higher than in age-
matched nonobese controls (5,38), whereas in the blood of obese, particularly if male, patients,
the levels of 2-AG, but not anandamide, correlate with intra-abdominal adiposity and with
all the cardiometabolic risks associated with ectopic visceral fat (36,39). Also in the blood
of nonobese type 2 diabetes patients, levels of both anandamide and 2-AG are permanently
elevated compared to those of age- and gender-matched controls (9).

CONCLUSIONS

This chapter summarized the last evidences pointing to the important role played by the EC
system in the control of glucose and fatty acid metabolism at the level of the adipose tissue and
pancreas. CB; receptor activation has been showed to increase blood glucose levels via different
pathways, including the inhibition of insulin release and of glucose utilization by peripheral
tissue and brain cells, even if the exact mechanism still needs to be substantiated by future
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studies. Furthermore, CB; receptor activation facilitates the growth of fat deposits rather than
burning fat as a fuel for cells. Under normal activation conditions, CB; receptor activation is
certainly beneficial to ensure the optimal energy homeostasis necessary to compensate for the
loss of energy occurring following stressful conditions. As a malignant factor instead, circulating
and fat tissue endocannabinoid levels are increased in overweight and especially abdominally
adipose patients, thus giving rise to a vicious circle (16). As anticipated above, blockade of CB,
receptors with specific antagonists seems to be a fruitful and relatively safe pharmacological
strategy to reduce body weight in obese humans also. Rimonabant, the first CB; receptor
antagonist/inverse agonist to be approved for therapeutic use in Europe, might be followed in
the future by CB; receptor antagonists developed by other companies and now in phase I and II
clinical trials. Like rimonabant, these compounds might not only reduce food-intake and body
weight in obese patients, but also significantly ameliorate the signs of the metabolic syndrome in
overweight/viscerally obese and/or type 2 diabetes patients by directly targeting a potentially
overactive EC system in peripheral cells and organs (17-20). This potential additional value of
CB; receptor antagonists will have to be exploited to add further momentum to the future basic,
preclinical and clinical studies that are necessary, now more than ever, to fully appreciate the
role of endocannabinoids in the peripheral control of metabolism.
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INTRODUCTION

The first cannabinoid receptor (CB;) was cloned from rat brain in the early 1990s represent-
ing the beginning of the molecular description of the cannabinoid system in this tissue (1).
This finding was followed by the isolation and molecular characterization of anandamide
(N-arachidonoylethanolamine, AEA) (2), an endogenous cannabinoid receptor ligand or endo-
cannabinoid (EC), and also by a report that immune cells expressed a second type of cannabinoid
receptor, CB; (3). The discovery of CB, suggested that the endocannabinoid system (ECS) was
functioning in tissues besides brain and further support of this came from studies showing that
immune cells produced receptor ligands (4-8) and metabolizing enzymes (5,6,9,10). The demon-
stration of the molecular components of an immune ECS supported decades of previous work
showing that natural cannabinoids, such as THC, modulated immune function in humans and
animals (11) and indeed it is now evident that ECs also modulate immune function (11-13). The
discovery of the immune endocannabinoid system (IECS) raises two important questions: What
is the function of the IECS in regulating normal immune activity? Secondly, can the regulation
of the IECS during disease provide new approaches to the management of inflammation? In the
following, we will provide a short overview of results establishing that immune cells contain
an IECS and also provide evidence supporting a role of the IECS in immune activation and the
potential therapeutic benefit of IECS manipulation in the management of inflammation.

THE IMMUNE ENDOCANNABINOID SYSTEM (IECS)

It is now established that cannabinoid receptors (CB; and CB;), their endogenous ligands,
and the enzymes responsible for endocannabinoid biosynthesis and degradation are produced
and active in immune cells (14,15), thus comprising the IECS. The first studies identifying the
components of the ECS, such as ECs and their metabolizing enzymes, were primarily done
with cells of the CNS, which provided strategies that were applied to investigate EC synthesis
and metabolism in immune cells. ECs are lipid mediators generated on demand by various
cells, including activated immune cells (14,15) and neurons (16,17). The most studied and well-
characterized ECs are AEA, discovered in porcine brain (18), and 2-AG (2-arachidonylglycerol),
first isolated from canine intestines (19). These natural compounds are arachidonic acid deriva-
tives metabolized by cleavage of membrane fatty acids (20,21). From experiments performed
in brain, AEA synthesis starts with the combination of arachidonoyl phospholipid and phos-
phatidylethanolamine by the action of an N-acyltransferase (NAT), in the presence of Ca*,
followed by the subsequent hydrolysis of N-arachidonoyl-phosphatidylethanolamine (NArPE)
catalyzed by phospholipase D (PLD) to yield AEA and phosphatidic acid (12,21,22). 2-AG
biosynthesis occurs in response to a rise in intracellular Ca>* and is formed by the hydrolysis of
1,2-diacylglycerol (DAG) by DAG lipase (DAGL) (12,21-23). Degradation of AEA is by fatty acid
amide hydrolase (FAAH) (24), while 2-AG hydrolysis is by monoacylglycerol lipase (MAGL)
(23-25). There are two well-defined cannabinoid receptors, CB; and CB, (26), and endocannabi-
noids bind to CB; and CB,, with 2-AG having affinity for both receptors, whereas AEA having
greater affinity for CB; (27). Noladin ether and virohdamine have also been describe as endo-
cannabinoids but have not been reported to be produced by immune cells and therefore will
not be discussed further.
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The initial studies to identify components of the IECS were carried out using mouse
J774 macrophages and rat RBL-2 H3 basophils (4,5). These studies showed for the first
time that immune cells contained a NAPE-like metabolite that was hydrolyzed by PLD
to release AEA, and further demonstrated that ionomycin stimulation caused both cell
lines to produced AEA (5) and ]774 cells to produced 2-AG (6). To further establish that
immune cells have a functional IECS, RBL-2 H3 basophils and J774 macrophages were
shown to inactivate AEA (5) and 2-AG (6,9) by re-uptake mechanisms involving either an
as-yet-uncharacterized membrane transporter for AEA or by diffusion for 2-AG. This re-
uptake was immediately followed by AEA hydrolysis mediated by FAAH (5) and recently
in other macrophage systems by NAAA (N-acylethanolamine-hydrolyzing acid amidase)
(10). 2-AG hydrolysis was mediated minimally by FAAH (9) but more extensively by
MGL (6).

Evaluation of endocannabinoid production during immune stimulation has been studied
in various models. RBL-2 H3 cells stimulated to release histamine also released AEA at minimal
levels (5); on the other hand, immune activation of J774 cells with LPS caused a 2.5-fold increase
of 2-AG levels (6) and RAW264.7 macrophages activated with LPS and PAF increased synthesis
of AEA (28). However, in another study using RAW246.7 cells, although 2-AG was in greater
abundance at basal activity, following stimulation with LPS the level of AEA not 2-AG increased.
The increase in AEA was shown to occur independent of PAF stimulation which was shown to
induce 2-AG production (29). This supported another study using mouse P388D1 macrophages
showing that PAF stimulates the release of 2-AG and not AEA. These studies demonstrate
that macrophages can synthesize both AEA and 2-AG with the latter in higher abundance at
basal cell activity; however, the upregulation of the endocannabinoids may differ following
stimulation with AEA increased by LPS and 2-AG by PAF. More recent studies analyzed the
presence of the IECS in brain microglia. It was determined that the rat microglial cell line,
RTMGL1, produces 2-AG as well as AEA, with the latter in smaller quantities (30). Microglia
cells also produce endocannabinoid hydrolyzing enzymes. For example, BV-2 cells, as well
as primary microglia cells, were analyzed for FAAH activity as well as for the presence of
MGL. Using a mixture of enzyme inhibitors, it was determined that FAAH hydrolyzed 2-AG
as did a “novel MGL” that was not expressed in neurons but had 2-AG hydrolysis activity
in microglia (31). Tham et al. (32) using rat microglia cell cultures showed similar results
with these cells, showing both FAAH and MGL activity.

Studies with dendritic cells (DC) also showed evidence of an IECS. Human DCs derived
from PBMCs were shown to produce AEA and 2-AG at basal activity with the level of 2-AG
higher (as in macrophages) than AEA (33). Stimulating the cells with LPS increased 2-AG but
not AEA which was different from the response reported above in macrophages wherein LPS
increased AEA. From this, it is possible that the upregulation of ECs differs depending on
the type of immune cell and that the mobilization of AEA may play a more critical role in
macrophage function, while 2-AG mobilization is of greater importance in DC function. In
addition to EC production, DCs were shown through RT-PCR and Western blot analysis to
express FAAH, CB;, and CB; (33).

Human peripheral blood mononuclear cells (PBMCs) also appear to have a complete
IECS. Maccarrone et al. (8) established by PCR and Western blot analysis that PBMCs expressed
FAAH, CBy, and CB,. FAAH activity and protein were decreased in these cells following LPS
stimulation and this was associated with an increase in immune cell AEA level. The PBMCs
were also able to take up AEA independent of LPS stimulation and bind AEA through CB,
receptors. Similar results were obtained in a recent study on Huntington’s disease (HD) in
which PBMCs were shown to express FAAH, CB;, and CB,, synthesize AEA via NAPE-
PLD, inactivate AEA by uptake at the AEA transporter (AMT), and hydrolysis by FAAH
(34). Interestingly, the HD patients had decreased FAAH activity and increased AEA levels in
PBMC.

Human T lymphocytes, purified from PBMCs, also contain endogenous levels of AEA and
2-AG as well as express FAAH activity (35-38). As with data reported above for macrophages
and DC, the level of 2-AG in T cells was greater than that of AEA, however, both ECs
were decreased by progesterone treatment in culture for 24 hours (36). T cells also expressed
FAAH activity and both transcription and translation of the FAAH gene were increased
by progesterone treatment suggesting that the hormone is able to regulate the IECS in
lymphocytes.
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ENDOCANNABINOID MODULATION OF IMMUNE FUNCTION

The immune system is complex and highly regulated and has evolved to combat infection
and disease. Regulation involves increasing immunity to mount an effective attack against
infections as well as halt immunity after the invading microbes have been cleared. If left unreg-
ulated, diseases such as autoimmune, chronic inflammatory, and septic shock can occur. There-
fore, immune regulation is vital in maintaining homeostasis and involves regulatory substances,
such as cytokines, hormones, and now the endocannabinoids, which lead primarily to immuno-
suppression. Initial studies (Table 1) on immunomodulation by ECs reported suppression by
AEA and 2-AG of mitogen-induced lymphocyte proliferation (39,40). Part of the suppression
was due to a reduction in IL-2 secretion since both AEA (41) and 2-AG (42) suppressed IL-2
secretion in activated mouse splenocytes. Natural cannabinoids such as THC have also been
reported to suppress human and animal lymphocyte functions (11,26).

There is limited evidence so far that the mechanism of suppression by ECs is mediated
through cannabinoid receptors. For example, the suppression of IL-2 by AEA was not due
to these receptors but due to EC metabolism by COX-2 and the products of this activating
PPAR-y. Similarly, 2-AG suppression of IFNy by splenocytes was reported to occur through
a decrease in NF-AT activity independent of CB; and CB, action, instead it depends on a
mechanism involving the inhibition of intracellular Ca** release (43). The suppression of IL-12
production was also shown to be CB; /CB, independent. Using various IL-12p40 gene reporter
constructs in RAW264.7 macrophages and specific CB; /CB, antagonists, it was demonstrated
that AEA reduced IL-12p40 promoter activity through a GA-12 repressor site and this effect
was not attenuated by CB;/CB, antagonist treatment. Replacing AEA with Prostamide E2
(Prostaglandin E2 ethanolamide), a metabolite of AEA hydrolysis by COX-2, exerted the same
effects on IL-12p40 as AEA (44). In another model system, 2-AG and THC suppressed IL-12p40
production in stimulated bone marrow—derived dendritic cells (BMDC) from mice and although
the mechanism of 2-AG suppression was not examined, the THC effect was shown to be partly
mediated by CB; and CB, mechanisms (45). Cannabinoid receptors were also shown to be
involved in AEA-induced apoptosis in mouse BMDCs by receptor antagonist studies (46). From
these limited studies, it appears that EC immune suppression might involve both cannabinoid

Table 1 Endocannabinoid Modulation of Immune Function

Immune cell EC Function Reference
Lymphocytes AEA, 2-AG Decrease proliferation 39
Splenocytes AEA, 2-AG Decrease IL-2

2-AG IFN-y and NF-AT activity,

Decrease TNF-a
Induces migration

ORRORTTAORRERDR
SCeagugagrtexehle

RAW 264.7 macrophages AEA Decrease IL-12p40
Dendritic cells 2-AG Decrease IL-12p40
Induces migration
AEA Induces apoptosis
J774 macrophages AEA, 2-AG Decrease IL-6
PBMC AEA Decrease IL-6, TNF-q, IL-4
and IFN-y
Microglial cells AEA, 2-AG Decrease TNF-a (52)
B lymphocytes 2-AG Induces migration (56)
(54)
Eosinophils (57)
Natural Killer cells (58)
HL-60 macrophage-like 2-AG Increase IL-8, MCP-1 (60)
Induces migration (59)
T lymphocytes 2-AG Inhibits CXCL-12-induced (62)
chemotaxis
AEA Inhibits SDF-1-induced chemotaxis (63)
Mast cells 2-AG Reduce histamine release (67)

Increase NO and PGE2 release
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receptor and nonreceptor mechanisms. However, this is not surprising because ECs are lipid
mediators which are, as a group, reported to be highly reactive; also, it is possible that EC
receptors in addition to CB; and CB, are expressed in immune and other tissues (47,48).

The production of pro-inflammatory cytokines in addition to IL-12 and IFNvy has also
been shown to be modulated by ECs. For example, in LPS-stimulated ]J774 macrophages, AEA
and 2-AG suppressed the release of IL-6; however, neither of the ECs had an effect on PGE2
(49). Similarly, AEA was shown to cause a decrease in IL-6 production by LPS-activated human
PBMCs and to decrease TNF-o, IL-4, and IFNy production at higher concentrations (0.3-3 pM)
(50). TNF-a was also shown to be suppressed by 2-AG in mouse splenocytes and serum samples
(51); furthermore, AEA and 2-AG were shown to inhibit TNF-a production in LPS-activated
rat microglial cells (52). From these studies, it is possible that ECs generated during immune
cell activation may suppress pro-inflammatory cytokines leading to a dampening of the on-
going immune response. In this regard, it should also be noted that THC and other natural
cannabinoids have been shown to suppress cell-mediated, adaptive immunity by suppressing
the function of Th1 cells while increasing Th2 activity (11) and that ECs show activity in various
anti-inflammatory models (see below).

The effect of ECs on leukocyte migration and chemotaxis has been extensively studied and
they have been shown to not only directly stimulate immune cell migration but also to induce
cells to produce chemokines that mediate the immune chemotactic response. Numerous reports
have demonstrated that 2-AG, but not AEA, induced leukocyte migration via CB, receptor
in models with mouse splenocytes (53), naive B lymphocytes (54), and DCs in vitro and in
vivo (55). 2-AG was also reported to induce migration in human Raji B cells (56), eosinophilic
leukemia Eol-1 cells and peripheral blood eosinophils (57), natural killer cell lines and peripheral
blood natural killers cells (58), PBMCs, and macrophage-like HL-60 cells (59). In addition to
acting as a chemoattractant, 2-AG was also shown to enhance the production in HL-60 cells,
of the chemokines, IL-8 (CXCL8) and MCP-1 (CCL2) (60), through activation of p42/44 MAP
kinase cascade (61). Not all immune cells appear to be attracted by ECs. For example, 2-AG was
reported to inhibit CXCL12-induced chemotaxis of human, resting and activated, T lymphocytes
(62) and AEA was also shown to inhibit CXCL12-induced chemotaxis (63). The migration and
influx of cells into a site of infection or injury is a fundamental first step in the inflammatory
response. The results to date suggest that ECs produced locally might promote the influx of a
variety of immune cells into the area of inflammation and, therefore, drugs that inhibit the EC
effect might be of value in suppressing swelling and inflammation. It is also intriguing, but the
meaning unclear, that other neuroimmune agents, such as opioids, are chemotactic for immune
cells and can even cross-desensitize the function of chemokine receptors (64).

ENDOCANNABINOID EFFECTS IN MODELS OF INFLAMMATION

EC effects on mast cells and several models of skin hypersensitivity have been reported
(Table 2). These hypersensitivities result from different mechanisms ranging from TPA-induced
inflammation related to the acute production and release of leukotrienes (65), allergic dermal
hypersensitivity due to IgE-mediated degranulation of mast cells, and contact hypersensitivity
due to T cell activation with cell-mediated immunity. Initial studies in this area were centered on
EC effects on mast cell cultures using rat peritoneal mast cells and RBL-2 H3 cells and showed
that cannabinoids inhibited degranulation, but AEA antagonized this effect via the CB, receptor.
AEA alone had no effect on serotonin release (66). In other studies, 2-AG was shown to reduce
histamine release by activated guinea pig mast cells as well as increase NO and PGE2 release
(67). The anti-inflammatory effects of EC were also studied in in vivo dermal rodent models.
Using TPA (12-O-tetradecanoylphorbol-13-acetate) as an inflammatory stimulus, which when
applied to the ear induces acute swelling, it was observed that the tissue level of 2-AG was
increased by TPA application and the application of 2-AG alone to the skin induced ear swelling
(68,69). Application of the CB, antagonist, SR144528, and not a CB; antagonist, blocked TPA-
and 2-AG-induced ear swelling as well as the production of leukotriene B4 and infiltration of
neutrophils. Application of THC (68) and WIN55212-2 (69) also reduced ear swelling. What is
interesting in these experiments is that 2-AG acted as an agonist whereas THC and WIN55212-2
acted as antagonists, suggesting that they may interfere with leukotriene metabolism. In a
model involving passive cutaneous anaphylaxis by sensitizing mice with anti-dinitrophenol
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Table 2 Endocannabinoid Effects on Models of Inflammation

Model ECS component Effect on inflammation Reference
TPA-induced inflammation 2-AG Levels increased in tissue, (68)
Induced ear swelling,
CB; antagonist Applied to skin blocks TPA and
SR144528 2-AG induced ear swelling and
increases leukotriene B4 and
neutrophil infiltration
CB;/CB; agonist Applied to skin reduced TPA and (68,69)

Passive cutaneous anaphylaxis;
Sensitize; anti-dinitrophenol IgE
Challenge; dinitrofluorobenzene
Contact hypersensitivity;
2,4-dinitrofluorobenzene

Septic shock

Traumatic brain injury

Multiple sclerosis

Experimental autoimmune
encephalomyelitis (EAE)

Organotypic hippocampal slice
culture (OHSC).

NMDA-induced neuronal damage

THC, WIN55212-2
CB, KO mice
CB; antagonist

CB,/CB; DKO mice
AEA

2-AG

CB;/CB; antagonist
SR141716 A/144528
CB,

CB;

CB;/CB; agonist

TCH
AEA, 2-AG

AEA

2-AG

AEA

NAPE-PLD
FAAH

AEA
NAPE-PLD
FAAH

CB;

2-AG

DAGL
AEA

2-AG

2-AG induced ear swelling.
Failed to elicit ear swelling, (70)
Attenuated inflammation

Enhanced dermatitis, (71)

Increase levels in DKO and WT
mice. Greater in WT than DKO.

Increase levels in DKO and WT
mice. Greater in DKO than WT.

Enhanced hypersensitivity
response.

Decrease mRNA expression in WT

Increase mRNA expression in WT

Oral or skin application, reduce
ear swelling.

Increase levels in patients with (76)
sepsis. However,

AEA>2-AG.

PMB hemoperfusion treated (77)
patients blood levels decrease,
not 2-AG.

Increase levels in brain following (78)
injury. Reduced oedema.
Decrease TNF-a

Elevated levels in active brain (81,82)
lesions, peripheral (81)
lymphocytes, and CSF
(2-AG minimally higher)

Increase activity in lymphocytes

Decrease levels and activity in
lymphocytes

Increase levels in striatum (81)

Increase activity in striatum

Decrease activity in striatum

Higher expression on microglia, (83)
mediated by IFN-y

Levels unchanged in spinal cord.

Decreased in IFN-y stimulated (84)
microglia.

IFN-y lowers mRNA expression

Levels increased, not associated
with neuroprotection. Decreases
number of microglia.

Addition to cultures provides (85)
neuroprotection by decreasing
number of damaged neurons.
Also decreases number of
microglia

(82,85)
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IgE and then challenging with dinitrofluorobenzene (DNFB), CB, knockout, when compared
to wild-type mice, failed to elicit ear swelling and CB;, selective antagonists attenuated the
inflammatory response (70). Possible mechanisms for this effect could involve attenuation of
histamine release by tissue mast cells and suppression of cell migration, but this was not tested.
CB; receptors mediate histamine release is contrary to the above studies with mast cell cultures
showing that cannabinoids inhibit histamine release. Finally, a role for ECs and the IECS in
contact hypersensitivity was recently demonstrated. CB;/CB, double knockout (DKO) mice
showed enhanced contact dermatitis to sensitization with nickel and DNFB compared to wild-
type (71). As evidence of endogenous EC involvement in this effect, tissue levels of 2-AG and
AEA were increased along with other mediators of inflammation and, in addition, the injection
of CB; and CB, antagonists enhanced the hypersensitivity response. Of therapeutic interest and
in support of the above, the application, either orally or topically, of CB, agonists attenuated
the contact hypersensitivity response (71). These experiments seem to suggest that the IECS
and exogenously administered cannabinoid ligands attenuate cell-mediated, Th1 immunity as
previously suggested in other studies involving resistance to infection (72) and tumors (73).

Septic shock, due to severe bacterial sepsis, is an often fatal feature of the systemic inflam-
matory response syndrome. Recently, AEA has been implicated as a mediator in septic shock.
Early findings demonstrated that ECs such as AEA and 2-AG are generated in the blood during
LPS-induced hypotension (74). Furthermore, the hypotensive response to either LPS (75) or ECs
(74) was shown to be attenuated by the CB; antagonist, SR141716 A, but other pharmacological
features suggested that the receptor might be a homologue of CB,. Additional support for a role
of ECs in the pathogenesis of septic shock comes from a report showing a 4-old rise in AEA and
2-AG in the blood of patients with this condition (76) and in vitro studies with LPS stimulated
RAW264.7 macrophages showing that AEA levels were increased greater than 10-old whereas
2-AG levels were unchanged (29,76). In addition to preclinical studies, a recent clinical study
has shown a correlation between EC blood levels and the severity of septic shock. Polymyxin
B (PMB) hemoperfusion has been shown to be useful in the management of septic disease
and it was hypothesized that the efficacy was related to absorbing ECs from blood rather than
absorbing endotoxin. Therefore, EC blood levels were compared in survivor and non-survivor
groups of patients treated with PMB hemoperfusion. Although the study was small (24 eptic
shock patients), AEA but not 2-AG blood levels were significantly lower in the survivor group
and the lower EC levels were also associated with a better clinical score (77). Thus, although the
study is small, the results are compelling in terms of defining the mechanism surrounding the
therapeutic efficacy of PMB hemoperfusion as well as putative role of ECs in vascular tone and
septic shock.

CNS inflammation resulting from trauma or disease is characterized by the loss of
neurons and accumulation of microglial cells. Activated microglia cells secrete mediators, such
as cytokines and ECs, and these cells can either cause further neuronal degeneration or mediate
anti-inflammatory changes. Early studies examined the role of ECs in traumatic brain injury.
Acute inflammation in the brain appeared to be associated with a rise in brain 2-AG (78) and to
be attenuated by endocannabinoids and the non-psychoactive synthetic cannabinoid, HU-211
(78-80). This would suggest that both cannabinoid receptor and non-receptor mechanisms
are involved in the mechanism of action. 2-AG given IV to mice after closed-head injury was
observed to cause a significant reduction in brain oedema and better clinical improvement; the
effects were CB;-mediated (78) but the mechanism was not defined. Other mechanisms of neu-
roprotection following treatment with HU-211 are reported to involve antagonism of the NMDA
receptor and suppression of TNF-a release in the brain. The mechanism of the latter effect is not
known but may involve the antioxidant effect of HU-211 (80). More recent evidence suggests
that the ECS is dysregulated in neuroinflammatory disease and perhaps plays a role in immune
control and neuronal protection (12). Because of the immunomodulating effects reported for
cannabinoids and the evidence for an IECS, investigators evaluated EC metabolism in multiple
sclerosis (MS). In cerebrospinal fluid (CSF) of MS patients, significant amounts of AEA were
observed, whereas a 2-AG levels were minimally higher (81). In addition, elevated AEA levels
were observed in active brain lesions (82) and peripheral lymphocytes of MS patients and was
associated with increased NAPE-PLD activity and decreases in FAAH levels and activity. This
suggested that anti-CNS immune cells activated during MS show signs of an activated IECS.

To explore IECS involvement further, a mouse model of experimental autoimmune
encephalomyelitis (EAE) was employed that exhibits similar characteristics as MS. Comparable
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to human CSEF, 2-AG levels remained the same in the spinal cord of EAE mice (83). Also, as
seen with human lymphocytes, agonist binding to CBR was unaltered in the cortex though
reduced in the striatum of EAE mice (81). In areas of the brain with marked cell damaged
in EAE animals, AEA was slightly increased and 2-AG minimally suppressed, but were not
significant when compared to healthy mice (84). However, in the striatum of EAE mice, AEA
was significantly enhanced, which correlates with an increase in NAPE-PLD activity and
decrease in FAAH activity with neither enzyme activity changed in the cortex. Microglia also
showed evidence of an altered IECS in EAE mice, in that they expressed significantly higher
CB, mRNA than resting microglia. This upregulation of CB,R may be mediated by IFNy
and/or GM-CSF since these were shown to upregulated CB,R expression on microglia (83). In
addition, decreases in 2-AG and Ca*" levels were observed in microglia cultures activated with
IFNY in the presence of ATP, in which IFNvy selectively lowers DAGL mRNA expression (84).

Finally, to analyze a role of the IECS and microglia in the context of neuroprotection, animal
organotypic hippocampal slice cultures (OHSC) were employed. Excitotoxic neuronal damage
in OHSCs is induced by NMDA (N-methyl-D-aspartate) that in addition causes accumulation
of microglia. In OHSCs treated with NMDA, the levels of AEA were increased; however, this
increase in EC was not associated with neuronal protection, since the addition of AEA to either
mouse or rat NDMA-OHSCs did not reduce degeneration of neurons. However, AEA did cause
a reduction in the number of microglia. In contrast, the addition of 2-AG to rat NMDA-OHSC
provided neuronal protection by decreasing both the number of microglia and damaged neurons
(82-85). It is clear that elements of the IECS are perturbed during neuroinflammation in ways
similar to the perturbation observed in other immune and inflammatory models. However, it is
not clear at this time if the IECS is associated with pro- or anti-inflammatory mechanisms.

CONCLUSION

Marijuana cannabinoids and synthetic analogs have been extensively shown to suppress immu-
nity and inflammation and now reports are beginning to suggest that ECs also play a similar
suppressive role in immunity. This effect of ECs was predicted based on the understanding
that, like with opioids, the mechanism of action of the natural cannabinoids must be medi-
ated through an endogenous system of receptors and ligands. It is also not surprising that ECs
modulate immune cell function because it has been recognized for decades that other metabo-
lites of arachidonic acid, namely, the prostaglandins and leukotrienes, are generated during
immune activation and have well-recognized paracrine effects. It is clear from the literature that
understanding the role of the IECS in normal immune tone and during immune activation is
just beginning and many challenges lie ahead in defining this new immune regulatory system
of receptors and ligands. A full understanding of the content and function of the IECS will
establish the molecular mode of action of cannabinoid-based drugs and yield new opportuni-
ties in designing therapeutics for chronic inflammatory diseases and other immune-mediated
disorders.
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THE ENDOCANNABINOID SYSTEM

Despite a longstanding history of recreational and therapeutic use of phytocannabinoids derived
from Cannabis sativa, characterization of the endogenous cannabinoid system emerged only two
decades ago with the identification of an endocannabinoid system comprising at least two spe-
cific G protein—coupled receptors (CB; and CB), their endogenous ligands [endocannabinoids,
among which anandamide (AEA) and 2-arachidonoyl glycerol (2-AG) are currently the best
characterized] and a machinery dedicated to endocannabinoid synthesis and degradation (1,2).
The subsequent development of subtype-selective receptor agonists and antagonists (3), and
the availabililty of mice invalidated for CB; or CB, receptors (CB; and CB, KO) rapidly paved
the way to characterization of varied and ubiquitous properties of cannabinoid receptors (4-6).
However, functions of the cannabinoid system in liver pathophysiology came into focus very
recently, probably given the low-expression level of CB; and CB, receptors in normal liver.

THE ENDOCANNABINOID SYSTEM AS A KEY PLAYER IN LIVER FIBROGENESIS

Chronic liver injury is associated to liver fibrogenesis, ultimately leading to cirrhosis (7). The
latter is a prominent cause of morbidity and mortality worldwide with about 800,000 death/yr,
owing to complications of portal hypertension and liver failure, and to a high incidence of
hepatocellular carcinoma. In Western countries, prevailing causes of cirrhosis include pro-
longed alcohol abuse, chronic hepatitis C, and, increasingly, nonalcoholic fatty liver disease (7).
Liver fibrogenesis is driven by an heterogenous population of nonparenchymal cells expressing
smooth muscle a-actin that originate from hepatic stellate cells and hepatic myofibroblasts. In
response to chronic liver injury, both cell types proliferate and accumulate in injured areas, syn-
thetize fibrogenic cytokines, growth factors, chemokines, fibrosis components, and inhibitors
of matrix degradation (7). The frequent inability to eradicate the cause of chronic liver disease
warrants the development of liver-specific antifibrotic strategies. However, despite encouraging
experimental results, proof of efficacy of potential antifibrogenic molecules in a clinical setting
is currently lacking.

We recently showed that CB; and CB, receptors are marginally expressed in the normal
liver and upregulated in the cirrhotic human liver, predominating in hepatic myofibroblasts
(8,9), an observation that was subsequently confirmed by others (10,11). These findings led us
to investigate the impact of the cannabinoid system during liver fibrogenesis.

Antifibrogenic Role of the CB, Receptor

The function of CB, receptors was investigated in an established liver fibrosis model induced by
chronic carbon tetrachloride intoxication. CB, KO mice developed significantly enhanced liver
fibrosis compared to wild-type mice, following increase in the density of hepatic myofibroblasts
(8). Molecular mechanisms were further investigated in cultures of liver fibrogenic cells. Acti-
vation of CB, receptors in hepatic myofibroblasts and activated hepatic stellate cells triggered
both growth inhibition and apoptosis, by a mechanism involving growth inhibition and oxida-
tive stress, respectively (8). This study, therefore, demonstrated that endogenous activation of
CB; receptors limits progression of experimental liver fibrosis by reducing liver fibrogenic cell
accumulation (8).
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CB; Receptors Enhance Liver Fibrogenesis

The impact of CB; receptors was assessed in three distinct models of fibrosis, carbon tetrachlo-
ride or thioacetamide intoxication, and bile duct ligation. Concurrent administration of the CB4
antagonist rimonabant was associated to a reduction in liver fibrosis (9). Rimonabant-treated
mice displayed reduced hepatic expression of the profibrogenic cytokine TGF-£81, and a decrease
in the density of hepatic myofibroblasts, following inhibition of their proliferation. As expected,
CB; KO mice also showed reduced fibrosis and lesser accumulation of fibrogenic cells in the
three models, compared to wild-type counterparts (9). Our results were recently confirmed in
an independent study of mice submitted to bile duct ligation and treated with another CB,
antagonist, AM251 (12). Altogether, these results demonstrate that CB; receptors enhance liver
fibrogenesis, and that a CB; receptor antagonist may prove useful in the prevention of fibrosis
progression during chronic liver injury.

Impact of Cannabis Use on Fibrosis Progression in Patients with Chronic Hepatitis C

In order to investigate the relevance of experimental findings in a human setting, we examined
the impact of cannabis use on progression of liver fibrosis in a cohort of 270 consecutive patients
with chronic hepatitis C of known duration (13). Patients were classified according to cannabis
smoking habits over the span of HCV infection as nonsmokers, occasional (<1 joint weekly) or
daily users (at least 1 joint daily during the course of the disease). Logistic regression analysis
indicated that daily cannabis use was a significant independent factor predicting the sever-
ity of liver fibrosis. These results therefore support our experimental findings demonstrating
profibrogenic properties of CB; receptors.

In summary, CB; and CB, receptors play a central opposite role during chronic liver
injury that associates antifibrogenic properties of CB, receptors and profibrogenic effects of
CB; receptors. These findings identify CB; and CB, receptors as potential novel target for
antifibrogenic therapy during chronic liver diseases, and suggest that combined therapy with
selective CB; antagonists and/or CB, agonists might open a new therapeutic avenue for the
treatment of liver fibrosis.

ENDOCANNABINOIDS AND FATTY LIVER DISEASES

Chronic alcohol abuse and the metabolic syndrome (6,000,000 subjects worldwide for each
condition) are the two major causes of chronic liver diseases, alcoholic liver disease (ALD), and
nonalcoholic fatty liver disease (NAFLD). ALD and NAFLD share common pathophysiological
mechanisms. In both cases, pathological features range from simple steatosis (as defined by
isolated accumulation of triglycerides in greater than 5% of hepatocytes), a condition generally
associated to a benign outcome, to steatohepatitis, a stage associated to inflammation and
activation of fibrogenic pathways. In contrast to simple steatosis, steatohepatitis carries a 20%
risk of cirrhosis after 10 to 20 years; in addition, the severe form of alcoholic steatohepatitis
(severe alcoholic hepatitis) is associated to a spontaneous 60% mortality rate, owing to the
complications of liver failure. The role of cannabinoid in energy balance has been the focus
of numerous recent studies. Indeed, it has been demonstrated that endogenous activation of
CB, receptors promotes obesity following hypothalamic stimulation of food intake, activation
of lipogenesis in adipocytes, and reduction of energy expenditure in peripheral organs. In
addition, two recent studies indicate that the endocannabinoid tone is enhanced in the liver
of obese mice, as shown by the increased level of hepatic AEA and the upregulation of CB;
receptors in perivenous hepatocytes (14). Strikingly, CB; antagonism prevented development
of steatosis, both in obese fa/fa rats treated with the CB; antagonist rimonabant (15) and in
CB; KO mice fed a high-fat diet (14). Direct induction of hepatocyte lipogenesis was also
demonstrated. Indeed, activation of upregulated CB; was associated to an induction of the
transcription factor SREBP-1c and of its target lipogenic genes, ACC-1 and fatty acid synthase.
In addition, rimonabant decreased hepatic TNF-alevels, suggesting that CB; receptors may
also contribute to the inflammatory phase of steatohepatitis (15). Interestingly, upregulation
of the endocannabinoid system and steatogenic properties of CB; receptors have also recently
been reported in an experimental model of ALD induced by chronic intoxication with alcohol
(16). In this study, mice with liver-targeted deletion of the CB; gene did not develop steatosis
following chronic exposure to alcohol, further demonstrating that steatosis is the consequence
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of a direct activation of hepatic CB; receptors (16). Taken together, these findings indicate that
CB; antagonists may offer a novel therapeutic strategy for ALD and NAFLD. Whether CB,
may also participate to the pathogenesis of fatty liver diseases remains to be investigated but
strikingly, upregulation of CB, receptors has been reported in NAFLD (17).

ENDOCANNABINOIDS AND LIVER ISCHEMIA REPERFUSION INJURY

Ischemia/reperfusion (I/R) injury is a severe complication of several conditions, associating
hypoxic organ damage followed by return of blood flow and oxygen delivery to the com-
promised tissue. Transient episodes of hepatic ischemia occur during organ transplantation,
trauma, hypovolemic shock, and selective liver resection, following inflow occlusion or total
vascular exclusion. The pathophysiology of liver I/R injury associates ischemia-induced cellu-
lar injury, followed by prolonged dysfunction resulting from activation of liver inflammatory
pathways.

Recent data have shown that endogenous activation of CB, receptors reduces liver injury
induced by I/R (18). Indeed, the reperfusion phase was associated with an activation of the
endocannabinoid system in the liver, associating an induction of CB, receptors and an increased
synthesis of AEA and 2-AG. Administration of the selective CB, agonist JWH-133 prior to
vascular occlusion protected against hepatic I/R injury, by a mechanism involving decreased
inflammatory cell infiltration, reduced expression of proinflammatory cytokines, chemokines
and adhesion molecules, and decreased lipid peroxydation. Consistent with these data, CB, KO
mice or animals treated with the CB, antagonist SR 144528 displayed enhanced liver injury and
inflammation following I/R, compared to control mice (18). Altogether, these data represent
a novel demonstration of the anti-finflammatory properties of CB, receptors and suggest that
CB, agonists may offer novel perspectives in the prevention of hepatic I/R injury.

ENDOCANNABINOIDS AND PORTAL HYPERTENSION IN CIRRHOSIS

Portal hypertension primarily occurs in patients with cirrhosis and is characterized by increased
portal blood flow and intra-hepatic resistance. This syndrome is responsible for a high rate of
morbidity and mortality, owing to severe complications. Increased intra-hepatic resistance is
related to architectural distorsion and vasoconstriction of portal venules and sinusoidal capil-
laries. Enhanced portal blood flow develops as a consequence of overproduction of vasodilatory
molecules in the splanchnic bed, responsible for arterial hypertension and reactional enhanced
splanchnic inflow. Administration of rimonabant to rats with experimental cirrhosis reversed
the increase in mesenteric blood flow and portal pressure (19). These results suggested that cir-
rhosis is associated to enhanced production of vasodilatory endocannabinoids. In keeping with
this hypothesis, anandamide levels were increased in monocytes and blood from cirrhotic rats
and cirrhotic patients, compared to healthy controls (19,20). Moreover, infusion of monocytes
from cirrhotic patients or cirrhotic rats to control animals elicited a significant reduction mean
arterial blood pressure (21).

Finally, CB, receptors were upregulated in endothelial cells isolated from human mesen-
teric arteries, and AEA elicited a selective vasodilation of mesenteric arterioles in cirrhosis,
without affecting vasomotricity of peripheral arteries (22). Overall, these results indicate that
an enhanced AEA /CB;-dependent tone participates to the pathogenesis of portal hypertension
via vasodilation of mesenteric arterioles.

OTHER ASPECTS OF ENDOCANNABINOID BIOLOGY DURING LIVER DISEASES

Cirrhotic Cardiomyopathy

Cirrhotic cardiomyopathy is characterized by impaired responsiveness to pharmacological stim-
ulation or stress. A role of endocannabinoids in cirrhotic cardiomyopathy has been suggested,
based on the increase in cardiac AEA and CB; levels in cirrhotic rats and the finding that the
CB; receptor antagonist AM251 reverses cirrhotic cardiomyopathy (23,24).
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Pathogenesis of hepatic encephalopathy, a major complication of acute and chronic liver failure,
remains partially understood. Multiple pathways have been incriminated including altered
production of neurotransmitters, astrocyte dysfunction, and abnormalities in cerebral perfusion.
Recent studies showed that brain levels of CB, receptors and of its ligand 2-AG are increased in
the model of fulminant liver failure induced by thioacetamide (25,26). In this model, neurological
dysfunction was improved by the nonselective CB; /CB, agonist A°-THC (26), the CB, agonists
HU308 and 2-AG, as well as by the CB; antagonist rimonabant (25). The neuroprotective effect
of A?-THC occurred despite a similar degree of liver failure, and disappeared in CB, KO mice,
suggesting that neuroprotection results from a direct effect of THC on brain CB, receptors
(26). These results identify the endocannabinoid system as a novel protective pathway during
hepatic encephalopathy. However, further studies are awaited to fully clarify the respective
contribution of CB; and CB, receptors in this process.

CB-Receptor Independent Effects of Endocannabinoids

CB-receptor independent effects of endocannabinoids are increasingly described in the liver as
in other tissues. Thus, AEA and 2-AG induce apoptosis of fibrogenic cells by CB; and CB,-
independent pathways (8,27). Other CB-independent effects of endocannabinoids in the liver
include AEA-induced hepatocyte injury in vivo and in cell cultures (27,28), and opposing effects
of AEA and 2-AG on cholangiocarcima cell growth (29).

In conclusion, endocannabinoids are increasingly incriminated in a variety of liver diseases
and their complications (Fig. 1). Understanding the specific roles of CB; and CB; receptors opens
a potential novel therapeutic approaches for the treatment of nonalcoholic fatty liver diseases,
liver fibrosis, ischemia reperfusion, and portal hypertension. The CB; agonist rimonabant has
recently been approved in Europe for the treatment of overweight and cardiovascular risks and
other CB; antagonists are already under trial. Additional evaluation of CB; antagonists for the
treatment of NAFLD or liver-associated fibrosis appears warranted. CB, selective modulators
are still awaited for clinical development.
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KEY POINTS

e Endocannabinoids (ECs) are endogenous lipid substances which elicit biological effects
similar to those of marijuana via activation of G protein—coupled cannabinoid receptors (CB;
and CB,, as well as additional, as yet unidentified receptors). The two best characterized
ECs are arachidonoyl ethanolamide (anandamide) and 2-arachidonoylglycerol (2-AG).

e Both CB; and CB; receptors are expressed in the myocardium and the vasculature, and their
respective cardiovascular functions are summarized in Fig. 1.

e ECs and their synthetic analogs exert potent hypotension via CB; receptor-mediated sym-
pathoinhibitory, negative inotropic, and vasodilatory effects.

e Activation of endothelial CB, receptors by endogenous or exogenous ligands limits endothe-
lial inflammatory response, chemotaxis and adhesion of inflammatory cells to the activated
endothelium, and consequent release of various proinflammatory mediators (key processes
involved in the initiation and progression of reperfusion injury and atherosclerosis). CB,
receptor activation on immune cells mediates additional anti-inflammatory properties. Selec-
tive CB, agonists may be useful in the treatment of various forms of reperfusion injury (e.g.,
myocardial infarction, cardiac transplantation, vascular surgeries and stroke, etc.).

e Activation of the EC system has been implicated in hypotension and/or decreased
myocardial contractility associated with hemorrhagic, endotoxic, septic, cardiogenic shock,
advanced liver cirrhosis, heart failure secondary to doxorubicin treatment, and as a com-
pensatory mechanism in various forms of hypertension.

e Activation of the EC system contributes to the cardiovascular risk associated with obe-
sity /metabolic syndrome and diabetes (abdominal obesity, plasma lipid alterations, insulin
and leptin resistance).

ENDOCANNABINOIDS AND THEIR RECEPTORS

Endocannabinoids are generated by virtually all cell types both in the brain and peripheral
tissues and exert a broad range of biological effects similar to those of cannabis (1,2). Anan-
damide (AEA) and 2-AG are the two most widely studied endocannabinoids that are thought
to be autocrine or paracrine mediators acting in close proximity to their site of release. They
act on G protein—coupled cannabinoid (CB) receptors, two of which have been identified by
cloning: CB; and the CB, receptors (2). The CB; receptor is not only abundantly expressed in
the brain, but is also present at lower levels in peripheral tissues including the myocardium,
vascular smooth muscle, and endothelium, as well as the liver and adipose tissue (2). The CB,
receptor is expressed primarily in immune and hematopoietic cells, but has also been identi-
fied in various other tissues/cells including the myocardium (3) and coronary endothelial cells
(4). Additional cannabinoid receptors may exist based on pharmacological data, but have not
yet been identified (5). This chapter provides a brief overview of the emerging role of the EC
system in cardiovascular disorders and discusses its therapeutic exploitation. Because of space
limitations, recent reviews rather then original studies are cited when possible.
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Figure 1 Effects of CB; and CB, receptor activation relevant to cardiovascular disease.

CARDIOVASCULAR EFFECTS

In addition to their well-known neurobehavioral and immunological actions, cannabinoids exert
important cardiovascular effects. In anesthetized rodents, AEA and A°-tetrahydrocannabinol
(THC) cause hypotension, bradycardia, and depressed cardiac contractility, which are less pro-
nounced or absent in conscious normotensive animals but are amplified in hypertension (6-8).
In humans, chronic use of marijuana may lead to hypotension and bradycardia, while acute
exposure generally causes isolated tachycardia. The underlying mechanisms of these in vivo
cardiovascular actions are complex and may comprise effects on the vasculature, myocardium,
and modulation of autonomic outflow at presynaptic autonomic nerve terminals as well as
in the central nervous systems. In the case of ECs, these effects are further complicated by
their rapid metabolism, which liberates arachidonic acid that can be further metabolized into
vasoactive prostanoids (6,7). CB; receptors are present in the myocardium where they decrease
contractility. In anesthetized rodents, synthetic cannabinoids and anandamide decrease car-
diac contractility and cardiac output via CB; receptors, and these effects are potentiated in
various forms of hypertension (9). Although the presence of CB, receptors has been reported
in the myocardium and cardiomyocytes (4,10), their role is elusive. CB; receptors appear to
be more important than CB, receptors in cardiovascular regulation, the latter so far being
implicated only in ischemic preconditioning, ischemia-reperfusion (I/R) injury, and atheroscle-
rosis (2,10). ECs and synthetic cannabinoids also elicit vasodilation in vitro in a tissue- and
species-dependent manner, which may involve CB;- and TRPV-receptor and NO-mediated or
NO-independent mechanisms, and also as yet undefined endothelial site(s) of action (5-8). In
the cerebral and coronary vasculature, CB; receptors and CB;-mediated vasodilation have been
documented (7).

ROLE OF THE ENDOCANNABINOID SYSTEM IN CARDIOVASCULAR DISEASE

The EC system has been implicated in the pathophysiological alterations associated with var-
ious forms of circulatory shock (hemorrhagic, endotoxic/septic, and cardiogenic), cirrhotic
cardiomyopathy, myocardial infarction, stroke, atherosclerosis, and heart failure (2,5-8).
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Myocardial Ischemia Reperfusion and Preconditioning

Overproduction of ECs has been documented in various forms of I/R injury, such as myocardial
infarction or whole-body I/R associated with hemorrhagic shock, and it may contribute to
the cardiovascular depression associated with these pathologies (2). On the other hand, ECs
have been found to protect against myocardial I/R injury and to contribute to the ischemic
preconditioning effect of heat stress, endotoxin, or brief periods of ischemia (2,10). Recent
studies using selective CB, receptor agonists and /or CB; receptor knockout mice have provided
compelling evidence that CB, receptor activation is protective against myocardial, cerebral,
and hepatic I/R injuries by decreasing the endothelial cell activation/inflammatory response
(expression of adhesion molecules, secretion of chemokines, etc.), and by attenuating leukocyte
chemotaxis, rolling and adhesion to endothelium, activation and transendothelial migration,
and interrelated oxidative/nitrosative damage (4,11-13). All this indicates that ECs protect
against myocardial I/R injury predominantly via CB, receptors located both on endothelial and
inflammatory cells, and perhaps also on cardiomyocytes, and that targeting CB, receptors on
coronary artery endothelial cells may also attenuate TNFa- and/or endotoxin-induced vascular
inflammatory responses.

Stroke

The first evidence for the neuroprotective effect of cannabinoids came from the stroke research
field from studies using synthetic cannabinoids in various in vivo models of cerebral ischemia.
These initial studies have suggested the existence of CB; receptor-dependent protective mech-
anisms against cerebral I/R injury in rodents (2). However, several follow-up reports have
demonstrated protection afforded by CB; receptor antagonists, which does not support the
neuroprotective role of endocannabinoids and CB; receptor activation (2). Interestingly, CB,
agonists were found to protect against stroke-induced brain damage by attenuating the tran-
sient I/R-induced increase in leukocyte infiltration, rolling and adhesion to vascular endothelial
cells, and consequent neuronal activation (13), consistent with results obtained using myocardial
(11) and hepatic I/R injury models (12).

Atherosclerosis and Restenosis

Orally administered THC has been shown to inhibit atherosclerosis progression in a mouse
model through CB, receptor mechanisms and CB, receptor-expressing immune cells are present
both in human and mouse atherosclerotic plaques (14). In addition, THC treatment of mice
reduced the proliferative capacity and interferon-y production of lymphoid cells, and inhibited
macrophage chemotaxis in vitro in a CB,-dependent manner (14). Proinflammatory cytokines
such as TNF-a and bacterial endotoxin(s), which are pro-atherogenic via NF-kB activation
in endothelial cells with consequent induction of adhesion molecules and chemokines and the
release of factors that promote smooth muscle cell migration and proliferation, play pivotal roles
in vascular inflammation associated with atherosclerosis. In human coronary artery endothe-
lial cells, which express CB; and CB, receptors, TNF-a induced NF-kB and RhoA activation,
upregulated ICAM-1 and VCAM-1, increased the expression of monocyte chemoattractant pro-
tein, enhanced transendothelial migration of monocytes, and augmented monocyte—endothelial
adhesion, and all these responses were markedly attenuated by selective CB, agonists. The
endotoxin-induced ICAM-1 and VCAM-1 expression in isolated aortas, and the adhesion of
monocytes to aortic vascular endothelium were also decreased by CB, agonists (4). Thus,
targeting CB, receptors on endothelial cells may offer a novel approach in the treatment of
atherosclerosis and restenosis, which often complicates vascular surgery.

Circulatory Shock and Hypertension

The profound hypotensive response to CB; receptor activation suggested a role for ECs in
hypotensive states. Indeed, activation of the EC system has been implicated in the hypotension
and decreased myocardial contractility associated with hemorrhagic, endotoxic, septic and
cardiogenic shock, shock associated with necrotizing pancreatitis (2), as well as advanced liver
cirrhosis (15,16) and in doxorubicin-induced heart failure (3). Pathologically overproduced ECs
may mediate these effects, and they may be derived from activated macrophages and platelets
(2) as well as various parenchymal cells such as cardiomyocytes (3), endothelial cells (12), and
hepatocytes (16). Accordingly, treatment with CB; antagonists was found to prevent or reverse
the hypotension and/or decreased cardiac contractility associated with these conditions.
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Numerous early reports demonstrated that chronic use of cannabis in humans, as well
as both acute and prolonged administration of THC to experimental animals, can elicit long-
lasting decreases in blood pressure and heart rate, which pointed to the potential utility of
cannabinoids to treat hypertension, provided that their neurobehavioral and cardiovascular
effects could be separated (7). The antihypertensive potential of cannabinoids was further sug-
gested by their greater hypotensive efficacy in hypertensive compared to normotenisve animals
(7-9). More recent studies demonstrated that the EC system is tonically activated in various
experimental models of hypertension as a homeostatic, hypotensive mechanism. Unexpectedly,
this “tone” was found to be due, primarily, to a CB; receptor-mediated decrease in cardiac
contractility and cardiac output, rather than a decrease vascular resistance (9). Accordingly,
pharmacological inhibition of fatty acid amidohydrolase (FAAH), which increases tissue levels
of anandamide, was found to reduce blood pressure and cardiac contractility in hypertensive
but not in normotensive animals (9). As inhibition of FAAH does not elicit behavioral effects
suggestive of addictive properties (17), these findings suggest that the modulation of the EC
system in hypertension may be therapeutically exploited.

Metabolic Syndrome

The endocannabinoid system is emerging as a key player in obesity and related metabolic and
cardiovascular disorders. In rodent models of obesity, chronic treatment with the CB; antagonist
rimonabant only transiently reduced food intake, while the associated reduction in body weight
was maintained throughout the treatment, indicating direct effects on peripheral fat metabolism
(2). Indeed, CB; receptors are present on adipocytes and hepatocytes, and their activation can
lead to increased lipogenesis in adipose tissue (18) and in the liver (19), whereas CB; blockade
has the opposite effect, and can also reverse the steatosis associated with obesity (20). CB,
blockade also improves glucose tolerance and insulin sensitivity in diet-induced or genetically
obese animals (21), although the underlying mechanisms are not yet clear.

Recent clinical trials with rimonabant involving obese individuals with the metabolic syn-
drome, and also with type 2 diabetes, have documented the beneficial effects of chronic CB,
blockade not only on body weight and waist circumference, but also on plasma triglyceride,
HDL-cholesterol levels, and glucose tolerance. In addition, rimonabant decreased markers of
inflammation, plasma leptin, and insulin levels, while increasing plasma adiponectin (22-25).
A modest reduction of blood pressure was also observed in one study (22). Interestingly, some
of these beneficial metabolic effects were weight-loss-independent, confirming the importance
of effects mediated through the peripheral EC system. These findings indicate that pharmaco-
logical inhibition of CB; receptors may represent a promising therapeutic strategy not only to
treat obesity /metabolic syndrome, but also to decrease the associated cardiometabolic risk.

CONCLUSIONS

Collectively, the evidence reviewed above suggests that modulation of endocannabinoid system
holds enormous therapeutic potential to combat cardiovascular disorders.

REFERENCES

1. DiMarzo V, Bifulco M, De Petrocellis L. The endocannabinoid system and its therapeutic exploitation.
Nat Rev Drug Discov 2004; 3:771-784.

2. Pacher P, Batkai S, Kunos G. The endocannabinoid system as an emerging target of pharmacotherapy.
Pharmacol Rev 2006; 58:389-462.

3. Mukhopadhyay P, Batkai S, Rajesh M, et al. Pharmacological inhibition of cannabinoid-1 receptor
protects against doxorubicin-induced cardiotoxicity. ] Am Coll Cardiol 2007; 50:528-536.

4. Rajesh M, Mukhopadhyay P, Batkai S, et al. Cannabinoid-2 receptor stimulation attenuates TNFa-
induced human endothelial cell activation, transendothelial migration of monocytes, and monocyte-
endothelial adhesion. Am J Physiol Heart Circ Physiol 2007; 293:H2210-H2218.

5. Begg M, Pacher P, Batkai S, et al. Evidence for novel cannabinoid receptors. Pharmacol & Ther 2005;
106:133-145.

6. Randall MD, Harris D, Kendall DA, et al. Cardiovascular effects of cannabinoids. Pharmacol & Ther
2002; 95:191-202.



THE ENDOCANNABINOID SYSTEM AND CARDIOVASCULAR DISEASE 183

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Pacher P, Batkai S, Kunos G. Cardiovascular pharmacology of cannabinoids. Handb Exp Pharmacol
2005; 168:599-625.

Mendizabal VE, Adler-Graschinsky E. Cannabinoids as therapeutic agents in cardiovascular disease:
A tale of passions and illusions. Br ] Pharmacol 2007; 151:427-440.

BatkaiS, Pacher P, Osei-Hyiaman D, et al. Endocannabinoids acting at cannabinoid-1 receptors regulate
cardiovascular function in hypertension. Circulation 2004; 110:1996-2002.

Lepicier P, Bibeau-Poirier A, Lagneux C, et al. Signaling pathways involved in the cardioprotective
effects of cannabinoids. ] Pharmacol Sci 2006; 102:155-166.

Di Filippo C, Rossi F, Rossi S, et al. Cannabinoid CB2 receptor activation reduces mouse myocardial
ischemia-reperfusion injury: Involvement of cytokine/chemokines and PMN. J Leukocyte Biol 2004;
75:453-459.

Batkai S, Osei-Hyiaman D, Pan H, et al. Cannabinoid-2 receptor mediates protection against hepatic
ischemia/reperfusion injury. FASEB ] 2007; 21:1788-1800.

Zhang M, Martin BR, Adler MW, et al. Cannabinoid CB(2) receptor activation decreases cerebral
infarction in a mouse focal ischemia/reperfusion model. ] Cereb Blood Flow Metab 2007; 27:1387-
1396.

Steffens S, Veillard NR, Arnaud C, et al. Low dose oral cannabinoid therapy reduces progression of
atherosclerosis in mice. Nature 2005; 434:782-786.

Lee RF, Glenn TK, Lee SS. Cardiac dysfunction in cirrhosis. Best Pract Clin Gastroenterol 2007; 21:125-
140.

Batkai S, Mukhopadhyay P, Harvey-White J, et al. Endocannabinoids acting at CB1 receptors mediate
the cardiac contractile dysfunction in vivo in cirrhotic rats. Am ] Physiol Heart Circ Physiol, June 8,
2007 [Epub ahead of print]

Khaturia S, Gaetani S, Fegley D, et al. Modulation of anxiety through blockade of anandamide hydrol-
ysis. Nat Med 2003; 9:76-81.

Cota D, Marsicano G, Tschop M, et al. The endogenous cannabinoid system affects energy balance via
central orexigenic drive and peripheral lipogenesis. ] Clin Invest 2003; 112:423-431.

Osei-Hyiaman D, DePetrillo M, Pacher P, et al. Endocannabinoid activation at hepatic CB1 receptors
stimulates fatty acid synthesis and contributes to diet-induced obesity. ] Clin Invest 2005; 115:1298-
1305.

Gary-Bobo M, Elachouri G, Gallas JF, et al. Rimonabant reduces obesity-associated hepatic steatosis
and features of metabolic syndrome in obese Zucker fa/fa rats. Hepatology 2007; 46:122

Poirier B, Bidouard JP, Cadrouvele C, et al. The anti-obesity effect of rimonabant is associated with an
improved serum lipid profile. Diab Obes Metab 2005; 7:65-72.

Despres JP, Golay A, Sjostrom L. Effects of rimonabant on metabolic risk factors in overweight patients
with dyslipidemia. N Engl ] Med 2005; 353:2121-2134.

Pi-Sunyer FX, Aronne L], Heshmati HM, et al. Effect of rimonabant, a cannabinoid-1 receptor blocker,
on weight and cardiometabolic risk factors in overweight or obese patients: RIO-North America: A
randomized controlled trial. JAMA 2006; 295:761-775.

Scheen AJ, Finer N, Hollander P, et al. Efficacy and tolerability of rimonabant in overweight or obese
patients with type 2 diabetes: A randomised controlled study. Lancet 2006; 368:1660-1672.

Van Gaal LE Rissanen AM, Scheen AJ, et al. Effects of the cannabinoid-1 receptor blocker rimonabant
on weight reduction and cardiovascular risk factors in overweight patients: 1-Year experience from
the RIO-Europe study. Lancet 2005; 365:1389-1397.






25 | The Endocannabinoid System, Energy
Expenditure, and Thermogenesis

Luigi Bellocchio, Cristina Cervino, Valentina Vicennati, Renato Pasquali, and Uberto Pagotto

Endocrinology Unit and Center of Applied Biomedical Research (CRBA), Department of Internal Medicine
and Gastroenterology, S. Orsola-Malpighi Hospital, University of Bologna, Bologna, Italy

The endocannabinoid system has emerged as an important modulator of neuronal functions,
as demonstrated by the abundance of CB; receptor in the brain (1). One of the key functions
attributed to the endocannabinoid system in the brain is the control of food intake resulting in
a significant orexigenic stimulus. However, more recently, the finding of a peripheral presence
of CBy receptor in many organs, involved in the regulation of metabolism, has changed the past
identification of the endocannabinoid system as a particular neuronal orexigenic promoter, and
its role in the regulation of energy balance has started to be completely re-evaluated (2-3).

Only since 2003, it has become evident that the role of the endocannabinoid system in
energy expenditure is not only limited to the action at the central nervous system (4). However,
the first indirect indication that cannabinoids may affect energy homeostasis, through mecha-
nisms beyond food intake control, came many years ago from a study conducted in marijuana
smokers (5). In this study, the marijuana-induced stimulation in caloric intake vanished after
a few days, whereas weight gain continued throughout the rest of the observation period,
suggesting the presence of an independent effect on peripheral metabolism (5). A similar con-
clusion, many years later, was reached in rodents, when rimonabant, the first CB; antagonist,
was tested. In this study, a development of a tolerance to the anorectic effect of rimonabant
was noticed after a few days of treatment in rats, whereas the reduction in body weight was
maintained throughout the treatment period (6). At that time, the authors were not able to
explain the loss in body weight, which was partially independent of food intake reduction;
however, they correctly hypothesized a stimulatory action of rimonabant on energy expendi-
ture (6). Later, these intuitions were substantiated by using a rodent model of genetic ablation of
CB; receptor. The lack of CB; receptor in mutant mice was, in fact, shown to cause hypophagia
and body-fat reduction (4). However, pair-feeding experiments showed that in young CB;~/~
mice, the lean phenotype was predominantly caused by decreased caloric intake; here metabolic
factors appear to be the major cause of the lean phenotype of the adult CB;~/~ mice. On the
other hand, energy expenditure evaluated by indirect calorimetry did not show any significant
change between the two groups of animals examined (4). Greater differences in terms of body
weight regulation were obtained in the same genetically modified animal models when a high-
fat diet was administered (7). Although CB;~/~ mice did not show a reduction of energy intake
in comparison to the wild type littermates, the genetically transformed animals were resistant
to diet-induced obesity (7).

The vast experimental use of CB; receptor antagonist has corroborated the hypothesis
that a blockade of a peripheral CB; receptor may play a relevant role in the final weight loss
effect. In fact, prolonged treatment with rimonabant (3 and 10 mg/kg, respectively) was shown
to produce only a short-lasting hypophagic effect in DIO mice, followed by the development
of tolerance to the anorectic effect of the drug. However, the reduction in body weight and
in adipose tissue was continuously observed throughout the period of observation (5 weeks)
(8). The data on a development of rapid tolerance to the anorectic action, despite a prolonged
effect on body fat loss, was confirmed in other models of obesity (Zucker rats) (9), with longer
periods of treatment (10) and even with other CB; antagonists such as AM-251 (11). All these
experiments in animals were convergent in hypothesizing that an increase in energy expenditure
may be a complementary route by which blockade of the endocannabinoid system may affect
energy metabolism.

In 2005, searching for nonappetite-related pathways involved in CB; receptor antagonist
mediating body weight loss, Dernbach et al. noted that on top of the well-known effect on food
intake, rimonabant administered for 10 days to DIO rats was able to induce an increase in energy
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expenditure, while in the pair-feeding group, the lowered food intake led to an expected decrease
in the same parameter. The low respiratory quotient observed in the rimonabant-treated group
of animals allowed the authors to speculate that a shift to an increase in fat oxidation could
have represented one of the possible mechanisms of action of the pharmacological blockade of
CB; receptor (12). Similar data were obtained by Liu et al. who found that a 7-day treatment
with rimonabant induced an increase in basal oxygen consumption as compared to the vehicle
in Lep®®/Lep®® mice (13). However, the authors were not able to identify the mechanism by
which rimonabant treatment affected energy expenditure. Taking advantage of micro-array
analysis and treating DIO mice for a long period with rimonabant, Jbilo et al. were able to
screen the changes of a wide panel of genes in adipocytes after treatment (14). They found that
the transcriptional patterns of treated obese mice were similar to those obtained in the CB;~/~
mice fed with a high-fat diet, supporting a CB; receptor-mediated process. Functional analysis
of these gene modulations indicated that the reduction in adipose mass by the drug was due to
increased energy expenditure, mainly through futile cycling (calcium and substrate) (14). Other
studies by in vivo microdialysis have documented that CB; antagonist treatment in rodents
may increase noradrenaline outflow in rat anterior hypothalamus, suggesting a possible central
stimulation of efferent sympathetic activity (15).

In the same experimental setting mentioned above, Jbilo et al. also demonstrated several
expression changes in genes favoring energy dissipation through mitochondrial heat production
in brown adipose tissue (14). Several reports have documented a direct role of the endocannabi-
noid system in modulation of proteins involved in thermogenesis. Shearman et al. was the first
to show that a 9-day treatment of DIO mice with the CB; receptor antagonist AM251 increases
Uncoupling Protein (UCP)-1 and UCP-3 mRINA expression level in brown adipose tissue, sug-
gesting that CB; receptor blockade may contribute to increased thermogenesis (16). It has also
recently been shown that treatment of differentiated brown adipocytes with a CB; /CB, agonist
such as WIN 55212-3 decreased the expression of UCP-1 (17). Brown adipose tissue-mediated
thermogenesis importantly contributes to energy expenditure in small animals like rodents.
The role of brown adipose tissue is less clear in humans. However, even in humans, it has been
speculated that several physiological and pharmacological stimuli may be capable of trans-
differentiating white adipocytes into brown ones (18). One can therefore speculate that CB;
receptor antagonist may increase brown adipocytes, determining an increase in energy expen-
diture as a final effect. In the same study mentioned above, among the number of genes affected
by rimonabant treatment, Jbilo et al. also detected the gene coding for B3-adrenergic receptor,
a well-known player in thermogenesis (14). On the other hand, our unpublished data seem to
attribute an important stimulation on mithocondriogenesis to the CB; receptor blockade, which
may represent a further action toward an increase in energy expenditure.

In their study, Jbilo et al. also found that rimonabant gives rise to an increase in gene
pattern expression of enzymes of the B-oxidation and tricarbolyxilic acid cycle (14). After the
initial description of the presence of CB; receptor in rodent mature adipocytes (4,19), a large
number of studies have shown that the CB; receptor is also present in human mature adipocytes
(20-22). The importance of the finding of the CB; receptor in the adipocytes is further high-
lighted by the evidence of the presence of the full biochemical machinery to synthesize and
degrade endocannabinoids (20-25). CB; receptor blockade has also been demonstrated by sev-
eral groups to increase adiponectin in white adipose tissue and 3T3-F44 A adipocyte cells
(14,17,19,23), although this finding was not reproduced by others (22), whereas WIN55212, a
CB;/CB; agonist has been shown to reduce adiponectin mRNA expression (14,17). These data
are convergent in showing that cannabinoid modulation by CB; antagonist on the endocrine
secretive pattern of the adipocytes is compatible with the induction of a negative energy balance.
In fact, adiponectin circulating levels have been found to be decreased in visceral obese patients;
this protein displays insulin-sensitizing properties and is known to be antiatherosclerotic (26).
Moreover, cannabinoids seem to inhibit the AMP-activated protein kinase (AMPK) (27); this
inhibition, in addition to an increase in LPL activity (4), leads to an increased lipogenesis and a
reduction in fatty acid B-oxidation, probably involving acetyl-CoA carboxilase-1 (ACC-1), the
rate-limiting enzyme of fatty acid biosynthesis.

CB; receptor has also been recently identified in the rodent liver using a combination of
RT-PCR, in situ hybridization, immunoistochemistry, and Western blot (28). In the same study,
hepatic CB; receptor activation was found to increase de novo lipogenesis as well as the expres-
sion of the transcription factor sterol regulatory element binding protein-1 ¢ (SHERBP-1c) and
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its targets ACC-1 and fatty acid sythase (28). The role of CB; receptor in cannabinoid-induced
lipogenesis was indicated by the ability of rimonabant to block the increased incorporation
of 3H,0, induced by HU-210, another CB; agonist. Interestingly, this effect was not observed
in mice pretreated with rimonabant and in CB; knockout mice (28). The hepatic lipogenic
pathway may also be directly activated through a cannabinoid-dependent decrease in AMPK
phosphorylation and activity, which also occurs in the liver (26).

Finally, a recent study demonstrated CB; receptor expression in the soleus muscle, and
this expression is increased in obese mice as compared to lean controls (4). In cultured myotubes
derived from lean and obese subjects, it was recently shown that anandamide is able to decrease
mRNA expression of several enzymes involved in muscle oxidative pathways, such as AMPK-
al and 2, pyruvate dehydrogenase kinase 4 (PDK-4) and peroxisome proliferator-activated
receptor-y co-activator-1 (PGC-1). Interestingly, these effects could be reversed by CB; antago-
nist treatment, indicating a crucial negative role of the endocannabinoid system on fatty acid
and glucose oxidation in skeletal muscle (29). In this scenario, an elegant study showed that, in
genetically obese mice, treatment with rimonabant is able to stimulate glucose uptake in soleus
muscle (13), and this increase may also explain the improvement in the hyperglycemia observed
in DIO mice after pharmacological CB; receptor blocking in other experimental settings (10).

Collectively, all these studies seem to point to a role of AMPK as a putative intracellular
modulator of endocannabinoid signaling. This kinase acts as a fuel sensor to regulate energy
balance at both cellular and whole body levels. The first targets of AMPK to be identified were
the acetyl-CoA carboxylase and HMG-CoA reductase, and it was demonstrated that activation
of AMPK caused consequent inhibition of fatty acid and cholesterol synthesis in hepatocytes
(30). AMPK activation also inhibits muscle glycogen synthesis via phosphorylation of glycogen
synthase, and de novo glucose synthesis (gluconeogenesis) in the liver (30). Besides conserving
ATP by inhibiting biosynthetic pathways, AMPK activation stimulates catabolic pathways that
generate ATP. In skeletal muscle, it stimulates glucose uptake, both via translocation of the
glucose transporter GLUT4 to the plasma membrane and, in the longer term, by increasing its
expression (31). In other cells, AMPK activation increases the intrinsic activity of the glucose
transporter GLUT1 by an unknown mechanism (32). By phosphorylation of the ACC-2 (—f)
isoform of acetyl-CoA carboxylase, AMPK lowers malonyl-CoA, relieving inhibition of uptake
of fatty acids into mitochondria via the carnitine carrier system, and thus stimulating fatty acid
oxidation (33). In addition to these acute effects on glucose and fatty acid oxidation, AMPK also
upregulates mitochondrial biogenesis (34), thus increasing the capacity of tissues for aerobic
production of ATP. In this scenario, we can hypothesize, supporting by some recent work,
that in AMPK activity, the endocannabinoid system may have an important mediator of its
functions. In fact, CB; receptor activation by endocannabinoids has been shown to increase
AMPK activity in hypothalamus, resulting in a net increase in food intake (26). On the other
hand, endocannabinoids are able to decrease AMPK activity in liver, in adipose tissue, and in
skeletal muscle (26), resulting in an increase of adiposity and lipogenesis, and an impaired fatty
acid and glucose oxidation.

WHAT IS KNOWN IN HUMANS

In the four studies in which overweight and obese subjects completed the 12 or 24 months
of treatment with the CB; antagonist rimonabant, there was a significant reduction in body
weight when compared to placebo (35-38). These studies also showed that the weight loss
was accompanied by a decrease in plasma triglycerides, an increase in HDL cholesterol and
adiponectin, and an improvement in insulin sensitivity measured by HOMA-IR. When adjusted
for weight loss, 50% of the improvements in triglycerides, HDL cholesterol, adiponectin, and
insulin sensitivity were not attributable to weight loss (35-38). This suggests that rimonabant
has direct effects on fat metabolism. On the other hand, these data have been derived by
statistical analysis and no direct evidence has been provided to validate these indirect findings.
However, a recent clinical trial in which a new CB; antagonist, taranabant, was tested in humans
provided new data concerning the effect of CB; blockade on energy expenditure. A single-dose
administration of 12-mg taranabant caused a small but significant increase in resting energy
expenditure and fat oxidation (39). The authors concluded that the modest increases in energy
expenditure may exert profound effects on body weight over a period of months. On the other
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hand, in the same study, Addy et al. were not able to define what proportion of taranabant’s
effects on resting energy expenditure were mediated centrally via activation of the autonomic
nervous system or peripherally by engagement of CB; receptor distributed in peripheral organs
involved in metabolic functions (39).

A further phase IV clinical trial is supposed to provide solid answers to this kind of
question. The ongoing study will investigate the direct effects of rimonabant (i.e., independent
of weight loss) in two randomized groups. One group will receive rimonabant for 12 weeks
and the other group will have dietary intervention to match the weight loss in the rimonabant
group. Energy expenditure (using indirect calorimetry and Actiheart monitors), fatty acid and
triglyceride metabolism (using stable isotope techniques), and body fat distribution (by mag-
netic resonance imaging) will be measured before and after the intervention (40). To determine
the possible mechanisms of the changes in metabolism, gene expression of key regulators of
fatty acid metabolism in adipose and muscle tissue and circulating levels of adipokines will be
measured (40).

CONCLUSIONS

Preclinical studies in rodents have shown that CB; receptor is involved in food intake in various
brain regions, including hypothalamus, and peripherally in several metabolic functions involv-
ing adipose tissue, skeletal muscle, endocrine pancreas, and liver. The net effect of CB; activation
on metabolism is anabolic. In fact, the activation of CB, receptor inhibits adiponectin release and
lipolysis in adipose tissue, increases lipogenic gene expression and de novo fatty acid synthesis
in liver, and decreases the oxidative pathways in skeletal muscle. On the other hand, the phar-
macologic blockade or genetic deletion of CB; receptor increases insulin sensitivity, ameliorates
serum lipid profile and, more importantly, increases energy expenditure in peripheral tissues,
such as liver, adipose tissue, and skeletal muscle, by removing the cannabinoid-dependent inhi-
bition of AMPK activity (Fig.1). Extrapolating from animal studies to the clinic, the reduction of
endocannabinoid system activity with the new class of drugs like the CB; receptor antagonists

CB, receptor blockade

Li T AMPK ? Muscle
Iver
rues . T AMPK | Growth and T AMPK
1 AMPK 1 Thermogenesis + Adiponectin _ diferentiation + Oxidative pathways
"lpg;e:z\;?s | Lipogenesis | Fat content 1 Glucose uptake
T F,?ugl)gdce;tggsand 1 Oxygen consumption

Figure 1 Effects of CB; receptor blockade on energy expenditure by acting on peripheral tissues involved in
energy metabolism. Abbreviations: BAT, brown adipose tissue; WAT, white adipose tissue; AMPK, AMP-activated
protein kinase; UCPs, uncoupling proteins; FA, fatty acids.
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offers a promising treatment, not only for reduction of body weight and abdominal adiposity
but also for increasing energy expenditure and ameliorating metabolic profile.
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INTRODUCTION

Two of the most studied long-chain polyunsaturated fatty acids (LC-PUFA) are arachidonic acid
(AA) and docosahexaenoic acid (DHA). Both are components of breast milk; whereas the latter
is also a component of nervous tissue membranes (1). These fatty acids (particularly AA) have
been largely studied for their conversion to classical eicosanoids (prostaglandins, leukotrienes,
HETES, lipoxins, resolvins, etc.) and subsequent signaling. As first shown by Berger et al. (2),
it is now clear that dietary fatty acids are also precursors to endocannabinoids (eCBs), which
bind cannabinoid CB; and CB, receptors (CB1R and CB2R) (3). It is also noteworthy that the
diet is also a minor source of preformed eCBs, as previously reviewed (4-7) (Fig. 1). In this
chapter, we review the available data suggesting that the diet, and in particular its fatty acid
composition, might influence endocannabinoid levels and, subsequently, affect function in the
brain and peripheral organs.

EFFECT OF DIETARY FATTY ACIDS ON BRAIN ENDOCANNABINOID SIGNALING

Effects on Endocannabinoid Levels

In newborn piglets, AA- and DHA feeding in milk formulas, respectively, increased levels
of the corresponding NAEs N-arachidonoylethanolamine (anandamide, 20:4n6 NAE) and N-
docosahexaenoyl-ethanolamine (22:6n3 NAE) in specific brain regions (2). Both NAEs are known
to bind CBI1R, though 22:6n3 NAE is with low affinity (2). In mice, feeding with an AA-rich diet
from postnatal day 1 to day 58 similarly increased anandamide in whole brain (2,8), and this
was accompanied by changes in corresponding fatty acids in individual phospholipids, and
changes to gene expression profile in liver and hippocampus, using lipidomic and microarray
approaches, respectively (9-10).

Similar to these observations in mice, increasing dietary DHA did not consistently increase
22:6n3 NAE levels in brain, but did increase the ratio of 22:6n3 NAE/20:4n6 NAE in brain and
plasma (11). These authors also reported that fish oil feeding increased 20:5n3 and 22:6n3
2-monoacylglycerols and 22:6n3 NAE in plasma (11). Thus, following dietary fatty acid manip-
ulations, the plasma pool of eCBs and plasma eCB ratios may be predictive of changes occurring
in the brain.

In another set of experiments, Watanabe and colleagues (12) fed mice with an n-3 PUFA-
deficient diet, which resulted in higher brain 2-AG levels. In a second experiment, these authors
found that short-term supplementation of DHA-rich fish oil reduced brain 2-AG level as com-
pared with supplementation with low n-3 PUFA. Concomitantly, a decrease in AA levels and
an increase in DHA levels in the major phospholipids occurred in the brains of the mice fed
the fish oil diet compared with those fed the low n-3 PUFA diet. These results indicate that
n-3 PUFA deficiency elevates, while n-3 PUFA enrichment reduces brain 2-AG levels in mice,
suggesting that “physiological and pathological events mediated by 2-AG through cannabinoid
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Figure 1 Dietary fatty acid modulation of eCB levels. Diet is a rich source of triacylglycerols (TAG) and to a
lesser extent, diacylglycerols (DAG) and monoacylglycerols (MAG), as well as minor amounts of primary amides
and NAEs. Following gastric/pancreatic lipases, digestion in stomach and intestinal lumen produces MAGs with
polyenes on sn-2 position (e.g., 2-AG and 2-docosahexaenoylmonoacylglycerol), free fatty acids (FFA) derived
from the sn-1/-3, unesterified cholesterol (UC) derived from cholesterol esters (CE), lysophosphatidate (LPA)
derived from phosphatidate (PA), lysophospholipids (LPL) derived from phospholipids (PL), and fat soluble vita-
mins. At the lumen, NAEs, 2-AG, and other MAGs bind intestinal CB; receptors affecting peristalsis. FFA and MAG
enter enterocytes via passive diffusion and are re-esterified inside the endoplasmic reticulum by MAG acyltrans-
ferase (MAGAT) and DAGAT reforming TAG. Lysophospholipids (via LPL AT), LPA (via 1-acyl-glycerol-3-phosphate
acyltransferase; AGPAT), and cholesterol (via acyl-CoA: cholesterol acyltransferase; ACAT) are re-esterified form-
ing PL, phosphatidate (PA), and cholesterol esters (CE), respectively. Diet affects molecular species of TAG,
PL, PA, and CE. Facilitated by microsomal triglyceride transfer protein (MTP), TAG joins CE and apolipoprotein B
(ApoB), forming chylomicrons (CM), which enter circulation via lymph, delivering lipids to peripheral sites and liver.
At liver, dietary derived essential fatty acids, such as linoleate (LA, 18:2n6), and linolenate (ALA, 18:3n3) compete
for the same desaturases elongases, and retroconversion systems, forming free AA and DHA, respectively. This
AA and DHA pool from precursors, along with pre-formed dietary-derived AA and DHA, and other dietary- and
endogenously derived FA form a FFA pool for generating specific molecular species of PL, TAG, and CE, via
retailoring (deacylation, reacylation). At liver and peripheral sites, PL may be precursors in synthesis of eCBs.
MAGs with specific acyl chains (generated via TAG- and DAG-lipases) have eCB activity. Primary amides (e.g.,
oleamide) also have eCB activities and may be influenced by dietary FA. PL, TAG, and CE are packaged into
VLDL for delivery via lipoprotein lipase (LPL) to peripheral sites such as adipose and brain. At adipose, dietary
FA influence the FA taken up by adipose tissue and the FA released during lipolysis. At brain, FA is delivered
via lipoproteins and specific FA transport proteins (FATP) and binding proteins (FABP) to facilitate delivery of LC-
PUFA across blood-brain barrier (BBB). Brain also forms AA and DHA from LA and ALA precursors, respectively.
Anandamide synthesis in cells and dietary influences are shown in the bottom box. Unique PL pools [e.g., phos-
phatidylcholine (PC) with AA on sn-1 rather than sn-2] are possible precursors in transacylase reactions leading
to N-acylphosphatidylethanolamines (NAPEs). N-Arachidonylphosphatidylethanolamine represents one NAPE
molecular species. Dietary AA could enrich sn-1-arachidonyl 2-polyene acyl PC pool of lipids by affecting direct
synthesis or retailoring. Likewise, dietary FA could alter acyl chains of phosphatidylethanolamine (PE), a donor in
a transacylase reaction. Dietary lipids could also influence retailoring of N-arachidonylphosphatidylethanolamine.
Thereafter, N-arachidonylphosphatidylethanolamine is converted to anandamide via phospholipase D (PLD).
Dietary FA could also influence levels of anandamide by acting as alterative substrates for amidase, which
degrades anandamides and other eCBs. NAEs with acyl chains other than AA may serve as competing substrates
for amidase, and bind CB; receptors (CB1-R). CB1-R—triggered intracellular signaling, for example, downregula-
tion of adenylate cyclase (AC), leads to various physiological sequealae including changes in appetite, peristalsis,
mood and reward, motor control, heart rate variability, and blood pressure.
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receptor in the CNS could be modified by the manipulation of the dietary n-3 LCPUFA status”.
It has been established by previous generations of lipid researchers that phospholipid pools,
such as PC, PE, and cardiolipin (CL), are more modifiable by dietary fish oil than sphingomyelin
(SPN), and other sphingolipids, PS, and PI (13). In understanding how dietary fatty acids affect
endocannabinoid levels, particularly in brain regions, it is necessary to examine acyl changes
in specific phospholipid molecular species, using modern lipidomic approaches to increase
sensitivity (14).

The role of the diet in determining brain levels of eCBs are in agreement with the results
showing that food restriction of dams, either during gestation or lactation, or both, causes a
decrease in hypothalamic anandamide levels in pups, which persists until weaning, but not in
adult rats (15). In fact, pups depend on the diet of the dams for their LC-PUFA, as their ability
to synthesize AA and DHA from dietary precursors is limited. Interestingly, the observed dam
dietary restriction-induced decrease in hypothalamic anandamide levels of the pups is directly
and strongly correlated with their reduced body weight.

A general rule in adult rodent feeding trials with LC-PUFA is that at least 2 weeks are
required to reach steady state levels in phospholipid acyl profiles (16) and the same may hold
for dietary fatty acid modulation of eCBs. Absolute amounts of dietary fatty acids and total
fat content, and competition amongst n3, n6, and n9 fatty acids are also important consid-
erations. In a feeding trial of only 1 week in rats, Artmann et al. (17) fed rats five different
dietary fats [palm oil, olive oil (OA), safflower oil (LA), fish oil (FO), and AA] and exam-
ined tissue levels of 2-arachidonoylglycerol, anandamide, N-oleoylethanolamine (an anorectic
compound), N-palmitoylethanolamine, N-stearoylethanolamine, N-linoleoyl-ethanolamine, N-
eicosapentaenoylethanolamine, and N-docosahexaenoylethanolamine. The LA-diet increased
N-linoleoylethanolamine in the brain, whereas the OA-diet increased brain levels of anan-
damide and N-oleoylethanolamine (but not 2-AG). Importantly, the AA-diet and FO-diet had
no effect on NAEs and eCBs in the brain after this 1-week period, but a longer feeding period
may yield a different results. Importantly, the study demonstrated that dietary monoenes and
dienes can also influence corresponding NAEs in the brain, which has ramifications for popu-
lations consuming large amounts of oleic acid (Mediterranean diet) and linoleic acid (American
Diet) in the diet.

Dietary AA-and FO-derived fatty acids are not the only LC-PUFA that can be incorporated
into eCBs and affect eCB signaling, but numerous naturally occurring fatty acids also comprise
the acyl chain of eCBs. As one important example, 5,11,4-eicosatrienoate (sciadonic acid; like
AA but lacking the internal double bond essential for classical eicosanoid production and
thus an anti-inflammatory fatty acid) can be incorporated into monoacylglycerols forming
2-sciadonoylglycerol, which exhibits cannabimimetic activity in NG108-15 neuroblastoma x
glioma hybrid cells (18). Sciadonic acid may also have eCB activity in vivo since it is readily
incorporated into phospholipid pools when administered as a minor dietary component (19),
and it may have eCB activity in the gymnosperm plant species where it is derived (20).

Effects on Cannabinoid CB; Receptor-Mediated Behaviors

One of us (A.B.) investigated changes in behaviors typically affected by CBIR activation of
either a control diet (CONT), adequate in 18:2n6 and 18:3n3 fatty acid content, or of diets
containing a fungal oil enriched in AA (AA), a fish oil enriched in DHA (DHA), or a combination
(AA+DHA) diet containing an even mixture of the AA- and DHA-containing oils. In particular,
it was evaluated whether dietary LC-PUFA may affect CB1R-mediated behaviors including
catalepsy, hypothermia, antinociception/analgesia, plus maze anxiolysis, and forced swim test
antidepression, and whether any observed change in behavior was sensitive to blockade of
CB1R with the specific antagonist AM251. Diets contained 90% fat-free AIN93G powdered
rodent diet, 0.4% milk fat, 1.2% palm olein, 1.9% sunflower oil, 1.5% soybean oil and 2.1-
5.1% medium chain triacylglycerol oil. Part of medium chain triacylglycerol oil in CONT was
replaced with 1.1% fungal oil (providing 0.5 dietary wt% AA and 1.0en% AA) in AA diet; 1.9%
fish oil (providing 0.5 dietary wt% DHA and 1.0en% DHA) in DHA diet; and 1.1% fungal oil
and 1.9% fish oil in AA+DHA diet. These levels of AA and DHA affect neurotransmitter levels
and behavior in rats (21), and were not excessively high, 2-3-fold higher than recommended for
human babies, with a slower A6 desaturase activity than rodents. Male Rj:NMRI mice weighed
10 to 11 g at delivery and 33 to 51 g on experimental day 42. They were housed 10/cage and
received purified powdered diets (7.5 g/mouse) from day 1 to day 58, and were thereafter
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Table 1 Timing and Design of Behavioral Tests

Group/tests Feeding Tetrad test Plus maze test Porsolt test Sacrifice and dissection
Days D1-562 D29-30> D 44-45P D 47¢ D 57-594

Timing of diet or drug  Ad libitum P.o.15min  P.o. 60 min P.o. 60 min -

A CONT Vehicle Vehicle Vehicle Brain, liver, carcasses®

B CONT THC Clobazam Imipramine Carcasses

C CONT AM251 AM251 AM251 Brain, liver, carcasses®

D AA Vehicle Vehicle Vehicle Brain, liver, carcasses®

E DHA Vehicle Vehicle Vehicle Brain, liver, carcasses®

F AA+DHA  Vehicle Vehicle Vehicle Brain, liver, carcasses®

G AA+DHA  AM251 AM251 AM251 Carcasses

Drug doses across tests were THC-45, AM251-64, clobazam-32, and imipramine-128 mg/kg BW.

2 Food consumption and body weights were measured daily, and the experiment was divided into two sub-experiments:
n = 5/group and n = 70 in total.

b Two sub-experiments were performed on 2 consecutive days.

¢ Two sub-experiments were performed on the same day.

d Sacrifice and dissection were performed on 3 consecutive days in total for two subgroups.

¢ Brain was sectioned in 5 mice; whole brain and liver were extracted in the remaining 5 mice/group.

sacrificed in the AM by cervical dislocation over the last 2 experimental days. Food was not
removed the night before, and since nocturnal mice eat during the normal dark cycle period
employed, mice were likely fasted 0 to 6 hours at sacrifice (12-16 hours being a complete fast).
These conditions and dietary levels of AA were previously found to increase by 5.8-fold of the
brain levels of anandamide (2). Behavioral testing was performed on 10 mice/group (5/cage).
Effective reference substance doses were determined in prestudy trials. The seven experimental
groups are designated in Table 1: CONT plus drug vehicle administered p.o. at time of testing
(CONT-A); CONT plus specific pharmacologic agents to validate individual behavioral tests
(CONT-B); CONT+AM251 to inhibit CB1R-mediated activities (CONT+AM251-C); AA (AA-
D); DHA (DHA-E); AA+DHA (AA+DHA-F); and AA+DHA+AM?251 (AA+DHA+AM251-G)
to inhibit CB1R-mediated activities. For logistical reasons, AA+AM251 and DHA+AM?251 were
excluded from the experimental design. It was reasoned that AA+DHA group should have a
strong (AM251-inhibitable) affect on CB1R-mediated signaling since AA- and DHA-derived
NAEs were formed from LC-PUFA precursors in prior work with pigs (2). Behavioral tests
were spaced out to avoid and minimize carry over effects of one behavioral test upon another.
Tetrad tests were conducted first. There was thereafter 15 days between tetrad and plus maze
testing (for anxiolytic activity), and 2 days between plus maze and forced swim testing (for
antidepressant activity). As plus maze testing can induce stress for up to 24 hours posttest, the
2 to 3 days between plus maze and forced swim testing should have been sufficient to reduce
stress and washout effects of reference drugs used in CONT-B groups (22-25).

Open-Field Rearings, Ambulations and Fecal Droppings, Ring Test Immobility, Hot-Plate Analgesia,

and Hypothermia

Relative to CONT-A, other groups (including AA-D, DHA-E, AA+DHA-F AA+DHA+AM251-
G) did not affect rearing, open field ambulations, fecal droppings, ring test immobility, nor hot
plate foot-licking latency (p > 0.1) (Table 2). Relative to CONT-A and DHA-E, body tempera-
ture showed a trend (p < 0.1) to decrease with AA-D and AA+DHA-F (Table 2). In the AA-D
group, higher anandamide levels in whole mouse brain were found (2,8), and the reduction in
body temperature with AA feeding is consistent with the reduction in body temperature pre-
viously observed with gavaged anandamide relative to control mice (4,6). Yehuda and Carasso
(26) previously noted that dietary LC-PUFA could modulate agonist-induced hypothermia. In
addition to potential signaling through CB1R, LC-PUFA could affect body temperature through
other mechanisms. For example, as part of the same experiment reported herein, hippocam-
pal prostaglandin D, (PGD,) synthase (ptgds) transcripts were increased 3-5-fold by AA-D,
DHA-E, and AA+DHA-F relative to CONT-A (p < 0.05; no differences between the noncontrol
groups) (8). PGD; is a major prostaglandin in rodent and human hippocampus with roles in
body temperature regulation and sleep (27-29).
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Table 2 Results of “Tetrad” Behavioral Tests

Fecal Ring test Temperature Foot-licking
Group Ambulation # Rearing # drops # immobility (%) (°C) latency (sec)
A 95.7 421 3.4 10.5 38.28 4.23
B 18.11 1.4 0.5 58.81 35.151 8.651
C 66.92 23.42 3.89 9.11 37.98 4.62
D 93.0 32.8 2.6 8.7 38.023 4.38
E 113.8 35.9 3.2 6.6 38.30° 3.86
F 101.2 36.0 2.4 13.3 37.87%7 4.19
G 92.6 23.7%" 2.8 11.7 37.72 5.46

Values represent means from n = 10. Levels of significance from a two sided, unpaired student’s t-test with unequal variance are
indicated with superscripted symbols. Superscripted numbers refer to t-test pairwise group comparisons. Not all possible pairwise
comparisons were conducted. Group designations A—-G are shown in Table 1.

A superscripted number with: no asterisk, p < 0.1; *p < 0.05; fp < 0.01; *p < 0.001.

2 Comparison is significant after eliminating a single outlier. 1B vs. A; 2C vs. A; ®D vs. A; “E vs. A; °F vs. A; °E vs. D; 7F vs. E; G
vs.C;°Gvs. F

Depression

In the Porsolt forced swim test, antidepressants decrease immobility duration (increase duration
of mobility) when mice are forced to swim in a situation from which they cannot escape
rapidly. CONT-A mice showed a high level of immobility, and the antidepressant imipramine
administered 60 minute pretest, decreased immobility duration, validating the test (Table 3).
DHA and AA+DHA did not affect immobility. AA-D showed a trend to reduce immobility
duration (antidepressant-like activity) relative to CONT-A, from 171.5 to 152.0 seconds (p <
0.1; time immobile during last 4 minutes of the 6-minute test). This behavioral activity could
be eCB-CB1R-mediated as the AA-D diet increased anandamide in whole brain (2,8). There is
precedent for LC-PUFA and eCBs affecting immobility /antidepression (30-37). eCB levels and
enhancement of eCB signaling produced antidepression in forced swim tests (34-36), supporting
our findings. Immobility was reported to be affected in some studies with LC-PUFA deficiencies
(37,38), but not others (30). Unlike our findings, supplementation with n3 LC-PUFA in rats
induced antidepressant activities in forced swim tests after 30 days (32).

Anxiety

Elevated plus maze tests evaluate anxiolytic and anxiogenic responses. Caveats are that the test
requires rigorous standardized conditions; results are strain-specific with differences in sensi-
tivity between rats and mice (39); and the test is influenced by environmental factors (40,41).
The test is also influenced by prior experience of mice to the plus maze with test-experienced
mice being more anxiogenic than plus maze naive mice (42). Closed- and open-arm entries
were positively correlated (Spearman’s rank correlation = 0.40, p < 0.001). Clobazam slightly
increased open-arm entries (CONT-Clobazam-B vs. CONT-A; p < 0.05) (Table 3). AM251 showed
a trend to decrease open-arm entries in CONT-AM251-C versus CONT-A (p < 0.1) and in

Table 3 Results of Plus Maze and Forced Swim Tests

Plus maze Forced swim test

Group Closed-arms (epm) Open-arms (epm) Time open arms (sec) Time immobiity (sec)
A 3.6 2.3 40.0 171.5

B 6.3! 2.4 68.4 7151

C 2.3 0.22 0.2% 171.9

D 6.4% 2.0 21.3 152.0°

E 6.0% 1.6 21.1 161.7

F 6.8 1.9 17.8 163.7

G 4.6%° 0.8° 6.4 161.9

Values represent means from n = 10. Levels of significance from a two sided, unpaired student’s t-test with unequal variance are
indicated with superscripted symbols. Superscripted numbers refer to t-test pairwise group comparisons. Not all possible pairwise
comparisons were conducted. Epm: entries per minute. Group designations A—-G are shown in Table 1.

A superscripted number with: no asterisk, p < 0.1; *p < 0.05; fp < 0.01; {p < 0.001. 'B vs. A; 2C vs. A; 3D vs. A; *E vs. A; °F vs.
A;®Evs.D;’Fvs.E;8Gvs. C;°Gvs. F.
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AA+DHA-AM251-G versus AA+DHA-F (p < 0.1). AM251 also substantially decreased the
amount of time spent in the open arms, most notably for the CONT diet (CONT-AM251-C vs.
CONT-A (p <0.05). AM251 thus showed potential CB1R-mediated anxiogenic properties as pre-
viously reported (42—46). Relative to CONT-A, none of diets (AA-D, DHA-E, and AA+DHA-F)
affected entries or time spent in open arms (p > 0.1). Closed arm entries increased from 3.6 to
6.3 with clobazam (CONT-A vs. —B; p < 0.1), partially validating the test for evaluating anxi-
olysis with closed-arm entries. Closed-arm entries increased from 3.6 with CONT-A to 6.0-6.8
with AA-D (p < 0.05), DHA-E (p < 0.05), and AA+DHA-F (p < 0.01) indicating that these LC-
PUFA-enriched diets may induce anxiolytic (clobazam-like) effects. Closed-arm entries showed
a statistical trend to decrease from 6.8 to 4.6 with AA+DHA+AM?251 (AA+DHA+AM251-G
vs. AA+DHA-F; p < 0.1). The p-value for this comparison is slightly reduced to 0.08 after
logio transformation (which minimizes affects of outliers). This reduction is not surprising as
AM251 alone can antagonize CBIR, induce anxiogenesis, and decrease closed-arm entries in
mice (42), and might suggest that part of the effects of the diets might be due to elevation of eCB
levels. Closed-arm entries showed a trend to increase from 2.3 with CONT+AM251-C to 4.6
with AA+DHA+AM251-G (p < 0.1), indicating that CB; inhibition with AM251 could not com-
pletely block dietary affects on closed-arm entries. LC-PUFA could affect closed-arm entries via
CBIR, receptors related to CB1R (47), and via signaling cascades independent of eCBs. Since the
dietary treatments did not affect open-field ambulations and ring-test immobility, it is unlikely
that mobility per se is responsible for changes observed in closed-arm entries (48). In the present
experiment, levels of 22:6n3 NAE in whole mouse brain were not affected by DHA feeding, but
20:4n6 NAE levels were elevated 5.8-fold following AA feeding (2,8). The diets also increased
LC-PUFA in phospholipids pools. AA increased 20:4n6 and 22:4n6, and DHA increased 20:5n3,
22:5n3, and 22:6n3 in whole brain, hippocampal, and hepatic phospholipid pools confirming
that the diets were consumed, bioavailable, and incorporated into phospholipids (9). Changes to
NAEs (e.g., following DHA feeding) may have been partly masked by examining levels in whole
brain rather than individual sections (2). A related point is that there is differential expression
of CB1R on distinct neuronal populations within specific brain regions, such as the amygdala
and hypothalamus (49). Although these experiments do not provide conclusive evidence, there
is the possibility that the anxiolytic effects of AA+DHA (and potentially AA and DHA alone)
may involve anandamide—CB1R interactions, based on closed-arm entries. Accordingly, other
researchers have found that addition of eCBs or drug-induced manipulation of endogenous
eCBs can induce anxiolysis in the plus maze test. In adult rats, i.p. administration of AM404
(an eCB transport inhibitor) increased anandamide in hippocampus, prefrontal cortex, and
thalamus, which was associated with increased time spent in open arms (36). This anxiolytic
effect was reversed with the CB1R antagonist, rimonabant (SR141716A). Similarly, inhibitors of
fatty-acid amide hydrolase (an enzyme that degrades NAEs and related molecules) increased
brain anandamide, inducing anxiolytic-, benzodiazepine-like effects in the elevated zero-maze
test that could be inhibited by blocking CB1Rs (50). Dietary LC-PUFA are also reported to affect
plus maze responses. For example, in a generational study in which mouse dams and offspring
received diets rich in either 18:2n6 (a 20:4n6 precursor) or 18:3n3 (a DHA precursor), open- and
closed-arm entries were less, and time spent in dark enclosed arms tended to be longer with
18:3n3 feeding (suggesting anxiogenesis), in 6-week offspring (51). With DHA feeding in our
experiments, closed-arm entries increased relative to the 18:2n6 control (DHA vs. CONT-A)
showing an opposite effect. Deficiency of dietary 18:3n3 did not affect plus maze responses in
other reports (30,52). In addition to potential signaling through CB1R, LC-PUFA could affect
plus maze responses through other mechanisms. For example, we previously reported that
transcripts for 5-hydroxytryptamine receptor 4 (htr4) were increased 6.5-fold by AA-D rel-
ative to CONT-A in the hippocampus (8) as part of the same experiment reported herein.
5-Hydroxytryptamine receptor signaling is known to affect plus maze anxiolysis (53-55). It is
conceivable that the AA-induced increase in 20:4n6 NAE (2,8,56) could displace ligands from
binding 5-hydroxytryptamine receptors (57), contributing to plus maze anxiolysis. DHA feeding
in rats were previously reported to increase 5-hydroxytryptamine levels (58), further supporting
associations between LC-PUFA feeding and 5-HT signaling. LC-PUFA could also signal through
somatostatin receptors (sst), which affect stress responses (59) and potentially results in some of
the behavioral tests we evaluated. As part of the same experiment reported herein AA-D, DHA-
E, and AA+DHA-F significantly increased sst transcripts 1.8-2.1 fold in hippocampus (p < 0.05)
(8). Sst transcripts were similarly reported to be elevated following DHA feeding in rats (60).



EFFECTS OF DIETARY FATTY ACIDS ON ENDOCANNABINOID SIGNALING IN THE BRAIN AND PERIPHERAL ORGANS 197

Appetite Control

Although brain eCB levels appear to be strongly modified by diets enriched in LC-PUFA and
the brain eCB system is deeply involved in appetite control (see other chapters in this book), no
specific study has been carried out to date to investigate whether dietary-induced changes in
eCB signaling are paralleled by changes in food-intake. Previous studies showed that perinatal
deficiency in dietary n-3 PUFA is accompanied by increased food-intake in rats (61), a finding
that would be in agreement with the inhibitory effects of chronic dietary n-3 PUFA on brain eCB
(2-arachidonylglycerol) levels (12). On the other hand, studies carried out in human volunteers
have so far investigated only the effect of different acute dietary fatty acids on appetite and
satiety (62,63).

EFFECTS OF DIETARY FATTY ACIDS ON PERIPHERAL ENDOCANNABINOID
SIGNALING AND THEIR POTENTIAL CONSEQUENCES ON ENERGY HOMEOSTASIS

Three studies have investigated so far the effect of high fat diets or dietary fatty acids on periph-
eral tissues and cells involved in energy homeostasis. Matias et al. (64) showed that incubation
of 3T3F442A mouse adipocytes with AA strongly elevates 2-AG levels and amounts of AA
esterified in triacylglycerols and on glycerol sn-2 carbon but not sn-1, in phospholipids. The
sn-2 position is the most common placement on the glycerol backbone for polyenes, although
rare phospholipids enriched with AA on the sn-1 position may serve as precursors for N-
arachidonoyl-PE in the synthesis of anandamide (3). Incubation with DHA, instead, decreased
2-AG and anandamide levels and the amounts of AA esterified on both sn-2 and sn-1 position of
phospholipids, but not on triacylglycerols. The authors suggested that dietary LC-PUFA and/or
their biosynthetic precursors might modulate levels of adipocyte phospholipids that act as eCB
precursors, and that this, in view of the lipogenic actions of eCBs in adipocytes (65-67), might
participate in the beneficial effects of n-3 PUFA and in the worsening effect of dietary n-6 PUFA
in abdominal obesity, dyslipidemia, and insulin resistance (see other chapters in this book).

In a 1-week feeding trial examing five different dietary fats [palm oil, olive oil (OA),
safflower oil (LA), fish oil (FO), and AA], Artmann et al. (17) reported that (1) the LA-diet
increased N-linoleoylethanolamine in the jejunum and liver; (2) the OA-diet increased N-
oleoylethanolamine in the liver, a finding potentially relevant to the anti-lipogenic effects of this
compound in hepatocytes (68) and to the beneficial effects of the Mediterranean diet; (3) all five
dietary fats decreased N-oleoylethanolamine in the jejunum without changing levels of anan-
damide, thus suggesting that dietary fat may have an orexigenic action (N-oleoylethanolamine
is a potent anorectic lipid); (4) the AA-diet increased anandamide and 2-arachidonoylglycerol
in the jejunum with no effect on the liver, thus suggesting that dietary AA might also cause
orexigenic effects (eCBs exert potent orexigenic actions at both the central and small intestine
levels; see other chapter in this book); and (5) the FO-diet decreased liver levels of NAEs, except
for N-eicosapentaenoylethanolamine and N-docosahexaenoyl-ethanolamine.

Finally, Matias et al. (66) recently reported new data on the dysregulation of eCB levels in
organs with endocrine function (adrenal glands and thyroid), involved in energy expenditure
(brown adipose tissue and skeletal muscle), or affected by the consequences of metabolic disor-
ders (heart and kidney), obtained from mice fed for 3, 8, and 14 weeks with two different high-fat
diets (HFDs), with different fatty acid compositions and impact on fasting glucose levels. In
particular, although the two diets used for experiments exhibited similar n-6/n-3 PUFA precur-
sor ratios and nonsaturated fatty acid amounts, HFD2 was characterized by significantly higher
amounts of monounsaturated fatty acids and PUFA than HFD1, and by capability of inducing
high fasting glycemia not after 3 weeks but only after 14 weeks of the dietary regimen. The
authors observed elevations (in skeletal muscle, heart, and kidney) or reductions (in thyroid) of
levels of either anandamide or 2-AG, or both. Depending on the diet, these changes preceded
or accompanied development of overt obesity and/or hyperglycemia. In adrenal gland, there
was first a reduction and then an elevation of eCBs. In brown fat, a very early elevation of both
anandamide and 2-AG normalized levels was observed with one of the diets, whereas delayed
decreases appeared to be caused by increased amounts of fat tissue weight induced by HFDs.
Although the authors did not observe strong correlations between abundance of a certain family
of dietary fatty acids and effects on eCB levels, in those organs where eCBs first decreased and
then increased by diet (i.e., adrenal gland), HFD2 (higher in PUFA) produced this effect earlier.
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On the other hand, in some organs where an increase of eCBs was observed with diet (i.e.,
kidney and heart), this effect was often extended to 2-AG only with HFD1. These differences
might be due to the higher amounts, in HFD2 versus HFD1, of precursors for n-3 PUFA, which
were shown to reduce both anandamide and 2-AG levels in adipocytes (64), and the effect of
which might predominate over the stimulatory one (64) of n-6 PUFA.

These studies highlight the possibility that both the type and amount of fatty acids present
in the diet and the duration of the diet itself might differentially alter levels of eCBs and NAEs
not only in the brain but also in peripheral organs involved in the control of energy homeostasis,
contributing to the adverse consequences of prolonged HFD and related metabolic disorders
(dyslipidemia, dyslipoproteinemia, insulin resistence, glucose intolerance, and type 2 diabetes).
In particular, prolonged exposure to diets rich in n-3 PUFA or their precursors seem to cause a
decrease in eCB levels in most of the tissues analyzed, and, in view of the strong contribution
of an overactive eCB system in hyperphagia, dyslipidemia, and insulin resistance (see other
chapters in this book), this phenomenon might be responsible in part for some of the beneficial
metabolic effects of such diets. By contrast, prolonged exposure to diets rich in n-6 PUFA or their
precursors might indirectly participate in ectopic fat formation by enhancing levels of lipogenic
eCBs in the adipose tissue and liver. Clearly, specific studies are required to fully investigate
this possibility, utilizing CB1R blockers or eCB degradation inhibitors to better understand the
metabolic consequences of prolonged dietary consumption of LC-PUFA.

CONCLUSIONS

In our quest to better understand how dietary LC-PUFA affect eCB levels and subsequent signal-
ing, there are numerous important dietary variables to consider in designing proper nutritional
experiments and to minimize covariates. First, the amount of total fat and importantly, the ratio
of different classes (n-9, n-7, n-6, and n-3) of dietary fatty acids (69) ultimately will affect the final
phospholipid and eCB acyl profile and must be considered. Second, nonfatty acid components
of oils containing fatty acids have their own influences on obesity. For example, plant sterols (70—
72), gangliosides (73,74), and sphingolipids (75) can affect fat absorbability and inflammatory
and obesity potential of the overall diet. Third, different mammals metabolize dietary fatty acids
differently. For example, humans have a slower elongase and desaturase system than rodents
and hence in humans, dietary precursors of AA and DHA may be less effective than in rodents
for synthesizing AA and DHA end products. Fourth, there are fundamental differences in how
different mammals synthesize and store fatty acids. For example, humans synthesize fatty acids
in the liver and store them in adipose tissue and liver, whereas rodents synthesize fatty acids
in both liver and adipose tissue, and store fatty acids in both locations. Fifth, the intestinal flora
of species (itself influenced by diet, maternal nutrition, environment, and drugs) can affect the
absorbability of fat and nutrients and influence obesity (76,77). In this regard, mammals should
be thought of as mammal-microbe superorganism hybrids (78). Sixth, dietary fatty acids are
introduced into the diet mainly as triacyglycerols and converted to 2-monoacylgycerols and
free fatty acids by lipases during digestion (79). These 2-monoacylglycerols may then affect the
activity of gut CB receptors and, subsequently, peristalsis (80) and absorbability of the lipid
components, whereas free fatty acids, monoacylglycerols (81,82), and gangliosides (74,83) in the
diet, may have positive effects on the immune system by killing or binding to dietary toxins.
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ENDOCANNABINOID OVERACTIVITY IN OBESITY AND
HYPERGLYCEMIA: ANIMAL STUDIES

Although, as outlined in the previous chapters of this book, the functions of the endocannabinoid
system in the peripheral control of metabolism under physiologic conditions are still not fully
understood, there is increasing evidence for an important role played by endocannabinoids
under conditions of unbalanced energy homeostasis, such as obesity and hyperglycemia. Several
observations suggest that a dysregulation of endocannabinoid tone at CB; receptors occurs
during such conditions: (i) a given dose of an antagonist at a certain receptor is expected to have
higher efficacy in the presence of a higher tone of endogenous agonists of that receptor—this is
also true to some extent for CB; antagonists like rimonabant (1), even though these compounds
have been described to act in vitro as inverse agonists at high doses (and hence also produce
effects opposite to those of agonists in the absence of endogenous agonists); (ii) blockade of CB,
receptors inhibits food intake and decreases body weight more efficaciously in obese rodents
than in lean animals (2,3); (iii) even in lean rodents, CB; receptor antagonists appear to be more
efficacious in the presence of a demonstrated higher tone of the endocannabinoid system in
the brain areas that control food intake, such as following brief periods of food deprivation or
when animals are exposed to palatable foods (4). Thus, the higher efficacy against food intake
observed in obese versus lean animals with CB; antagonists such as rimonabant or AM251 (2,5),
and the sensitivity to these agents of obese rodents also in the absence of food deprivation (3),
strongly suggest that a higher endocannabinoid tone stimulates food consumption in obesity.
Accordingly, hypothalamic endocannabinoid levels are significantly higher in ob/ob and db/db
mice or in Zucker rats (3), as it could have been expected from the fact that these rodents possess
defective leptin signaling or levels, and also from the fact that leptin negatively controls EC levels
(3). Importantly, daily systemic administration of CB; antagonists in obese rodents for several
weeks causes a reduction of body weight that outlives the inhibition of food intake, which is
significant for only ~1 week after the start of the treatment (6). Thus, it is possible that the part
of the endocannabinoid system that controls the peripheral aspects of energy balance becomes
more active with obesity and for a longer time as compared to what might happen in the brain.

The hypothesis of a peripherally dysregulated endocannabinoid system in obesity is
supported by the observation that, in mice fed a high-fat diet [diet-induced obesity (DIO)],
the development not only of obesity but also of its metabolic consequences, such as high
triglyceride levels, low high-density lipoprotein cholesterol (HDL-C) levels, low adiponectin
levels, hyperglycemia, and hyperinsulinemia, are prevented by congenital blockade of CB,
receptor expression, as in CB;-knockout mice, or chronic treatment with CB; antagonists (6-8).
These effects seem to be largely independent from food intake since they are significantly
less strong in wild-type mice undergoing food restriction similar to that observed following
CB;-blockade in pair-feeding experiments. Importantly, when CB; receptors are genetically or
pharmacologically impaired, the dramatic alterations in the expression of several white and
brown adipose tissue enzymes and proteins involved in metabolism and energy expenditure,
usually found in DIO mice, are also not observed (9). These latter findings suggest that CB,
signaling may become overactive in the white and brown adipocytes of obese individuals, thus
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Figure 1 Schematic representation of how, given the proadipogenetic and pro-lipogenetic effects of the endo-
cannabinoids (ECs), the “shift” of EC/CB; receptor tone from the subcutaneous to the visceral fat might result in
more and more intra-abdominal adiposity, and less and less protective subcutaneous fat, with consequences such
as inflamed visceral adipose tissue, reduced adiponectin, increased inflammatory cytokines, increased efflux of
free fatty acids to the liver, and ectopic fat formation.

contributing to high-fat-diet-induced changes in the metabolic enzyme expression patterns of
these cells. Indeed, a direct evidence of endocannabinoid upregulation has also been reported
in the mouse epidydimal adipose tissue and in mouse adipocytes. For example, 3T3-F442A
preadipocytes, when treated with a high concentration of insulin, differentiate into mature and
eventually hypertrophic and insulin-resistant adipocytes, in which the levels of CB; receptors
and 2-AG, but not those of anandamide, are significantly higher than in preadipocytes (10-12).
The effect on 2-AG levels might result from changes in the regulation of 2-AG biosynthesis by
PPAR-vy, occurring when passing from mature to hypertrophic adipocytes (11). Accordingly,
enhanced levels of 2-AG, but not anandamide, have been reported in the epididymal fat of
DIO mice compared with mice fed a normal diet (11). Overstimulation of CB; receptors in
hypertrophic adipocytes appears to lead to inhibition of adiponectin expression (10,11). This
explains why CB; receptor antagonism causes elevation of adiponectin expression in adipocytes
more effectively in obese than in lean mice (10), and the expression of several adiponectin-
dependent genes, which is strongly dysregulated in the adipose tissue of DIO mice, is restored
to that of a lean phenotype following blockade of CB; receptors (9). Importantly, unlike the
epididymal fat, the subcutaneous fat of DIO mice exhibits lower levels of both anandamide
and 2-AG (13). In view of the pro-adipogenetic and pro-lipogenetic effects of CB; receptor
stimulation (see previous chapters of this book), this “shift” in endocannabinoid activity from
the subcutaneous towards the epididymal fat (and intra-abdominal fat in humans, see later)
might lead to more and more accumulation of nonsubcutaneous and easily inflamed fat, thus
possibly contributing to ectopic fat formation and further insulin resistance (Fig. 1).

Evidence suggests that the levels of either endocannabinoids or CB; receptors, or both,
are also permanently upregulated in other peripheral organs and tissues of obese animals and
humans (14). Increased levels of both CB; and anandamide were found in the livers of DIO mice
(15). This phenomenon was suggested to underlie in part the occurrence, particularly during
overweight and obesity, of hepatosteatosis (fatty liver), which is not only the first step towards
the development of nonalcoholic steatohepatitis, but is now also considered an important car-
diovascular risk factor accompanying insulin resistance and dyslipoproteinemia and causing.
Accordingly, recent data showed that oral treatment of obese Zucker rats with rimonabant
30 mg/kg/day for 8 days abolished obesity-associated hepatic steatosis and related features of
metabolic syndrome, including inflammation [elevated plasma levels of tumor necrosis factor-o
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(TNF-o)], dyslipidemia, and hypoadiponectinemia, and concomitantly improved dyslipidemia
by both decreasing plasma levels of triglycerides, free fatty acids, and total cholesterol, and
increasing the HDL-C/low-density lipoprotein cholesterol (LDL-C) ratio (16). CB; antagonism
also reduced hepatomegaly, elevation of plasma levels of enzyme markers of hepatic damage
(alanine aminotransferase, y-glutamyltransferase, and alkaline phosphatase), and the high lev-
els of circulating TNF-a associated with the eventual development of steatohepatitis. Most of
these effects were induced only to a smaller extent by diet restriction, pointing to the existence
of direct effects of CB; receptor antagonism in the liver (16).

In RIN-m5F rat insulinoma pancreatic B-cells, where both CB; and CB, receptors are
expressed and a high glucose “pulse” elevates both anandamide and 2-AG levels, insulin
keeps anandamide and 2-AG levels under negative control when the cells are maintained at a
relatively low concentration of glucose. However, under conditions mimicking hyperglycemia,
insulin not only does not inhibit glucose-induced endocannabinoid levels per se but it also
stimulates these levels (11). Accordingly, enhanced levels of both anandamide and 2-AG were
observed in the pancreas of hyperglycaemic DIO mice as compared with mice fed a normal
diet (11,13). In view of the preliminary data described in previous chapters of this book, this
“pancreatic overactivity” of the endocannabinoid system might impact on insulin and, perhaps,
also on glucagon and somatostatin levels, and, hence, on glucose utilization and metabolism.

Very recent data indicate that endocannabinoid upregulation might also occur very early
after the beginning of a high-fat diet in the soleus muscle (17). Furthermore, a significant
upregulation of CB; receptor expression seems to occur in the skeletal muscle of DIO mice
(18). This finding, together with the observation that CB; receptor blockade in obese mice
causes enhanced glucose uptake by the soleus muscle and increases oxygen consumption (19),
might suggest that the overstimulation of CB, receptors by the elevated endocannabinoid levels
found in the skeletal muscle might tonically inhibit insulin sensitivity and glucose uptake and
utilization. Whether, however, CB, stimulation inhibits insulin sensitivity in the skeletal muscle
is yet to be investigated.

These observations in animal models of obesity and hyperglycemia support the existence
of a peripherally overactive endocannabinoid system accompanying, and very likely contribut-
ing to, the deleterious consequences of obesity, and substantiate the possibility that CB; receptor
antagonism can be used for the treatment of obesity-associated metabolic disorders with effects
that go beyond those obtainable with dietary restriction and weight loss alone.

ENDOCANNABINOID DYSREGULATION IN ABDOMINAL OBESITY AND
HYPERGLYCEMIA: HUMAN STUDIES

Data are accumulating to suggest the occurrence of a dysregulation of endocannabinoid sig-
naling also in humans, in association not so much with obesity per se but rather with high
visceral adiposity and hyperglycemia. In fact, early findings in women with obesity caused by
conditions such as binge-eating disorder (20) or menopause (21), in whom the blood levels of
anandamide or anandamide and 2-AG, respectively, were found to be significantly higher than
those in age-matched normoweight volunteers, were soon followed by studies that have better
defined the phenotype of the overweight/obese subject with altered circulating or adipose tissue
levels of endocannabinoids. In agreement with the aforementioned observations in DIO mice,
significantly higher of 2-AG, but not anandamide, levels were detected in the visceral, but not
in the subcutaneous, fat of obese patients (11). In a recent study by Pagano and coworkers (22),
the hypothesis of a dysregulated endocannabinoid system in the adipose tissue was confirmed
by showing that, as again observed in mice (13), both the subcutaneous and visceral abdominal
fat of obese patients exhibit higher CB; receptor expression and endocannabinoid turnover (in
terms of the expression of endocannabinoid biosynthetic and degrading enzymes) than that
observed in analogous tissues from lean individuals, whereas a reduction was instead observed
in the subcutaneous gluteal fat. As mentioned above for the studies in mice, this phenomenon,
in view of the prolipogenetic role of the endocannabinoid system in the adipose tissue, might
eventually result in more fat being stored in abdominal depots and less in subcutaneous depots,
with potential deleterious consequences on cardiometabolic risk factors (23).

Human peripheral endocannabinoid overactivity does not seem to be just a feature of
obesity per se. Innonobese [28 kg/m? < body mass index (BMI) < 32 kg/m?] patients with type 2
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diabetes and only partially corrected hyperglycemia, the blood levels of both anandamide and
2-AG were significantly higher than those in age-, BMI-, and gender-matched nondiabetic
volunteers (11). It has also been recently shown that obesity and type 2 diabetes appear to be
independently associated with high levels of circulating endocannabinoids, since obese subjects
with type 2 diabetes exhibit a further elevation of plasmatic 2-AG levels with respect to nonobese
patients with this metabolic disorder (L. Van Gaal and V. Di Marzo, unpublished observations).

Two recent independent studies established a direct relationship between intra-abdominal
adiposity (IAA) and high circulating 2-AG levels (24,25). When examining two cohorts of obese
patients with quite different anthropometric features and past histories of medications, both
studies identified a strong direct correlation between the concentration of 2-AG, but not of
anandamide, in the blood and the amount of IAA determined by computer tomography. More
importantly, high 2-AG levels were also directly correlated with several cardiometabolic risk
factors, including low HDL-C levels, high triglyceride levels, and low insulin sensitivity and
glucose tolerance and, in one of the two studies (25), also with low plasma adiponectin levels.
These findings represent the first direct evidence of a link between IAA-related cardiometabolic
risks and peripheral endocannabinoid dysregulation.

One might wonder how the measured plasma levels of endocannabinoids relate to the
possible activation state of CB; receptors in peripheral organs, since it is known that these
mediators are not hormones, and usually act locally in a paracrine or even autocrine manner. It
can be suggested that the plasmatic levels of endocannabinoids represent either (i) a “spillover”
effect, that is, they reflect the overproduction of these compounds in one or more peripheral
tissues or (ii) an overactivity in blood cells, which do produce and degrade immuno-modulatory
endocannabinoids and might play a role in the immune-inflammatory response of obese indi-
viduals. The former hypothesis is supported by (i) the observation that plasma concentrations
of anandamide and, particularly, 2-AG are 1 to 2 orders of magnitude lower than those usually
found in tissues and (ii) the finding that in cirrhotic individuals in whom an overproduction of
endocannabinoids seems to occur in the liver, the levels of 2-AG in the sovra-hepatic vein are
almost 3-fold higher than those in peripheral blood (P. Caraceni and V. Di Marzo, unpublished
observations), thus suggesting that “spill-over” might occur at least from this organ.

POSSIBLE CAUSES OF ENDOCANNABINOID OVERACTIVITY IN
OBESITY AND HYPERGLYCEMIA

What are the causes of the overactive endocannabinoid signaling observed in obesity and
hyperglycemia? Is this phenomenon a consequence or a cause of these metabolic disorders, or
both? The DIO mice studies by Starowicz et al. (13) and the human studies by Pagano et al.
(22), clearly point to the aberrant expression/function of endocannabinoid biosynthetic and
degradation enzymes as a possible cause of tissue-specific alterations in endocannabinoid levels.
This hypothesis is also supported by studies showing reduction of the activity or expression
of the endocannabinoid degrading enzyme, fatty acid amide hydrolase (FAAH), in the liver of
DIO mice (15) or in the subcutaneous fat of obese patients (21,24). This can be due, in turn,
to the malfunctioning of leptin and/or insulin signaling, which typically accompany obesity
and IAA. Indeed, in normoweight and normoglycemic volunteers, the blood concentration of
anandamide was found to decrease immediately following a meal (11) in agreement with a
possible downregulation by both leptin and insulin on anandamide levels. Accordingly, both
leptin and insulin upregulate (26,27), whereas glucocorticoids (the levels of which are also
elevated in obesity) downregulate (28) the expression of FAAH. Obesity and hyperglycemia
might thus override the negative control exerted by leptin and insulin on endocannabinoid
tissue concentrations at the central and peripheral levels, respectively [although a recent study
carried out in mice showed how central leptin also controls endocannabinoid levels in the mouse
white adipose tissue (29)]. Since endocannabinoid levels are determined not only by the activity
of biosynthesising and degrading enzymes but also by the levels of their phospholipid-derived
biosynthetic precursors, it is possible also that, as reviewed in another chapter of this book, the
presence of certain polyunsaturated fatty acid precursors rather than others in the diet might
contribute to the development of aberrant endocannabinoid concentrations in certain tissues.
Genetic predisposition to dysfunctions in endocannabinoid signaling might also be a
cause of endocannabinoid dysregulation. A study carried out by Sipe and coworkers pointed to
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a strong correlation, in white and African-Americans but not Asian-Americans, between a BMI
>25 kg/m? and a phenotypic missense mutation of FAAH (P129T), which is known to lead to
a more rapid FAAH degradation (30). This would suggest that a general malfunctioning of the
metabolism of endocannabinoids is a hallmark of visceral obesity. However, Jensen (31) could
not confirm these results in a larger population of white Americans. Correlations have also been
recently found between CB; receptor gene polymorphisms and obesity (32,33) or leanness (34).
However, no functional studies have been carried out to assess whether these point mutations
in the Cnrl gene result in a change of the expression or function (e.g., at the level of G-protein
coupling) of the CB; receptor.

CONCLUSIONS: CONSEQUENCES OF ENDOCANNABINOID DYSREGULATION IN
ABDOMINAL OBESITY

If, as implied in the present article, the dysregulation of endocannabinoid levels and CB,
receptor activity is not a mere epi-phenomenon accompanying abdominal obesity, but instead
contributes to this disorder and its typical metabolic and cardiovascular consequences, one
should see, in both animal models of obesity and in abdominally obese humans affected by
the metabolic syndrome, an amelioration of these dysfunctions following prolonged treatment
with CB; receptor antagonists. While the results of preclinical studies aimed at addressing this
possibility have been reviewed in some of the previous chapters, and have indeed suggested a
causative role for the endocannabinoid system in metabolic disorders in laboratory animals, the
next chapters in this book will focus on the current and future uses of CB; receptor antagonists
in the clinic.
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INTRODUCTION

Over the last few decades, an epidemic growth in the prevalence of obesity has been experi-
enced with an estimation of over 1 billion cases (1). Obesity, in particular abdominal obesity, is
a well-established risk predictor to the development of more life-threatening diseases such as
type 2 diabetes and cardiovascular disease (CVD), due to its close association with multiple car-
diometabolic risk factors including insulin resistance, hyperglycemia, dyslipidaemia, alterations
in haemostasis and fibrinolysis, and inflammation (2-7). Recent evidence from INTERHEART,
the Nurses Health, the Heart Outcomes Protection Evaluation (HOPE), the Paris Prospective,
and the IDEA survey studies has shown abdominal obesity to be an independent risk factor
for CVD and type 2 diabetes (8-12). The current health threat posed by abdominal obesity is
largely due to excess intra-abdominal adipose tissue, a highly metabolically active endocrine
organ. Intra-abdominal adiposity (IAA), through the secretion of excess free fatty acids and
altered adipokine release, provides an indirect link to the progression of atherosclerosis and
CVD (13-15).

CVD continues to be the leading cause of global mortality, highlighting a significant
shortfall in current treatment options (16). Despite the well-known potent effects of statin
therapy, it has been shown that there exists an important residual risk among diabetics, in
particular. New therapies are therefore desperately needed in order to improve cardiovascular
outcomes and stop or delay the growing impact on health issues. Obesity as such also contributes
significantly to the global economic health burden.

Lifestyle changes such as improved diet and increased physical exercise continue to be the
primary treatment option for patients at risk aiming for 5% to 10% weight loss (17). However, in
the face of the growing epidemic of abdominal obesity, diabetes, and the metabolic syndrome,
recently highlighted (12) in a large worldwide survey (the IDEA study), the current clinical
challenge is to discover new treatments that focus on early intervention and tackle multiple car-
diometabolic risk factors, associated with intra-abdominal obesity. Cannabinoid receptor (CB);
antagonism is one such option and operates by regulating overactivity of the endocannabinoid
system, which is commonly observed in those with abdominal obesity and associated risk fac-
tors. The endocannabinoid system, under normal conditions, plays an important role in the
central regulation of the rewarding properties of food and the control of energy balance (18),
and in the peripheral activity of adipocytes, hepatocytes, and § cells (18,19). It has recently been
shown that diabetic patients are also characterized by abdominal fat accumulation (Table 1) (20)
and an overstimulated endocannabinoid system.

The activity of the endocannabinoid system has been under investigation since the 1960s
and a number of comprehensive reviews have been published over recent years describing
its location, activity, and therapeutic potential (21-22). This chapter summarizes the evidence
supporting CB; antagonism of the overactive endocannabinoid system as an effective treatment
option for abdominal obesity and its related cardiometabolic risk factors, mainly in patients at
risk, such as type 2 diabetic patients with the metabolic syndrome.

ENDOCANNABINOID RECEPTORS: A KEY TARGET FOR ABDOMINAL OBESITY
The endocannabinoid system is a lipid signaling system which plays a key role in the cen-

tral and peripheral regulation of energy balance and abdominal fat accumulation, as well
as in lipid and glucose metabolism (22-25). The system comprises endocannabinoids, which
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Table 1 Abdominal Fat Accumulation in Diabetic Patients

Nondiabetic women (n = 30) Diabetic women (n = 30) p-Value
Age (yr) 62+7 63+7 0.458
Weight (kg) 82.5+10.8 82.6 £10.7 0.958
BMI (kg/m?) 32.4+4.0 324 +37 0.968
Total fat mass (%) 47.0+5.5 451+7.9 0.275
Total abdominal fat (cm?) 706 + 120 684 + 151 0.526
Subcutaneous fat (cm?) 519 + 109 490 + 217 0.524
Visceral fat (cm?2) 188 + 51 227 £ 76 0.022

For comparable values of age, weight, BMI, total fat-mass percentage, total abdominal fat, and subcutaneous fat, visceral fat was
significantly higher in the diabetic subjects (p < 0.05). Source: Adapted from Ref. 20.

are endogenous lipids derived from arachidonic acid, for example, anandamide (AEA) and
2-arachidonoylglycerol (2-AG), and CB; and CB, receptors (26-28). Endocannabinoids are syn-
thesized on demand from lipid precursors in postsynaptic cells, inhibit neurotransmitter release
by activating presynaptically located cannabinoid receptors, and are then rapidly inactivated
by hydrolysis (27,29).

Until recently, the majority of data available surrounding the existence of the overactive
endocannabinoid system in obesity was derived from experimental studies in animals. Research
has therefore provided the definitive link between the endocannabinoid system and obesity,
highlighting a need to prove this link in humans. The findings have now been expanded to
include the discovery of a peripheral endocannabinoid system which becomes overactive in
the obese state in humans (30). Engeli et al. showed that CB; receptor expression was evident
in human adipose tissue, as well as in other organs relating to the pathogenesis of obesity
and obesity-associated metabolic disorders such as reproductive and gastrointestinal (GI) tract
tissue (30). Furthermore, Matias et al. demonstrated that circulating levels of AEA and 2-AG
were elevated in obese patients compared with lean patients (p < 0.05 vs. lean) (31), while higher
levels were found in patients with type 2 diabetes compared with healthy patients (p < 0.01
and p < 0.005 vs. controls for AEA and 2-AG, respectively) (31). Obese patients were found
to have significantly higher endocannabinoid levels in their visceral fat compared with their
subcutaneous fat (p < 0.01 vs. visceral), underlining the potential health implications associated
with this particular fat distribution (31). Additional evidence supporting a correlation between
visceral fat accumulation and the dysregulation of the endocannabinoid system has recently
been provided by Blither and colleagues (32). Among other findings, the authors reported
that circulating 2-AG levels were significantly higher in viscerally obese patients (p < 0.05 vs.
subcutaneous, p < 0.01 vs. lean) and that CB; mRNA expression was higher in visceral compared
with subcutaneous adipose tissue in all patients (p < 0.05) (32).

CB; ANTAGONISM REDUCES ABDOMINAL OBESITY AND ASSOCIATED
RISK FACTORS

The relationship between endocannabinoid system overactivity and obesity has indicated a
potential therapeutic target for addressing abdominal obesity and its associated risk factors.
Extensive animal studies have shown the beneficial effects of CB; antagonism in reducing food
intake and body weight.

The rimonabant-induced body-weight loss reported in obese mice is also accompanied
by normalization of insulin resistance and of plasma leptin, insulin and free fatty acid levels
(25,33).

In contrast to the central effects of CBy, in the periphery, selective CB; antagonism has
a marked effect on adipocytes. CB; antagonism with rimonabant improves lipolysis, increases
energy expenditure and improves the regulation of glucose homeostasis through its effects in
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adipose tissue (18,34). Rimonabant also impacts on adipokine levels in adipose tissue. Increased
adiponectin mRNA levels in both obese (fa/fa) and lean rats (35), and CB;™/* mice, but not in
CB;~/~ mice, following treatment with rimonabant, confirm that this effect is CB;-receptor
mediated (35). In animal studies, a selective reduction in abdominal fat accumulation was
found along with other peripheral effects in CB; knockout mice (18).

CB; ANTAGONISM IN THE CLINICAL SETTING

The cardiometabolic benefits of CB; antagonism have also been examined in clinical trials with
the first selective CB; blocker, rimonabant. At present, rimonabant is the only CB; blocker to
have reached late-stage clinical development with results derived from the Phase III Rimonabant
in Obesity (RIO) program, the SERENADE, STRADIVARIUS, and ADAGIO trial.

The RIO program effects of rimonabant on multiple cardiometabolic risk factors includ-
ing abdominal obesity, HDL-cholesterol, triglycerides, blood pressure, and HbA;c¢ (in diabetic
patients) were evaluated in four large-scale studies (RIO-Diabetes, RIO-Lipids, RIO-Europe,
and RIO-North America), which randomized more than 6600 patients for up to 2 years. The
RIO-Diabetes study (36) investigated the efficacy and safety of rimonabant in overweight/obese
patients with type 2 diabetes suboptimally controlled by metformin or sulphonylurea monother-
apy [HbA;c 6.5-10.0%, FPG 5.6-15.0 mmol/L (100-270 mg/dL)] and the RIO-Lipids study
(37) investigated rimonabant in overweight/obese patients with untreated dyslipidaemia as
defined by fasting triglycerides [1.7-7.9 mmol/L (150-700 mg/dL), and total-cholesterol: HDL-
cholesterol ratio >4.5 (women) or >5.0 (men)]. Two other studies, RIO-Europe (38) and RIO-
North America (39), investigated rimonabant in overweight/obese patients with or without
hypertension and/or dyslipidaemia. The primary endpoint of all the four studies was the
change in body weight at 1 year (Table 2; Figs. 1 and 2).

Table 2 presents a summary of the key results from the RIO trial program. In all the four
studies, patients achieved significant improvements in body weight, abdominal fat reduction
expressed by changes in waist circumference, and lipid parameters (all p < 0.001 vs. placebo)
following 1 year of treatment with rimonabant 20 mg/day.

Improvements in cardiometabolic risk parameters were maintained during the second
year of the RIO-Europe and RIO-North America trials (39).

Patients in the RIO-Diabetes study population achieved less reduction in waist circumfer-
ence than those in the other three studies (36). This is not surprising in light of previous reports
which state that weight loss and maintenance of weight loss in type 2 diabetic patients are gen-
erally more difficult than in nondiabetic individuals due, in part, to the concomitant weight gain
produced by most antidiabetic medications (sulfonylureas, thiazolidinediones, and insulin, in
particular) (40-42). However, the placebo subtracted findings are close to the results achieved
in nondiabetic subjects; this finding was confirmed in the SERENADE study in therapy naive
type 2 diabetic patients.

Improvements were also reported in a number of other metabolic parameters following
treatment with rimonabant 20 mg/day. In the RIO-Diabetes trial, rimonabant evoked a signif-
icant reduction in HbA;. from a baseline of 7.3% [—0.6 £ 0.8%; p < 0.001 vs. placebo (0.1 &+
1.0)] and in the RIO-Lipids trial, significant reductions were reported in C-reactive protein
[-0.9 mg/L; p = 0.02 vs. placebo (—0.4)]. Systolic blood pressure was significantly reduced in
the RIO-Diabetes and RIO-Lipids trials (p < 0.05 vs. placebo) (36,37), while fasting insulin levels
(p < 0.05 vs. placebo) were reduced in nondiabetic patients and insulin resistance (HOMA-IR;
p < 0.05 vs. placebo) improved in all the four trials. The RIO-Lipids trial also reported a sig-
nificant shift towards a less atherogenic low-density lipoprotein (LDL) subclass profile and a
46% increase in levels of adiponectin (37). Rimonabant has been shown to produce consistent
improvements in lipid and glucose parameters irrespective of concomitant statin treatment (43).

The rimonabant-induced effects beyond those attributable to weight loss alone were
assessed using standard regression methodology, in which weight loss was introduced as a
covariate (analysis of covariance, ANCOVA). Approximately half of the improvements seen
with rimonabant on cardiometabolic risk factors often associated with visceral fat accumulation
such as HDL-cholesterol, triglycerides, adiponectin, and HbA;c are a direct result of antagonism
of peripheral CB; receptors in metabolically active tissues such as the liver, adipose tissue and
skeletal muscle (37—40).



VAN GAAL

212

'(6£—9€) UONEBIASP PIBpUB)S ‘dS ‘PIBMIO) PBLUED UOBAISSJO 1SB| 4D ‘1eali-oj-uonuajul ‘] || ‘uieloidodil Aisusp-ybly “JaH :SuoneineIqqy

‘'0gede|d "SA 1000 > dg

[(@s) (pourew 40017) Jedk | jo YAONYV] uoneindod | || 8y} wouy sie pajussaid ejeq.

q8'6E F €6~ ZSYF6 L+ q've F 89— o'y F e+ @ W F9CL— 1'8€ F 20— €y F 16— oey FeLt (%) seplieoA|BuL

@ L F 9Lt ¥'SLF et ql'0Z F €22t €8l FyelLt 4602 F 1’61+ 8SLFOLLT G’ LL F ¥S1+ SELF 1L+ (%) 1048188[0Y0-TAH
qbLF 19— 6'9FS2— qv'L FS9— 6'9F vg— @89F 12— L'SFye— q+9F 26— SGF6 - (wo) @oUBIBJWINDII ISTEAN
qbLF€9— LSFOL— @ LF 99— YOFQIL— a9 F 69— 0SFGI— @S FEeG— 9EF ¥ I— (63) yBrem Apog
(6121 =U) (209 =u) (665 =u) (soe =u) (ove =u) (eve =u) (ece =u) (sve =u) auljeseq woJy abueyd

Bw oz ogaoeld Bw og ogaoeld Bw og oqgaoe|d Bw oz ogaoe|d
jueqeuowiy jueqeuowiy jueqeuouwiy jueqeuowy
eaudWwyY YLON-O1H adoin3-01Y spidi-o1d sajaqelq-oly

JuslIBal] JO JesA | Jaly Sieleweied dljogelewolple) Aoy senoldwi Apueoniubis Jueqeuowry g ajgeL



CB; ANTAGONISM IN THE MANAGEMENT OF ABDOMINAL OBESITY 213

-3.6 —4.2 —4.7 -3.3
0
8
e —2-
o
0]
L 34
1S
g 44 I
o ¥ J_
®
a _5 - 3
= *
—6 -
10
5 -

-13.2 -15.1 -12.4 -16.4

Triglycerides (%)
&
1

-

o

|

%

-| *
*
*

[$)]
1

o

7.2 8.9 8.1 8.4

HDL-cholesterol (%)

Figure 1 RIO-Program: placebo-subtracted mean change in cm and % for metabolic parameters at 1 year.
Data presented from the ITT population [ANOVA of 1-year data (LOCF method)] (36—-39); mean (+SEM); HDL-
cholesterol, high-density lipoprotein-cholesterol. *p > 0.001, **p > 0.05.

Preliminary data from SERENADE were released at the International Diabetes Federation
Meeting in December 2006 (44). Rimonabant 20 mg/day was reported to improve glycaemic
control with the additional benefits of reducing weight and improving the levels of other
metabolic risk factors such as HDL-cholesterol and triglycerides in treatment-naive type 2
diabetes patients. Results from SERENADE (44) and RIO-Diabetes (36), taken together, support
a potential role for rimonabant in the future management of type 2 diabetes.

Safety
Rimonabant was shown to be generally safe and well tolerated in the RIO program with the
majority of adverse events (AE) being mild and transient and occurring early in the treatment
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Figure 2 Rio-Program: changes from baseline in bodyweight and waist circumference after 1 year. Changes
from baseline in bodyweight (A) and waist circumference (B). Data are mean (SE) values for patients completing
each scheduled visit, and LOCF (values for the full ITT population with the last observations carried forward).
*p > 0.001 versus placebo. **p = 0.002 versus placebo (38).

period. The most common AEs affecting more than 5% of patients receiving rimonabant 20 mg
were nausea, dizziness, diarrhoea, anxiety, and insomnia. AEs resulting in discontinuation
across all the four trials during year 1 of treatment were depressive disorders, nausea, mood
alterations with depressive symptoms, anxiety, and dizziness. These AE’s were lees frequent
during the second year of observation and not different from placebo (39,45).

Can CB; Antagonism Selectively Reduce Abdominal Obesity?

The question arises whether visceral fat as a target for cannabinoid blockade can be substantiated
by hard outcome data. The RIO program data show the important reduction in waist circumfer-
ence, later confirmed in the SERENADE and STRADIVARIUS study (46). Recently, the ADAGIO
study was presented (http://www.sanofi-aventis.se/live/se/sv/layout.jsp?cnt=52DC240C-
CD09-4B62-87DC-C3FDD0OB8AA43). An imaging substudy using computed tomography (CT)
for visceral fat estimation was performed to test whether rimonabant could induce a prefer-
ential loss of visceral fat. The study was conducted in patients with high abdominal obesity
and dyslipidemia. After 12 months of treatment, the results confirmed the consistent effects of
rimonabant on several markers of cardiometabolic risk, such as HDL-cholesterol, triglyceride,
and adiponectin improvement. In the CT analysis, treatment with rimonabant led to preferential
mobilization of visceral adipose tissue compared to placebo (reduction of 10.1% vs. placebo),
which was greater than the loss of subcutaneous fat (decrease of 5.1% vs. placebo). Although
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very suggestive for a specific abdominal fat effect, the changes between both body fat compart-
ments did not seem to be significant. Further studies are needed to explore this interesting issue
and its subsequent effect on diabetes and CVD.

CONCLUSIONS

CB; blockade of the overactive endocannabinoid system is emerging as a strong therapeutic
candidate in the fight to reduce the global health and economic threat of abdominal obesity and
ultimately to reduce the progression to CVD.

Data from experimental studies have uncovered associations between endocannabinoid
system overactivity and the development of obesity and its associated risk factors. CB; receptor
expression is widespread throughout the body and is found in several central and peripheral
locations relating to the pathogenesis of obesity including the brain, adipose tissue, skeletal
muscle, the gut, the liver, and potentially the pancreas. CB; blockade with rimonabant and AM-
251 in animal models of obesity and CB; knockout mice reduces adiposity, inhibits lipogenesis,
increases glucose uptake, and increases secretion of adiponectin.

Normalizing the overactive endocannabinoid system with CB; antagonists to address
abnormalities in energy balance, fat accumulation, and lipid and glucose metabolism could help
to prevent both the development and the maintenance of obesity and associated cardiometabolic
risk factors.

Robust data from the RIO program of Phase III trials have demonstrated the value of
the first selective CB; blocker rimonabant in improving multiple risk factors in more than 6600
overweight or obese patients with diabetes, dyslipidaemia, or other comorbidities. Rimonabant
(20 mg/day) evoked clinically meaningful reductions in body weight and abdominal fat reduc-
tion, HbA;. levels, C-reactive protein, and improvements in lipid parameters. The reduction
of 8 to 10 cm of the waist circumference is roughly equivalent to 30% to 33% of visceral fat
(measured by CT), as we could demonstrate in another clinical study. The tolerability and safety
of rimonabant confirms its suitability as an adjunct to diet and exercise for the management of
patients with elevated cardiometabolic risk.

In light of this information, patients most likely to benefit from treatment with rimonabant
have multiple cardiometabolic risk factors that are known to be improved by the drug, such
as abdominal obesity, and type 2 diabetes, or dyslipidaemia (low HDL-cholesterol and/or high
triglycerides). An early indication of patients who could benefit from treatment with rimonabant
is the presence of abdominal obesity (assessed by a simple measure of waist circumference)
(47). However, as with all obesity-reduction plans, patients would have to be willing to embrace
long-term treatment and concomitant lifestyle changes to gain maximum benefit from the
treatment.

Both preclinical and clinical evidences support CB; blockade as a comprehensive ther-
apeutic strategy to reduce obesity and related cardiovascular outcomes. Ongoing and future
studies with rimonabant aim to explore further the benefits of CB; blockade on a range of
cardiometabolic parameters including cardiovascular endpoints and outcomes, atherosclerosis,
visceral fat volume, and pre-diabetes (48).
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INTRODUCTION

Type 2 diabetes mellitus (T2DM) is associated with excess morbidity and mortality, and is
considered as one of the most costly and burdensome chronic diseases of our time (1). T2DM
frequently coexists with a cluster of other cardiovascular and metabolic risk factors including
abdominal obesity, low high-density lipoprotein-cholesterol (HDL-C), high triglycerides (TG),
elevated blood pressure, and silent inflammation (elevated C-reactive protein), all of them being
more or less closely related to insulin resistance and the so-called metabolic syndrome (2,3).
T2DM increases the risk of cardiovascular disease (CVD) by 2 to 4 times and may be considered
as a “cardiovascular risk equivalent” (4). Therefore, treatment of multiple cardiovascular and
metabolic risk factors is central to the management of T2DM (5,6). The importance of weight
management is well recognized in T2DM (7-9), although affected patients often have more
difficulty in losing weight than nondiabetic obese individuals and experience weight gain
associated with most antidiabetic medications (7,9).

Huge amount of evidences accumulated during recent years have shown that endo-
cannabinoid system (ECS) plays a significant role not only in appetite drive and associated
behaviors, but also in endocrine and metabolic regulation and energy balance, essentially via
CB, receptors (10). Remarkably, while antagonism of CB; receptors acutely reduces food intake,
the long-term effects on weight reduction and metabolic regulation rather appear to be mediated
by stimulation of energy expenditure and by peripheral effects related to adipose tissue, liver,
skeletal muscle, and pancreas physiology, all organs where the presence of CB; receptors is now
recognized (11). Such observations extend the potential use of CB; antagonists for the man-
agement of overweight/obese individuals with insulin resistance and multiple cardiometabolic
risk factors (12), especially those with T2DM (13,14) (Fig. 1).

The aim of the present review is to analyze the rationale for use and the potential role of
CB; receptor antagonists, especially rimonabant, the first commercialized selective CB; blocker,
in the management of overweight/obese patients with T2DM and other cardiometabolic risk
factors.

RATIONALE FOR USE OF CB; INHIBITORS IN TYPE 2 DIABETES

Overactivity of EC System in Abdominal Obesity and T2DM

There is increasing evidence in humans for ECS overactivity during conditions of unbalanced
energy homeostasis, that is, obesity (especially abdominal obesity) and T2DM, and for its
causative role in these disorders (15). Circulating 2-acylglycerol (2-AG) levels were significantly
correlated with body fat, visceral fat mass, and fasting plasma insulin concentrations, but
negatively correlated to glucose infusion rate during clamp, a measure of insulin sensitivity
(16). In untreated asymptomatic men, plasma 2-AG levels correlated positively with body mass
index (BMI), waist girth, intra-abdominal adiposity, fasting TG and insulin levels, and negatively
with HDL-C and adiponectin concentrations (17). All together, these findings suggest that intra-
abdominal fat accumulation is a critical correlate of peripheral ECS dysregulation and that ECS
may represent a primary target for the treatment of abdominal obesity and associated metabolic
changes, including T2DM (12-14).
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Figure 1 Potential mechanisms of action of rimonabant, a selective cannabinoid type 1 receptor (CB;R) antago-
nist, in the improvement of glucose control and other cardiometabolic risk factors in overweight/obese patients with
type 2 diabetes. Abbreviations: CNS, central nervous system; TG, triglycerides; HDL, high-density lipoprotein; Gl
tract, gastrointestinal tract. Source: Adapted from Ref. 14.

EFFECTS OF RIMONABANT IN OVERWEIGHT/OBESE NONDIABETIC PATIENTS

The phase III RIO (Rimonabant in Obesity) program comprised three large placebo-controlled
randomized clinical trials (RCTs) evaluating rimonabant in overweight/obese nondiabetic
patients—two 2-year RCTs (RIO-Europe and RIO-North America) (18-20) and one 1-year RCT
(RIO-Lipids), specifically devoted to patients with untreated dyslipidemia (21). After 1 year
of followup, rimonabant 20 mg has been shown to produce consistent and significant weight
loss (—4.7 to —5.4kg) and waist circumference reduction (—3.6 to —4.7 cm) as compared to
placebo, when combined with diet and exercise advices. In addition, improvements in multiple
cardiovascular and metabolic risk factors were noticed, including a significant improvement of
the HOMA-insulin resistance index. In particular, consistent significant reductions in TG levels
(—12.4% to —15.1%) and increases in HDL-C levels (47.2% to +8.9%) were observed in patients
treated with rimonabant 20 mg. These improvements persisted after 2 years (19,20). Remark-
ably, almost half (between 45% and 57%) of the overall treatment effect at year 1 on HDL-C,
TG, fasting insulin, and insulin resistance was due to a direct effect not attributable to weight
loss. Weight-loss adjusted improvements in all factors were significantly better with rimonabant
than placebo (p < 0.001 for HDL-C and TG, p < 0.02 for fasting insulin and HOMA-IR insulin
resistance index).

Pooled analysis from these three trials was conducted on 1-year data from a subgroup of
patients identified with prediabetes as defined by impaired fasting glucose (>5.5 to <7 mmol /L)
(22). Rimonabant 20 mg reduced fasting insulin levels (-2.7 pIU/mL, p < 0.001 vs. placebo)
and HOMA-IR (—0.8%, p = 0.002 vs. placebo) with a trend to reverse or retard the progres-
sion of impaired fasting glucose as suggested by a numerically greater percentage of patients
converting to normal fasting plasma glucose and a lesser proportion of patients progressing to
T2DM.
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To determine whether rimonabant improves glucose tolerance in overweight/obese non-
diabetic patients, data were pooled from the two studies involving oral glucose tolerance tests
(OGTTs) at baseline and 1 year RCT (RIO-Lipids and RIO-Europe) (23,24). After 1 year, rimona-
bant 20 mg produced significantly greater reductions than placebo in plasma glucose (—0.64 vs.
—0.37 mmol/L, p < 0.01) and insulin (—15.2 vs. —=1.8 wIU/mL, p < 0.001) levels at 120 minutes
post-OGTT. Both glucose and insulin areas under the plasma concentration—time curve values
were also reduced (p < 0.001). Furthermore, rimonabant 20 mg significantly improved the dis-
tribution of glucose tolerance status at 1 year in the pooled intention-to-treat population (p <
0.01), with an increased proportion of patients with normal glucose tolerance and a decreased
proportion of patients with impaired glucose tolerance or diabetes. Favorable effects on glucose
tolerance status persisted after 2 years, despite a weight stabilization from year 1 to year 2 (19).
These results demonstrate that rimonabant 20 mg can prevent or reverse progression of fasting
and post-glucose load dysglycemia in overweight/obese patients, suggesting a potential to
prevent T2DM in those patients. This potential is currently evaluated in a prospective trial in
overweight/obese patients with impaired glucose tolerance (RAPSODI trial).

CLINICAL TRIALS WITH RIMONABANT IN TYPE 2 DIABETES

RIO-Diabetes in Metformin- or Sulfonylurea-Treated Patients

The RIO-Diabetes trial investigated the efficacy and safety of rimonabant in overweight/obese
patients with T2DM (25). Therefore, 1047 overweight/obese type 2 diabetes patients (BMI 27—
40kg/m?) with an HbAlc from 6.5% to 10.0% (mean + SD 7.3 & 0.9% at baseline) already on
metformin or sulfonylurea monotherapy were given a mild hypocaloric diet and randomized
to placebo or rimonabant (5 or 20 mg) for 1 year. The primary endpoint was weight change from
baseline after 1 year of treatment. Secondary endpoints included changes in waist circumference,
HbAlc, HDL-C, and TG levels. Almost two-thirds of the diabetic population received metformin
as monotherapy, the oral antidiabetic drug considered as first choice in the management of type
2 diabetes.

Weight loss in the intention-to-treat population was significantly greater after 1 year with
rimonabant 20mg (=5.3 & 5.2kg, p < 0.001) than with placebo (1.4 & 3.6kg). These weight
differences compared favorably with those previously reported with orlistat and sibutramine
in overweight/obese T2DM patients (26-28). Rimonabant 20 mg improved HbAlc (—0.6 £
0.8% vs. +0.1 £ 1.0% for placebo, p < 0.001) in patients with mean baseline HbAlc of 7.3%.
Therefore, a greater number of patients attained the HbAlc ADA target (HbAlc <7%, 67.9% vs.
47.6% with placebo) and the HbAlc IDF target (HbAlc <6.5%, 42.9% vs. 20.8% with placebo).
HbAlc improvements were almost similar in patients treated with metformin or sulfonylurea
at baseline. In patients with higher HbAlc levels (>8%) at baseline, reductions of 0.3% and 1.1%
were observed in the placebo and rimonabant 20 mg treatment groups, respectively (p = 0.001).

Waist circumference, HDL-C, TG, fasting glucose levels, HOMA-estimated insulin resis-
tance, systolic blood pressure, metabolic syndrome prevalence, and C-reactive protein levels
also improved significantly with rimonabant 20 mg versus placebo (Fig. 2). A significant reduc-
tion of liver enzymes was also observed (29), suggesting a reduction of liver fat content. This
finding is in agreement with the intimate relationship between liver steatosis, insulin resistance,
and abdominal obesity, especially in patients with T2DM, and the favorable impact of weight
loss on these parameters (30,31). In contrast to what was reported with sibutramine, rimona-
bant was associated with a significant reduction in arterial blood pressure, especially in diabetic
patients with elevated values at baseline, and this effect appeared to be entirely explained by the
greater weight loss observed with rimonabant 20 mg (32). These favorable effects on multiple
cardiovascular risk factors, similar to those previously observed in the nondiabetic population,
are important in order to improve the overall CVD prognosis in patients with T2DM (33). The
0.7% observed reduction in HbAlc levels with rimonabant 20 mg versus placebo appears to be
greater than the corresponding reduction observed with orlistat or sibutramine (26,27). Such
HbA1lc reduction is clinically relevant according to the United Kingdom Prospective Diabetes
Study (UKPDS), which showed that each 1% reduction in HbAlc was significantly associated
with a reduction in risk of 21% for any endpoint related to diabetes (34).
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Figure2 Multiple consistent effects of rimonabant 20 mg on various parameters considered as CVD risk factors in
T2DM patients. Results are expressed as placebo-subtracted differences after 1 year in RIO-Diabetes (/eft panel)
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SERENADE IN DRUG-NAIVE PATIENTS

The favorable effects of rimonabant in T2DM have been recently confirmed in SERENADE
(Study Evaluating Rimonabant Efficacy in drug-NAive DiabEtic patients), a 6-month placebo-
controlled trial in overweight/obese with recent-onset diabetes treated with diet alone (35).
The attrition rate was lower in this trial than in RIO-Diabetes (15% dropouts after 6 months).
HbAlc (primary endpoint in SERENADE, mean baseline HbAlc 7.9%) decreased by 0.8%
in the group receiving rimonabant 20mg compared to 0.3% in the group receiving placebo
(p = 0.0002). These differences were almost similar to those observed after 6 months in RIO-
Diabetes (25). In patients with higher HbAlc levels (>8.5%) at baseline, reductions of 0.7% and
1.9% were observed in the placebo and rimonabant 20 mg treatment groups, respectively (p <
0.001). Similar to the changes observed in RIO-Diabetes, significant reductions in body weight,
waist circumference, and TG levels were observed, whereas a significant increase in HDL-C was
noticed with rimonabant (Fig. 2). Rimonabant also decreased HOMA-IR insulin resistance index
and significantly increased plasma adiponectin levels (+1.8 ug/mL, p < 0.0001), confirming
previous observations in the nondiabetic population of RIO-Lipids (21). Knowing the favorable
effect of adiponectin on insulin sensitivity (36), this increase in adiponectin may contribute to
the improvement in glucose control induced by rimonabant 20 mg. As in RIO-Diabetes (24) and
in other RIO trials (18-21), almost half of the metabolic improvement observed in SERENADE
occurred beyond weight loss (57% for HbAlc reduction) (35).

OTHER CLINICAL TRIALS WITH RIMONABANT

In STRADIVARIUS performed in patients with coronary heart disease, abdominal obesity and
the metabolic syndrome and treatment with rimonabant 20 mg for 18 months reduced body
weight and waist circumference and improved lipid profiles, glycemic measures (changes from
baseline 6.7% HbA1c level in the diabetic subgroup: —0.30% in the rimonabant group versus
+0.37% in the placebo group; p = 0.0003), and CRP levels, thus confirming the results of the
RIO program (37). However, rimonabant did not significantly reduce coronary atherosclerosis
(assessed by intravascular ultrasonography or IVUS) for the primary efficacy parameter, that
is, change in percent atheroma volume (40.25% with rimonabant vs. +0.57% with placebo;
p = 0.13). Nevertheless, rimonabant treatment did show a statistically significant favorable
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effect for a secondary IVUS endpoint (total atheroma volume; p = 0.02) and an additional
exploratory endpoint (maximum atheroma thickness; p = 0.01). In the recent ADAGIO trial,
which essentially investigated the effects of rimonabant 20mg on lipid profile and visceral
adipose tissue, diabetes was not an exclusion criterion and 17% of the randomized patients had
T2DM. This study confirmed the positive effect of rimonabant 20 mg on waist reduction and
on HDL-C and TG levels, and demonstrated a significant reduction in visceral adipose tissue
and liver fat content (38). This finding is important in T2DM because fatty liver has been shown
to be strongly associated with insulin resistance and profound glucose metabolism dysregula-
tion (30).

The effect of rimonabant 20 mg is currently evaluated in several RCTs specifically devoted
to patients with T2DM. The “ARPEGGIO” trial recently reported the effect of rimonabant 20 mg
in overweight/obese patients already treated with exogenous insulin (39). In the intention-
to-treat population, mean baseline HbAlc level (9.1%) was reduced significantly more with
rimonabant than with placebo (—0.89 vs —0.24%; p > 0.0001) at 48 weeks of follow up. This
insulin-requiring T2DM population is interesting to evaluate, as one major problem of insulin
therapy in T2DM is weight gain and its associated multiple disturbances (7-9). In all new trials
in T2DM, HbAlc reduction has been chosen as a primary endpoint. These studies will broaden
the spectrum of combined therapy with rimonabant in T2DM and, if conclusive, may support
the role of rimonabant as a possible new antidiabetic agent (13,14).

Considering the high CVD risk associated with T2DM (4), it is of major interest to demon-
strate that rimonabant is able to improve the overall CVD prognosis of such high-risk patients.
Weight management (9), especially correction of abdominal obesity (2,3), is crucial to obtain a
global cardiovascular risk reduction, and previous studies have shown that intentional weight
loss is able to reduce overall and CVD mortality in T2DM patients (40). Furthermore, rimona-
bant may exert several pleiotropic effects, independent of weight loss, which could contribute to
reduce global CVD risk (41). The ongoing “CRESCENDQO” (Comprehensive Rimonabant Evalu-
ation Study of Cardiovascular ENDpoints and Outcomes) RCT will assess whether rimonabant
20 mg can reduce the incidence of major CVD events in 17,000 abdominally obese patients with
clustering risk factors (at least half with type 2 diabetes) followed for 5 years (42).

SAFETY ISSUES WITH RIMONABANT IN T2DM PATIENTS

The overall safety profile of rimonabant was similar in patients with T2DM as in over-
weight/obese nondiabetic individuals (41). In RIO-Diabetes, although overall discontinuation
rates were similar, discontinuations due to adverse events (AEs) were more frequent in the
rimonabant 20 mg (15.0%) compared with placebo (5.5%) (25). The most common AEs leading
to premature study discontinuation in the rimonabant 20 mg group were depressed mood dis-
orders, nausea, and dizziness. These AEs were almost similar to those reported in nondiabetic
overweight/obese individuals of the RIO program. No serious AEs linked to psychiatric disor-
ders were recorded in the rimonabant 20 mg group in RIO-Diabetes. Hypoglycemia symptoms
were uncommon, although slightly more frequent in the rimonabant-treated group than in
the placebo group, essentially in diabetic patients receiving sulfonylureas. Overall, the safety
profile of rimonabant 20 mg in SERENADE (35) was comparable to that previously reported
in RIO-Diabetes and in other RIO trials. The overall safety of rimonabant in the RIO program
and other clinical trials has been extensively reviewed elsewhere (43), especially the effects on
central nervous system and psychological status (44).

RIMONABANT IN CLINICAL PRACTICE

Rimonabant (Acomplia®, 20mg), the first of this new class of CB; receptor antagonists, has been
approved by the Committee for Medicinal Products for human Use of the European Medicines
Agency (EMEA) “as an adjunct to diet and exercise for the treatment of obese patients (BMI
>30kg/m?), or overweight patients (BMI > 27 kg/m?) with associated risk factor(s), such as
type 2 diabetes or dyslipidemia”. Furthermore, the committee recognized that almost half of the
observed improvements in several metabolic parameters (HbAlc, HDL-C, and TG) in patients
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who received 20 mg rimonabant was beyond that expected from weight loss, in agreement with
direct peripheral metabolic effects.

Patients most likely to benefit from rimonabant are those with multiple cardiometabolic
risk factors, such as insulin resistance and related metabolic disturbances, known to be improved
by the drug. In this context, patients with T2DM are good candidates for being prescribed a
drug like rimonabant, especially when abdominal obesity is a crucial issue and contribute to
drug failure with other glucose-lowering agents (13,14).

Because patients with antecedent of depression or receiving antidepressant agents were
excluded from the RIO program and because mood disorders were more frequently observed
with rimonabant than with placebo in all RCTs, rimonabant is contraindicated in patients
with uncontrolled serious psychiatric illness such as major depression, or patients receiving
antidepressant medication (43,44). Monitoring for on-treatment anxiety and depression will be
necessary in the future to ensure the safe use of rimonabant.

CONCLUSIONS

CB; receptor blockade is a novel therapeutic strategy that addresses the underlying mechanisms
of abdominal obesity, insulin resistance, and cardiometabolic risk, all being strongly associated
with T2DM. Even if lifestyle intervention is essential, the potential role of rimonabant in over-
weight/obese patients with T2DM and high-risk cardiovascular disease has been demonstrated
in both RIO-Diabetes and SERENADE randomized controlled trials. Most metabolic improve-
ments, especially the reduction in HbAlc, the increase in HDL-C, and the diminution in TG
levels, were almost twice that expected from the weight loss alone. These observations are con-
sistent with direct peripheral metabolic effects of the drug, via CB; blockade in various organs
playing a key role in the pathophysiology of T2DM such as adipose tissue, liver, skeletal mus-
cle, gut, and possibly pancreas. These findings support the use of rimonabant 20 mg as a new
approach to improve glucose control and reduce multiple cardiovascular and metabolic risk
factors in overweight/obese patients with T2DM, in addition to diet and exercise, provided that
psychiatric contraindications are respected. Further ongoing studies should confirm the long-
term efficacy and safety of rimonabant, the first selective CB; receptor antagonist, particularly
in T2DM.
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INTRODUCTION

In the “lipid world,” the reduction of plasma cholesterol (particularly LDL-cholesterol) con-
centrations is widely and appropriately emphasized in the management of the patient at high
risk of coronary heart disease (CHD). However, patients and physicians also need to be aware
that abdominal obesity, especially when accompanied by markers of metabolic abnormalities
such as elevated triglyceride concentrations or other features of the metabolic syndrome, is
characterized by an atherogenic dyslipidemia which CHD risk is not often captured by LDL-
cholesterol levels (1,2). For instance, the typical high triglyceride-low HDL-cholesterol, small
dense LDL dyslipidemia, which is trequently found in patients with abdominal obesity, fur-
ther increases the risk of CHD assumed from the presence of classical risk factors including
a given LDL-cholesterol level (3-6). Thus, even optimal management of traditional risk fac-
tors is unlikely to normalize the level of CHD risk found in patients who have the additional
athero-thrombotic-inflammatory abnormalities of abdominal obesity.

TARGETING ABDOMINAL OBESITY: THE SECRET OF A SUCCESSFUL WEIGHT
(WAIST) LOSS PROGRAM

The National Cholesterol Education Program—Adult Treatment Panel III (NCEP-ATP III) guide-
lines recommend therapeutic lifestyle changes for patients who are at risk for cardiovascular
disease and who have lifestyle-related factors such as obesity, and the International Diabetes
Federation has issued a statement emphasizing the central role of abdominal obesity as the
prevalent form of the metabolic syndrome (7,8). Thus, in addition to aiming at blood pressure
and LDL-cholesterol lowering, a pharmacological approach to target the excess visceral / ectopic
fat, which most of the time accompanies the features of the metabolic syndrome, could be rel-
evant to consider as a complementary approach if lifestyle modification is not sufficient to
normalize the atherogenic and diabetogenic profile of the abdominally obese patient.

Asreviewed in this book, there is evidence that the endocannabinoid system is specifically
activated in patients with abdominal obesity (Fig. 1) (9,10). Furthermore, elevated plasma con-
centrations of an abundant endocannabinoid, 2-arachidonoylglycerol (2-AG), have been shown
to be predictive of several features of the metabolic syndrome including increased plasma
triglyceride and reduced HDL-cholesterol levels (Fig. 1) (9,10).

Therefore, it would appear reasonable to assume that antagonism of the endocannabinoid
system would be particularly beneficial for patients with an overactivated endocannabinoid
system. In this regard, published results from the phase III program conducted using the first
cannabinoid 1 (CB,) antagonist developed, rimonabant, have provided evidence that such an
approach could be useful for the management of abdominal obesity and related abnormalities
(11-14). Not only does rimonabant act centrally to reduce food intake through antagonism of
the CB; receptor, there is now evidence that it also has peripheral effects in key tissues involved
in carbohydrate and lipid metabolism such as the liver (15) and adipose tissue (16). CB; antag-
onism with rimonabant in animals has been shown to reduce liver lipogenesis (15) and to stim-
ulate adiponectin gene expression and the secretion of this important adipose tissue—derived
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Figure 1 Relationships between tertiles of plasma 2-arachidonoylglycerol (2-AG) levels and adiposity indices
(top panels) or lipoprotein—lipid variables (bottom panels). 1.2, significantly different from the corresponding
tertiles. Source: Adapted from Ref. 10.

cytokine by fat cells (17). Since one of the key features of visceral obesity is deposition of fat
in undesired sites such as the liver, the heart, the skeletal muscle, and the pancreas (18,19),
antagonism of the endocannabinoid system may limit such ectopic fat deposition, including
visceral fat. Thus, targeting the endocannabinoid system may represent a preferred therapeutic
option to target patients with an unfavorable pattern of regional fat deposition. This issue will
be examined later on in this chapter.

PUBLISHED STUDIES ON THE EFFECTS OF THE CB; ANTAGONIST RIMVONABANT
ON PLASMA LIPOPROTEIN-LIPID LEVELS

Four phase III studies (RIO program for Rimonabant In Obesity) have been published with
rimonabant (11-14), which is the first CB; antagonist available in clinical practice in some
countries. Treatment with rimonabant (20 mg/day) has been shown to decrease body weight
and induce a significant reduction in waist circumference (a crude index of abdominal fat)
(11-14). Rimonabant has also been shown to improve insulin sensitivity (indices of plasma
glucose-insulin homeostasis), decrease plasma triglyceride and increase HDL-cholesterol levels,
decrease the proportion of small LDL particles, reduce inflammation C-reactive protein (CRP),
and increase plasma adiponectin concentrations (11-14).

Comparison of changes in metabolic parameters across subgroups with different levels
of weight loss achieved revealed that for any given weight loss, rimonabant-treated patients
had a more substantial reduction in triglyceride levels and a further increase in plasma HDL-
cholesterol concentration compared to that of placebo-treated patients achieving the same
weight loss (12-14). Additional multivariate analyses revealed that about one half of the effect
of rimonabant on triglycerides, HDL-cholesterol, indices of insulin sensitivity, and adiponectin
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Figure 2 (Panel A): Schematic representation of the atherogenic lipoprotein—lipid profile of patients with visceral
obesity. Viscerally obese, insulin-resistant patients have increased fasting triglyceride (TG) levels because of
an overproduction of large, TG-rich VLDL; particles. Plasma LDL-cholesterol (LDL-C) levels are generally in a
normal range in viscerally obese patients, a potentially misleading information for clinicians as these individuals
are often characterized by an increased proportion of small, dense LDL particles. Plasma HDL-cholesterol (HDL-
C) levels are also reduced in viscerally obese patients, particularly the concentration of the large, cholesteryl-
ester—rich HDL, subfraction, leading to a reduced HDL particle size. Decreases in VLDL; and VLDL, with
rimonabant generate a reduction in TG concentrations. Moreover, rimonabant treatment induces changes not
only in lipoprotein—lipid concentrations but also in particle size. It is important to point out that the shift in LDL
particle size (increase) reported with rimonabant cannot be appreciated by LDL-C concentrations, which show no
change. Finally, increases in HDL-C noted with CB; antagonism seem to be the consequence of an increased
HDL, subfraction. (Note: differences in particle size between the VLDL (very large), LDL (intermediate), and HDL
(small) could not be appropriately scaled in this oversimplified illustration). (Panel B): Two mechanisms have been
proposed to explain the cardiometabolic improvements produced by CB; antagonism with rimonabant: (1) body
weight loss—related effects; (2) body weight loss—independent effect through loss of visceral fat, liver fat, and other
ectopic fat depots. The weight loss—independent effect of the CB; antagonist rimonabant on several features of
the cardiometabolic risk profile has been reported in Ref. (64) and is as follows: 45% for HDL-C, 46% for TG, 49%
for fasting insulin, 49% for homeostasis model assessment for insulin resistance (HOMA-IR), 55% for glycated
haemoglobin (HbA1c) and 57% for adiponectin. Abbreviations: HL, hepatic lipase; LPL, lipoprotein lipase.

could not be attributed to the magnitude of weight loss (11-14), suggesting a direct effect of
CB; antagonism on metabolic processes affecting these markers (Fig. 2). One trial in which liver
fat and visceral adiposity were directly measured by computed tomography (ADAGIO-Lipids)
recently reported that rimonabant induced a preferential mobilization of visceral compared to
subcutaneous fat which was also accompanied by a reduction in liver-fat content (20). These
changes in markers of ectopic fat are fully consistent with the documented presence of CB;
receptors in tissues such as the visceral adipose tissue and in the liver, and with the effect of
CB; antagonism on adipose tissue and liver lipogenesis and metabolism. It is also important to
point out that intervention studies have shown that moderate weight loss in viscerally obese
patients is generally associated with a greater loss of visceral than subcutaneous abdominal
adipose tissue (21-26). For instance, the greater the initial level of visceral adiposity, the more
likely that the relative loss of visceral fat will be substantial in response to any interventions
aiming at weight loss. Thus, it is not clear at this stage whether the same caloric deficit produced
by rimonabant versus a hypocaloric diet would produce the same loss of visceral adipose tissue,
and further studies will have to test this hypothesis. However, for the time being, it appears
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certain that high-risk abdominally obese patients with an atherogenic dyslipidemia lose both
visceral and liver fat in response to rimonabant therapy (20).

EFFECT OF CB; ANTAGONISM ON LDL PARTICLE SIZE

Rimonabant has been reported to have no effect on LDL-cholesterol concentrations (Fig. 2)
(11,13,14). It is important to stress that abdominal obesity is not associated with increased LDL-
cholesterol levels but rather with an increased proportion of small LDL particles (1). Weight loss
and exercise training have been shown to induce a shift in LDL particle size in the absence of
major changes in the LDL-cholesterol concentration (27-30). Therefore, the shift in LDL particle
size observed in the RIO-Lipids (11) and ADAGIO-Lipids (20) trials are consistent with the
notion that therapies lowering triglyceride levels are likely to have a favorable effect on LDL
particles (31). Furthermore, clinicians should not only rely on LDL-cholesterol to appreciate
the impact of weight loss or of CB; antagonism on LDL quantity/quality in abdominally
obese patients. An increased proportion of small LDL has been shown to be predictive of an
increased CHD risk (32-36), although such relationship is no longer significant after control
for triglycerides and HDL-cholesterol. It is also important to stress that no intervention study
has shown that increasing LDL particle size as a target for therapy could reduce CHD risk.
However, the finding that LDL size is not an independent predictor of CHD after control for
triglycerides and HDL-cholesterol does not imply that small LDL particles are not directly
involved in atherosclerosis. For instance, several basic investigations have provided evidence
that small LDL particles could contribute to the accelerated atherosclerotic process (reduced
affinity for LDL receptor, increased susceptibility to oxidation, etc.) (31). Therefore, the added
value of antagonism of the endocannabinoid system with rimonabant on abdominal obesity
and on additional metabolic risk markers beyond LDL-cholesterol should be considered for the
management of the residual CHD risk of these patients.

EFFECT OF CB; ANTAGONISM ON TRIGLYCERIDE LEVELS

It is well documented that abdominally obese patients have increased plasma triglyceride lev-
els (37,38). Triglyceride molecules are not atherogenic by themselves (39-41). However, hyper-
triglyceridemia accompanied by abdominal obesity is predictive of a markedly increased proba-
bility of finding patients with the whole cluster of athero-thrombotic-inflammatory abnormali-
ties linked to insulin resistance which is often called the metabolic syndrome (42). Therefore, the
reduction in triglyceride levels and waist circumference observed in the RIO studies suggests
that CB; antagonism with pharmacological agents like rimonabant could have a significant
impact on the cluster of metabolic abnormalities of the metabolic syndrome by treating the
culprit causes of this condition (Fig. 2). Thus, the reduction in triglyceride levels produced by
rimonabant is of course explained to a certain extent by weight loss and the loss of abdominal
fat, but the reduced hepatic lipid content produced by rimonabant is also a key phenomenon
which has been shown to be associated with a reduced production rate of large VLDL; particles
by the liver (43). Thus, losses of visceral and hepatic fat produced by rimonabant are probably
key factors responsible for the triglyceride lowering effect of this CB; antagonist.

EFFECT OF CB; ANTAGONISM ON INFLAMMATION

Abdominal obesity has been shown to be an important correlate of elevated CRP concentration
(amarker of inflammation) (44,45). On that basis, one should expect that the loss of abdominal fat
produced with rimonabant therapy would reduce plasma CRP levels (46,47). Several trials have
now documented significant reduction in plasma CRP levels with rimonabant (11,13,20,48). For
the time being, it appears that the loss of abdominal fat produced by rimonabant is probably the
key factor responsible for the reduction in CRP but additional mechanistic studies are needed to
test whether antagonism of the endocannabinoid system could have direct effects on processes
affecting inflammation.



ABDOMINAL OBESITY AS A THERAPEUTIC TARGET TO MANAGE THE ATHEROGENIC DYSLIPIDEMIA 231

B Placebo [] Rimonabant at 20 mg

4 —

=

E

(]

2

3 37

>

k)

£

©

2 24

o

2

e

©

c

g 17

(o))

C

©

ey

° H%

0
Weight 0-5 5-10 210
gain

Weight loss (%)

Figure 3 Changes in adiponectin levels according to categories of body weight changes observed in response
to rimonabant (20 mg/day) or placebo therapy for 1 year among dyslipidemic overweight/obese patients of the
RIO-Lipids trial. Source: Adapted from Ref. 11.

EFFECT OF CB; ANTAGONISM ON ADIPOSE CELL METABOLISM

Adipose tissue is more than a lipid storage/mobilization organ and it has now become clear
that it also plays important endocrine functions (49). Hypertrophied abdominal adipose tissue
is infiltrated with macrophages which contribute to the increased production of inflammatory
cytokines (50). Some of these cytokines [such as tumor necrosis factor (TNF)-a] have a significant
effect on the production of an abundant adipose tissue—derived cytokine, adiponectin (51,52),
whereas interleukin-6 is well known to stimulate the production of CRP by the liver (53). Plasma
adiponectin levels are markedly reduced in patients with visceral obesity, type 2 diabetes, and
CHD (54-56). Clinical studies with rimonabant have shown that this CB; antagonist could
increase plasma adiponectin levels beyond what could be expected from the magnitude of
weight loss (Fig. 3) (11). Approximately more than one half of the increase in adiponectin levels
cannot be explained by weight loss, an observation fully consistent with studies which have
documented the presence of CB; receptors on adipose tissue cells (57,58). Indeed, animal studies
have previously shown that agonists for the CB; receptor decreased adiponectin gene expression
and protein secretion by adipose tissue and that rimonabant stimulates adiponectin production
by fat cells (17). Adiponectin has numerous potentially important metabolic effects (such as
major effects on liver metabolism, on the insulin signaling pathway, on insulin sensitivity, and
on processes affecting HDL-cholesterol concentrations) (59,60). We have proposed that such an
effect of rimonabant of adipose tissue adiponectin secretion could be one of the mechanisms
by which this CB; antagonist could improve the cardiometabolic risk profile beyond what
could be explained by its weight-loss properties. Studies are underway to further clarify this
issue.

EFFECTS OF CB; ANTAGONISM ON LIVER FAT AND FUNCTION

Excess liver fat is a feature of ectopic fat deposition for which excess visceral adiposity is an
excellent marker (19). As a consequence of increased hepatic lipid content, liver enzyme levels
are elevated in abdominally overweight/obese patients with dyslipidemia (61,62). In clinical
studies with rimonabant, it was found that this CB; antagonist could significantly reduce alanine
aminotransferase (ALT), a crude but useful marker of fatty liver disease whose level has been
shown to be predictive of insulin resistance and of the features of the metabolic syndrome (63).
Such an effect of rimonabant on liver function is fully consistent with the recently reported effect
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of this CB; antagonist on liver-fat content estimated by computed tomography (20). Therefore,
through its effect on liver fat, rimonabant could improve liver function and related metabolic
abnormalities.

ANTAGONISM OF THE ENDOCANNABINOID SYSTEM: WHO IS THE RIGHT PATIENT?

Because of its comprehensive cardiometabolic effects, targeting the endocannabinoid system
appears as a promising option for the treatment of visceral obesity/ectopic fat and related
metabolic abnormalities. Unfortunately, as soon as results of the phase III program with the first
CB; antagonism developed, rimonabant, became available, this drug was announced with great
hype in the media as a possible miracle drug for the treatment of obesity. With the moderate
weight loss produced by this agent and with its well-documented side effect profile which
includes nausea, dizziness, anxiety, mood changes, and increased susceptibility to depressive
symptoms (64), it has become quite evident that this drug should not be prescribed to patients
with a history of depression. When such patients have been included in trials such as in the
STRADIVARIUS study, high absolute prevalence rates of depressive symptoms were reported
in both rimonabant and placebo arms with even greater prevalence numbers in the rimonabant
arm (48). In contrast, when patients with history of severe or recurrent depression episodes
were excluded such as in the recently reported ADAGIO-Lipids trial (20), lower incidence rates
of depressive symptoms were found, although a slightly higher prevalence was nevertheless
reported in the rimonabant than in the placebo group. These results should be seriously consid-
ered in the analysis of the benefit/risk ratio of CB; antagonists. Because of the risk of depression
in susceptible individuals, patients with a history of depression should not be treated with this
class of drugs. In addition, there is a low but clear “signal” that a greater incidence of depressive
symptoms is found with rimonabant compared to placebo. Although it is uncertain whether
this is related to rimonabant or to weight loss per se, it would be prudent to re-evaluate patients
treated with rimonabant at the early once beginning of treatment with regular follow-ups.
Finally, it is unlikely that targeting the endocannabinoid system is the solution to the manage-
ment of overall obesity. Rather, because of the link between an overactivated endocannabinoid
system and visceral obesity and ectopic fat deposition, CB; antagonism may represent a use-
ful pharmacological approach to treat ectopic fat (including excess visceral fat) and related
metabolic abnormalities. Patients with type 2 diabetes (at least 80-85% of them) have some
excess of visceral/ectopic fat and represent the subpopulation of choice for the use of a CB,
antagonist, provided that patients at high risk of depression are excluded. Furthermore, visceral
obesity /excess ectopic fat is associated with insulin resistance and with an atherogenic dyslipi-
demic state which includes elevated triglyceride and apolipoprotein B levels, small dense LDL
particles, and low HDL-cholesterol concentrations (19). This is another group of patients likely
to considerably benefit from targeting their overactivated endocannabinoid system. As a very
significant proportion of these viscerally obese patients with the atherogenic dyslipidemia of
insulin resistance are also often dysglycemic and at increased risk of type 2 diabetes, there could
also be a window of opportunity to prevent their conversion from impaired glucose tolerance
to type 2 diabetes by loss of visceral/ectopic fat and related improvements in indices of plasma
glucose-insulin homeostasis. Irrespective of the mechanism of action of rimonabant, the weight
loss and loss of abdominal adipose tissue have been shown to reduce the risk of type 2 diabetes
by almost 60%, a remarkable finding (65,66). Whether the weight loss—independent properties
of rimonabant could further reduce risk of developing diabetes in these high-risk prediabetic
patients is under investigation.

CONCLUSION

Visceral obesity more than subcutaneous obesity is a form of overweight/obesity associated
with elevated concentrations of inflammatory cytokines, a depressed adiponectin production
by fat cells, insulin resistance, and with an atherogenic dyslipidemia. Smoking, hyperten-
sion, and elevated LDL-cholesterol levels are well-established targets for the management of
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elevated cardiovascular risk. On the basis of the evidence published over almost three decades,
it is proposed that abdominal obesity should be evaluated and managed in clinical practice. In
this regard, results from preclinical and clinical studies have indicated that targeting the overac-
tivated endocannabinoid system may represent a new and potentially interesting approach for
the optimal management of the elevated cardiometabolic risk of patients with abdominal obesity
(Fig. 4). CB; antagonism not only reduces weight and waist circumference, but more impor-
tantly has been shown to also induce favorable changes in several markers of cardiometabolic
risk beyond what could be attributed to weight loss alone. Antagonism of the endocannabi-
noid system appears to target some central determinants of a cluster of metabolic abnormalities
often referred to as the metabolic syndrome which are the results of a sedentary affluent lifestyle
combined to a genetic predisposition. Thus, to describe CB; antagonists as “weight loss drugs”
is not fair. This class of drugs will not be the “quick fix” to the overall obesity epidemic but a
useful and welcome addition to the pharmacological arsenal currently available to manage the
elevated cardiovascular disease risk of an expanding proportion of patients for whom visceral
obesity appears to represent a new and important modifiable risk factor. The challenge ahead
in clinical practice will be to make sure that this class of drugs is prescribed to the right patient
for whom the benefit/risk ratio is overwhelmingly favorable.
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The term metabolic syndrome refers to a common pattern of multiple risk factors facilitating the
development of cardiovascular (CV) disease and type 2 diabetes that has emerged recently, and
is largely but not completely driven by obesity (1). An adequate stratification of global CV risk
must then contemplate the presence of traditional CV risk factors and emerging markers found
in individuals with excess intra-abdominal adiposity and a “dysfunctional” adipose tissue
phenotype. This global risk is defined as cardiometabolic risk (2) and is particularly elevated
in the hypertensive population (3—4). More than two-thirds of the hypertensive population
present with overweight and obesity, and 40% to 60% can be classified as having metabolic
syndrome according to ATP III criteria (3—4). On the other hand, arterial hypertension is
number one killer in the general population in developed as well as in developing countries,
as is demonstrated in recently published data from WHO (5), and the association of elevated
blood pressure and diabetes is the most devastating for the CV and the renal systems (6).
The need to consider cardiometabolic risk in the risk stratification of hypertensive patients as
well as the need to consider its treatment is nowadays totally required. In fact, this situation
has forced the recognition by the Guidelines of the European Society of Hypertension and
European Society of Cardiology (7) of metabolic syndrome as a situation of high added risk as
soon as BP is above 130 and/or 85 mmHg (high-normal BP and above) (Fig. 1).

On the other hand, an enhanced global CV risk due to the presence of cardiometabolic
components is simultaneously accompanied by an increased prevalence of chronic kidney
disease (albuminuria and/or a diminished estimated glomerular filtration rate). In fact, the
higher the number of components present in the definition of metabolic syndrome, the higher
is the possibility of developing either microalbuminuria and/or an estimated GFR value
<60 mL/min/1.73 m? (8).

ABOUT THE DEVELOPMENT OF DIABETES MELLITUS IN A
HYPERTENSIVE POPULATION

The development of diabetes and its relevance in hypertensive patients has been widely consid-
ered recently (9-10). Beyond lifestyle changes, both dietetic and related to physical activity, the
type of antihypertensive therapy used, alone or in combination, has been shown to be relevant to
prevent or accelerate the appearance of diabetes. A recent network meta-analysis (11) has shown
that the best protection is obtained when angiotensin receptor blockers or converting enzyme
inhibitors are used, while diuretics and betablockers are occupying the last position in particular
when used in combination. Some authors have denied the fact that the development of diabetes
contributes to worsen the short-term (3-5 years) prognosis of hypertensive patients; according
to the data of studies like SHEP (Systolic Hypertension in the Elderly Program) (12) and
ALLHAT (Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial)
(13), it seems clear that becoming a diabetic must be relevant for the long-term prognosis of
patients. In fact, it has been shown that with two and a half years of follow-up above that in
ALLHAT, the risk of new diabetics was equal to that of patients entering the study as declared
diabetics (14).

On the other hand, different studies have shown the capacity of orally active antidiabetic
drugs like metformin (15), acarbose (16), and rosiglitazone (17), as well as antiobesity drugs like
orlistat, (18) to prevent the development of diabetes. Moreover, prevention of the development
of established arterial hypertension has been shown to occur in the STOP-NIDDM (Study To
Prevent Non-Insulin-Dependent Diabetes Mellitus) study that tested acarbose (16).
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Blood pressure (mmHg)

Other risk factors, Normal High normal | Grade 1 HT | Grade 2 HT | Grade 3 HT
SBP 120-129 |SBP 130-139 | SBP 140-159 | SBP 160-179 | SBP =159

or disease or DBP 8084 |or DBP 8589 |or DBP 90-99 or DBP 100-109| or DBP = 110

. Average Average Low Moderate High

No other risk factors risk risk addedrisk | addedrisk | added risk
oy Low Low Moderate Moderate Very high
1-2 risk factors addedrisk | addedrisk | addedrisk | addedrisk | added risk
3 or more risk factors, Moderate High High High Very high
MS, OD or diabetes added risk added risk added risk added risk added risk
Established CV Very high Very high Very high Very high Very high
or renel diseas added risk | addedrisk | added risk added risk | added risk

Stratification of CV risk in four categories. SBP; systolic blood pressure; DBP diastolic blood pressure;
CV: cardiovascular; HT: hypertension. Low, moderat, high and very high risk refer to 10 year of a

CV fatal or non-fatal event. The term “ added” indicates that in all categories risk is greater than average.
OD: subclinical organ damage; MS: metabolic syndrome. The dashed line indicates how definition of
hypertension may be variable, depending on the level of total CV risk.

Figure 1 Stratification of CV risk in four categories. Low, moderate, high, and very high risk refer to 10-year risk
of a CV fatal or nonfatal event. The term “added” indicates that in all categories, risk is greater than average.
The dashed line indicates how definition of hypertension may be variable, depending on the level of fatal CV risk.
Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure; CV, cardiovascular; HT, hypertension;
OD, subclinical organ damage; MS, metabolic syndrome.

MANAGEMENT OF PATIENTS WITH ESSENTIAL HYPERTENSION
AND CARDIOMETABOLIC RISK

Long-term adherence to lifestyle modifications, obviously constitutes the first-step therapy
when considering the correction of an increased cardiometabolic risk, including an adequate
dietaccompanied by physical activity. This will facilitate a fall in body weight in intra-abdominal
adiposity and an improvement in insulin resistance. Hypertensive patients presenting with an
elevated cardiometabolic risk require a tight BP control (<130/80 mmHg). The inclusion of
a suppressor of renin—-angiotensin system (7) and if possible the avoidance of drugs facilitate
metabolic alterations, in particular the development of diabetes. This must be accompanied by
an adequate correction of dyslipidemia and insulin resistance. In this sense, new guidelines
contemplate the addition of a statin to every hypertensive patient in a situation of high or
very high added risk, even in the presence of normal values of total and LDL-cholesterol (7).
Dyslipidemia accompanying cardiometabolic risk is charactherized by the presence of elevated
levels of triglycerides and low levels of HDL-cholesterol. Some data indicate that considering the
use of nicotinic acid or fibrates can have a beneficial effect in patients with metabolic syndrome,
insulin resistance, or diabetes (19-20).

Antiobesity drugs can also be considered in hypertensive patients presented with a body
mass index (BMI) above 30, and two different pharmacological approaches are available. The
firstis represented by sibutramine, a drug acting on monoaminergic systems currently approved
for the long-term control of obesity. Several clinical trials have demonstrated the superiority
of sibutramine with respect to placebo in reducing weight and waist circumference (median at
one year: 4.5 kg). However, in hypertensive patients, sibutramine slightly increases blood pres-
sure and heart rate and should be used with caution (21). A recent trial suggests that the effects
of sibutramine in hypertensive patients under antihypertensive treatment largely depend on the
type of the antihypertensive drugs used (22). The second approach is represented by orlistat, an
inhibitor of gastrointestinal lipases. Its efficacy in producing a superior weight loss with respect
to placebo has also been proven, although the weight loss is usually less than that obtained
with sibutramine. Orlistat has a favorable influence on lipids and glycemic control, especially
in diabetics, although gastrointestinal tolerance is poor.
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THE ROLE OF CB,; BLOCKADE IN ARTERIAL HYPERTENSION

The link between obesity (particularly abdominal obesity) and hypertension and other car-
diometabolic risk factors is well established (23,24). Indeed, data from the Framingham Heart
Study estimate that 75% and 65% of the cases of hypertension in men and women, respectively,
are directly attributable to overweight and obesity (25). The attributable risk of hypertension
induced by abdominal obesity has been estimated to range from 21% to 57% depending on
gender and ethnicity (26). Body weight change is itself a potent modulator of hypertension risk:
in the Nurses Health Study, after adjusting for BMI, weight gain in adulthood of as little as 2.1
to 4.9 kg increased the risk of hypertension by 29%, whereas weight loss of 5 kg was associated
with a 15% reduction in hypertension risk (27). A meta-analysis of randomized, controlled trials
showed that weight loss is important for the prevention and treatment of hypertension: blood
pressure reductions were —1.05 mmHg for systolic blood pressure (SBP) and —0.92 mmHg
for diastolic blood pressure (DBP) when expressed per kilogram of weight loss (28). While
short-term interventions to produce weight loss effectively lower blood pressure, long-term
maintenance of a reduced body weight is a difficult objective to achieve.

The recently discovered endocannabinoid system (ECS) plays a role in energy balance,
and glucose and lipid metabolism through central and peripheral actions (29-30). Recently, an
association between the overactivation of the ECS, the abdominal obesity phenotype charac-
terized by high visceral or intra-abdominal fat, and the different cardiometabolic risk factors
has been described (31-32). While this association with abdominal obesity suggests the over-
active ECS as a potential target for addressing blood pressure, current evidence indicates that
in rodent models of hypertension, inhibition of the overactive ECS using cannabinoid type 1
receptor (CB;) blockade evoked sustained further increases in blood pressure (33).

Rimonabant, the first selective CB; receptor blocker, has been shown to improve multiple
cardiometabolic risk factors, such as abdominal obesity, dyslipidaemia, glycaemic control, and
insulin resistance in overweight/obese patients (34-37). About 50% of the effects of rimonabant
on lipid and glycaemic variables has been shown to be independent of weight loss and may
reflect direct metabolic effects of CB; blockade in peripheral tissues (29,30,36).

The effect on blood pressure of CB; blockade has been recently reviewed (38) by assessing
the impact of rimonabant on blood pressure in overweight/obese patients with dyslipidaemia,
type 2 diabetes, and high blood pressure (SBP > 130 and/or DBP > 85 mmHg in patients with
type 2 diabetes and SBP > 140 and/or DBP > 90 mmHg in patients without diabetes) using
pooled and individual study data from the four large Rimonabant-In-Obesity (RIO) multicentre,
randomized controlled trials. The pooled 1-year intention-to-treat (ITT) population consisted
of N = 1602 patients and N = 2503 patients randomized to placebo and rimonabant 20 mg,
respectively. Overall, the RIO studies represent an at-risk population of overweight/obese
patients with an elevated waist circumference (86-97%) and a high rate of cardiometabolic
risk factors. In total, 37% of the pooled population had previously diagnosed hypertension,
comprising 61% of patients in RIO-Diabetes (BP > 130/85 mmHg) and 27% of RIO-Lipids and
30% and 41% of RIO-North America and RIO-Europe, respectively (BP > 140/90 mmHg). Of
the patients previously diagnosed with hypertension, 71% of the pooled patients were receiving
antihypertensive medication and during the treatment period most patients had no changes in
anti-hypertensive medications (approximately 94% of patients) and the distribution of changes
in anti-hypertensive medication was not significantly different in the two treatment arms.

As can be seen in Table 1 (A), in the overall population during the run-in period (before
randomization to placebo or rimonabant treatment), there was a substantial mean (SD) decrease
in SBP [-2.9 (11.3) mmHg] and DBP [-1.3 (7.8) mmHg] [Table 1 (A)]. This decrease was even
more marked in those patients with high blood pressure, at the beginning of the placebo
run-in period: SBP —7.4 (11.9) mmHg, and DBP —3.7 (8.0) mmHg [Table 1 (A)]. During the
run-in period, body weight and waist circumference decreased by —1.8 (2.1) kg and —1.9
(3.8) cm, respectively, in the overall pooled population, and by —2.0 (2.1) kg and —1.8 (3.6) cm,
respectively, in the subgroup with high blood pressure at baseline. The effect of 1-year treatment
with rimonabant 20 mg/day on blood pressure in the pooled ITT population is shown in
Table 1 (B).

Body weight loss and the reductions in waist circumference at 1 year were significantly
greater in the rimonabant 20 mg group compared with placebo. In the overall pooled ITT
population receiving rimonabant 20 mg/day, mean weight loss from baseline at 1 year was
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Table 1 Change in Blood Pressure During Run-In (A) and After 1 Year (B) (Four Pooled Studies?)

(A) Change in blood pressure during placebo run-in period at screening (4 weeks; ITT population)

High blood pressure® at

Overall population screening

N 6625 1987
Supine SBP (mmHg)

Start of run-in 127.5 (13.9) 142.5 (9.5)

End of run-in 124.6 (13.5) 135.1 (12.3)

Change —-2.9 (11.3) —-7.4(11.9)
Supine DBP (mmHg)

Start of run-in 79.8 (8.7) 87.0 (7.8)

End of run-in 78.5 (8.3) 83.3(7.9)

Change —1.3(7.8) -3.7 (8.0)

(B) Change in blood pressure after 1 year (ITT population, LOCF)

Overall population High blood pressure® at baseline

Placebo Rimonabant 20 mg Placebo Rimonabant 20 mg

N 1570 2466 396 526
Supine SBP (mmHg)
Mean baseline (SD) 124.7 (13.4) 124.6 (13.4) 140.7 (9.3) 141.7 (9.8)
Year 1 125.0 (13.8) 123.8 (13.6) 136.0 (13.5) 134.3 (13.0)
Mean change from baseline (SD) 0.3(12.0) -0.8 (12.4) —4.7 (13.2) —-7.5(13.2)
LS mean change vs. placebo (SE) - —1.1(0.4) - —2.5(0.9)
p Value (20 mg vs. placebo) - (p =0.007) - (p = 0.005)
Supine DBP (mmHg)
Mean baseline (SD) 78.6 (8.1) 78.4 (8.3) 85.5 (7.4) 86.5 (7.6)
Year 1 78.3 (8.4) 77.5(8.2) 82.5(8.7) 81.3 (8.0
Mean change from baseline (SD) -0.3(8.2) —0.8 (8.4) -3.0(8.8) —-5.2(8.1)
LS mean change vs. placebo (SE) - —0.6 (0.3) - —2.0 (0.6)
p Value (20 mg vs. placebo) - p =0.029 - (p < 0.001)

2 Pooled group comprises patients undergoing the first year of treatment in the RIO-North America, RIO-Europe, RIO-Lipids, and
RIO-Diabetes studies.

b BP >140/90 mmHg (RIO-North America, RIO-Europe, and RIO-Lipids) or >130/85 mmHg (RIO-Diabetes).

Abbreviations: |ITT, intention-to-treat; LOCF, last observation carried forward.

—6.3 (6.8) kg (p < 0.001 vs. placebo). Similar reductions in body weight were found in patients
with normal and high blood pressure at baseline (38). As expected, there was a strong lin-
ear relationship between degree of weight loss and blood pressure reductions. However, this
relationship was similar in the two treatment arms. After adjusting the observed changes in
blood pressure for weight changes in the analysis of covariance, the residual treatment effect
on blood pressure was not significant. Thus, the effect of rimonabant 20 mg/day is consistent
with that seen for placebo in patients matched for the same degree of weight loss. This suggests
that rimonabant 20 mg/day does not have an additional effect on blood pressure beyond that
attributable to weight loss.

Figures 2 and 3 represent the changes in BP observed for normo and hypertensive patient
with diabetes (RIO-Diabetes) and with hyperlipidemia (RIO-Lipids). The data reflect similar
changes as in the pooled population with more significant changes in hypertensive patients.

In summary, the individual RIO trials and the pooled data, small but consistent decrease
in both SBP and DBP, were observed following 1 year of treatment with rimonabant 20 mg/day.
This relatively small reduction was observed despite normal mean blood pressure at baseline.
However, in the subset of patients with elevated blood pressure at baseline, more pronounced
reductions in both SBP and DBP were noted and both were reduced significantly—more by
rimonabant 20 mg compared with placebo treatment. It is also relevant to note that the total
blood pressure lowering effect does not include the 1 to 4 mmHg reductions in blood pressure
observed during the 4-week run-in period in these trials. These results are consistent with the
body weight reductions observed in hypertension prevention trials in patients with normal or
high blood pressure (38) and favor the utilization of rimonabant in hypertensive patients with an
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*Type 2 diabetes (RIO-Diabetes): defined as haemoglobin A, 6.5-10.0% and fasting glucose
concentration 5.55-15.04 mmol/L as per protocol.

**High blood pressure: SBP > 130 and/or DBP > 85 mm/Hg in patients with type 2 diabetes.

Figure 2 (A) Changes in SBP (left panel) and DBP (right panel) at 1 year in the subset of patients with type
2 diabetes at baseline. Data are mean from the ITT population. Between-group comparisons are least-squares
mean differences (SEM) (p vs. placebo). (B) Changes in SBP (left panel) and DBP (right panel) at 1 year in the
subset of patients with type 2 diabetes and high blood pressure at baseline.

increased global cardiometabolic risk. In fact, the positive effect can contribute to diminish the
observed enhanced need of antihypertensive therapy observed in hypertensive patients with
metabolic syndrome when compared to those without (4). Last but not the least, tolerability of
rimonabant was similar between normo and hypertensive patients (38).

Current clinical evidence indicates that blood pressure elevation above optimal levels
(i.e.,, =115/75 mmHg) will increase an individual’s risk of developing CV diseases (39). Thus,
even small reductions in blood pressure from above optimal levels should impart a health
benefit, especially in the overweight/obese population (40). Among the individual trials, the
reductions in blood pressure were somewhat more evident in the studies which specifically
enrolled patients at higher cardiometabolic risk (e.g., patients with dyslipidaemia or type 2
diabetes). The small antihypertensive effect in the overall patient population adds to the other,
previously reported, cardiometabolic benefits of rimonabant; namely, reduced body weight
and waist circumference, improved lipid profile (higher HDL-C and lower TG), reduced
C-reactive protein, and improved glycaemic control (34-37). Since risk factors tend to cluster
within individuals, improvements in multiple interrelated parameters is a reasonable approach
to reduce overall cardiometabolic risk (41).

CV outcomes trials of anti-hypertension therapy have established that small differences
in SBP reductions (2-4 mmHg) are associated with large reductions (10-20%) in major CV
events (42). It is also interesting to note that in the Anglo-Scandinavian Cardiac Outcomes Trial
(ASCQT), for example, in which two anti-hypertensive regimens were compared (amlodipine
plus perindopril as required vs. atenolol plus bendroflumethiazide and potassium as required),
differential systolic reductions in SBP and DBP of 2.8 and 1.9 mmHg, respectively, were asso-
ciated with a 14% reduction in risk of fatal CHD, nonfatal myocardial infarction, and coronary
revascularizations (43). This effect applied to the data obtained with rimonabant indicates that
the use of this drug in hypertensive patients could be really preventive for the consequences
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*Dyslipidaemia (RIO-Lipids): defined as TG levels > 1.69 mmol (150 mg/dL) and/or total cholesterol/HDL-C

ratio > 4.5 in women or > 5 in men as per protocol.

**High blood pressure: SBP > 140 and/or DBP > 90 mm/Hg in patients.

Figure 3 (A) Changes in SBP (left panel) and DBP (right panel) at 1 year in the subset of patients with untreated
dyslipidaemia at baseline. Data are mean from the ITT population. Between-group comparisons are least-squares
mean differences (SEM) (p vs. placebo). (B) Changes in SBP (left panel) and DBP (right panel) at 1 year in the
subset of patients with untreated dyslipidaemia and high blood pressure at baseline following abdominal obesity
(waist circumference) >102 cm for men and >88 cm for women; triglycerides level >1.695 mmol (150 mg/dL);
HDL-C level <1.036 mmol (40 mg/dL) for men and <1.295 mmol (50 mg/dL) for women; systolic blood pressure
>130 mmHg or diastolic blood pressure >85 mm Hg; and fasting glucose level >6.1 mmol (110 mg/dL).

of CV disease, added on top of the potential effects for prevention due to the correction of
cardiometabolic risk including HDL-C, TG, HbA1 ¢, and fasting blood glucose (44).

The effect of rimonabant 20 mg/day on blood pressure seems to be mediated by weight
loss, with rimonabant having no apparent direct effect on blood pressure at the dose of
20 mg/day beyond that attributable to weight loss. In contrast, approximately half of the
improvements in HDL-C, TG, and HbAlc levels produced by rimonabant therapy over 1 year
was beyond those expected by weight loss alone, as previously reported (36-39). It is difficult to
separate the effect of weight loss from concomitant benefits of weight loss, such as reductions
in visceral fat, hyperinsulinaemia, and insulin resistance (23-24), all of which may contribute
to the observed blood pressure lowering effect of rimonabant therapy. Substantial evidence
implicates visceral obesity in the pathophysiology of obesity-related hypertension (23—-24). The
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visceral adipose tissue is an intriguing potential site for the effects of CB; blockade, as recent
studies in humans have shown increased CB; receptor expression in visceral compared with
subcutaneous adipose tissue and higher endocannabinoid levels in obese patients with a pre-
dominance of visceral compared with subcutaneous excess adipose tissue (31-32). In the RIO
trials, reductions in abdominal obesity (as measured by waist circumference) paralleled body
weight loss (34-37).

Preclinical studies have shown that endogenous cannabinoids exert a hypotensive effect,
particularly in rodent models of hypertension or under conditions of endotoxic or hemorrhagic
shock (33). In spontaneously hypertensive rats (SHR), CB; agonists lower blood pressure much
more in SHR than in normotensive Wistar-Kyoto rats, while CB; blockade prevented this effect
in SHR but had no effect on blood pressure in normotensive rats (45). These results suggest
a role of the ECS in the regulation of blood pressure. However, it is important to note that
the blood pressure lowering effect of endocannabinoids in these hypertensive animal models
is primarily accounted for by tonic suppression of cardiac contractility in hypertension, and
that a pressor effect of CB; blockade has only been noted in animal models of hypertension
with supraphysiological doses and in anesthetized but not conscious animals (33). There is
no evidence of any pressor effect of rimonabant in any clinical studies. Our data demonstrate
that rimonabant treatment does not counteract the favorable effects of weight loss and of
mobilization of abdominal fat on blood pressure in overweight/obese humans (30). On the
contrary, the RIO clinical data showed reductions in blood pressure with rimonabant therapy,
which are more pronounced in patients with high blood pressure at baseline.

In summary, treatment with rimonabant at 20 mg/day can lower the blood pressure of
overweight/obese patients in addition to its effect on other cardiometabolic risk factors, such as
abdominal obesity, dyslipidaemia, inflammation, dysglycaemia, and insulin resistance. While
the overall blood pressure lowering effect of rimonabant was relatively small and was entirely
attributable to the concomitant body weight loss, there was no evidence of blood pressure
increases with rimonabant treatment. In patients with high blood pressure at baseline, improve-
ments in SBP and DBP were more pronounced than in the overall pooled population. Taken
collectively, the effects on blood pressure, plus the previously demonstrated improvements in
lipid profile, glycaemic control, and abdominal obesity, support the use of selective CB; block-
ade with rimonabant as a novel approach to the management of multiple cardiometabolic risk
factors.

REFERENCES

1. GrundyS. A changing paradigm for prevention of cardiovascular disease: Emergence of the metabolic
syndrome as a multiple risk factor. Eur Heart ] 2008; 10(Suppl. B):B16-B23.

2. Despres JP, Poirier P, Bergeron J, et al. From individual risk factors and the metabolic syndrome to
global cardiometabolic risk. Eur Heart J 2008; 10(Suppl. B):B24-B33.

3. RomeroR, Bonet ], dela Sierra A, et al. Undiagnosed obesity in hypertension: Clinical and therapeutic
implications. Blood Press 2007; 16:347-353.

4. Segura], Banegas JR, Garcia-Donaire JA, et al. Should hypertension guidelines be changed for hyper-
tensive patients with metabolic syndrome?. ] Clin Hypertens 2007; 9:595-600.

5. Ezzati M, Lopez AD, Rodgers A, et al. Comparative Risk Assesment Collaborating Group. Selected
major risk factors and global and regional burden of disease. Lancet 2002; 360:1347-1360.

6. Stamler J, Vaccaro O, Neaton JD, et al. Diabetes, other risk factors and 12-yr cardiovascular mortality
for men screened in the Multiple Risk Factor Intervention Trial. Diabetes Care 1993; 16:434—444.

7. The task Force for the Management of Arterial Hypertension of the European Society of Hypertension
(ESH) and the European Society of Cardiolody. 2007 Guidelines for the management of arterial
hypertension. ] Hypertens 2007; 25:1105-1187.

8. Kurella M, Lo JC, Chertow GM. Metabolic syndrome and the risk for chronic kidney disease among
nondiabetic adults. ] Am Soc Nephrol 2005; 16:2134-2140.

9. Samuelsson O, Pennert K, Andersson O, et al. Diabetes mellitus and raised serum triglyceride concen-
tration in treated hypertension: Are they of prognostic importance. Observational study. BMJ 1996;
314:660-663.

10. Verdecchia P, Reboldi G, Angeli F, et al. Adverse prognostic significance of new diabetes in treated
hypertensive subjects. Hypertension 2004; 43:963-969.

11. Elliott W], Meyer PM. Incident diabetes in clinical trials of antihypertensive drugs: A network
meta-analysis. Lancet 2007; 369:201-207.



244

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

RUILOPE

Kostis JB, Wilson AC, Freudenberger RS, et al. Long-term effect of diuretic-based therapy on fatal
outcomes in subjects with isolated systolic hypertension with and without diabetes. Am J Cardiol
2005; 95:29-35.

Barzilay JI, Davis BR, Cutler JA, et al. Fasting glucose levels and incident diabetes mellitus in older
nondiabetic adults randomized to receive 3 different classes of antihypertensive treatment: A report
from the Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial (ALLHAT).
Arch Intern Med 2006; 166:2191-2201.

Alderman MH, Cohen H, Madhavan S. Diabetes and cardiovascular events in hyperetensive patients.
Hypertension 1999; 33:1130-1134.

Knowler WC, Barrett-Connor E, Fowler SE, et al. Reduction in the incidence of type 2 diabetes with
lifestyle intervention or metformin. N Engl ] Med 2002; 346:393—403.

Chiasson JL, Josse RG, Gomis R, et al. Acarbose for prevention of type 2 diabetes mellitus: The
STOP-NIDDM randomised trial. Lancet 2002; 359:2072-2077.

The DREAM (Diabetes Reduction Assessment with ramipril and rosiglitazone Medication) Trial
Investigators. Effect of rosiglitazone on the frequency of diabetes in patients with impaired glucose
tolerance or impaired fasting glucose: A randomised controlled trial. Lancet 2006; 368:1096-1105.
Hutton B, Fergusson D. Changes in body weight and serum lipid profile in obese patients treated
with orlistat in addition to a hypocaloric diet: A systematic review of randomized clinical trials. Am
J Clin Nutr 2004; 80:1461-1468.

Canner PL, Furberg CD, McGovern ME. Benefits of niacin in patients with versus without the
metabolic syndrome and healed myocardial infarction (from the Coronary Drug Project). Am J Cardiol
2006; 97:477-479.

Keech A, Simes R], Barter P, et al. Effects of long-term fenofibrate therapy on cardiovascular events in
9795 people with type 2 diabetes mellitus (the FIELD study): Randomised controlled trial. Effects of
long-term fenofibrate therapy on cardiovascular events in 9795 people with type 2 diabetes mellitus
(the FIELD study): Randomised controlled trial. Lancet 2005; 366:1849-1861.

Arterburn DE, Crane PK, Veenstra DL. The efficacy and safety of sibutramine for weight loss: A
systematic review. Arch Intern Med 2004; 164:994-1003.

Scholze J, Grimm E, Hermann D, et al. Optimal treatment of obesity-related hypertension: The
hypertension-obesity—sibutramine (HOS) study. Circulation 2007; 115:1991-1998.

Després J-P, Lemieux I. Abdominal obesity and metabolic syndrome. Nature 2006; 444:881-887.

Van Gaal L, Mertens IL, De Block CE. Mechanisms linking obesity with cardiovascular disease. Nature
2006; 444:875-880.

Garrison R, Kannel W, Stokes Jr, et al. Incidence and precursors of hypertension in young adults: The
Framingham Off-spring Study. Prev Med 1987; 16:235-251.

OkosunIS, Prewitt TE, Cooper RS. Abdominal obesity in the United States: Prevalence and attributable
risk of hypertension. ] Hum Hypertens 1999; 13:425-430.

Huang Z, Willett WC, Manson JE, et al. Body weight, weight change, and risk for hypertension in
women. Ann Intern Med 1998; 128:81-88.

Neter JE, Stam BE, Kok FJ, et al. Influence of weight reduction on blood pressure: A meta-analysis of
randomized controlled trials. Hypertension 2003; 42:878-884.

Osei-Hyiaman D, DePetrillo M, Pacher P, et al. Endocannabinoid activation at hepatic CB1 receptors
stimulates fatty acid synthesis and contributes to diet-induced obesity. ] Clin Invest 2005; 115:1298—
1305.

Cota D, Marsicano G, Tschop M, et al. The endogenous cannabinoid system affects energy balance
via central orexigenic drive and peripheral lipogenesis. ] Clin Invest 2003; 112:423-431.

Blither M, Engeli S, Kloting N, et al. Dysregulation of the peripheral and adipose tissue endocannabi-
noid system in human abdominal obesity. Diabetes 2006; 55:3053-3060.

Cote M, Matias I, Lemieux I, et al. Circulating endocannabinoid levels, abdominal adiposity and
related cardiometabolic risk factors in obese men. Int ] Obes (Lond) 2007; 31:692-699.

Batkai S, Pacher P, Osei-Hyiaman D, et al. Endocannabinoids acting at cannabinoid-1 receptors regu-
late cardiovascular function in hypertension. Circulation 2004; 110:1996-2002.

Després J-P, Golay A, Sjostrom L, et al. Effects of rimonabant on metabolic risk factors in overweight
patients with dyslipidemia. N Engl ] Med 2005; 353:2121-2134.

Pi-Sunyer FX, Aronne L], Heshmati HM, et al. Effect of rimonabant, a cannabinoid-1 receptor blocker,
on weight and cardiometabolic risk factors in overweight or obese patients: RIO-North America: a
randomized controlled trial. JAMA 2006; 295:761-775.

Scheen A], Finer N, Hollander P, et al. Efficacy and tolerability of rimonabant in overweight
or obese patients with type 2 diabetes: A randomised controlled study. Lancet 2006; 368:1660—
1672.

Van Gaal LF, Rissanen AM, Scheen A], et al. Effects of the cannabinoid-1 receptor blocker rimonabant
on weight reduction and cardiovascular risk factors in overweight patients: 1-year experience from
the RIO-Europe study. Lancet 2005; 365:1389-1397.



CB;

38.

39.

40.

41.

42.

43.
44.

45.

BLOCKADE AND HYPERTENSION 245

Ruilope LM, Despres JP, Scheen A, et al. Effect of rimonabant on blood pressure in overweight/obese
patients with/without co-morbidities: Analysis of pooled RIO study results. ] Hypertens 2008, 26:357—
367.

Lewington S, Clarke R, Qizilbash N, et al. Age-specific relevance of usual blood pressure to vascular
mortality: A meta-analysis of individual data for one million adults in 61 prospective studies. Lancet
2002; 360:1903-1913.

Klein S, Burke LE, Bray GA, et al. Clinical implication of obesity with specific focus on cardiovascular
disease: A statement for professionals from the American Heart Association Council on Nutrition,
Physical Activity and Metabolism: endorsed by the American College of Cardiology Foundation.
Circulation 2004; 110:2952-2967.

Gaede P, Vedel P, Larsen N, et al. Multifactorial intervention and cardiovascular disease in patients
with type 2 diabetes. N Engl ] Med 2003; 348:383-393.

Blood Pressure Lowering Treatment Trialists” C. Effects of different blood-pressure-lowering regimens
on major cardiovascular events: Results of prospectively-designed overviews of randomised trials.
Lancet 2003; 362:1527-1535.

Poulter NR, Wedel H, Dahlof B, et al. Role of blood pressure and other variables in the differential
cardiovascular event rates noted in the Anglo-Scandinavian Cardiac Outcomes Trial-Blood Pressure.
Ahmed MH. Rimonabant as a potential new treatment for an emerging epidemic of obesity-related
glomerulopathy? Expert Opin Emerging Drugs 2006; 11:563-565.

Wagner JA, Jarai Z, Batkai S, et al. Hemodynamic effects of cannabinoids: Coronary and cerebral
vasodilation mediated by cannabinoid CB(1) receptors. Eur ] Pharmacol 2001; 423:203-210.






32 | Future Developments 1: CB4 Blockade for
Weight Gain Subsequent to Smoking Cessation

Jaimee L. Heffner and Robert M. Anthenelli

Department of Psychiatry, Tri-State Tobacco and Alcohol Research Center, University of Cincinnati
College of Medicine, Cincinnati, Ohio, U.S.A.

INTRODUCTION

The individual and societal costs of cigarette smoking are considerable, including over 5 million
deaths per year worldwide (1). Because of the spreading tobacco epidemicin developing nations,
projections of tobacco-attributable deaths may get double within the next 25 years (1). Although
the prevalence of smoking has been increasing globally, some developed nations such as the
United States have seen declining rates of tobacco use in recent years (2). The availability of
new pharmacotherapies to aid smoking cessation has likely contributed to this decrease in the
prevalence of smoking, but with the long-term success rates of quit attempts bordering on 5%
(3), it is clear that there are many challenges still remaining in the effort to help current smokers
quit.

One such challenge is the weight gain that frequently accompanies smoking cessation. The
vast majority of smokers who quit smoking successfully will gain weight (4), with estimates of
average body weight increase ranging from 3 to 10 kg (5-7). Concerns about postcessation weight
gain have the potential to interfere with quit attempts, perhaps through an increased likelihood
of prematurely abandoning plans for cessation (8,9) or, when a quit attempt is initiated, being
less likely to successfully abstain from smoking (10). The evidence regarding the influence of
weight concerns on smoking cessation is somewhat mixed, however, possibly as a result of
varying definitions of weight concern and differing sets of covariates utilized in predictive
models (11).

Concerns about weight gain following smoking cessation are not necessarily limited to
aesthetics. Although postcessation weight gain is, in the majority of cases, self-limiting (12,13)
and not of a magnitude to rival the negative health effects of continued smoking (14,15), there
is a subgroup of smokers for whom success at quitting appears to initiate a large increase in
body weight. Epidemiologic data from NHANES III, for example, showed that 16% of men and
21% of women who indicated that they quit smoking during the 10-year interval between data
collection points reported a weight gain of 15kg or more in that time period (16). Such large
gains may contribute to increased risk for weight-related health problems, particularly among
the growing number of smokers who were overweight, obese, or diabetic prior to quitting.

Given that actual or expected postcessation weight gain may have a number of negative
consequences for smokers who are attempting to quit, the development of interventions with
long-term efficacy in preventing or attenuating postcessation weight gain would represent a
significant step forward in the treatment of nicotine dependence. In this chapter, we discuss
theoretical and clinical support for the potential utility of cannabinoid CB; receptor antagonists
to modulate postcessation weight gain. As a backdrop to this discussion, we first review (1)
the hypothesized mechanisms of postcessation weight gain, with a focus on the physiological
underpinnings of this phenomenon and (2) the efficacy of other interventions that have been
investigated for the purpose of preventing or reducing postcessation weight gain, including
behavioral interventions, pharmacological interventions, and the combination of these two.

WHAT CAUSES POSTCESSATION WEIGHT GAIN?

Put simply, the precise answer to this question is unknown. This is due, in large part, to
the complex mechanisms governing feeding behavior and the vast interconnectivity among
numerous neural and nonneural mediators of energy balance, many of which are influenced
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by nicotine (17). Although beyond the scope of this chapter (see Ref. 16 for a more compre-
hensive review), nicotine’s appetite-suppressing and weight-lowering effects clearly involve its
actions at peripheral nonneural (i.e., adipocytes, hepatocytes), neural (e.g., autonomic, sensory,
and enteric neurons), and central autonomic neurons located in portions of the hypothalamus
including the arcuate nucleus and the lateral hypothalamus (17). Regarding the peripheral non-
neural targets, nicotine decreases triglyceride uptake and net storage in adipocytes by inhibiting
lipoprotein lipase activity. It may also produce its hypophagic effects by altering the synthesis
and release of leptin—a peptide hormone produced by fat cells during the well-fed state—or by
altering the leptin-receptor-mediated signaling cascade (17). Nicotinic acetylcholine receptors
(nAChRs) are also found on autonomic, sensory, and enteric neurons which regulate feeding
behavior by governing sympathetic and parasympathetic outflow.

Within the brain, nAChRs are found throughout the hypothalamus in important nuclei
regulating appetite control and feeding behavior such as the arcuate, ventromedial, dorsome-
dial, paraventricular, and lateral hypothalamic nuclei. Because these nuclei are the sites for the
production, detection and integration of anorexigenic [e.g., corticotropin releasing hormone and
melanocortins such as a-melanocyte-stimulating hormone («-MSH)] and orexigenic peptides
[e.g., neuropeptide Y (NPY)], agouti-related peptide (AgRP)] along with neurotransmitters (i.e.,
GABA, glutamate, serotonin, and dopamine) known to be involved with appetite control, it
is likely that nicotine’s effects in these multiple hypothalamic nuclei play an important role in
mediating postcessation weight gain.

As will be addressed in more detail later in this chapter, several lines of evidence also point
to nicotine’s effects on the endocannabinoid system (ECS) as a potential mediator of postcessa-
tion weight gain. While the precise mechanisms of action are not well understood, it appears
that co-activation of a7 nAChRs and glutamate NMDA receptors elicits endocannabinoid (e.g.,
anandamide) formation in rat cortical neurons (18). Although the biosynthetic pathways for
endocannabinoid production may differ between neural and nonneural tissues (18), the ubiqui-
tous distribution of nAChRs in the brain and periphery described above make it seem plausible
that nicotinic cholinergic receptors in various brain and peripheral tissues may trigger endo-
cannabinoid release which is a known regulator of food intake and energy balance (19). There is
also growing evidence that increasing endocannabinoid tone intensifies, while disrupting CB,
receptor signaling diminishes, nicotine reward and possibly withdrawal (20), further impli-
cating the ECS as a potential mediator of postcessation weight gain. However, as we will see
later in this chapter, the most compelling evidence for a role of endocannabinoids in mediat-
ing weight gain after quitting smoking is the consistent evidence that CB; blockade attenuates
postcessation weight gain in smokers with prolonged abstinence.

WHICH INTERVENTIONS ARE EFFECTIVE IN PREVENTING OR REDUCING
POSTCESSATION WEIGHT GAIN?

Both pharmacological and behavioral methods of preventing or limiting postcessation weight
gain have been investigated, with some studies examining the combination of these two types of
treatment. In this section, we summarize the findings regarding the short- and long-term efficacy
of extant therapeutic strategies to address postcessation weight gain. For a more comprehensive
synthesis of this literature, we would refer the reader to the recent review by Heffner et al. (2006)
(21).

Pharmacological Interventions

Currently, there are several choices of pharmacotherapies that have been approved by the
U.S. Food and Drug Administration (FDA) as smoking cessation aids; these include nicotine
replacement therapy (available in a variety of formulations, including nicotine patch, lozenge,
gum, nasal spray, and inhaler), buproprion, and varenicline. Nicotine replacement therapy has
received the most empirical attention to date in terms of its potential effects on postcessation
weight gain. The results of this line of research suggest that nicotine replacement has the capacity
to delay, but not to prevent, the weight gain that frequently accompanies smoking cessation.
The weight-attenuating effect appears to be limited to the period of active use of the medication
(22,23) and may not extend to all types of nicotine replacement. That is, the evidence seems to
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suggest that shorter-acting formulations, including nicotine gum and nasal spray (22-24), are
more effective in delaying weight gain than the longer-acting nicotine patch (25,26).

Buproprion, another first-line agent for the treatment of nicotine dependence, has also
been investigated in terms of its potential to reduce or prevent postcessation weight gain. The
majority of extant studies point toward a weight-attenuating effect of buproprion (27,28). At
this point, however, it is not clear whether the effects of buproprion on postcessation weight
represent delayed gain, as appears to be the case with some nicotine replacement therapies, or
sustained reduction in weight gain attributable to smoking cessation.

Varenicline has not been studied specifically in terms of its potential to limit postcessation
weight gain, but reports from clinical trials of its efficacy as a smoking cessation aid suggest
that its use is associated with modestly reduced weight gain as compared to placebo (29).
Additionally, estimates of posttreatment weight gain in head-to-head comparisons of the efficacy
of varenicline versus buproprion (29) and varenicline versus NRT (30) suggest that the average
gain associated with varenicline is similar to that of buproprion and NRT.

Other pharmacotherapeutic agents that have been investigated as potential inhibitors of
postcessation weight gain include topiramate (31), fluoxetine (32), and naltrexone as an aug-
mentation to NRT (33). Although the efficacy of these agents has not been studied extensively,
each has demonstrated short-term efficacy in at least one methodologically sound clinical trial.
Notably, topiramate was actually associated with a decrease in the average body weight of suc-
cessful quitters (31). Although replication and extension of these findings are necessary prior to
drawing any strong conclusions, they are nonetheless provocative and warrant further study.

Behavioral Interventions

A number of studies have investigated the efficacy of behavioral and/or cognitive-behavioral
approaches that address diet, physical activity, and/or weight concerns as a means of limiting
or preventing postcessation weight gain. In general, the results of these studies are similar
to those of the pharmacological intervention studies described above. Specifically, behavioral
interventions have the potential to delay postcessation weight gain, but there is little evidence
of long-term efficacy (34,35). Additionally, the empirical support for short-term efficacy is not
unanimous (36). One of the significant challenges in terms of the long-term efficacy of dietary
and exercise interventions is poor adherence (36), which tends to worsen over time (37). We are
aware of only one study that has demonstrated a significant long-term benefit of a behavioral
intervention in reducing postcessation weight gain. In this study (38), participants who received
cognitive-behavioral therapy (CBT) for weight concerns maintained a lower average weight
gain than those who received either nonspecific group support or a more structured dietary
assistance at both 6- and 12-month follow-up. The perplexing aspect of these findings is that
the CBT intervention was not found to actually reduce weight concerns, so the reasons for its
observed efficacy are unclear.

Combined Pharmacological and Behavioral Interventions

Several investigations have been conducted to determine the efficacy of combined pharma-
cotherapy and behavioral therapy on postcessation weight gain. The vast majority of these
studies, all of which involved some form of nicotine replacement, suggest that the addition
of a behavioral and/or cognitive-behavioral weight control component does not improve the
weight-attenuating effects of nicotine replacement alone (39-41). Again, however, adherence to
exercise and dietary interventions has proven to be problematic (40), especially over the long
term (37), and is arguably one of the primary challenges to the efficacy of behavioral methods
of reducing postcessation weight gain.

CAN POSTCESSATION WEIGHT GAIN BE ATTENUATED THROUGH
CANNABINOID CBy RECEPTOR BLOCKADE?

While CB; antagonists (e.g., rimonabant, taranabant, and others) have not yet been approved by
the FDA for any indication, nor have they been approved for smoking cessation or mitigating
postcessation weight gain by any regulatory agency including the European Medicines Agency
(EMEA), there remains much interest in the use of such agents for this possible indication. This
is a result of the consistent results found in a series of studies examining rimonabant as an aid
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to smoking cessation along with the clear evidence that this CB; blocker promotes weight loss
and reduces several cardiometabolic risk factors as reviewed elsewhere in this text.

One Phase 2 study (42) and four Phase 3 studies (43,44) have tested rimonabant as a poten-
tial aid to smoking cessation in a program of development named by the drug’s manufacturer
as Studies of Rimonabant and Tobacco Use or STRATUS. Regarding the Phase 2 trial and the
first of the STRATUS short-term trials (STRATUS-US) in which our group participated, there
were remarkably consistent postcessation weight gain—-attenuating effects observed despite the
fact that the proof-of-concept study used a dosage double than that chosen subsequently for
clinical development in the larger Phase 3 STRATUS and Rimonabant in Obesity (RIO) trials
(i.e.,, 20mg/day). Rimonabant-treated prolonged quitters gained 75% (19) and 84% (42) less
weight, respectively, than sustained quitters treated with placebo. Similarly, consistent weight-
attenuating effects were observed in the subsequent STRATUS-Europe and STRATUS-Meta
short-term trials (44).

The STRATUS Worldwide study used a maintenance of abstinence design and was of
1-year duration. It was designed, in part, to determine whether a lengthier exposure to this
CB; blocker would mitigate weight gain longer term. Indeed, those prolonged abstainers who
were treated with the 20-mg dosage up to 1 year gained significantly less weight than those
participants who quit but were re-randomized to 5 mg of rimonabant or placebo (43).

In addition to these placebo-controlled, randomized clinical trials, another trial conducted
by Rigotti et al. compared rimonabant 20 mg/day and a placebo patch with rimonabant and
transdermal nicotine replacement therapy (NRT) (45). This study, dubbed the CIRRUS trial,
tested the hypothesis that combining rimonabant with the nicotine patch would improve cessa-
tion rates and maintain the medication’s weight-gain-attenuating effects (45). Although the trial
lacked adequate control groups (i.e., double dummy placebo and NRT-alone treatment arms)
to fully place the results in context, of significance to this chapter is that prolonged abstainers
in both the rimonabant and placebo patch, and rimonabant and NRT groups gained trivial
amounts of weight (4-0.1kg vs. 4-0.5kg, respectively) in this 10-week treatment trial (45). Taken
together, and as reviewed in detail elsewhere (46), these studies provide consistent evidence
that rimonabant 20 mg/day markedly reduces postcessation weight gain in patients achieving
prolonged abstinence while taking the drug and may modulate weight gain in the long term.

CONCLUSIONS

Preclinical studies demonstrating crosstalk between the ECS and the nicotinic cholinergic system
combined with consistent evidence that the CB; antagonist, rimonabant, diminishes postces-
sation weight gain provide powerful clues that dysregulation in these systems produced by
chronic smoking or nicotine withdrawal may play an important role in mediating weight gain
subsequent to smoking cessation. While this discovery adds yet another level of complexity to
our understanding of why smokers usually gain weight after quitting, it also opens the door for
the development of new treatment strategies to address this relatively common and presently
intractable side effect of successful smoking cessation.
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INTRODUCTION

Psychotropic medications were introduced in the 1950s. Despite their significant contribution
to the management of psychiatric disease, they have been known from the onset of their usage
as promotors of appetite and food intake, (1) and as a consequence of undesirable increase in
body weight. More recently, the risk factors associated with weight gain and obesity have been
delineated (1). These disease states include hypertension, type 2 diabetes, heart disease, stroke,
and certain types of cancer (1-9).

The weight gain induced by psychotropic drugs may reach incidence rates of 44% with
the antidepressant amitriptyline and 70% with nortriptyline (1), for body weights between 2
and 17 kg (2). In addition to the pathophysiologies associated with excessive body weight
and obesity, psychiatric drug-induced weight increases frequently leading to noncompli-
ance with the treatment, which in turn puts the patient at risk for relapse of mental disease
(2,3,10).

Many second-generation antipsychotic medications, although having a much-improved
side effects profile with regard to motor symptoms, increase weight gain to an even greater
extent (1).

It seems that no class of psychotropic drugs is spared this side effect (2,11), although a
few drugs seem to be devoid of weight gain induction. A few notable exceptions of such drugs
include the antidepressant bupropion and two mood stabilizers (for use in bipolar disorder),
carbamazepine and topiramate (2,12-13).

With respect to antischizophrenic drugs, the weight gain is severe and especially notable
upon administration of widely used atypical antipsychotics, such as olanzepine and clozapine
(1). Although antipsychotic drugs are associated with greater weight gain than antidepressants
(2-3), antidepressant-induced weight increase carries a greater problem for the population
at large, as antidepressant prescriptions are far more common (10-40% of the population)
than antipsychotic medications (~1%) (2,8). Body weight increase upon administration of both
antidepressant and (atypical) antipsychotic drugs is accompanied by glucose and lipid abnor-
malities, which are symptoms of the metabolic syndrome (1,14).

The major classes of antidepressant medications are the tricyclic antidepressants that
prevent reuptake of norepinephrine and/or serotonin and the selective serotonin reuptake
inhibitor (SSRI) drugs, which elevate levels of serotonin (7-8). Both types of drugs have been
observed to initially induce weight loss (which was anticipated in view of the increase in sero-
tonin levels), after which a “paradoxic” weight gain is often observed—after about 1 year
of treatment (2,15)—for example, a 76-week study using combined fluoxetine/olanzepine
therapy for major depressive disorder with or without treatment-resistant depression
(16).

The psychiatric drug-induced weight gain is complex as depression and/or recovery by
themselves may be associated with either weight gain or weight loss (15,17). The noncompliance,
which often results from excessive weight gain, may amount to 48% (5,18).

Mood stabilizers, such as valproate and lithium used in the treatment of manic-depressive
disease, may lead to a 6 to 10 kg weight gain (2,11). However, this review will focus on antide-
pressant and antipsychotic drugs.
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MECHANISMS UNDERLYING PSYCHIATRIC DRUG-INDUCED BODY
WEIGHT ELEVATION

The cause of weight gain as a result of antidepressant treatment is apparently multi-factorial,
involving multiple-serotonin receptors in the case of SSRI-induced side effects and a number
of additional systems including histamine-1 (H1R), opiate receptors, and/or the appetite sup-
pressing hormone leptin in the case of tricyclic antidepressants (11). Many antipsychotics and
SSRI antidepressants block 5-HT2 C receptors result in enhanced food intake (11,19). Addition-
ally, the histamine-1 receptor is a mediator of food intake and carbohydrate craving, such that
blocking these HIR receptors increases appetite and weight gain (11,14), while HIR knockout
mice are obese (20). A recent study has shed new light on the mechanism of weight induction,
at least in patients using atypical antipsychotic medication. Thus, Kim et al. demonstrated that
antipsychotics, which are associated with severe weight gain, such as clozapine and olanzepine,
activate the “fuel sensor” molecule AMPK (AMP protein kinase) through antagonism of the
histamine HIR receptor (32).

PRESENT THERAPEUTIC AND/OR PREVENTIVE APPROACHES

A number of pharmacological agents have been proposed as a co-treatment along with long-
term antidepressant medication with the aim to prevent weight gain. The drawback of at least
some of these agents is their psychoactive and addictive potential and /or the absence of a known
weight-loss mechanism (3—4). Included in such treatments are (1) topiramate, H2-antagonsists,
naltrexone and serotonergic drugs, and leptin, as well as the peripherally acting orlistat and
metformin. However, such combined treatment has been investigated only in open, short-term
studies. For example, the anticonvulsant topiramate has been combined with the antipsychotic
clozapine, resulting in dramatic weight loss, reported, however, as a single case study (21).
Side effects with topiramate alone include sedation, dizziness, and impaired concentration (1).
The opiate receptor antagonist naltrexone was used in a small clinical study with tricyclic
antidepressants (1). However, in an animal study, naloxone was ineffective in reducing the
antipsychotic sulpiride-induced weight gain (22). When the selective norepinephrine reuptake
inhibitor reboxetine was combined with the antischizophrenic olanzepine in a 6-week study,
weight gain was attenuated, although it was still present (23).

THE ECS, WEIGHT CONTROL, AND PSYCHIATRIC CONDITIONS

In recent years, appetite and body weight regulation by cannabinoid CB; receptors have been
explored (24). In a series of phase III clinical trials involving over 13,000 subjects (25), the CB;
receptor antagonist/inverse agonist SR141716 (rimonabant, acomplia), successfully reduced
body weight and improved lipid profiles in obese subjects. In comparison to other current weight
loss agents (orlistat and subitramine), the side effect profile of rimonabant was significantly
more favorable than that of orlistat, while it was similar to that of subitramine—the latter
drug, however, is contraindicated for patients with hypertension (26). Rimonabant did display
significant rates of anxiety and depression, although afflicting less than 5% of the subjects (26).
This will be discussed below in more detail. Importantly, the weight loss (4-5 kg) was at least
as large as that upon adminstration of orlistat (2.85 kg) or subitramine (4.85 kg) (26-27).

Endocannabinoids and Obesity

This topic is extensively reviewed in other chapters of this book. It is sufficient to state here that
the Endocannabinoid system (ECS) has been shown to interact with several major players in
weight regulation and the metabolic syndrome. These include leptin (28), ghrelin, and perhaps
NGEF (nerve growth factor) (see Ref. 29) and more recently, mutual regulation of the ECS and
histamine and AMPK have been demonstrated.

Thus, enhanced histamine release after local infusion of cannabinoids in the tuberomam-
millary nuclei of the hypothalamus was shown (30). However, an older study reported a decrease
in brain histamine turnover upon the administration of A’-tetrahydrocannabinol (A’-THC) (31).
Since these studies widely differ in methodologies, future research will have to determine the
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causal relationship and the dose dependence between the ECS and histamine in the regulation
of food intake and obesity. However, it is of interest that the H1R receptor is being considered
as a useful target for antiobesity pharmacotherapy (14,32). An additional adipokine, NGF, may
be regulated by cannabinoid receptors, as shown, for example, by endocannabinoid stimula-
tion of CB; and CB, receptors on peripheral nerves of NGF receptor tyrosine kinase A (TrkA)
activation-induced inflammatory hyperalgesia (33).

Finally, the fuel sensing molecule AMPK is stimulated in the hypothalamus and inhibited
in adipose tissue by A’-THC (34), offering an additional explanation of the involvement of the
ECS in appetite promotion and fat deposition.

The ECS, Mood Regulation, and Psychosis

The many (patho)physiological functions in which the ECS plays a regulatory role, include mood
regulation, depression, and perhaps schizophrenia (8,35-37). Underlying such involvement may
be ECS interactions with the serotonin system, such as activation of the serotonin receptors 5-
HT;, 5-HT,, and 5-HT; (38) and enhanced firing of serotonergic and noradrenergic neurons
as seen after application of URB597, an inhibitor of the endocannabinoid hydrolyzing enzyme
“fatty acid amide hydroxylase” (39), or the rich interactions with the hypothalamic—pituitary—
adrenal (HPA) stress axis (see Pagotto, this volume) and the dopamine system (40).

Depression

Cannabinoids may have antidepressant potential, whereas cannabis use may be motivated by
self-medication for depression (41). Behavioral studies investigating the putative relationship
between depression, the serotonin, and the ECSs, however, have yielded contradictory findings.
Thus, antidepressant effects of cannabinoid CB; receptor antagonist/inverse agonists mouse
behavioral assays (42-45) have been reported, while, in contrast, an antidepressant effect of the
cannabinoid CB; receptor agonist (arachidonyl-2-chloroethylamide) was observed in the “Por-
solt forced swimming” assay for mice (46). The latter finding is consistent with an antidepressant
effect of the cannabinoid CB; receptor agonist HU-210 and the anandamide reuptake inhibitor
AM404 in the forced swimming test in rats (47) and with an antidepressant-like effect induced
by URB597 (see previous section) (39). Finally, in some studies cannabinoid CB; receptor antag-
onists (AM251 and rimonabant) were devoid of any activity in the forced swim test in rats
(47) and mice (39,48), respectively. Since species, strain, and dose differences could underlie the
varying outcomes, the involvement of the cannabinoid CB; receptor in the regulation of depres-
sive behavior is clearly complex. Witkin and colleagues (49-50) have extensively reviewed the
multiple roles of the cannabinoid CB; receptor in depression and anxiety disorders. Their overall
impression is of an antidepressant potential for cannabinoid CB; receptor antagonist. As to the
modulation of anxiety, these authors note that cannabinoid CB; receptor mediation is complex
and often contradictory.

However, in previous studies it was demonstrated that biphasic effects of exocannabinoids
(45,51) and endocannabinoids (52) on neurotransmitter release and behavioral parameters, may
underlie at least some of the apparent contradictory outcomes when measuring cannabinoid-
induced effects.

It is therefore interesting that in some of the clinical trials performed with rimonabant
in overweight patients, a mild but significant increase in cases with anxiety or depression was
reported (53). In our hands, rimonabant had no depressive-like effect in mice, whether it was
administered acutely (Fig. 1), or chronically (Fig. 2). Interestingly, 30 days after the cessation of a
4-month treatment period, the rimonabant-treated group displayed a “rebound” depression-like
behavior in the Porsolt forced swimming assay (Fig. 3).

Schizophrenia
The role of cannabis smoking as a risk factor for schizophrenia remains controversial (41),
although a recent review of a number of longitudinal studies concludes that in vulnerable
individuals, cannabis use may precipitate schizophrenia (54). Several lines of evidence are
supportive of elevated endocannabinoid activity in schizophrenia-relevant behaviors or brain
areas, such as the prefrontal cortex (see Ref. 55).

Based on such findings, it may be hypothesized that a CB; receptor antagonist and/or
a CB; receptor inverse agonist may counteract symptoms of schizophrenia (56). Indeed in a
recent animal study, rimonabant restored performance in the pre-pulse inhibition assay (PPI; a
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Figure 1 The antidepressant effects of an acute injection of desipramine (DMI) or fluoxetine; no effects of
rimonabant. Female mice (Sabra strain), 2—3 months old, received two intraperitoneal injections of either control
solution (ethanol:cremophor:saline = 1:1:18) or rimonabant (SR141716, 5 mg/kg, Rmnbt), 30 minutes before
saline or (A) desipramine (DMI; 15 mg/kg) or (B) fluoxetine (20 mg/kg). Thirty minutes later, mice were observed
in the “Porsolt forced swimming” test, which assesses antidepressant drug potential. The mice were scored for
“immobility” (lack of movements except those necessary to stay afloat) by three independent observers, for 9
minutes. Data were analyzed with a one-way ANOVA, with Newman-Keuls post hoc analyses (Control, i.e.,
Vehicle + Saline). Values are presented as mean + SEM. *p < 0.05, compared to rimonabant; **p < 0.05,
compared to Control (for DMI and Fluoxetine) or compared to rimonabant (for Rmnbt+Fluox).

behavioral assay for sensorimotor gating, commonly used to diagnose schizophrenia in humans
or schizophrenia-like symptoms in laboratory animals), after disruption by phencyclidine, apo-
morphine or dizocilpine (57). In another study, however, schizophrenia-like symptoms (D1 and
D2 receptor agonist-induced stereotypy) were exacerbated by rimonabant (58). A third study
found that rimonabant counteracted A°-THC-induced impairment of PP, but only in isolated
rats (59). We have recenty confirmed a lack of rimonabant-induced impairment of PPI (Fig. 4).
Finally, a clinical multi-center trial, which compared the antipsychotic potential of rimonabant
to that of three other potential neuroleptic drugs and to that of the prototypical haloperidol over
a 6-week period, found no antipsychotic activity for rimonabant (60).

INHIBITING THE ECS TO PREVENT PSYCHIATRIC DRUG-INDUCED WEIGHT GAIN

Despite the complex involvement of the cannabinoid CB; receptor in mood regulation and psy-
chosis, the robust antiobesity effect of cannabinoid CB; receptor antagonists, and the theoretical
plausibility that CB; receptor antagonism may be helpful or neutral in combating depres-
sion or psychosis (see above), suggests that combined treatment of a CB; receptor antagonist
together with conventional psychiatric medication, may be a possible solution for psychiatric
drug-induced overweight.

In a recent study (48), we investigated the effects of receptor antagonism/inverse ago-
nism (using rimonabant) both on weight gain as well as on antidepressant-induced struggling
behavior in the Porsolt forced swimming test. Thus, in this study, we showed for the first time
that long-term treatment (daily injections for 4 months) with an antidepressant (the tricyclic
desipramine, 5 mg/kg/day), induced a significant 7% increase in weight gain in mice, which
in humans is defined as a clinically significant weight gain (61). Moreover, similarly to human
patients, after initial reduction in weight gain, the excessive increase in body weight only started
to become apparent after 2 months of treatment, which is equivalent to year long treatment in
patients (6-7,48). Importantly, we showed that co-treatment with rimonabant (2 mg/kg/day)
prevented the excessive weight gain, while, when periodically tested in the forced swimming
test for anti-depressant activity (Fig. 2), the effectiveness of desipramine was preserved over the
whole period of treatment.

In order to prevent the stress-induced inhibition of weight gain resulting from daily
injections (48), we are now administering antidepressant or antipsychotic drugs, with the CB,
receptor antagonist, via the drinking water.
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Figure 2 Chronic treatment with desiramine with
or without rimonabant does not interfere with the
antidepressant effect of desipramine. Long-term (116
days including an 14-day interruption) treatment (one
daily intraperitoneal injection) with saline, desipramine
(DMI; 5 mg/kg), rimonabant (Rmnbt; 2 mg/kg) or
desipramine + rimonabant to female mice (Sabra
strain), 2- to 3-month old. Mice were periodically
tested in the forced swim test, that is, at 20, 55, and
110 days after the onset of treatment. Desipramine
and desipramine+rimonabant significantly decreased
immobility on days 20, 55, and 110. Rimonabant did
not differ significantly from vehicle controls on any test
day [see (A), (B), and (C)]. Values are presented as
mean + SEM. **Different from its control (desipramine
vs. Vehicle; desipramine + rimonabant vs. rimonabant),
p < 0.01; **different from its control (desipramine vs.
Vehicle; desipramine + rimonabant vs. rimonabant),
p < 0.001.

Figure 3 Rebound pro-depressive effect of rimon-
abant, 30 days after cessation of 4 months of treat-
ment. Long-term treatment with saline, desipramine
(DMI; 5 mg/kg), rimonabant (Rmnbt; 2 mg/kg) or
desipramine + rimonabant to female mice (Sabra
strain), 2- to 3-month old. Mice were tested in the
forced swim test at 30 days after the cessation of
treatment. Desipramine and desipramine + rimona-
bant did not differ significantly from vehicle controls;
rimonabant displayed significantly elevated immobil-
ity. Values are presented as mean + SEM. *Different
from Vehicle, p < 0.05.
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Ld d 12 © N
A A L) £ ) U.S.A.). Values are presented as mean + SEM.

Similarly to the antidepressants, it is not clear whether rimonabant may improve, impair
or be inactive with regard to ongoing antipsychotic pharmacotherapy (see section, “Schizophre-
nia”). Also here, no long-term studies have been performed to address the issue. Therefore, we
are currently investigating whether rimonabant will effectively prevent antipsychotic-induced
excessive weight gain, while preserving its antischizophrenic effectiveness.

CONCLUSIONS

In conclusion, in view of the involvement of the ECS in appetite, body weight regulation
and metabolism, together with its profound yet complex influence on mood and cognition,
manipulation of the CB; receptor may prevent excessive weight gain and obesity, which is a
disturbing side effect of many psychiatric drugs. No optimal solution is available at this time (1).
However, since it appears that the effect of blocking the CB; receptor on psychiatric functions
may be dependent on many factors including the intrinsic activity of the CB; receptor antagonist,
such therapeutic potential needs to be studied carefully for each psychiatric medication and
each type of CB; receptor antagonist (neutral antagonist as well as inverse agonists).
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