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Preface
Obesity is a worldwide epidemic disorder that has become recognized in the 21st 
century as a principal health threat in most countries. Obesity is characterized by 
accumulation of excess body fat and is quantitatively defined as a body-mass index 
greater than 30. Several factors contribute to obesity and these can be broadly clas-
sified as genetic and environmental. Among the environmental influences, the com-
bination of excess caloric intake and sedentary life contribute most significantly to 
the incidence of obesity. The American Obesity Association identifies obesity with 
more than 30 medical conditions. In particular, obesity is a risk factor for the devel-
opment of common chronic diseases including hypertension, type 2 diabetes, meta-
bolic syndrome, cardiovascular disease, several cancers, and a host of inflammatory 
disorders. Accumulating evidence implicates inflammation as an essential common 
thread among these chronic diseases as well as a key feature of obesity-associated 
morbidities. We must realize that this is not inflammation in the classic sense: obesity 
and its associated diseases manifest a low-grade, metabolically-associated inflam-
mation; it is inflammation triggered by high caloric diets that involves many of the 
same mediators associated with classic inflammation.

Concurrent with this understanding of obesity as a chronic low-grade inflamma-
tory disease, it is necessary to recognize adipose tissue as more than a storage site 
for fat. Adipose tissue is an essential endocrine organ that produces and secretes a 
host of hormones in response to varying physiologic and pathologic states. Obesity 
creates an identifiable and characteristic shift in the secreted profiles of these adi-
pose-specific hormones, termed adipokines. These same adipokines promote low-
grade systemic inflammation. For example, obesity and chronic inflammation are 
accompanied by suppression of adiponectin levels and elevation of resistin levels; 
the resultant effects on signal transduction converge to increase activation of nuclear 
factor kappa B (NF-κB) and accelerate production of tumor necrosis factor alpha 
(TNF-α). In turn, these events alter insulin signaling, decrease Akt activity, and 
impair translocation of the GLUT-4 glucose transporter to cell surfaces—all events 
that are characteristic of the insulin-resistant state common in obesity. In addition, 
the fat cells in obesity recruit macrophages into adipose tissue where they secrete 
their own host of inflammatory factors.

Adipose Tissue and Inflammation focuses on the contribution of adipose tissue 
to local and systemic inflammation and allows numerous themes to be drawn. At 
the start, epidemiologic time–trend analyses in populations worldwide indicate that 
obesity has increased sharply over the past 10 to 20 years and that in the United 
States the potential health consequences of this rise have been quantified such that 
obesity at age 40 is estimated to reduce life expectancy by at least 6 years. From 
investigative research of the endocrine nature of adipose tissue, we learn here that 
adipose tissue is better considered as an organ composed of both white and brown 
adipose tissue contained within two main subcutaneous depots and several specific 
visceral depots. Analysis of the endocrine nature of the adipose organ, detailed in 
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this volume, reveals that about a quarter of the genes expressed in white adipose 
tissue encode secreted proteins and that the number of established and putative adi-
pokines identified among these genes exceeds several dozen. The authors, all experts 
in their fields, report that essential among these adipokines, particularly in regard to 
their role as modulators of local and systemic inflammation, are leptin, adiponec-
tin, TNF-α, numerous interleukins and prostaglandins, resistin, leukocyte chemoat-
tractants (monocyte chemoattractant protein-1 and macrophage migration inhibitory 
factor-1), fibrinolytic proteins, and growth factor molecules. Detailed investigations 
of the inflammatory responses of the adipose organ reveal that classic inflammatory 
signal transducers such as NF-κB, JNK, PPAR, and iNOS are operative and that 
their continued regulation of adipose gene expression contributes to chronic inflam-
matory status in obesity.

We are fortunate to have the contributions from several leading edge experts in 
the area of obesity and inflammation and they report here their current findings 
obtained through basic, translational, and clinical research. Insulin is central in this 
research. Insulin affects adipose inflammation and we learn of the interdependent 
relationships among insulin resistance, central obesity, and inflammatory processes 
in adipose tissue. We learn of detailed examinations of the effects of insulin on the 
levels of key adipokines and the effects of inflammation on insulin sensitivity and 
other key regulators of glucose homeostasis, cell-cycle progression, and apoptosis 
in adipose tissue. Experts in their respective fields report on how obesity and adi-
pose inflammation are modulated by systemic and local hormonal factors including 
growth hormone, glucocorticoids, and prostaglandins; by dietary factors including 
fatty acids, polyphenols, phytosterols, phytoestrogens, and antioxidants; by life-style 
changes involving diet, exercise and weight loss; and finally by new and investigative 
advances in pharmacotherapy.

Adipose Tissue and Inflammation features contributions from international 
experts in the fields of adiposity, inflammation, adipokines, and pharmaconutrition. 
We sincerely thank these contributors for sharing their expertise with the scientific 
community at large through their chapter authorships. In addition, we would like 
to thank the publisher, Taylor & Francis Group, for agreeing to publish this book. 
We thank the series editors, Dr. Lester Packer and Dr. Enrique Cadenas for their 
continued inspiration and our colleague Dr. Mulchard Patel for his enthusiastic 
encouragement. We also thank the publication staff, whose dedicated work to assist 
in production resulted in such a well constructed book. Last, but not least, we would 
like to thank the readers who are interested in learning about the most up-to-date 
advances in the area of adipose tissue and inflammation.

Atif B. Awad, PhD

Peter G. Bradford, PhD
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1

1 The Adipose Organ

Saverio Cinti and Roberto Vettor

1.1 ADIPOSE ORGAN CONCEPT

We recently developed a new concept: white and brown adipose tissues (WATs and 
BATs) are contained together into a dissectible “adipose organ” (Figure 1.1) [1–3]. 
It is composed of two main subcutaneous depots (anterior and posterior, forming 
about 60 to 70% of the organ) and several visceral depots (mediastinal, omental, 
mesenteric, perirenal, retroperitoneal, perigonadic, and perivesical). All depots are 
anatomically defined by a cleavage plane that allows a precise dissection of depots 
from surrounding structures.

The depot anatomy is preserved in different strains and at different ages. The white 
parts of the organ are made mainly by WAT. The brown parts are made mainly by 
BAT. White and brown adipocytes are often mixed and the colors of the mixed areas 
depend on the prevalence of one cell type. The relative amounts of white, brown, and 
mixed parts are genetically determined and depend on several factors such as age, sex, 
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2 Adipose Tissue and Inflammation

environmental temperature, and nutritional status. In most small rodents, brown areas 
are visually evident in the interscapular, axillary, and cervical parts of the anterior 
subcutaneous depots and in the mediastinal and perirenal visceral depots.

In a recent paper we quantitatively described the anatomy of the adipose organs 
of Sv129 adult female mice. We calculated the total number of white and brown 
adipocytes contained in most depots (anterior subcutaneous, posterior subcutaneous, 
mediastinal, perirenal, perigonadic, perivesical, retroperitoneal, and mesenteric). 
Our data show that, in this strain, all subcutaneous and all visceral depots contain 
both white and brown adipocytes mixed together. In some depots, white adipocytes 
are more numerous (posterior subcutaneous, mesenteric, and retroperitoneal); in 
other depots, brown adipocytes are more numerous (anterior subcutaneous, medi-
astinal, and abdomino-pelvic, i.e., composed by a unique dissectible depot formed 
by perirenal, periovaric, parametrial, and perivesical parts) [4].

1.2  DISTINCT MORPHOLOGIES AND PHYSIOLOGIES
OF WHITE AND BROWN ADIPOCYTES

White adipocytes are spherical cells (Figure 1.2) of variable sizes mainly dependent 
on the sizes of the stored lipid droplets. Differentiated white adipocytes can be very 

FIGURE 1.1 Gross anatomy of adipose organs of adult female 129Sv mice. The subcutaneous and 
visceral depots were dissected and positioned on templates of the mice to show their locations within the 
animals. The mouse on the left was maintained at warm conditions (28°C for 10 days) and the one on 
the right at cold conditions (6°C for 10 days). Note the obvious transformation of the color of the organ 
due to increase of brown adipose tissue and decrease of white adipose tissue. The organ consists of two 
subcutaneous depots: A = anterior (deep cervical, superficial cervical, interscapular, subscapular, axillo-
thoracic); F = posterior (dorso-lumbar, inguinal, gluteal); and several visceral depots: B = mediastinal, 
C = mesenteric, D = retroperitoneal and E = abdomino-pelvic (perirenal, periovarian, parametrial and 
perivesical). Bar = 1 cm. (Source: Murano I, Zingaretti CM, and Cinti S. (2005). Adipocytes 1, 121–130. 
With permission.)
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The Adipose Organ 3

small (less than 10 μm diameter) in comparison with the average diameters of the 
adipocytes found in the different depots of adult mammals.

Brown adipocytes store triglycerides in form of numerous small vacuoles 
(multilocular cells) (Figure  1.2). The shape is mainly polygonal with a variable 
diameter which, in mice, is usually in the range of 15 to 50 μm. The most charac-
teristic organelle of a brown adipocyte is the mitochondrion. It is spherical, big, 
and packed with laminar cristae (Figure 1.3). Usually, mitochondria are numer-
ous in the cytoplasm of brown adipocytes and contain a characteristic protein 
known as uncoupling protein 1 (UCP1) and expressed only in this cell type [5]. 
In our examinations of tissue from adult animals, when an adipocyte appearing 
as a multilocular cell under a light microscopic is examined under an electron 
microscope, it always exhibits mitochondria with characteristic features of those 
found in brown adipocytes [3,6] independent of the presence of UCP1 in the cell. 
We believe that expression of UCP1 merely reflects the thermogenic capacity of 
brown adipocytes, and that these cells have a distinctive morphology (i.e. mainly 
a multilocular lipid content and characteristic mitochondria). We believe that the 
multilocular adipocytes found in the adipose organs of adult animals must be con-
sidered thermogenically hypo-functioning brown adipocytes when they are UCP1-
negative and thermogenically active when they are UCP1-positive as determined 
by immunohistochemistry. In this chapter, we will use a nomenclature in accor-
dance with this definition of brown adipocyte.

The adipose organ is diffuse within an organism and most of its depots receive 
vascular supplies by regional visceral or parietal nerve vascular bundles. The exten-
sion of the capillary network is quite different in the white and brown parts of the 
organ. In the brown areas, the density of the capillaries is much higher than in the 
white areas (Figure 1.4). The nerve supply to the adipose organ is different in both 
areas, with brown areas more innervated than white areas. In brown areas, numer-
ous noradrenergic fibers are found in fat lobules, running along blood vessels and 
directly in contact with adipocytes [7]. Adrenergic receptors (α1, α2, β1, β2, and β3) 
are present in the adipose organ and β1 and β3 adrenoceptors are mainly present on 
adipocytes [8].

FIGURE 1.2 Light microscopy of murine white (WAT, left) and brown (BAT, right) adipose 
tissues. White adipocytes are roundish with unilocular lipid droplets. Brown adipocytes are 
polyhedral with multilocular lipid droplets.
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4 Adipose Tissue and Inflammation

The density of parenchymal fibers varies according to the functional status of the 
organ. During cold exposure, the noradrenergic parenchymal fibers increase their 
density in the brown part of the organ [7,9]. During fasting, these fibers increase 
their density in the white part of the organ [10]. Vascular noradrenergic fibers are 
also immunoreactive for neuropeptide Y (NPY). The majority of these nerves also 
contain norepinephrine (NE) [10,11], suggesting that they belong to the sympathetic 
nerve supply to WAT blood vessels. Recently a parasympathetic innervation of WAT 
has been described, suggesting possible functional implications but the matter is still 
open to discussion [12–15].

The main functions of white adipocytes are storing and releasing highly ener-
getic molecules, fatty acids (FAs), that supply fuel to the organism during intervals 
between meals. Brown adipocytes use FAs to produce heat (non-shivering thermo-
genesis). This function is due to the above mentioned mitochondrial UCP1 present 
exclusively in brown adipocytes [5,8,16–20]. The signal for brown adipocyte activa-
tion is a temperature below thermoneutrality—a temperature that induces activation 
of the sympathetic nervous system [20].

The presence and activity of BATs in the adipose organ seems to play a pivotal role 
for obesity prevention because genetic ablation of BAT and all beta adrenergic recep-
tors induces obesity in mice [21,22], although mice lacking UCP1 are cold-sensitive 

FIGURE 1.3 Transmission electron microscopy. A: Mouse WAT. Most of the cell is repre-
sented by the unilocular lipid droplet. The cytoplasm forms a thin rim containing organelles. 
Mitochondria (m) are small, elongated with randomly oriented cristae (enlarged in C). N 
= nucleus; BM = basal membrane; L = lipid droplet. B: Mouse interscapular BAT. Brown 
adipocyte showing numerous mitochondria packed with transverse cristae (enlarged in D) in 
cytoplasm. Several small lipid droplets (L) are also visible. CAP = capillary lumen.
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The Adipose Organ 5

but not obese [23]. On the other hand, ectopic expression of UCP1 in WATs results 
in obesity resistance [24]. Accordingly, it has been recently shown that obesity-prone 
mice have less BAT or inducible BAT activity than obesity-resistant mice [25].

Another primary function of white adipocytes was discovered some years ago: 
production of leptin, a hormone able to influence animal behavior concerning food 
intake [26]. Leptin also induces energy dispersion (via BAT and locomotor acti-
vation) and has gonadotrophic properties. Brown adipocytes in their classic mul-
tilocular configuration (i.e., during thermogenic activity) are not immunoreactive for 
leptin [27,28]. A growing body of evidence suggests that the adipose organ produces 
several additional factors or adipokines, and that these control important functions 
such as glucose and lipid metabolism, blood coagulation, blood pressure, and steroid 
hormone modulation. The production of these adipokines by fat supports the concept 
of the adipose organ as an endocrine structure [29,30].

1.3  ABILITY OF ADIPOSE ORGAN TO MODIFY 
ANATOMY UNDER PHYSIOLOGIC STIMULI

1.3.1 ACCLIMATIZATION TO DIFFERENT TEMPERATURES

Pregnancy and lactation, obesity, fasting, and caloric restrictions are the most fre-
quent physiologic and pathologic (e.g., when obesity induces co-morbidities such 
as diabetes) conditions in which the adipose organ shows plasticity. Here we will 
consider some of the cell biology aspects related to its plasticity.

FIGURE 1.4 Light microscopy showing capillary network in area of transition between 
WAT and BAT. Capillaries appear black because of black ink perfusion of mouse. 
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6 Adipose Tissue and Inflammation

The organs of cold acclimated mice are darker in color than those of warmth 
exposed mice, suggesting a change to a more brown phenotype (Figure 1.1). This 
reversible phenomenon is due to an increased number of brown adipocytes, capil-
laries, and nerves in the adipose organ [6,7,31–35]. The same phenomenon can be 
achieved by the administration of beta-3 adrenoceptor agonists [36–42] and is mostly 
suppressed in mice lacking beta-3 adrenoceptors [41,43], suggesting that noradrener-
gic fibers play a central role in adipocytes. Accordingly, after cold acclimatization, 
the density of noradrenergic fibers increases in all parts of the adipose organ [7,9,32]. 
Published and unpublished data produced by our laboratories and others favour the 
hypothesis that the newly formed brown adipocytes derive from a direct transforma-
tion (or transdifferentiation) of white into brown adipocytes [4,40,41].

1.3.2 PREGNANCY AND LACTATION

The mammary glands comprise most of the adipose organ. They are composed of 
branched epithelial ducts infiltrating all subcutaneous adipose tissues and connected 
to nipples. In adult female mice, three bilateral nipples are connected to epithelial 
ducts infiltrating the whole anterior subcutaneous fat depot of the adipose organ. 
Two bilateral nipples are connected to epithelial ducts infiltrating the whole posterior 
subcutaneous fat depot of the adipose organ. Therefore virgin adult (post-pubertal) 
female mice are provided five bilateral incomplete mammary glands that are ready 
to become milk-secreting during pregnancy and lactation. The two subcutaneous 
depots containing the glands differ from those of male mice only by the presence 
of the above described branched epithelial ducts. The adipose component of these 
depots follows the general rules described above for the adipose organ: a mixed com-
position of white and brown adipocytes (with relative amounts depending mainly 
on age, strain, and environmental conditions). Of note, adipocytes of the mammary 
glands express the prolactin receptor [44].

During pregnancy and lactation, the mammary gland anatomy changes with a pro-
gressive reduction of adipocytes and the formation of milk-secreting lobulo-alveolar 
epithelial glands. This plastic phenomenon is reversible and at the end of lactation 
the milk-secreting components of the gland disappear to give room to the reappear-
ing adipocytes and allow a complete reconstruction of the pre-gravidic anatomy 
of the gland. This phenomenon was previously viewed as due to “hiding” among 
the glands of the adipocytes that themselves undergo a de-lipidation process dur-
ing pregnancy and a lipid re-filling process in the post-lactation period. Our recent 
morphological studies combined with the Cre-lox fate mapping technique suggested 
that adipocytes undergo a reversible adipo-epithelial transdifferentiation process in 
mammary glands during pregnancy and lactation [45].

1.3.3 ENERGY-DRIVEN CHANGES

When the energy balance becomes positive, the adipose organ increases its white 
parts. White adipocytes undergo hypertrophy followed by hyperplasia. In fact, it 
has been proposed that adipocytes have a maximum volume and cannot be further 
expanded. This maximum volume, also referred to as critical cell size, is genetically 
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determined and specific for each fat depot [46]. Adipocytes of critical cell size trig-
ger an increase in cell numbers [47,48]. Not all depots have the same tendency to 
hypertrophy and hyperplasia; the former seems more characteristic of epididymal 
and mesenteric depots, the latter of inguinal and perirenal depots [46].

Adipose tissue expresses numerous factors that may be implicated in modula-
tion of adipogenesis: IGF-1, TGF-β, TNF-α, macrophage colony-stimulating factor 
(MCSF), angiotensin-2, autotaxin-lysophosphatidic acid (ATX-LPA), leptin, resistin, 
and others [49]. Interestingly, it has been shown in mice that obesity induced by 
high fat diet is hypertrophic, while obesity induced by hypothalamic lesions due to 
administration of monosodium glutamate is hyperplastic [50]. It has been recently 
suggested that adipocyte precursors can derive from bone marrow [51], but our data 
and those from other authors favor a vascular in-site origin [52,53]. Additionally, 
WATs of obese mice and humans are infiltrated by macrophages and the level of 
infiltration correlates with body-mass index (BMI) and mean sizes of adipocytes 
[54–56]. This infiltration seems to be an important cause for the insulin resistance 
associated with obesity.

We recently observed that macrophages are mainly located at the level of dead 
adipocytes in white adipose tissues of obese mice, obese humans, and in transgenic 
mice that are lean but have hypertrophic adipocytes (HSL knock-out mice) [57]. The 
common notion that obese people with visceral fat accumulation are more prone to 
diabetes than obese persons with subcutaneous fat predominance may arise from the 
fact that visceral adipocytes seem to be more susceptible to cell death than subcu-
taneous adipocytes. In other words, hypertrophic visceral adipocytes reach critical 
size and this triggers programmed adipocyte death, whereas hypertrophic subcu-
taneous adipocytes are less susceptible to this apoptosis and their longevity allows 
or causes macrophage infiltration and insulin resistance in visceral fat before they 
occur in subcutaneous fat [58].

The brown part of the adipose organ is modified under conditions of positive 
energy balance. In obese mice, the rate of apoptosis of brown adipocytes increases 
and this is strongly attenuated in mice lacking TNF-α receptors [59]. In obese ani-
mals, the morphology of brown adipocytes gradually changes into one more similar 
to that of white adipocytes, including transformation of the multilocular lipid depot 
into a unilocular one. This is accompanied by activation of the leptin gene and these 
cells become immunoreactive for leptin [27,28] thus providing further evidence for a 
reversible transdifferentiation between the two type of adipocytes.

The morphology of the adipose organ during fasting is quite characteristic. 
Under fasting, a variable number of slimmed cells are present in the white part 
of the organ. The slimmed cells are barely visible under light microscopy but are 
easily recognized by electron microscopy, i.e. they have a specific ultrastructural 
morphology: cytoplasmic irregularities with thin projections and numerous invagi-
nations rich in pinocytotic vesicles. In acute fasting, completely de-lipidized adipo-
cytes can be found near apparently unaffected unilocular cells. Vasculogenesis and 
neurogenesis are observed in white adipose tissues of fasted animals. Capillaries 
are often surrounded by the thin cytoplasmic projections of slimmed adipocytes. 
Neurogenesis is mainly supported by an increase of noradrenergic fibers [10]. Under 
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chronic caloric restriction, the reduction in size of adipocytes is homogeneously 
distributed [60].

1.4 ADIPOSE ORGANS OF HUMANS

Although the morphology of human adipose tissues is very similar to that of murine 
adipose tissues, several anatomical peculiarities must be highlighted. In humans, 
anatomical dissection reveals a clear distinction of the two important compartments 
of the adipose organ without giving adequate details of other components not dis-
cernible by dissection. The new highly sensitive imaging techniques make it possible 
to detect and measure depots other than subcutaneous and visceral adipose tissues 
that collectively contribute to total-body adipose tissue [61]. Computed tomography 
(CT) and magnetic resonance imaging (MRI) allow better definition of the precise 
margins of these compartments and ready quantification of total as well as regional 
(perirenal, mesenteric, etc.) amounts of adipose tissue [62]. With high resolution 
MRI, it is possible to quantify the adipose tissue from bone marrow.

Adipose tissue is also present within many organs and tissues, in particular within 
skeletal muscle where it is normally not detectable by CT and MRI under physiologi-
cal conditions. However, it is possible to calculate the lipid content of intermuscular 
adipose tissue (IMAT) by subtracting intramyocellular lipid content measured by 
magnetic resonance spectroscopy from total tissue lipid content measured by chemi-
cal shift imaging [63]. Results from analyses using these new imaging techniques 
show us that the real volume of adipose tissue determined by dissection and subse-
quent histological analysis underestimates whole-body adipose tissue. Moreover, the 
techniques allow the grouping of adipose tissue compartments according to struc-
ture–function relationships and particularly endocrine and metabolic activities.

1.4.1 SUBCUTANEOUS DEPOTS

Subcutaneous adipose tissue (SAT) is certainly the best defined compartment and 
exhibits clear anatomic demarcations (deposits found between the dermis and the 
aponeuroses and fasciae of muscles including mammary adipose tissue). We can 
also distinguish with the new imaging techniques [64] superficial and a deep sub-
cutaneous adipose tissues (fat depots found between the skin and fascial plane in 
the lower trunk and gluteal–thigh area and depots found between this fascia plane 
and the muscle fascia, respectively) (Figure 1.5). This distinction has been recently 
emphasized because of both morphological and metabolic differences between the 
two adipose tissue depots; the deeper depot behaves more like visceral adipose tis-
sue [65].

1.4.2 INTERNAL DEPOTS

Internal adipose tissue can be divided into visceral adipose tissue (VAT) and non-
strictly visceral adipose tissue. The reliability and accuracy of visceral adipose tis-
sue estimates by imaging methods have been extensively studied. The coefficient of 
variation for VAT measurements seems to be greater with MRI (~ 9 to 18%) than 
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with CT (~2% ) [64]. Non-strictly visceral internal adipose tissue (internal adipose 
tissue minus visceral adipose tissue) includes the intramuscular (between fascicles), 
perimuscular, intermuscular, and paraosseal adipose tissue [64].

An absolute or relative VAT expansion has been associated with increased risk 
of morbidity and mortality for cardiovascular disease (CVD) and metabolic diseases 
[66,67], but important differences in the metabolic and functional properties among 
the different depots within the VAT compartment have been recognized. Therefore, 
a more detailed classification of visceral adipose tissue has been proposed. The first 
partition of VAT must be among the intrathoracic (ITAT), intra-abdominal (IAAT), 
and intrapelvic (IPAT) adipose tissues that may be roughly separated using the new 
imaging techniques because of the irregular margins between VAT and other tissues 
and organs [64]. The ITAT is mainly distributed around the heart and its physiologi-
cal role is in the early stages of investigation.

1.4.3 INTRATHORACIC ADIPOSE TISSUE (ITAT): EPICARDIAL ADIPOSE TISSUE

Much interest has focused on the importance of IAAT because we know that it confers 
significantly higher risks for type 2 diabetes and cardiovascular disease. However, 
ITAT including mediastinal and epicardial fat has also been studied [68], and shown 
to be related to CVD and myocardial function through unidentified mechanisms. It 
is well known that variable amounts of fat cover the epicardial surface of the human 

FIGURE 1.5 Computed tomography scan at abdominal level of obese subject. Visceral adi-
pose tissue (VAT) and subcutaneous abdominal adipose tissue (SAT) with subtle fascial plane 
(asterisks) separating into superficial (sSAT) and deep (dSAT) portions. (Source: Modified 
from Iacobellis G, Corradi D, and Sharma AM. (2005). Nat Clin Pract Cardiovasc Med 2, 
536–543.)
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heart but this finding is not a constant anatomical characteristic in all species. In 
fact, in laboratory rodents, this fraction of the visceral fat is minimal [69], perhaps 
explaining why epicardial adipose tissue has been poorly investigated until recently. 
Its function is far from fully explained and the concept of mechanical protection 
appears to be inconsistent based on the lack of such fat pads in several animal spe-
cies. Its origin is also unknown although some evidence suggests that epicardial fat 
may evolve from brown adipose tissue during embryogenesis [69]. This hypothesis 
has not been confirmed.

Iacobellis et al. [70] published a comprehensive description of the morphological 
and functional aspects of epicardial fat. In recent years, the attention on epicardial 
fat biology and its clinical impact has grown exponentially. In the adult heart, WAT 
is present along the atrioventricular and interventricular grooves including the apex. 
Minor amounts of fat are also located in the subepicardial parts of atria walls and 
appendages. It is important to underline that a small quantity of adipose tissue of 
the epicardial surface also penetrates the myocardium, thus establishing a tight ana-
tomic (no apparent separation from fascia and the same coronary blood supply) and 
functional relationship with the muscular components of the heart.

In some pathological conditions, epicardial fat progressively develops, some-
times covering the whole epicardial surface. The amount of epicardial fat, far 
too great to be simply related to overall adiposity, seems more closely related to 
VAT [71,72], age [73], and heart hypertrophy, but not ischemia [71]. The positive 
relationship of the amount of epicardial fat and ventricular myocardial mass was 
also noted in an echocardiographic study [74]. Cardiac adipose tissue may supply 
energy for the adjacent myocardium and serve as a buffer against toxic levels of 
fatty acids (FAs) [69]. By contrast, the high lipolytic activity of epicardial fat sug-
gests that this tissue may also serve as a ready source of FAs to meet increased 
myocardial energy demands. Since this tissue is not depleted during starvation, it 
seems simplistic to consider epicardial adipose tissue as a compartment devoted 
to the storage of excess calories to be released not in physiological conditions, but 
rather in emergency situations like ischemia. Marchington et al. [69] found that 
epicardial adipose tissue has a greater capacity for FA release than adipose tissue 
elsewhere in the body. The high lipolysis observed in epicardial adipose tissue may 
be due to several factors included reduced antilipolytic effect of insulin and the 
increased activity of β3 adrenergic receptors.

Epicardial AT expresses an inflammatory profile of proteins, but the mechanisms 
responsible are yet to be elucidated [75]. A higher expression of MCP-1, IL-1, IL-6, 
and TNF-α along with more disseminate inflammatory cell infiltrates were seen in 
epicardial adipose stores than in SAT. Despite these observations, no clear relation-
ship between epicardial AT metabolic and inflammatory pattern and obesity, type 2 
diabetes, or atherogenic dyslipidemia has been seen. Lower expression of adiponec-
tin along with higher expression of resistin has also been observed in human epicar-
dial fat. Inconsistent data link these alteration to the inflammatory response of the 
adipose tissue. The release of bioactive molecules from the pericoronary tissues may 
alter vascular [76] and myocardial function and exert potentially worsening effects 
on coronary artery disease progression. Conversely, this inflammatory reaction 
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may lead to a more pronounced angiogenic response that may be beneficial for the 
development of collateral circulation in patients with ischemic heart disease [75].

1.4.4 INTRATHORACIC ADIPOSE TISSUE (ITAT): THYMUS

The thymus is a lymphoid organ that selects T cells for release to the peripheral 
immune system. Unfortunately, thymopoiesis is highly susceptible to damage by 
physiologic stressors and may contribute to immune deficiencies that occur in a vari-
ety of clinical settings. The thymus is critical for establishing the immune system 
during childhood, but begins to shrink just before puberty. In adults, thymic tis-
sue is replaced by adipose tissue (involution); however, thymocytes are continually 
produced into old age. In adults, it is difficult to distinguish between the cortex and 
medulla by the concentration of thymocytes although Hassall’s corpuscles can still 
be identified in the medulla.

It is interesting to note that leptin-deficient (ob/ob) mice exhibit severe thymic 
atrophy, suggesting that this hormone is required for normal thymopoiesis. In a 
recent study, leptin showed a selective thymostimulatory role in settings of leptin 
deficiency and endotoxin administration-induced thymic atrophy. Thus this major 
adipokine and perhaps others may be useful for protecting the thymus from damage 
by augmenting T cell reconstitution in these clinical states [77]. The role of adipose 
tissue surrounding the thymus may be seen not simply as the result of thymic involu-
tion but may function as an active neighboring organ.

1.4.5 INTRA-ABDOMINAL ADIPOSE TISSUE (IAAT)

IAAT has been also subdivided into intraperitoneal and retroperitoneal adipose 
types, taking into consideration the parietal peritoneum [78] or as an alternative, the 
straight line across the anterior border of L4–L5 and the psoas muscles, continuing 
on a tangent just before the posterior limits of the ascending and descending colon, 
and extending to the abdominal wall. However, the lack of precise limits of the 
intraperitoneal and retroperitoneal spaces makes it very difficult to obtain a detailed 
quantitative estimation of the amount of fat stored in this area. Abdominal VAT is 
synonymous with IAAT [79]. IPAT is usually quantified with IAAT but the two 
deposits clearly differ functionally and morphologically; IPAT is entirely extraperi-
toneal [80].

Abate et al. proposed that metabolic differences exist between intraperitoneal 
(drained by the portal vein) and retroperitoneal adipose tissue which flows into the 
inferior vena cava [81]. It is clear that the direct exposure of liver cells through the 
portal circulation to high concentrations of FA and/or other metabolites derived 
from intraperitoneal adipose tissue is responsible for the increased frequency of 
dyslipidemia, hyperinsulinemia, and other metabolic complications associated 
with abdominal obesity [66,67,82]. Ideally, the study of VAT should include all 
adipose tissues in the thoracic, abdominal, and pelvic cavities. The use of CT and 
MRI with a smaller field of view, higher resolution, and thinner slices may allow 
separation of all adipose tissue depots from one another. Retroperitoneal compo-

© 2010 by Taylor and Francis Group, LLC



12 Adipose Tissue and Inflammation

nents such as pararenal adipose tissue are clearly visible on some conventional 
MRI scans.

1.4.6  NON-STRICTLY VISCERAL INTERNAL ADIPOSE

TISSUE: MUSCULAR ADIPOSE TISSUE

Particular attention must be devoted to the adipose tissue components present within 
or near the muscles. We can distinguish intermuscular adipose tissue (IMAT), 
paraosseal adipose tissue, and perimuscular adipose tissue which is not so easily 
distinguishable from the adjacent adipose tissue compartments even with the cur-
rent imaging techniques. The very recent approach of using microdissection [83] in 
human cadaver and animal studies has provided a means of accurately estimating the 
small volumes of perimuscular and intramuscular adipose tissue depots.

Attention has focused on the content, localization, and composition of fat within
skeletal muscle as determinants of insulin resistance, but less information is available 
on the impacts of their intracellular or interfibrillar localization on insulin action 
[84]. In morbidly obese patients, weight loss induced by biliary–pancreatic-diversion 
provoked a significant amelioration in insulin resistance with a parallel change in 
intramyocellular—but not perivascular or interfibrillar—lipidaccumulation [85]. It is 
now clear that intramyocellular fat is mostly due to the accumulation of triglycerides 
within muscle cells whereas the perivascular or interfibrillar lipids correspond to adi-
pose cells along the blood vessels and in the intermuscular spaces [86]. It is possible 
with MRI to define and localize IMAT which can be found between muscle bundles 
and is clearly separated from SAT by a well defined fascia. There is a strong direct 
linear correlation between total adipose tissue and IMAT in men and women of dif-
ferent ethnic groups [84]. IMAT increases during aging [87], but also in sedentary 
young subjects, under different pathological conditions such as partial lipodystrophy, 
and in both men and women who have metabolic syndrome [65].

What is the origin of fat cells surrounding muscle bundles? They may derive from 
different progenitors normally present in adult skeletal muscles: mesenchymal stem 
cells, muscle-derived stem cells, and satellite cells. After birth, muscle regeneration 
is mostly mediated by satellite cells, a unique population of committed stem cells 
located adjacent to the plasma membranes of myofibers. It has been demonstrated 
that mouse satellite cells behave as multipotent stem cells.

We studied the differentiation capacities of human satellite cells and in par-
ticular their adipogenic conversion. We proved by morphological analysis, mRNA 
expression, and immunohistochemistry that human satellite cells possess a clear 
adipogenic potential that may explain the presence of mature adipocytes within 
skeletal muscles under pathological conditions such as obesity, type 2 diabetes, and 
age-related sarcopenia [88]. Moreover, we recently reported that primary stem cell 
cultures derived from skeletal muscle differentiate into adipocytes when cultured in 
high glucose. High glucose induces reactive oxygen species (ROS) production and 
protein kinase C beta (PKCβ) activation. These two events appear crucial in this dif-
ferentiation process that can be directly induced by oxidizing agents and inhibited 
by PKCβ siRNA silencing. The differentiated adipocytes, when implanted in vivo, 
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form viable and vascularized adipose tissue. Overall, the data highlight a previously 
uncharacterized differentiation route triggered by high glucose that drives resident 
stem cells present in muscles to form adipose depots. This process may represent a 
feed-forward cycle between the regional increase in adiposity and insulin resistance 
that plays a key role in the pathogenesis of diabetes mellitus [89].

1.4.7  OTHER INTERNAL ADIPOSE TISSUE COMPONENTS:
PERIVASCULAR ADIPOSE TISSUE

In addition to the VAT and SAT, adipose tissue is also found in the close vicinity 
of blood vessels and it is known as perivascular white adipose tissue (pAT). pAT 
secretes cytokines such as IL-1, MCP-1, TNF-α, pro-atherogenic chemokines, and 
pro-angiogenic peptides. These factors appear to contribute directly to alterations 
of the function and structure of the vascular wall, including chronic inflammation, 
infiltration of leukocytes at the interface between human pAT and the adventitia of 
atherosclerotic aortas, alterations of vascular tone, proliferation of smooth muscle 
cells, neo-angiogenesis, and the development of obesity-associated atherosclerosis 
and cardiovascular complications. The effects of other obesity-related risk factors 
such as dyslipidemia, hypertension, and insulin resistance on pAT remain unex-
plored, but it is conceivable that these factors modulate the adipogenesis and func-
tionality of pAT depots, e.g., through local shear stress [90].

As obesity develops, hypertrophy and hyperplasia of perivascular adipocytes 
result in altered patterns of secretion of the adipokines including TNF-α, TGF-β,
IL-6, and chemokines like IP-10 and MCP-1 that promote chemotaxis of leukocytes
to the vascular endothelium and their migration into the vascular walls. The conse-
quence is a local inflammatory burst with production of additional cytokines and 
chemokines by chemo-attracted leukocytes and adipocytes.

The local production of matrix metalloproteinases and various angiogenic 
factors by AT increases neo-vascularization that in turn supplies the oxygen and 
nutrients necessary for the development and maintenance of local inflammation 
and plaque formation. Some pAT-derived chemokines such as MCP-1 and IP-10
stimulate the migration and proliferation of smooth muscle cells. Finally, angio-
tensin II and TNF-α, along with the local overproduction of ROS, contribute to a 
lower bioavailability of NO, putatively leading to vasoconstriction and impaired 
insulin-mediated vasodilatation, ultimately enhancing insulin resistance. Taken 
together, pAT exhibits all the characteristics of a local promoter of atherosclero-
sis. However, this appealing concept requires confirmation by further mechanistic 
research and intervention trials. Although the direct causal role of pAT in the pro-
cess of atherogenesis will be challenging to establish, it may potentially provide a 
novel target for the prevention and treatment of obesity-associated cardiovascular 
complications [91]. pAT, on the other hand, has been reported to lower vascular 
tone through the release of a transferable, thermosensitive, non-lipid factor that 
stimulates the generation of NO by endothelium and through an endothelium-inde-
pendent mechanism involving hydrogen peroxide (H2O2) and subsequent activa-
tion of soluble guanylyl cyclase (sGC) [92].
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1.4.8 BROWN ADIPOSE TISSUE

Like the murine adipose organ, the human adipose organ contains BAT. It is easy 
to understand that thermodispersion in humans is much lower than in rodents due 
to the relationship between surface and volume (S/V) of the human body that alone 
justifies a reduced need for brown adipose tissue in adult humans. Newborns have 
a different S/V relationship and considerable brown adipose tissue is present at that 
stage. Nevertheless, brown adipocytes dispersed among white adipocytes have been 
described in several histological studies (including studies showing the presence of 
UCP1) [93,94]. BAT in human newborns has been described in most sites described 
for rodents and UCP1 gene expression was found in biopsies from VATs of lean and 
obese adult patients. The authors calculated the presence of one brown adipocyte for 
every 100 to 200 white adipocytes in VATs of lean adult humans [95].

BAT was reported to be increased in outdoor workers in northern Europe [96] and 
in patients with pheochromocytoma (a noradrenaline-secreting tumor). Furthermore, 
rare hibernomas, BAT tumors occurring in several anatomical sites including SAT 
and VAT, have been described (about 100 cases are discussed in the literature and we 
recently observed a case in which brown adipocytes expressed UCP1 and exhibited 
the classic electron microscopic profile with typical mitochondria).

Positron emission tomography using fluorodeoxyglucose (FDG PET) has been 
applied to brown fat. Extensive use of this technique identified amounts of brown 
adipose tissue in adult humans [97,98]. The anatomical sites described as normal for 
human BAT are the root of the neck, the roots of the upper limbs, and the intercostal 
spaces near the vertebral column [99]. Of note, the density of human BAT increases 
after cold exposure, especially during winter, as revealed by PET [100]. In biop-
sies of the perithyroid areas of the necks of human adults (corresponding to one of 
the PET-positive areas in other patients of the same age and BMI levels), we found 
UCP1-positive brown adipocytes by immunohistochemistry analysis.

The physiological role of BAT in humans is debated, but the possibility of 
increasing it artificially to treat obesity and related disorders cannot be excluded. It is 
interesting to note that human adults with reduced brown phenotypes of abdominal 
subcutaneous adipose tissue exhibit reduced insulin sensitivity [101] and that human 
white adipocyte precursors may be induced in vitro to express UCP1 by administra-
tion of drugs [102].

1.4.9 DEVELOPMENT AND TURNOVER

In addition to specific differences in the distribution of adipose tissue, humans dif-
fer from other primates and subprimates, by the presence of a significant amount of 
body fat in utero and at birth. It has been hypothesized that these sites may serve as 
supplemental energy stores for maintaining adequate feeding to the enlarged human 
brain when the flow of energy fuels from the mother is sharply decreased [103]. 
However, the in utero and perinatal periods are crucial for the regulation of whole-
body energy balance and the development of childhood obesity [104]. Two other 
critical periods are the adiposity rebound between ages 4 and 6 during which BMI, 
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after a rise in infancy and subsequent decline, begins to increase again, and adoles-
cence, when important changes in the quantity and location of body fat occur [105].

In girls, body fat changes from ~17 to ~24% of body mass throughout adolescence.

On the other hand, body fat in boys decreases over this same period. In contrast to 
girls, boys lose body fat, but the central deposition of body fat increases almost five-
fold, whereas this increase in females is only approximately three-fold [106].

In lean adults, the human adipose organ constitutes about 8 to 18% of the body 
weight in males and 14 to 28% in females (about 5% in monkeys) [107]. Gender 
greatly affects the morphological aspects and endocrine–metabolic functions of the 
adipose organ. Women have a higher percentage of body fat than men and tend to 
store adipose tissue preferentially in the lower body (gluteal and femoral) regions 
contrasting with the male pattern of fat distribution in the upper body (abdominal 
visceral and thorax) depots [108]. The increased gluteal–femoral adiposity in women 
is associated with increased lipid turnover due to increases in both stimulated lipoly-
sis and triglyceride synthesis, resulting in a larger fat cell size in these depots [109]. In 
contrast, increases in abdominal adipose tissue in men are accompanied by increased 
lipoprotein lipase (LPL) activity and decreased stimulated lipolysis in these depots 
[109,110]. These gender differences disappear after menopause and may justify the 
changes in fat distribution [111]. These differences in adipocyte metabolism, includ-
ing both basal and stimulated lipolysis, may be determined by sex steroids, particu-
larly estrogen which increases LPL activity in the gluteal–femoral region, leading to 
typical female adipose tissue distribution [112]. The reduced lipolytic activity in the 
gluteal–femoral region seems to be due to a relative preponderance of antilipolytic 
activity of α2 adrenoceptors over the lipolytic β adrenoceptors [111].

Several other aspects of adipose organ functioning clearly show a sexual dimor-
phism through the expression, synthesis, and release of different adipokines [113]. The 
development of the human adipose organ ends at puberty, mainly due to a proliferative 
process [114]. In massively obese humans, the adipose organ can increase four times 
and reach 60 to 70% of body weight [102]. The factors determining fat mass in adult 
humans are not fully understood, but increased lipid storage in mature adipocytes is 
considered to be a major determinant. In an insightful report, Spalding, et al. showed 
that adipocyte number is a crucial factor for determining fat mass in adults [115]. 
However, the number of fat cells remains very constant in adulthood in lean and obese 
individuals, even after marked weight loss, indicating that the number of adipocytes is 
set during childhood and adolescence.

To establish the dynamics within a stable population of adipocytes in adults, 
adipocyte turnover was measured by analyzing the integration of 14C derived from 
nuclear bomb tests in genomic DNA. Using this creative experimental approach, 
it was estimated that approximately 10% of fat cells are renewed annually at all 
adult ages and levels of BMI. Moreover, neither adipocyte death nor generation rate 
seemed to be altered in early onset obesity, suggesting a tight regulation of fat cell 
numbers in obesity during adulthood [115]. In case of fasting or caloric restriction, 
the adipose organ reduces its volume and adipocytes reduce their size. The reduction 
in adipocyte size is important because their size correlates with insulin sensitivity 
[116]. Completely de-lipidized adipocytes can be found in the adipose tissues of 
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subjects with negative energy balance. The morphology of de-lipidized adipocytes 
is similar to that described above for the equivalent cells of mice and rats. The fate 
of these de-lipidized adipocytes is still debated although some authors suggest that 
they undergo apoptosis [117].
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2 Adipose Tissue as 
Endocrine Organ

Kerry B. Goralski and Christopher J. Sinal

2.1 OVERVIEW

The global prevalence of obesity has increased at an alarming rate, particularly in 
the highly developed countries of North America and Europe. This excess adipos-
ity is associated with various negative psychosocial impacts and is a primary cause 
of disability, reduced economic productivity, and shortened life spans [1,2]. Obese 
individuals are also at increased risk for a number of serious comorbidities such 
as hypertension, type 2 diabetes, cardiovascular disease, dyslipidemia, gall bladder 
disease, sleep apnea, and some cancers [3–7].

Most troubling is the increased prevalence of childhood obesity, which indicates 
that obesity and related comorbidities will remain serious health concerns for many 
years to come. Despite intensive research, our understanding of the pathogenic rela-
tionship between obesity and obesity-associated metabolic disorders remains incom-
plete. In addition to serving an important metabolic role, adipose tissue is an active 
endocrine organ that secretes a variety of chemical signals collectively termed adi-
pokines. Currently, the total number of established and putative adipokines exceeds 
50. This chapter is intended to introduce the concept of adipose tissue as an endo-
crine organ and present a select group of representative adipokines that play estab-
lished roles in energy homeostasis and inflammation.
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2.2 ADIPOSE TISSUE AS ENDOCRINE ORGAN

Adipocytes, the major constituent cell types of adipose tissues, possess the meta-
bolic machinery to synthesize fatty acids (lipogenesis) and store them in the form of 
triglycerides during periods of abundant energy supply. In mammals, adipose tissue 
exists in various depots throughout the body (primarily subcutaneous and visceral) 
and in two distinct forms, brown adipose tissue and white adipose tissue [8]. In 
humans, brown adipose tissue is generally found only in infants and is specialized 
for heat production through non-shivering thermogenesis [9].

The lipid stored in brown adipocytes is primarily used as a fuel for this function. 
In contrast, lipid stored in white adipocytes serves as a long-term energy reserve that 
can be mobilized to meet the general energy requirements of the organism in times 
of caloric deficit [10]. In humans, the vast majority of adipose tissue is white and the 
expansion of this mass occurs when chronic energy intake that is primarily respon-
sible for obesity exceeds the energy expenditure. Historically, white adipose tissue 
was considered primarily with respect to energy storage and mobilization. However, 
in recent years, our understanding of the physiological and pathophysiological roles 
of white adipose tissue has undergone a major revolution driven by the identification 
of a large and diverse group of signaling molecules that are synthesized and secreted 
by this tissue.

It has been estimated that 20 to 30% of genes expressed in white adipose tis-
sue encode secreted proteins [11,12]. While most cells in white adipose tissue are 
adipocytes, non-adipocyte cell types are also present including those that comprise 
the adipose tissue matrix (endothelial, smooth muscle, and fibroblast cells) and the 
stromal vascular components (monocytes, macrophages, and pre-adipocytes) [13]. 
By strict definition, the adipokine term was devised in reference to cytokine mol-
ecules (adipocytokines) secreted by adipocytes. However, in recent years this term 
is more commonly used to cover a broad range of biologically active molecules 
secreted by white adipose tissue.

Adipokines include pro-inflammatory cytokines and cytokine-related proteins, 
complement and complement-related proteins, fibrinolytic proteins, proteins of the 
renin–angiotensin system, and a variety of other biologically active proteins exerting 
hormone-like actions (Figure 2.1). Some adipokines such as leptin are synthesized 
and secreted almost exclusively by adipocytes, while others such as adiponectin 
are produced and secreted by both adipocytes and non-adipocyte cells (Figure 2.2) 
[13,14]. Other adipokines such as tumor necrosis factor-alpha (TNF-α) and interleu-
kins-6 and -8 (IL-6, IL-8) originate largely from non-adipocyte cells (Figure 2.2) 
[13]. Many adipokines perform local autocrine or paracrine actions that affect adi-
posity, adipocyte metabolism, and inflammatory responses in white adipose tissue. 
Adipokines also play important roles in the regulation of systemic energy metabolism 
through endocrine and systemic actions in the brain, liver, and muscle. The serum 
levels of many adipokines are profoundly affected by degree of adiposity [15–23], 
indicating that the synthesis and secretion of these signaling molecules are dynamic 
and modifiable. This led to the hypothesis that dysregulation of adipokine secretion, 
particularly of those that influence systemic insulin sensitivity and/or inflammation, 
underlies increased risks for type 2 diabetes and cardiovascular disease in the obese. 
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Our current recognition of white adipose tissue as an endocrine organ and the link-
age between dysregulation of this function and metabolic disorders derives in large 
measure from the early efforts of research groups to elucidate the function of leptin, 
the cardinal adipokine.

2.3 LEPTIN

The critical role of the hypothalamus in energy homeostasis was realized in the 
second half of the 20th century. The earliest evidence emerged from studies in 
rats where it was observed that lesions of the ventromedial hypothalamus resulted 
in hyperphagia and obesity [24] while lesions of the lateral hypothalamus caused 
reduced food intake and a lean morphology [25]. These findings led Kennedy [26] 
to formulate the “lipostat” hypothesis that predicted the existence of circulating 
humoral (endocrine) factors released peripherally in proportion to fat mass and func-
tion to regulate energy balance in the brain.

The first identification of one of these factors was aided tremendously by the char-
acterization of two strains of obese mutant mice by the researchers at the Jackson 

white adipose tissue

Collagenase digestion

Filter 200 μm mesh

Centrifuge
filtrate

Fraction 1
Filter–retained
Fraction

Fraction 2
Floating fraction

Fraction 3
Non–fat fraction

Adipose–tissue matrix
(endothelial, smooth muscle and
fibroblast cells)

PAI–1, IL–8, VEGF, IL–6
IL–1β, IL–10, TNFα,
adiponectin

Adipocytes

leptin, adiponectin

Stromal vascular cells
(monocytes/macrophages/preadipocytes)

TNFα

FIGURE 2.1 Cellular localization of adipokine secretion. Using a simple collagenase diges-
tion, filtration, and centrifugation procedure, human white adipose tissue can be resolved 
into three cellular fractions. Fraction 1 is non-fat and is retained on the filter. It represents 
undigested vascular endothelial and smooth muscle cells and connective tissue fibroblasts. 
Following centrifugation of the filtrates, two additional fractions are obtained. Fraction 2 
consists of lipid-filled adipocytes and floats following centrifugation. Fraction 3 is a non-
fat (stromal–vascular) fraction that pellets during centrifugation and contains monocytes/
macrophages and preadipocytes. Using this procedure Fain and colleagues characterized 
the relative distribution of adipokine secretion from each of the cellular compartments 
[13,158,186,188,190,191].
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Laboratory. The first mouse strain was described in 1950 [27] as exhibiting rapid 
weight gain beginning at approximately 4 to 6 weeks of age; by the age of 10 months 
the mutant mice weighed approximately four times the weights of normal litter-
mates. While these obese mice were sterile, heterozygote matings indicated a reces-
sive gene mutation designated ob (obese). A second mutant strain with an obese and 
frankly diabetic phenotype was subsequently identified in 1966 [28]. The recessive 
mutation in this case was designated db (diabetes). Further characterization of both 
the homozygous ob/ob and db/db mouse strains revealed many common phenotypic 
traits including obesity, hyperphagia, hyperglycemia, hyperinsulinemia, insulin 
resistance, and impaired thermogenesis [29].

Parabiosis studies utilize a surgical procedure that allows the conjoining of ani-
mals with different physiologic or genetic characteristics to share blood supplies and 

FIGURE 2.2 Representative summary of adipose-derived signalling molecules. The growing 
list of these signaling molecules, collectively termed adipokines, consists of several families of 
biologically active proteins including pro-inflammatory cytokines and cytokine-related pro-
teins, complement and complement-related proteins, fibrinolytic proteins, proteins of the renin–
angiotensin system, chemo-attractant proteins, growth factors and a variety of other biologically 
active proteins with hormone-like actions. Adipokines such as leptin, ASP, TNF-α, IL-6, and 
chemerin have local autocrine and paracrine actions that regulate adipocyte metabolism, pre-
adipocyte differentiation into adipocytes, and recruitment of immune cells (macrophages) and 
inflammation in white adipose tissue. Through endocrine actions, adipokines including leptin, 
adiponectin, resistin, TNF-α, and IL-6 have important roles in the regulation of inflammation 
and metabolic and vascular homeostasis. It is now widely accepted that the dysregulation of 
adipokine secretion in obesity is linked to the development of to chronic low-grade inflamma-
tion and insulin resistance that are central components of vascular and metabolic diseases. (Key 
citations for adipokines: leptin [32], TNF [122], resistin [152], chemerin [179], adiponectin [73], 
visfatin [180], RBP4 [181], PAI-1 [182], adipsin [183], ASP [184], angiotensin II [185], TGF-β
[186], MCP-1 [187], IL-1β, IL-6, IL-8, IL-10, and VEGF [13], IL-18, cathepsin S, macrophage 
inhibitory factor, and nerve growth factor [188], CRP [189].)
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subsequent circulating endocrine factors. The classical parabiosis studies of ob/ob
and db/db mice conducted by Coleman and Hummel [30,31] were instrumental in 
defining the natures of ob and db mutations and linking them to the same metabolic 
pathway (Figure 2.3). In experiments in which a normal wild type mouse was para-
biosed with an ob/ob mouse, the hyperphagia and rate of weight gain in the obese 
mouse were reduced substantially (Figure 2.3A).

The absence of any effects in the normal wild-type parabiot indicated that the ob/
ob mouse was deficient in some endocrine satiety factor rather than producing an 
altered form of that factor with adverse effects in the normal parabiot. In contrast, 
when a normal mouse was parabiosed with a db/db mouse, the obese mouse was 
largely unaffected but the normal mouse rapidly lost weight and died of starvation 
within 2 months of the surgical procedure (Figure 2.3B). This suggested that the db/db
mouse was resistant to the endocrine satiety factor produced by the normal mouse and 
also produced a satiety factor that adversely affected the normal parabiot. When an 
ob/ob mouse was parabiosed with a db/db mouse, the ob/ob mouse lost weight, devel-
oped hypoglycemia and hypoinsulinemia, and eventually succumbed to starvation 
(Figure 2.3C). In comparison, the obese and diabetic phenotype of the db/db mouse 
was unaffected. Collectively, these results indicated that the ob/ob mice were deficient 
in an endocrine satiety signal but possessed an intact satiety center. In contrast, the db/
db mice appeared to produce this signal but had defective satiety centers.

A

B

C

wt

ob

wt

db

ob

db

wt

ob

wt

db

ob

db

Active satiety factor
(leptin)

Inactive satiety receptor
(ObRa)
Inactive satiety receptor
(ObRb)

Active satiety pathway

Inactive satiety pathway

FIGURE 2.3 Summary of parabiosis experiments that contributed to the discovery of leptin 
and the leptin receptor. When a wild-type mouse was paired with an ob/ob parabiot, func-
tional leptin was provided by the wild-type partner and this restored food intake and weight 
gain to near normal levels in the ob/ob mouse (A). In contrast, db/db mice were refractory to 
the leptin produced by the wild type (B) and db/db (C) parabiot due to a lack of functional 
leptin receptor. The adverse hypophagic effect in the wild-type or ob/ob parabiot when paired 
with a db/db mouse was explained by overproduction of leptin by the db/db parabiot.
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The identity of this proposed satiety factor remained unknown for a further 20 
years until Jeffrey Friedman and colleagues defined the product of the ob gene as 
leptin [32]. Derived from the Greek leptos meaning thin, leptin was identified by 
positional cloning as a highly conserved 16-kDa cytokine-related protein expressed 
predominantly in white adipose tissue. Ob/ob mice were found to possess nonsense 
mutations in their leptin genes that resulted in the generation of a non-functional pro-
tein product. Soon the db gene was identified to encode the leptin receptor (ObR), a 
member of the cytokine receptor superfamily highly expressed in the hypothalamus, 
white adipose tissue, and testes [33,34]. The db mutation results in a truncated ObR 
that does not mediate leptin signalling [35]. In contrast to the ob/ob mice, the db/db
strain expressed markedly elevated levels of functional leptin.

Thus, the emergence of modern genetic analysis provided a mechanistic expla-
nation for the observations derived from classical physiological parabiosis studies 
(Figure 2.3). The discovery of leptin as a white adipose-secreted satiety factor pro-
foundly modernized our view of white adipose tissue from an organ solely respon-
sible for energy storage and mobilization to reveal that this tissue is an endocrine 
organ that regulates metabolism and body weight through the release of a diverse 
spectrum of adipokines.

In humans, adiposity and gender are major determinants of circulating leptin lev-
els [36–39]. Regardless of fat mass, fasting plasma leptin levels are generally higher 
in women than men. This is attributed in part to larger subcutaneous white adipose 
tissue depots in women and the effects of male and female reproductive hormones on 
leptin production in white adipose tissue [40]. Plasma leptin levels follow both diur-
nal and pulsatile patterns in humans. Peak plasma leptin levels occur at night and 
nadir levels occur in the morning hours [38]. The major pulsatory secretion appears 
to occur as a delayed post-prandial response, 2 to 3 hours following meals and sub-
sequent to a rise in insulin level [38]. Plasma leptin levels decrease with short-term 
fasting and increase a few hours after re-feeding [39,41–43]. The short-term reduc-
tions in plasma leptin that occur with fasting directly correlate with serum insulin 
and glucose levels, are increased within hours after initiating a glucose infusion, and 
can be prevented by maintenance of euglycemia [39,41]. A number of other factors 
including estrogenic hormones, glucocorticoids, and acute exposure to TNF-α are 
known to stimulate leptin release from white adipose tissue [40]. In comparison, 
androgens, thiazolinediones, sympathetic nervous system stimulation, and chronic 
exposure to TNF-α inhibit leptin secretion [40].

Early observations that leptin administration to leptin-deficient obese mice 
reversed obesity and corrected metabolic abnormalities generated considerable 
excitement with respect to the potential therapeutic use of this adipokine as an anti-
obesity or anti-diabetic agent [44–46]. However, disappointing results from human 
clinical trials demonstrating minimal efficacy in treating obesity did much to dis-
sipate this fervor [47–49]. As most overweight and obese persons already have ele-
vated leptin levels, the current general consensus is that responsiveness to leptin 
is decreased, leading to a state of leptin resistance. Reduced blood–brain barrier 
transport of leptin in obesity, impaired diurnal and pulsatile secretion of leptin, and 
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leptinergic receptor blockade in white adipose tissue are postulated to contribute to 
a reduction in leptin sensitivity [38,50–52].

Nonetheless, given that leptin administration can blunt increased hunger associ-
ated with weight reduction [53], the potential remains to utilize leptin as an adjuvant 
to prevent the regain of weight that usually occurs after dieting. Similar to obe-
sity, an absence of white adipose tissue (lipodystrophy) also produces insulin resis-
tance, diabetes, hypertriglyceridemia, and other undesirable physiologic changes in 
rodents and humans [54–58]. Leptin replacement therapy has shown promise as an 
approach for reversing the metabolic complications of generalized lipodystrophy and 
lipodystrophy in HIV-infected individuals treated with highly active antiretroviral 
therapy [59,60]. This approach may also prove advantageous by reducing the need 
for other antidiabetic agents in patients with lipodystrophy [59].

It is well known that leptin activates anorexigenic pathways (cocaine- and 
amphetamine-related transcripts and propiomelanocortin) that decrease feeding and 
inhibit orexigenic (neuropeptide Y and agouti-related protein) pathways that enhance 
food intake in the arcuate nucleus of the hypothalamus [61]. When energy expen-
diture exceeds energy intake, body fat stores decrease, leading to decreased leptin 
secretion and a corresponding increase in food intake. When energy intake exceeds 
energy expenditure, body fat stores increase, leading to increased leptin levels and a 
subsequent reduction in feeding. Through these mechanisms in the non-obese indi-
vidual, the action of leptin within the hypothalamus accurately balances food intake 
with energy expenditure maintaining body fat stores within narrowly defined limits 
[53,61,62]. However, alterations in body weight “set point” may arise due to leptin 
resistance in the hypothalamus and thus contribute to the development of obesity 
[62]. This idea is supported by observations that mice and humans that lack func-
tional leptin or the ObR are hyperphagic, have lower metabolic rates, and develop 
massive obesity [32,37,63].

While the central effects of leptin to regulate energy intake and expenditure are 
well established, pleiotropic effects in peripheral tissues also occur. For instance, 
leptin produces overall catabolic actions in white adipose tissue by decreasing 
glucose uptake into adipocytes, promoting lipolysis of triglycerides by hormone-
sensitive lipase and inhibiting lipoprotein lipase [52,64]. In skeletal muscle, leptin 
induces AMP-activated protein kinase (AMPK) phosphorylation and activity lead-
ing to downstream stimulation of fatty acid oxidation [65].

High concentrations of leptin have also been shown to enhance glucose-stim-
ulated insulin secretion from pancreatic islet cells [66]. Increasing evidence indi-
cates that leptin has pro-inflammatory and immunomodulatory functions [67,68]. 
Mice homozygous for ob or db gene mutations show impaired immune responses 
and are more susceptible to infections attributed to altered T cell-mediated immune 
responses [69]. Macrophage infiltration into white adipose tissue and corresponding 
low-grade inflammation has been implicated as an early event in the metabolic com-
plications of obesity [70,71]. Experimental evidence indicates that elevated levels of 
leptin contribute to the development and persistence of this localized inflammatory 
response in obesity [72].
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2.4 ADIPONECTIN

In the mid 1990s, several research groups independently described adiponectin as a 
novel 30-kDa protein secreted primarily by white adipose tissue [73–75]. Since those 
initial reports, adiponectin has been the most intensively studied adipokine next to 
leptin. This abundant serum protein belonging to the complement factor C1q family 
has a pleiotropic role in regulating inflammation, energy metabolism, and vascular 
function. In lean individuals, adiponectin is secreted to a similar degree from subcu-
taneous and visceral white adipose tissues [73,74,76]. However, in obese individuals, 
adiponectin secretion from visceral (but not subcutaneous) white adipose tissue is 
significantly reduced [13].

While expression of adiponectin is restricted to adipocytes in rodents [74], it is 
released in similar amounts from adipocytes and non-adipocyte cells of the tissue 
matrices of human white adipose tissue [13]—the major source of circulating adi-
ponectin. However, modifiable adiponectin expression and/or secretion were reported 
for skeletal muscle, cardiac myocytes, hepatic endothelial cells, and osteoblasts, sug-
gesting potential local physiological roles at these sites [77–80]. Full-length adiponec-
tin is synthesized as a monomer that contains collagenous and globular domains. In 
the blood, full-length adiponectin exists as low, medium, and high molecular weight 
aggregates (LMW, MMW and HMW, respectively). The LMW form is a homotrimer 
consisting of three full-length adiponectin monomers. The MMW form is a hexamer 
composed of two disulfide-linked homotrimers. The HMW forms are multimeric 
adiponectin complexes formed by further assembly of the hexamers and contain 12 
to 18 adiponectin monomers [76,81–83].

These various forms of adiponectin interact with two subtypes of adiponectin 
receptors (AdipoRs). AdipoR1 is expressed in brain, heart, kidney, liver, lung, spleen, 
and testes with the highest expression occurring in skeletal muscle. AdipoR2 is most 
highly expressed in the liver [84]. Using bacterial-generated recombinant proteins, 
Yamauchi and colleagues demonstrated that Adipo1 has a higher affinity for the 
globular subdomain of adiponectin and lower affinity for the naturally occurring 
full-length adiponectin [84,85]. Conversely, adipoR2 has intermediate affinity for 
globular and full-length adiponectins. While full-length adiponectin can undergo 
proteolytic cleavage to release globular adiponectin, the natural presence of the glob-
ular fragment in the circulation remains questionable [86–88]. It is important to note 
that recombinant full-length adiponectin generated in mammalian cells compared 
to the full-length protein generated in bacteria is more efficacious with respect to a 
number of measured metabolic endpoints [89,90]. Thus, it is likely that a lack of post-
translational processing and oligomerization into HMW forms of bacterially derived 
full-length adiponectin prevents optimal interaction of adiponectin with AdipoR1 
and 2 [87].

More recently, T-cadherin, a cell-surface receptor found on endothelial and 
smooth muscle cells, has been demonstrated to serve as a third putative receptor 
for MMW and HMW adiponectin [91]. The multitude of tissues that express adi-
ponectin receptors, combined with different forms of circulating adiponectin likely 
contribute to the diverse anti-inflammatory, anti-atherogenic, anti-proliferative, and 
anti-diabetic metabolic effects of this adipokine.
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At variance with the other adipokines described in this chapter, circulating adi-
ponectin concentrations are decreased in obese and type 2 diabetic rodents and 
humans with insulin resistance [12,92–95]. Conversely, elevated levels of adiponec-
tin in elderly women with peripheral adiposity are associated with increased insulin 
sensitivity and hypothesized to provide protection against the pro-atherogenic effects 
of inflammatory cytokines [96]. In addition to overall fat mass, visceral fat mass, an 
important risk factor for insulin resistance, is an independent negative predictor of 
adiponectin levels [92].

In agreement with these observations, adiponectin secretion from omental white 
adipose explants prepared from obese and diabetic patients was reduced to 67 and 
34% of controls, respectively [14]. The mechanisms leading to a reduction in adi-
ponectin with obesity are not clearly understood but may involve elevated TNF-α
and IL-6 levels in white adipose tissue, both of which inhibit adiponectin expression 
and secretion from adipocytes and the vascular matrix. In support of this idea, block-
age of TNF-α with etanercept enhanced the corresponding release of adiponectin 
from human white adipose tissue explants by 30% [14].

Increasing evidence indicates that the reduced circulating adiponectin levels char-
acteristic of obesity are causative factors in the inflammatory, metabolic, and vascu-
lar complications of this disorder [97]. Collectively, experiments with mouse models 
of obesity and adiponectin- and adipoR-deficient mouse models show that adiponec-
tin mediates a number of beneficial anti-diabetic metabolic effects including reduc-
tion of plasma triglycerides and free fatty acids along with reversal of hyperglycemia 
and insulin resistance [12,95,98]. For example, overexpression of adiponectin in ob/
ob mice resulted in preferential distribution of lipid to white adipose tissue and pre-
vention of ectopic fat distribution to muscle and liver, resulting in the maintenance of 
a normal metabolic profile in the face of increased white adipose tissue mass [99].

The beneficial effects of adiponectin on circulating triglycerides and insulin resis-
tance are mediated through activation of AdipoR1 and R2 signalling in the liver 
where this adipokine activates PPARα and AMPK signaling pathways, ultimately 
increasing the β-oxidation of fatty acids and inhibiting hepatic gluconeogenesis and 
insulin-stimulated hepatic glucose output [84]. AdipoR1 and R2 are also expressed 
in the hypothalamus and administration of adiponectin into the lateral ventricle 
decreases body weight, blood glucose, blood insulin, and serum triglycerides in ob/
ob mice, indicating that this adipokine may regulate metabolism and insulin sensi-
tivity in the CNS [100].

With regard to insulin sensitivity, the overall distribution of adiponectin between 
LMW and HMW forms is more physiologically important than absolute levels 
of adiponectin [101]. This is supported by the observation that insulin sensitivity 
directly correlated with the ratio of HMW adiponectin to total adiponectin but not 
the absolute amount of circulating HMW or total adiponectin [101]. Further support 
for this idea arises from the observations that treatment of humans and mice with 
insulin-sensitizing thiazolidinediones (TZDs) selectively increased HMW adiponec-
tin, whereas total adiponectin was only marginally increased. Moreover, the abil-
ity of TZDs to promote HMW adiponectin secretion from adipocytes and increase 
plasma levels of HMW adiponectin presents a novel mechanism that may contribute 
to the insulin-sensitizing effects of these agents [101–104].
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The observation that humans with various point mutations in the adiponectin
gene are deficient in HMW adiponectin, insulin-resistant, and diabetic confirms 
that anti-diabetic activity resides with the multimeric form of adiponectin [87]. Of 
interesting note, females have higher circulating levels of HMW adiponectin com-
pared to males [83,87,96]. This prompted speculation that the sexual dimorphism 
in adiponectin distribution may contribute in part to the lower prevalence of insulin 
resistance and atherosclerosis in females [83,105,106].

Adiponectin exerts an anti-inflammatory effect through inhibition of the NF-κB
transcription factor in adipocytes and endothelial cells and blockade of the produc-
tion of the pro-inflammatory IL-6 and TNF-α cytokines [107,108]. Thus, the loss of 
adiponectin secretion in obesity has been suggested to contribute to inflammatory 
responses and endothelial dysfunction that leads to atherosclerotic vascular changes 
[109,110]. This link between reduced adiponectin and vascular disease is supported 
by a number of findings in animals. Adiponectin inhibits the development of athero-
sclerosis in ApoE knockout mice [111]. As a second example, adiponectin knockout 
mice develop hypertension on a high salt diet that can be ameliorated by adiponectin 
administration [112]. A similar role for adiponectin in protection against vascular 
disease appears to extend to humans. For example, high plasma adiponectin concen-
trations are associated with a lower risk of myocardial infarction in men [113] and 
decreased adiponectin levels are observed in hypertensive men compared to healthy 
controls [114].

2.5 TUMOR NECROSIS FACTOR-ALPHA (TNF-α)

TNF-α was originally characterized as cachectin, a cytokine factor produced from 
activated macrophages [115]. It is now well established that TNF-α is an adipokine 
with multiple biological functions including cell proliferation and death, metabo-
lism, inflammation, and immune function. Most white adipose-secreted TNF-α
originates from stromal vascular cells [13,116]. TNF-α acts in a paracrine fash-
ion to inhibit adipogenesis and lipogenesis and activate lipolysis in adipocytes 
[115,117–119]. These combined actions reduce white adipose tissue mass and may 
contribute to the cachexia and hyperlipidemia that occur with certain infections 
and malignancies.

Increased expression and secretion of TNF-α from white adipose tissue has been 
reported in obese and insulin-resistant humans and rodents. [116,120–122]. In con-
trast, body weight reduction in obese humans is associated with lower white adipose 
TNF-α mRNA expression and improved insulin sensitivity [120]; in obese rodents, 
neutralizing antibodies for TNF-α can reverse insulin resistance [122]. The results 
of these studies support a causative role for TNF-α in mediating the pathogenic 
effects of obesity including insulin resistance, diabetes, and cardiovascular diseases 
[23,123].

At the molecular level, TNF-α contributes to insulin resistance through the inhi-
bition of insulin-stimulated glucose uptake and lipoprotein lipase activity in white 
adipose tissue and insulin-stimulated glucose uptake and fatty acid metabolism in 
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muscle [124–126]. White adipose tissue secretion of TNF-α (but not plasma TNF-α)
was a predictor of the insulin-resistant state, suggesting that local effects of TNF-α in 
white adipose tissue may indirectly lead to insulin resistance in other organs [116].

One proposed mechanism whereby TNF-α may promote systemic insulin resis-
tance indirectly is through a reduction in secretion of adiponectin, an anti-inflamma-
tory adipokine that antagonizes many of the actions of TNF-α [76]. In recent years, 
anti-inflammatory therapies targeting TNF-α activity have emerged as experimental 
strategies for the treatment of obesity-related diseases. In double-blind placebo-con-
trolled clinical studies, treatment of patients with metabolic syndrome with the etan-
ercept TNF-α blocker reduced the levels of the CRP, IL-6, fibrinogen, and resistin 
inflammatory markers [127,128]. However, any potential beneficial effects of inter-
rupting the inflammatory cascade occurring with abdominal obesity appear to be 
offset by increased muscle adiposity and a decrease in the ratio of HMW adiponectin 
to total adiponectin—a strong predictor of insulin sensitivity [128].

2.6 INTERLEUKIN-6 (IL-6)

IL-6 is a multi-functional adipokine that regulates immune responses and metabo-
lism as well as the growth and differentiation of a variety of cell types. White adipose 
tissue secretion accounts for approximately 30% of the total amount of circulating 
IL-6, with the majority derived from non-adipocyte matrix cell constituents [13, 129, 
130]. The biological effects of IL- 6 are mediated by the IL-6 receptor expressed by 
a variety of cell types including adipocytes, monocytes, hepatocytes, neurons, and 
glial cells [131–134]. Additionally, IL-6 may mediate inflammatory responses via 
binding to a soluble form of the IL-6 receptor in biological fluids and subsequent 
interactions with membrane-bound gp130 signal-transducing subunits on various 
cell types [135,136]. IL-6 acts in a paracrine fashion within white adipose tissue to 
reduce adiponectin secretion from adipocytes and reduce the production and activity 
of the lipase lipogenic enzyme lipoprotein [137,138].

Consistent with this, IL-6 has been linked to white adipose wasting that occurs 
in cancer cachexia [139]. IL-6 systematically induces hypertriglyceridemia by stim-
ulating triglyceride secretion from hepatocytes [140]. In obese humans, elevated 
plasma blood levels of IL-6 reflect increased expression and secretion from white 
adipose tissue and are believed to be predictive of type 2 diabetes [116,130,141,142]. 
Furthermore, IL-6 alters the expression and/or functions of key proteins involved 
in insulin signalling and glucose transport, indicating a causative link between 
IL-6 and insulin resistance in skeletal muscle, liver, and adipocytes [141,143–145]. 
Interestingly, mice deficient in IL-6 were reported to develop mature onset obesity 
and decreased glucose tolerance that could be reversed partially by delivery of IL-6 
into the lateral ventricle of the brain, but not when administered peripherally [146]. 
However, a more recent study failed to detect mature onset obesity, abnormal lipid 
metabolism, and hyperglycemia in IL-6 deficient mice [147]. These findings may 
reflect a more complex role for IL-6 in the regulation of metabolism that involves 
differential effects in the CNS versus the periphery.
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2.7 RESISTIN

Resistin, a member of the resistin-like molecule (RELM) family of proteins, is a rela-
tively recently discovered adipokine with dual roles in inflammation and metabolism 
[148]. Similar to adiponectin, resistin circulates in multiple forms including a trimer, 
a hexamer, and higher molecular weight oligomers [149,150]. Resistin was originally 
identified as a novel insulin resistance factor induced during 3T3-L1 adipocyte dif-
ferentiation but down-regulated in response to treatment of mature adipocytes with 
TZDs [151,152]. Steppan and colleagues went on to demonstrate that the recombi-
nant resistin protein impairs glucose tolerance and insulin action in mice [152]. In 
comparison, neutralization of resistin improves blood glucose and insulin sensitivity 
in mice with dietary obesity and enhances glucose uptake by adipocytes [152].

Thus, it was postulated that modification of resistin levels may serve as a causative 
link between obesity and insulin resistance and as a mechanism whereby TZDs exert 
anti-diabetic effects. Support for an attenuating effect of resistin on insulin action 
was provided by the subsequent observations that resistin knockout mice displayed 
decreased hepatic gluconeogenesis whereas replacement of resistin to these mice 
increased hepatic glucose output [153].

In comparing the trimer and hexamer isoforms of resistin, the former was more 
biologically active than the latter with respect to impairing hepatic insulin action in 
vivo [150]. In rat skeletal muscle, resistin decreased insulin-stimulated glucose uptake 
though inhibition of IRS-1 signaling and translocation of the GLUT4 facilitated glu-
cose transporter to cell membranes [154]. Thus, apart from the liver, skeletal muscle 
may act as a secondary target for the insulin-attenuating effects of this adipokine.

Rodents exhibited dissociation between resistin expression in white adipose 
tissue, which decreases with obesity, and serum resistin levels that increase with 
obesity [152,155]. In humans, conflicting experimental data has generated some con-
troversy regarding the localization of white adipose tissue expression and secretion 
of resistin. For example, Nagaev et al. reported that resistin expression was undetect-
able or detectable only at very low levels in a small proportion of human adipocytes 
and white adipose tissue samples [156]. Similarly Yang et al. reported that resistin
expression in human white adipose tissue was less than 1% of that in mouse white 
adipose tissue. In contrast, McTernan et al. detected higher levels of resistin protein 
in human subcutaneous and omental white adipose tissue compared to rat white 
adipose tissue and demonstrated greater resistin secretion from pre-adipocytes com-
pared to adipocytes [157].

Fain and coworkers demonstrated highly variable levels of resistin secretion 
from human subcutaneous and visceral white adipose tissue explants attributable 
to non-fat cells rather than adipocytes [158]. Other experimental evidence indicates 
that macrophages and pre-adipocytes are the primary sites of resistin expression in 
humans and that macrophages are quantitatively the major sources of resistin secre-
tion in human white adipose tissue [156,159,160].

Thus, in obesity, infiltration of macrophages into the white adipose tissue may be 
responsible for increased resistin secretion from that compartment. Physiologically, 
the locally elevated levels of resistin may be important for altered adipocyte func-
tion as human resistin has been shown to stimulate pre-adipocyte proliferation 
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and lipolysis in mature adipocytes [161]. Furthermore, elevated white adipose tis-
sue resistin may contribute to localized inflammatory responses in obesity because 
human resistin stimulates the secretion of other pro-inflammatory cytokines includ-
ing TNF-α and IL-12 [162].

In addition to the differences in white adipose tissue expression patterns, human 
and mouse resistins are only 59% identical at the protein level, leading to questions 
about a conserved role of resistin in the pathogenesis of human obesity [163]. The 
functional role of resistin is further obscured by widely varying results from human 
studies. In support of resistin involvement in inflammation and insulin resistance, 
McTernan and coworkers found a 20% increase in serum resistin levels in type 2 
diabetics compared to controls [164]. Consistent with a potential pro-inflammatory 
function, the levels of resistin correlated moderately with the CRP inflammatory 
marker. However, they found no association with adiposity or fasting insulin levels. 
In keeping with the effects of TZDs to lower resistin levels in mice, rosiglitazone 
blocked insulin-dependent secretion of resistin from isolated human adipocytes [164]. 
Similarly, in non-diabetic humans with metabolic syndrome and in HIV-infected 
men with insulin resistance and increased adiposity, TZD treatment produced small 
reductions in resistin levels [165–167].

Some evidence indicates that single nucleotide polymorphisms of the resistin 
gene may be associated with insulin sensitivity in humans [168–171]. However, a 
number of other studies failed to identify a link of resistin and insulin resistance 
and type 2 diabetes in humans. For example, no relationship was found between 
adipocyte resistin expression and body weight, insulin sensitivity, or other meta-
bolic parameters [159]. Nor did serum resistin levels correlate with various markers 
of adiposity (BMI, waist-to-hip ratio, fat mass), degree of insulin resistance, serum 
lipid profile, or serum leptin levels [172]. There was no difference in serum resistin 
levels of lean healthy and obese insulin-resistant nondiabetic and type 2 diabetic 
adolescents [172,173].

A second pediatric study found that resistin levels were higher in female com-
pared to male children but found no difference in resistin levels between obese and 
lean children and no correlation between resistin levels and markers of insulin resis-
tance in their subjects [149]. In adult patients treated with highly active antiretroviral 
therapy, no association between resistin levels and insulin resistance, fat redistribu-
tion or fat wasting, and metabolic abnormalities was detected [174]. While the jury 
is still out regarding the metabolic functions of resistin in humans, it is worth noting 
that human studies to date have been largely correlative. Studies in which resistin is 
directly administered or inhibited may shed more light on the role of this protein in 
human insulin resistance and diabetes.

2.8 CONCLUSIONS

Until relatively recently, white adipose tissue was regarded primarily as an organ of 
energy storage and mobilization. The discovery of leptin ushered in a new era of adi-
pose biology that established the important regulatory role of this tissue in systemic 
energy homeostasis. Since then research of adipokines and the endocrine function of 
white adipose tissue has exploded and the known biological roles of adipokines have 
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expanded to include pleiotropic regulatory effects on energy metabolism, vascular 
function, blood pressure regulation, inflammation, and immunomodulation.

It is now well established that changes in fat mass affect the secretion of 
numerous adipokines as well as the long-term risk for the development of preva-
lent diseases such as type 2 diabetes and cardiovascular disease. This suggests 
the intriguing possibility that manipulation of adipokine secretion and/or activ-
ity may be used as a novel therapeutic approach for the treatment of obesity and 
these obesity-associated comorbidities. Despite the largely disappointing results 
of trials utilizing exogenous leptin therapy as an anti-obesity agent, therapies that 
target or utilize adipokines still hold promise. For example, TZDs such as rosigli-
tazone and pioglitazone are among the most effective insulin-sensitizing drugs 
currently in use. A major effect of these drugs is to normalize white adipose tissue 
function and morphology, decrease serum leptin and TNF-α levels and increase 
serum adiponectin levels [103,104,175–178]. Thus, reversals of white adipose tis-
sue dysfunction and aberrant adipokine secretion are likely significant aspects of 
the therapeutic efficacy of TZDs. Further research to fully elucidate the biological 
functions of adipokines and identify mechanisms that regulate the synthesis and 
secretion of these critical signaling molecules will contribute to the development 
of novel therapeutic approaches targeting adipokines.
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3 Epidemiology of Obesity

Michael J. LaMonte

3.1 INTRODUCTION

Obesity is a serious threat to public health worldwide [1–3]. In developed countries, 
obesity prevalence historically has been greatest among those of lower socioeco-
nomic status, whereas in developing populations obesity was a condition of afflu-
ence. However, the prevalence of obesity (body mass index [BMI] ≥30 kg/m2) has 
risen steadily during recent decades among all the major population subgroups (e.g., 
gender, age, social class), leading obesity to replace more traditional public health 
concerns such as infectious diseases and malnutrition as a principal cause of illness 
[2]. Approximately 250 million individuals are clinically obese and it is estimated 
that by 2025 this number will increase to more than 300 million [2]. Among U.S. 
adults who at age 40 are non-obese, the estimated residual lifetime risk of becoming 
obese is close to 50% in both women and men [4].

Diabetes, hypertension, and coronary heart disease (CHD) are major consequences 
of obesity [5,6]. Obesity at age 40 has been estimated to reduce life expectancy by at 
least 6 years [7]. Based on the rapid increase in obesity among adolescents during the 
past 15 years [2], the negative effects of obesity on health and longevity may consider-
ably worsen in the forthcoming quarter century. The economic burdens of managing 
obesity-related risk factors, treating obesity-related comorbidities, and covering lost 
wages and productivity arising from obesity-related disabilities are staggering. The 
direct costs associated with obesity account for ≈6% ($99 billion) of total healthcare 
expenditures in the U.S. [8] and ≈3% in Europe [2]. Although obesity is an avoidable 
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risk factor for premature morbidity and mortality, the current obesity epidemic is a 
sobering international problem that carries a heavy societal toll.

3.2 ASSESSMENT AND CLASSIFICATION OF OBESITY

In order to characterize and compare the distribution and determinants of obesity 
among defined populations, a standardized case definition and assessment method 
must be used to classify obese and non-obese phenotypes. Differences among stud-
ies in the reported prevalence of obesity and in the strength and pattern of associa-
tion for obesity exposures and health outcomes depend, in part, on the methods of 
exposure assessment. Synonymous and inappropriate use of the overweight and obe-
sity terms leads to further discrepancies regarding the true population distributions 
of both conditions and their associated health risks [2,9,10].

Overweight refers to body mass in excess of a standard, often a percentage of 
“ideal” weight or a weight-for-height criterion derived from actuarial tables of life 
insurance companies [9]. Some individuals can be overweight without being obese, 
for example, a heavily muscled athlete [11]. Obesity refers to excessive body fat or 
adiposity [9]. Body fat is diffuse and essentially inaccessible for direct quantification. 
Laboratory procedures for estimating body fat mass include hydrodensitometry, iso-
tope dilution, dual x-ray absorptiometry (DXA), magnetic resonance imaging (MRI), 
and computed tomography (CT) scans. Although these methods provide highly 
accurate assessments of body composition (fat mass and lean mass) [9], their use in 
clinical practice or population research is limited by feasibility issues and by lack of 
standard criteria to define high risk levels of fat mass or percent body fat.

The most common method of assessing and classifying obesity status is body 
mass index (BMI) computed as weight in kilograms divided by the square of height 
in meters [9,10,12]. By standardizing body mass to the square of stature, this mea-
sure accounts for differences in body mass expected among individuals of different 
statures—a weight of 100 kg has a completely different meaning for an individual 
who stands 150 cm tall compared to one who is 190 cm tall.

An important assumption when using BMI as a surrogate measure of adiposity 
is that most variations in weight among individuals of the same height are due to 
differences in fat mass. This assumption tends to be true at the population level but 
may not be for a given individual. Body composition varies considerably with sex, 
age, race–ethnicity, nutritional status, and physical conditioning; thus a criterion-
referenced BMI scale may not correspond to the same levels of body fat within or 
between populations [12–15].

Women tend to have 10% higher body fat than men at a given BMI, and the 
relationship between BMI and fat mass weakens with advanced age. One of the best 
examples of an inappropriate use of BMI as a measure of adiposity is a report show-
ing that National Football League players are nearly all overweight, if not obese [16]. 
Despite its inability to discriminate between the various aspects of body composi-
tion, BMI is a simple, inexpensive measure that is mostly independent of stature, is 
highly correlated with total body fat (r = 0.70 to 0.89) in women and men represent-
ing a wide range of ages and BMIs [13–15,17], and is characterized by extensive 
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international reference data on its distribution and association with health outcomes 
in a variety of populations.

Another important distinction when assessing and classifying obesity is the pat-
tern or distribution of body fat [1,2,9]. Considerable variation in fat distribution exists 
among individuals of similar BMI or percent body fat [9,18]. Of particular concern 
is android fat distribution, otherwise known as abdominal obesity, that appears to 
be associated with a variety of neuroendocrine and metabolic disturbances that 
increase risk of diabetes, hypertension, and CHD, independent of overall adiposity 
[9,18,19]. Several methods have been used to quantify fat distribution including more 
costly and burdensome laboratory measures such as CT and MRI scans and simple 
anthropometric measures such as site-specific circumferences and related ratios, 
site-specific skinfolds and related ratios, and sagittal abdominal diameter [9,18,19]. 
The simplest approach to assessing and classifying abdominal obesity in clinical and 
research settings is the waist circumference measurement obtained using an anthro-
pometric tape measure level with the iliac crest at the end of a normal expiration. 
None of the other anthropometric measures of fat distribution appears to provide 
significant additional information on health risk beyond that provided by waist cir-
cumference measurement [18,19].

Correlations among BMI, waist circumference, total body fat mass, and abdomi-
nal fat mass (from CT scan) are high [17–19]. For example, correlations with BMI 
were r = 0.93 for waist, r = 0.72 for abdominal fat mass, and r = 0.94 for total body fat 
mass. Correlations with waist circumference were r = 0.77 and r = 0.92 for abdomi-
nal and total body fat mass, respectively [17]. Given the large amount of shared 
variation among BMI, waist circumference, and measures of total and abdominal fat 
mass, some authorities argue that BMI is a more than adequate primary means of 
assessing and classifying obesity in clinical and population settings [17,20]. The use 
of waist circumference, however, or another anthropometric measure of fat distribu-
tion, may improve risk assessment at a given BMI.

Defining the level at which excessive body weight or excessive body fat character-
izes overweight and obesity, respectively, is difficult and remains a matter of debate. 
One proposed classification system considers men and women to be obese at per-
cent body fat levels of >25% and >33%, respectively [21]. Ideally, a health-oriented 
approach would be used to develop classifications of overweight and obesity based 
on criterion levels above which population health risks increase. Very few prospec-
tive studies have included measures of body fat, and thus it is difficult to determine 
percent body fat criteria that define obesity on the basis of increased risk for various 
health outcomes.

An extensive evidence base exists, however, on the associations of BMI and 
anthropometric measures of fat distribution with health outcomes in a variety of 
populations. Historically, a variety of BMI-defined criteria have been used to clas-
sify overweight and obesity [10]. Comparisons of reported population trends and 
study findings have been difficult and led to considerable debate on defining healthy 
body weight and composition. The World Health Organization [2] and National 
Institutes of Health [1] recently adopted similar BMI cut-points for use in clinical 
and research settings (Table  3.1). Individuals are classified as underweight, nor-
mal weight, overweight, or obese based on recommended BMI cut-points that are 
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assumed to segregate health risk similarly in women and men and across the adult 
age range. Further, both WHO and NIH provide criteria for waist circumference as 
a measure of abdominal obesity for use as an adjuvant to characterizing health risk 
at a given level of BMI.

Investigators from the U.S. Health and Nutrition Examination Survey (HANES) 
recently reported the following threshold levels of percent body fat (from bioelec-
trical impedance) among apparently healthy adults for BMI cut-points shown in 
Table  3.1: BMI = 25 (overweight), ≈29% fat in men, ≈31% fat in women; BMI = 
30 (obesity), ≈29% fat in men, ≈37% fat in women [22]. Because available data on 
the health risks associated with body size and composition are particularly variable 
among populations within the Asia-Pacific region, different BMI criteria for over-
weight and obesity have been developed for Asians (overweight, BMI 23.0 to 25.0; 
obesity, BMI ≥ 25.0) and Pacific Islanders (overweight, BMI 26.0 to 32.0; obesity, 
BMI ≥ 32.0) [2].

3.3 PREVALENCE OF OBESITY

Time trend analyses of several populations worldwide indicate that the average body 
mass and the prevalence of obesity have sharply increased in the past 10 to 20 years [2]. 
Among European centers in the WHO MONICA study, obesity prevalence ranged from 
4 to 22% in men and 8 to 43% in women from 1989 to 1996 [23]. Among women in 
38 developing countries, the prevalence of obesity during the 1990s was 0.1% in South 
Asia, 2.5% in Sub-Saharan Africa, 5.6% in Latin America and the Caribbean, 15.5% in 
the Central Eastern Europe Commonwealth of Independent States, and 17.2% in Middle 
East and North Africa; comparatively, obesity prevalence during the same period was 

TABLE 3.1
Classification of Weight Status according to BMI and Health Risk Based 
Jointly on BMI and Waist Circumference

Health Riska Compared with Normal BMI
and Waist Circumference

BMI, Kg/m2 Classification
Waist: Men <102 

cm; Women <88 cm
Waist: Men ≥102

 cm; Women ≥88 cm

<18.5 Underweight Increased –

18.5 to 24.9 Normal weight Average Increased

25.0 to 29.9 Overweight Increased High

30.0 to 34.9 Class I obesity High Very high

35.0 to 39.9 Class II (severe) obesity Very high Very high

≥40 Class III (very severe) obesity Extremely high Extremely high

Source: National Heart, Lung, and Blood Institute. Clinical Guidelines on the Identification, Evaluation, 
and Treatment of Overweight and Obesity in Adults: The Evidence Report. Rockville, MD: 
National Institutes of Health, 1998.

a Risk of heart disease, hypertension, and diabetes mellitus.
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20.7% among U.S. women [24]. Between 1993 and 2003, obesity prevalence in Great 
Britain rose from 13.4 to 22.7% in men, and from 15.8 to 22.4% in women [25].

Among U.S. adults aged 20 to 74 years, the average height has increased by about 
1 inch and the average weight by 24 pounds between 1960 and 2002 [26]. The mod-
est average weight gain of 0.5 pound/year among U.S. adults has been paralleled 
by a sharp rise in obesity prevalence during the same 42-year interval (Figure 3.1). 
A notable increase in obesity prevalence is seen in 1988 through 1994 followed by 
a steady progressive rise thereafter through 2003 and 2004. The secular increase 
in obesity prevalence has been consistent in major subgroups of the U.S. popula-
tion (Table 3.2). The pattern of increase in overall obesity is similar in women and 
men, although prevalence is higher in women at each time interval. Among indi-
viduals born in the U.S. between 1887 and 1975, the 50th, 75th, and 90th percentiles 
of BMI at age 50 were estimated to have increased by 0.69, 1.00, and 1.37 kg/m2,
respectively, within successive 10-year increments of birth date [3]. These data sug-
gest that increases in BMI-defined overweight and obesity may be accelerated in an 
aging U.S. population. The prevalence of severe obesity (BMI ≥40 kg/m2) showed 
a marked increase between 1960 to 1962 and 2003 to 2004 in U.S. women (1.4% to 
6.9%) and men (0.3% to 2.8%) [27,28], a condition for which the economic and indi-
vidual burden is staggering.

Abdominal obesity also is on the rise in U.S. and European populations [25,29,30]. 
In 2005, the global prevalence of abdominal obesity was estimated to be 20% in men 
and 48% in women. Between 1993 and 2003 in Great Britain, average (± standard 
deviation [SD]) waist circumference (cm) increased from 92.9 ± 10.7 to 96.5 ± 11.6 in 
men and from 80.9 ± 11.3 to 85.2 ± 12.6 in women [25]. Among U.S. adults, the secu-
lar trends for increased prevalence of abdominal obesity parallel those seen for over-
all obesity during the 1960 to 1962 and 2003 to 2004 interval (Table 3.2). Notably, 
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FIGURE 3.1 Secular trends in prevalence of obesity (BMI ≥30 kg/m2) among U.S. adults 
≥20 years of age (HANES 1960–1962 to 2003–2004) [27,28].
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half of U.S. adults have abdominal obesity, the prevalence of which is nearly two in 
three for women and two in three for adults ≥60 years.

3.4 INCIDENCE OF OBESITY

The prevalence of a condition at any point in time depends on the case definition, 
the rate of occurrence of new cases (incidence rate), and the average case duration 
(balance of case fatality rates, efficacy of case management, and cure rates). Secular 
trends in obesity prevalence within or between populations may appear to change 
simply because different criteria were used to identify obesity cases. Case duration 
changes as a function of poorer or better case management or because the underly-
ing incidence of new cases changes. Because little is known about obesity incidence 
within the overall population, it is difficult to determine whether recent changes 
in obesity prevalence reflect a significantly higher rate of new case occurrence or 
whether the mean case duration has been extended by decreased case fatality rates 
and better medical management of existing cases.

To estimate the rate of new obesity cases occurring during a defined observa-
tion period, a cohort of initially non-obese individuals would need to have their 
BMIs characterized and undergo regular periodic re-assessments during the obser-
vation period. This would allow for computation of the number of new obesity cases 

TABLE 3.2
Trends in Prevalence (%) of Abdominal and Overall Obesity among U.S.
Adults (≥20 Years of Age) by Sex, Age, and Race–Ethnicity (HANES, 1960–
1962 and 2003–2004)

Obesitya Abdominal Obesitya

Population 1960–62 1988–94 2003–04 1960–62 1988–94 2003–04

All 13.4 22.3 32.2 16.2 37.3 52.4

Sex
Male 10.6 19.6 31.1 12.7 27.7 42.3

Female 16.2 24.9 33.2 19.4 46.3 62.0

Age (Years)
20–39 9.4 17.6 28.5 19.0 22.3 38.0

40–59 15.7 28.8 36.8 21.3 45.8 58.3

≥60 16.9 21.7 31.0 28.1 53.2 64.2

Race–Ethnicity
White — 20.0 30.6 15.1 37.2 51.5

Black — 21.3 45.0 20.5 42.6 55.2

Hispanic — 23.1 36.8 — 46.4 55.7

a Obesity = BMI ≥30 kg/m2. Abdominal obesity = waist circumference ≥102 cm in men and ≥88 cm in 
women. Prevalence estimates (%) unadjusted; shown as reported or approximated from reported 
data [27–29,74]. Dashes lines indicate data not reported.
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standardized to the amount of time each non-obese (at risk) individual was under 
observation until the exact onset of obesity. Such a study generally is not feasible 
on a large-scale population basis. More often, a population of non-obese individu-
als completes a BMI assessment at the beginning and end of a specified observa-
tion period. The proportion of the initial population defined as obese at the second 
assessment gives an approximation of the underlying incidence of obesity during the 
follow-up interval. This approximation likely does not reflect the true rate of obesity 
because individuals who become obese during follow-up and revert to being non-
obese before the second BMI assessment are not counted as cases.

One of the first such studies was conducted by Williamson et al. [31] among 
9,862 U.S. adults ages 25 to 74 years who underwent initial BMI assessments in 
1971 through 1975 and then again from 1982 through 1984 as part of the HANES. 
Obesity cases were defined as a BMI ≥27.3 kg/m2 which was consistent with national 
criteria at the time. During a follow-up interval of 10 years, an average weight gain 
of 2 pounds was seen in the combined population of women and men. The incidence 
of obesity among initially non-obese study participants ranged from 4 to 13 cases 
per 100 population at risk in women, and from 5 to 16 cases per 100 population at 
risk in men, depending on age and race–ethnicity. In both sexes, the highest obe-
sity incidence was among those aged 35 to 44 years. Interestingly, the incidence of 
major weight gain (defined as an increase of >5 BMI units above baseline) was 2-fold 
higher in women (1.0 to 8.5 cases per 100 women) than men (0.5 to 3.75 cases per 
100 men), which broadly aligns with the sex differences in overall and abdominal 
obesity shown in Table 3.2.

A recent report from the Framingham Heart Study [32] expands on the earlier 
work of Williamson and colleagues. BMI was assessed among study participants at 
two examinations separated on average by 8 years within each of 5 decades between 
1950 and 1990. The incidence of obesity (BMI ≥30 kg/m2) was 5.8 cases per 100 
men at risk in the 1950s and 14.8 cases per 100 men at risk in the 1990s. Among 
women, obesity incidence was 3.9 and 14.0 cases per 100 at risk in the 1950s and 
1990s, respectively. These findings suggest a progressive 3-fold increase in obesity 
incidence during the past 50 years, and like the findings reported by Williamson et 
al. [31], align with the secular changes in obesity prevalence among U.S. adults dur-
ing the same interval (Table 3.2).

3.5 HEALTH CONSEQUENCES OF OBESITY

Obesity is associated with a variety of prevalent medical conditions and with 
increased risk of premature morbidity, disability, and mortality. An extensive review 
of the extant literature is not possible here; rather a selective overview of major 
aspects of the obesity-related disease burden is presented.

3.5.1 CORONARY HEART DISEASE AND METABOLIC RISK FACTORS

The prevalence of major modifiable CHD risk factors (smoking, hypercholester-
olemia, hypertension, diabetes mellitus, and physical inactivity) is substantially 
higher among obese compared with normal weight adults, despite a recent trend for 
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declining risk factor prevalence, except for diabetes and physical inactivity, in each 
of the major BMI groups [33,34]. The prevalence of non-traditional CHD risk factors 
such as inflammatory biomarkers [35], metabolic syndrome [36], obstructive sleep 
apnea [37], non-alcoholic fatty liver disease [38], and measures of subclinical CHD 
such as coronary artery calcium scores, carotid artery wall thickness, and left ven-
tricular hypertrophy [39] also is greater among obese than non-obese adults.

Epidemiological evidence for a link between inflammation and obesity is seen 
in recent data from the U.S. HANES [35]. The age-adjusted prevalence of elevated 
C-reactive protein (CRP; exceeding the sex-specific 85th percentile) was 8.7%, 8.8%, 
15.3%, 25.9%, 38.0%, and 51.3% across BMI categories of <18.5 (underweight), 18.5 
to 24.9 (normal weight), 25.0 to 29.9 (overweight), 30.0 to 34.9 (class 1 obesity), 35.0 
to 39.9 (class 2 obesity), and ≥40 kg/m2 (class 3 obesity). After adjusting for several 
biological and lifestyle factors and for anti-inflammatory medication use, the odds of 
having elevated CRP was 2- to 4-fold higher in obese men and 4- to 11-fold higher in 
obese women, compared with their same-sex non-obese counterparts.

Interestingly, a recent cross-sectional report on 5,440 U.S. adults in the HANES 
showed that one in three obese participants had clinically normal values for a variety 
of traditional and non-traditional CHD risk factors (including CRP); likewise, about 
one in five adults of normal weight exhibited clinically abnormal risk factor profiles 
[40]. These data suggest that environmental or behavioral factors may influence phe-
notypic risk factor expression in susceptible individuals beyond the effect of weight 
status alone.

3.5.2 MORTALITY

Several prospective studies have shown a significant increased risk of total and cause-
specific mortality among obese compared with normal weight adults. Analysis of 
pooled data from 388,622 adults (60,374 deaths) from 26 large prospective cohort 
studies [41] showed that after adjusting for age and smoking status, compared with 
normal weight adults (BMI 18.5 to 25.0), overweight (BMI 25 to 30) was not associ-
ated with increased risk of total or cancer mortality, but was associated with a signifi-
cant 10 to 16% greater risk of CHD mortality. Obesity (BMI ≥30) was associated with 
a significant 20 to 27% greater risk for total mortality and 51 to 62% greater risk for 
CHD mortality; obesity was not associated with cancer mortality. These findings gen-
erally are consistent with two recent reports on U.S. adults in the HANES that showed 
overweight was not associated with increased risk of total or cancer mortality, and 
that class 2 obesity (BMI >35) was associated with significantly higher risk of total 
and CHD mortality in adults aged 25 to 69 years, but not in those >70 years [42,43].

Other studies have shown that measures of total body fat and fat distribution 
are important mortality predictors. After 8 years of follow-up on 21,925 men aged 
20 to 83, age-adjusted death rates (per 10,000 man years) across percent body fat 
levels <16.7%, 16.7 to 25.0%, and >25.0% were 23, 20, and 30 for total mortality 
(trend, P <0.05), and 6, 8, and 13 for cardiovascular mortality (trend, P <0.05) 
[44].

Similar patterns of mortality were seen across incremental tertiles of waist cir-
cumference. In a 10-year follow-up study on 39,756 U.S. men aged 40 to 75, after 
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adjusting for age, smoking habits, and other potential confounders, the relative risk 
for total mortality was 1.37 (P <0.05), and for cardiovascular mortality was 2.94 (P 
<0.05) in men whose waist circumference was >102 cm compared with <87.6 cm [45]. 
Waist circumference was not associated with cancer mortality, and when analyses 
were stratified by age groups (<65 versus ≥65 yr), waist circumference generally was 
not associated with mortality risk in the older men. Another study in 57,053 Danish 
adults aged 50 to 64 years showed that greater waist circumference and higher levels 
of fat mass and fat-free mass (determined by bioelectrical impedance) were associ-
ated with greater risk of total mortality (P <0.05 each) in both sexes [46]. However, 
adjusting for waist circumference eliminated the risk associated with fat mass and 
fat-free mass, whereas adjusting for either of the former factors did not influence the 
significant mortality risk associated with a large waist circumference.

The amount of excess mortality associated with obesity has been a matter of 
recent debate [42,43,47,48]. Based on analysis of the U.S. HANES, an initial report 
indicated that of the total 2.3 million adult deaths in 2000, 400,000 (16.6%) were 
attributed to a combination of overweight and obesity (BMI ≥25) [48]. However, a 
subsequent report by a different investigator using the same data but better analytic 
methodology indicated no excess deaths attributed to overweight and only 111,909 
deaths (4.8%) attributable to obesity [42]. The more modest latter estimate of excess 
deaths related to obesity should not mask the substantial health risks of obesity; 
rather it provides a more accurate scale of the public health burden of obesity in 
comparison to other behavioral health risks such as smoking, alcoholism, poor diet, 
and physical inactivity [47].

3.5.3 MORBIDITY

The association between obesity and new onset morbidity varies in magnitude from 
relative risks ≥3 for type 2 diabetes mellitus, hypertension, gallbladder disease, and 
sleep apnea, to relative risks of 2 to 3 for CHD and musculoskeletal disorders, to 
relative risks of <2 for breast, endometrial, and colon cancers, polycystic ovary syn-
drome, and impaired fertility [5,6,9]. Table 3.3 shows the relative risks associated 
with levels of BMI and waist circumference for incident cardiovascular disease, 
type 2 diabetes, hypertension, and breast cancer in three large cohorts of U.S. adults 
[49,50]. Significantly higher risks of each outcome are seen with greater levels of 
BMI or waist circumference.

In the study of cardiovascular disease [50], adjusting the BMI-CVD association 
for waist girth and vice versa substantially attenuated the relative risks. The value 
for BMI or waist at which risk becomes significantly elevated varies by sex and 
outcome and depends on the value assigned for the referent category. A doubling 
of cardiovascular risk occurs at a BMI of about 35 kg/m2 in both women and men, 
whereas it occurs at a waist circumference of about 122 cm in men and about 111 cm 
in women. Likewise, diabetes risk doubles at BMI and waist measurements of about 
23 kg/m2 and 75 cm, respectively, but hypertension risk doubles for a BMI and waist 
of 30 kg/m2 and 88 cm, respectively. In the study of Iowa women [49], the investiga-
tors specifically evaluated the WHO and NHLBI criteria for evaluating health risk 
based jointly on BMI and waist circumference. Although there were too few women 
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TABLE 3.3
Relative Risk of Chronic Disease Outcomes Based on BMI and Waist 
Circumference

Study Characteristics Findingsa

Ref.50 16,332 U.S. men, 32,700 
U.S. women; mean age 
61; self-reported HT, 
WT, WC

Outcome: fatal and 
nonfatal CVD)

Follow-up: men: 14 yr 
(1,505 cases), women: 
6 yr (414 cases)

BMI, kg/m2 Waist, cm

Men: RR (95% CI) RR (95% CI)
<20.0:
20.0–22.4:
22.5–24.9:
25.0–27.4:
27.5–29.9:
30.0–34.9:
≥35.0:

0.83 (0.55–1.24) 
0.95 (0.80–1.12) 
1.00
1.18 (1.04–1.35) 
1.39 (1.18–1.64) 
1.97 (1.61–2.41) 
2.12 (1.36–3.30) 

<80.0
80.0–86.9
87.0–94.6
94.5–103.1
103.2–110.5
110.6–121.9
≥122.0

0.60 (0.33–1.06) 
0.96 (0.80–1.15)
1.00
1.22 (1.07–1.40)
1.48 (1.27–1.74)
1.67 (1.37–2.05)
2.15 (1.44–3.21)

Women: RR (95% CI) RR (95% CI)
<20.0:
20.0–22.4:
22.5–24.9:
25.0–27.4:
27.5–29.9:
30.0–34.9:
≥35.0:

0.89 (0.54–1.46) 
0.70 (0.49–1.02) 
1.00
1.08 (0.80–1.47) 
1.47 (1.06–2.03) 
1.46 (1.06–2.01) 
2.11 (1.46–3.05) 

<69.2
69.2–76.2
76.3–84.5
84.6–92.7
92.3–98.4
98.5–111.1
≥111.2

0.85 (0.43–1.65)
1.00 (0.68–1.49)
1.00
1.49 (1.09–2.05)
1.55 (1.08–2.23)
1.53 (1.09–2.14)
2.78 (1.95–3.97)

Ref. 49 31,702 U.S. women age 
55–69; self-reported 
HT, WT, WC

Follow-up: ≈12 yr
Outcomes: diabetes 

(1,578 cases), 
hypertension (4,077 
cases), breast cancer 
(1,299 cases)

BMI, kg/m2 Diabetes Hypertension Br. Cancer
RR (95% CI) RR (95% CI) RR (95% CI)

<22.8:
22.8–24.8:
24.9–27.1:
27.2–30.2:
>30.2:

1.0
1.9 (1.4–2.5)
2.9 (2.2–3.8)
6.6 (5.0–8.5)
13.8 (10.6–17.8)

1.0
1.1 (1.0–1.3)
1.4 (1.2–1.5)
1.7 (1.6–1.9)
2.2 (2.0–2.4)

1.0
1.2 (0.9–1.4)
1.2 (0.9–1.4)
1.3 (1.1–1.5)
1.4 (1.2–1.7)

Waist, cm
<74.3:
74.3–79.9:
80.0–87.2:
87.3–96.0:
>96.0:

1.0
1.7 (1.2–2.3)
3.4 (2.5–4.6)
7.2 (5.5–9.6)
16.5 (12.6–21.7)

1.0
1.1 (1.0–1.3)
1.5 (1.3–1.6)
1.8 (1.6–2.0)
2.3 (2.1–2.5)

1.0
1.4 (1.1–1.7)
1.2 (1.0–1.5)
1.4 (1.2–1.7)
1.7 (1.4–2.0)

RR (95% CI) of Diabetes, Hypertension, CVD

BMI, kg/m2 WC <88 cm WC ≥88 cm
<18.5 (underweight): 0.92 (0.7–1.3)

1.00
1.3 (1.2–1.4)
1.5 (1.1–2.0)

—
—

—
1.2 (1.1–1.3)
1.9 (1.7–2.1)
2.4 (2.2–2.7)
 3.1 (2.6–3.7)
 4.2 (3.1–5.7)

18.5–24.9 (normal weight):

25.0–29.9 (overweight):

30.0–34.9 (Class 1 obesity)

35.0–39.0 (Class 2 obesity)

≥40 (Class 3 obesity)

a RR = relative risk. CI = confidence interval. Multivariable adjusted RRs and CIs reported. Covariables include 
age, smoking, physical activity, alcohol and diet intake, family history of disease, and other risk predictors.
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cross-classified as low BMI–high waist and vice versa, the overall findings seem to 
support improved risk assessment for diabetes, hypertension, and CVD when based 
jointly on BMI and waist rather than on BMI alone. A similar finding was reported 
for diabetes risk in men [51].

3.6 WEIGHT CHANGE AND HEALTH RISK

Observational data on the associations of body weight and fat distribution generally 
derive from a single baseline exposure of weight status or adiposity and the subse-
quent occurrence of morbid and mortal events. Stronger evidence for a causal rela-
tionship comes from studies that obtain serial adiposity assessments and then relate 
patterns of change in adiposity with subsequent disease risk. Intentional weight loss 
of even modest amounts (e.g., 5 to 10%) appears beneficial in improving risk factor 
levels [52], but recidivism is high and adverse risk factors often re-emerge even after 
significant intentional weight loss [53].

Using economic forecasting models, it has been estimated that a sustained 10% 
weight loss in an initially obese individual would reduce expected lifetime health-
care costs associated with cardiovascular-related diseases by $22,000 to $53,000 
[54]. Prospective data regarding weight loss and weight gain, subsequent risk of mor-
tality, and incident nonfatal disease are sparse. Among 5,608 British men aged 40 to 
59 years compared with men whose weight remained stable over 12 years, those who 
gained >4% of baseline weight did not have increased mortality risk, whereas those 
who lost >4% of baseline weight or whose weight cycled by >4% had a significant 
34 to 44% greater risk in total and cardiovascular mortality [55]. Most of the excess 
mortality associated with weight loss or cycling was accounted for by differences in 
socioeconomic status or pre-existing disease.

In a follow-up of U.S. nurses who reported weight changes between ages 18 and 
≈40, weight loss was not associated with mortality risk, but weight gain of 10 to 20 
kg was associated with a significant 32 to 51% greater risk of total, cardiovascular, 
and cancer mortality; weight gain of 40 kg more than doubled mortality risk from 
each cause [56]. In the same study, each 4-kg weight gain was associated with a 
20% greater risk (P <0.05) of hypertension, whereas weight loss and cycling were 
not associated with hypertension occurrence [57]. In a large cohort of U.S. men 
who reported 10-year changes in body weight and waist circumference, each 1-kg 
weight gain was associated with a 7% greater risk (P <0.05) of diabetes; each 14-cm 
increase in waist circumference was associated with a 70% greater risk (P <0.05) of 
diabetes, independent of overall weight gain [58]. These data provide little evidence 
of excess risk associated with adult weight loss, but clearly confirm the adverse effect 
of weight gain.

3.7  METHODOLOGICAL ISSUES IN STUDY 
OF OBESITY AND HEALTH

A variety of methodological issues can lead to inconsistent study findings on obe-
sity-related health risks [42,59]. The potential for errors in recall and the resulting 

© 2010 by Taylor and Francis Group, LLC



58 Adipose Tissue and Inflammation

misclassification of obesity status is a concern in epidemiological studies that rely 
on questionnaire assessments of height, weight, BMI, and waist circumference 
[60]. However, prospective studies in which obesity status was assessed objectively 
using BMI from measured height and weights (61), using fat and fat-free mass from 
hydrodensitometry [44] and bioelectrical impedance [46], and using abdominal fat 
mass from CT scans [62] yielded findings similar to studies that used question-
naire exposure assessments [41,49–51]. The dose–response between BMI and dis-
ease risk has been reported to be J-shaped, U-shaped, and linear [1,59]. Two major 
methodological considerations underlying discrepancies in the patterns of dose-
response are failure to adequately account for smoking habits and the presence of 
subclinical disease.

Since both characteristics likely are prevalent among those in the lower part of 
the BMI distribution (BMI <20), insufficient control for these factors could lead to 
a spuriously high disease risk at lower BMI values. Studies that excluded past and 
current smokers and the cases of disease identified early in follow-up (e.g., during the 
first 3 to 5 years) generally have shown that the higher risks associated with lower 
BMI are eliminated [1,59]. Furthermore, adjusting associations between adiposity 
and disease outcomes for factors that are likely intermediate in the causal pathway 
(e.g., dyslipidemia, hyperglycemia, hypertension) may spuriously lower the risk esti-
mated for BMI, waist circumference, or other measures of adiposity [59,64].

Growing evidence indicates that greater adiposity may not confer increased dis-
ease risk among older populations [42,43,45,63]. Simply controlling for age in multi-
variable analysis may obscure the true age-specific association between obesity and 
disease; when possible, analyses stratified by age groups are preferable. A recent 
25-year follow-up on BMI and cardiovascular mortality risk revealed an important 
issue related to follow-up duration [64]. In 38,379 adults, age- and smoking-adjusted 
relative risks were computed in four separate age strata for women and men and 
deaths occurring in early follow-up were excluded. During follow-ups earlier than 
15 years, associations were weak and often non-significant (7 to 24% higher risk per 
one SD increase in BMI). However, when follow-up was extended to 25 years, sig-
nificant and stronger associations were seen in all age–sex strata (10 to 42% higher 
risk per one SD increase in BMI). These findings suggest that follow-up on studies 
of shorter duration may be insufficient to detect the adverse health effects of excess 
body weight and adiposity. This methodological limitation may contribute to incon-
sistency among reported study findings.

3.8 DETERMINANTS OF OBESITY

Consistent with the definition of epidemic, the prevalence of BMI-defined obesity 
is well in excess of expected population levels and a plausible propagating force 
underlies this excess phenotypic expression. An average positive caloric balance of 
5.5 kcal/day is all that is required to produce the average weight gain of 24 pounds 
in 42 years recently reported in the U.S. [28]. If sustained over time, even this small 
positive caloric balance results in a sizable amount of fat accretion and subsequent 
increases in average body mass and BMI at the population level. Energy balance is 
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a complex issue and the causes of positive caloric balance are unclear [65,66]. The 
genetically susceptible individual is becoming more clearly identified [67].

However, the human genetic constitution has not changed significantly in the past 
10,000 years [68]; thus, maladaptive homeostatic changes in body mass regulation 
are likely the results of environmental and lifestyle forces interacting with a given 
level of genetic susceptibility. Environmental potentiators include a more mecha-
nized built environment and lifestyle potentiators include readily available and low 
cost energy-dense foods and declines in daily physical activity-related energy expen-
diture. Cultural and economic factors are other likely converging forces toward net 
energy storage in specific population subgroups, particularly from an international 
vantage [2,66]. Data from the 1996 U.S. Behavioral Risk Factor Surveillance Survey 
indicate that less than half of obese adults receive advice to lose weight from their 
healthcare providers [69].

Secular trends in dietary habits suggest a paradox between energy intake and 
obesity patterns among U.S. adults [70]. During the interval from 1971 to 1974 and 
1999 to 2000, daily total energy intake increased modestly from 2,450 kcal in men 
and 1,542 kcal in women to 2,618 kcal and 1,877 kcal, respectively. Paralleling these 
changes in energy intake, were small increases in the percentage of total kilocalo-
ries from carbohydrates (from 42 to 45% to 49 to 51%) and small decreases in the 
percent of kilocalories from total fat (36 to 32%) and from saturated fats (13 to 10%). 
It is unlikely that this pattern of shifts in dietary intake fully accounts for the sub-
stantial increase in obesity prevalence during the same time interval. More likely, 
the marked reductions in daily physical activity-related energy expenditure (propor-
tion of population reporting sedentary lifestyles: 1960 to 1962, 13%; 2003 to 2004, 
33%) made it near impossible for most adults to restrict energy intake to a level 
that matches their true energy requirements. Thus, sustained positive energy balance 
gives rise to population levels of obesity of epidemic proportions.

Disentangling the complex multifactorial etiology of obesity and its relationships 
with disease occurrence present major challenges. For example, physical inactiv-
ity may be an antecedent or a consequence of obesity, and higher levels of activity 
may attenuate whereas physical inactivity may accentuate obesity-related disease 
risk [71]. Several large prospective studies have shown that obese individuals who 
are physically active and have adequate functional capacity have lower mortality risk 
than their non-obese sedentary peers [71].

In a study of 462 obese men at high risk for cardiovascular disease because of 
existing type 2 diabetes, the multivariable adjusted risk of cardiovascular mortality 
was 2.8 (P <0.05) in men with low ( <6 METs) compared with moderate and higher 
(>6 METs) levels of exercise tolerance measured during a treadmill exercise stress 
test [61]. In another study among men whose percent body fat was >25%, cancer 
mortality rates (per 10,000 man years) were 25 and 16 in men with low compared 
to moderate and higher exercise tolerance; among men whose waist circumference 
was >102 cm, cancer mortality rates were 21 and 14, respectively [72]. Among 1,358 
obese women who survived initial diagnoses of breast cancer, a 48% lower risk of 
breast cancer mortality was seen across incremental quintiles (trend, P = 0.01) of 
reported physical activity habits prior to diagnosis [73].
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These findings do not dismiss the adverse consequences of obesity, but rather empha-
size the favorable influence of physical activity and functional capacity on these risks 
among individuals in chronic positive energy balance. Considerably more research is 
needed to better define the specific roles of energy intake and energy expenditure in 
relation to sustained positive energy balance. Because currently available data do not 
identify a single (or most important) causal agent of the recent positive energy balance 
that has afflicted many, it is crucial for both the scientific and lay communities to be 
vigilant in promoting sensible healthy eating habits and regular physical activity as 
attainable strategies for long-term weight management in the population.
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4.1 INTRODUCTION

The number of obese and overweight individuals has risen dramatically over 
recent years. Obesity exposes individuals to increased risks of developing many 
diseases such as atherosclerosis, type 2 diabetes (T2D), nonalcoholic fatty liver 
disease (NAFLD), and certain cancers. Obesity, in particular visceral obesity—the 
accumulation of adipose tissue inside the abdominal cavity—is associated with 
resistance to the effects of insulin (insulin resistance; IR) often leading to the 
development of T2D. Insulin resistance is frequently associated with a state of 
low-grade inflammation and therefore it is assumed that inflammation contributes 
to its development [1,2]. Furthermore, although evidence is limited, obesity may 
be associated with certain immune-mediated disorders such as asthma, psoriasis, 
and certain cancers.

Adipose tissue exists in mammals in two forms: white adipose tissue (WAT) and 
brown adipose tissue (BAT). WAT is the fat in which triglycerides are stored and from 
which lipids are mobilized for systemic utilization when energy is needed; it is often 
divided into subcutaneous and abdominal depots, whose physiologies may be differ-
ent and whose roles in diseases are distinct. In addition to adipocytes, adipose tissue 
also contains pre-adipocytes, endothelial cells, fibroblasts, and various leukocytes 
including macrophages, T lymphocytes, and neutrophils. These various infiltrating 
leukocytes are additional sources of soluble mediators (cytokines, adipocytokines) in 
the adipose tissue. Adipose tissue macrophages are commonly bone-marrow derived 
and the number of these cells present in WAT correlates with obesity [3].

Research in recent years has identified important pathways that link metabolism 
with the immune system and vice versa. Many of these interactions between the 
metabolic and immune systems seem to be mediated by a complex group of soluble 
mediators derived from immune cells and adipocytes called adipocytokines [4]. 
Adipocytokines are defined as soluble mediators that are mainly produced by adipo-
cytes and exert their biological function either in an autocrine, paracrine, or systemic 
manner. This group of mediators is growing rapidly and is currently thought to rep-
resent a major link between the adipose tissue and the immune system.

The family of adipocytokines includes adiponectin, leptin, pre-B cell enhanc-
ing factor (PBEF; also known as Nampt and visfatin), resistin, tumor necrosis 
factor-alpha (TNF-α), interleukin-6 (IL-6), C-C chemokine ligand 2 (CCL2), plas-
minogen activator-1, angiotensinogen, retinol-binding protein-4 (RPB4), serum 
amyloid A, and others [2,5–10]. Although macrophages in adipose tissue seem to 
be the major sources of TNF-α, adipocytes contribute almost one third of circulat-
ing IL-6 in obese patients [11]. CCL2, also produced by adipocytes, has recently 
been identified as one potential factor contributing to macrophage infiltration into 
adipose tissue [12]. Obesity is associated with a chronic inflammatory response 
characterized by abnormal cytokine production, increased synthesis of acute phase 
reactants, such as C-reactive protein (CRP), and activation of inflammatory sig-
nalling pathways [2]. This chapter provides an overview of recent advances in 
the understanding of adipose tissue with its secreted mediators and will focus on 
classical cytokines and transcription factors involved in regulating adipose tissue 
inflammation (see Table 4.1).
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4.2  INFILTRATION OF ADIPOSE TISSUE WITH 
LEUKOCYTES: MACROPHAGES

Obesity is commonly associated with a chronic inflammatory syndrome charac-
terized by abnormal cytokine and acute phase reactant synthesis and activation of 
inflammation in adipose tissue. Macrophage recruitment to the adipose tissue in 
obesity contributes to enhanced tissue inflammatory activity, and therefore may con-
tribute to obesity-associated metabolic dysfunction [13].

Two reports presented evidence that adipose tissue is infiltrated by macrophages 
[3,14]. A large number of gene transcripts found in “inflamed” adipose tissue are 
well defined macrophage genes [3]. Macrophages may differentiate from pre-adipo-
cytes or may enter the adipose tissue attracted by certain chemokines. Furthermore, 
macrophages may differentiate from pre-adipocytes and mesenchymal stem cells in 
adipose tissue. Adipocytes secrete several chemoattractants that drive monocytes 
into this tissue. It has been demonstrated that obese adipose tissue exhibits increased 
CCL2 expression, a key chemokine that recruits macrophages [12].

The absence of CCL2 in mice, however, does not limit obesity-associated infiltra-
tion of macrophages into adipose tissue [15]. Adipose tissue from CCL2-deficient 
mice was collected for analysis of macrophage infiltration after a high-fat diet. 
CCL2–/– mice on a high-fat diet showed no reductions in adipose tissue macrophages 
although they were glucose intolerant, suggesting that CCL2 is not critical for adi-
pose tissue macrophage recruitment. Several other candidates may play a role in 
the recruitment of monocytes/macrophages such as migration inhibitory factor and 
macrophage inflammatory protein-1-alpha [16,17].

Macrophages have been recently characterized as exhibiting either a more pro-
inflammatory M1 or a more anti-inflammatory M2 phenotype. In obesity, as adipose 

TABLE 4.1
Mediators of Immune Cells and Adipocytes Involved in Regulation of 
Adipose Tissue Inflammation

Cytokines and Chemokines Transcription Factors Others

TNFα26,27 NF-κB/IKKβ53,56,57 Osteopontin74

IL-1αβ33,35 JNK-158,59 SAA90

Gp130 family (IL-6, CNTF)42,43,91 PPARγ_19,64 CRP65,68,70

IL-1092,93 SREBP-1c94-97 FABP-472,73

IL-1849-51 LXR98-101 Oxidative stress76-78

MCP-112,15 ER stress61,62

MIP-1αβ102 iNOS75

RANTES22 E-selectin103,104, P-selectin105

ICAM-1103,106, VCAM-175,103

TLR-4107,108, PKC-θ109, C371

Note: Refences are indicated by superscript numbers.
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tissue is loaded with macrophages, resulting in local inflammation, IR aggravates. 
Different types of macrophages reside in the adipose tissue [18]. Resident macrophages 
present in adipose tissues of lean mice display the alternatively activated phenotype 
(M2 or “alternatively activated” macrophages characterized by activated genes for 
Ym1, arginase 1, and IL-10) [18]. Pro-inflammatory classically activated macrophages 
are recruited to sites of tissue damage in the adipose tissue as in obesity (M1 or “classi-
cally activated” macrophages producing enhanced levels of TNF-α and iNOS).

Diet-induced obesity influences the state of adipose tissue macrophages from 
an M2 polarized state that protects adipocytes from inflammation in lean animals 
to an M1 pro-inflammatory state leading to IR. This obesity-induced phenotypic 
switch in adipose tissue macrophage polarization has been recently demonstrated 
to be orchestrated by PPARγ [19]. Using mice with specific macrophage deletion 
of PPARγ, these authors demonstrated that PPARγ is required for the maturation of 
alternatively activated (M2) macrophages. It is therefore expected that a predomi-
nantly M2 phenotype may improve insulin sensitivity by suppressing the synthesis 
of pro-inflammatory cytokines.

Kang et al. recently demonstrated that adipocytes synthesize the IL-13 Th2 
cytokine that induces macrophage PPARδ expression through a STAT6 binding site 
[20]. Interestingly, ablation of PPARδ makes macrophages incapable of transition 
into an M2 phenotype, thereby leading to inflammation. More importantly, these 
authors demonstrated that hepatocyte-derived IL-13 and macrophage PPARδ in the 
liver control hepatic lipid metabolism as myeloid-specific PPARδ–/– mice develop 
severe steatohepatitis. However, other adipocyte-derived mediators may regulate the 
development of alternatively activated M2 macrophages. Stienstra and colleagues 
recently presented evidence that PPARγ may also be involved in this process as treat-
ment with rosiglitazone, a PPARγ ligand, results in an increase of M2 macrophages 
in the adipose tissue [21]. All these studies convincingly show how adipocytes and 
macrophages may interact in the adipose tissue.

4.3  INFILTRATION OF ADIPOSE TISSUE WITH 
LEUKOCYTES: T CELLS AND NEUTROPHILS

Besides macrophages, other immune cells such as T cells or neutrophils may infil-
trate adipose tissue [22]. Wu and colleagues showed that adipose tissue from diet-
induced obese insulin-resistant mice is infiltrated by T cells. This infiltration was 
accompanied by an increased expression of the RANTES T cell chemoattractant; 
furthermore, adiponectin–/– mice showed higher RANTES expression compared to 
wild-type mice. Obese humans with metabolic syndrome had higher mRNA levels 
of RANTES and CCR5 in subcutaneous adipose tissue than lean humans. RANTES 
expression was higher in human visceral fat and expression correlated with CD3 
and CD11b staining in human visceral adipose tissue. Pro-inflammatory T cells 
are present in visceral adipose tissues of patients with T2D. In a mouse model of 
obesity-mediated IR, a marked T lymphocyte infiltration preceded recruitment of 
macrophages, suggesting that T lymphocytes may contribute to obesity-associated 
inflammation even at a rather early stage [23].
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Interestingly, T cells have also been demonstrated to play a role in the generation 
of angiotensin II-induced hypertension and vascular dysfunction [24]. Therefore, T 
cells may represent a novel therapeutic target for the treatment of obesity-related 
inflammation and even hypertension.

Even neutrophils may become a relevant leukocyte population in relation to 
adipose tissue inflammation [25]. Early (3 to 7 days) after starting a high-fat diet, 
C57BL/6J mice showed an increase in neutrophilic infiltration in the intra-abdomi-
nal adipose tissue. As expected, this neutrophilic infiltration was followed by mac-
rophage infiltration. Human data in this area, however, are lacking. It may not be 
a surprise if other immune cells such as natural killer (NK) cells or dendritic cells 
infiltrate adipose tissue and participate in immune dysfunctions observed in states 
of obesity.

4.4  PRO- AND ANTI-INFLAMMATORY MEDIATORS 
SECRETED BY ADIPOSE TISSUE

4.4.1 TUMOR NECROSIS FACTOR-α (TNF-α)

In 1993, Hotamisligil and colleagues first described an increase in the expression of 
a pro-inflammatory cytokine, namely TNF-α, in adipose tissue and its interference 
with insulin action [26]. Their findings led to the concept of inflammation in obesity 
and demonstrated that adipocytes are potential sources of TNF-α. Expression of this 
cytokine in obese animals ( fa/fa rat and ob/ob mice) was increased and shown to 
regulate insulin action [26]. Further evidence supporting a key role for TNF-α in IR 
came from studies published by Uysal et al. who observed that mice lacking TNF-α
or TNF receptors showed improved insulin sensitivity in both dietary and genetic 
(ob/ob) models of obesity [27]. Similar findings were noted in humans [28] with 
increased adipose tissue TNF-α expression in obesity and improvement in cytokine 
expression following weight loss [29]. Exposure of cells to TNF-α stimulated inhibi-
tory phosphorylation of serine residues of IRS-1 [30,31]. TNF-α is “the” classical 
pro-inflammatory cytokine that links inflammation, obesity and IR.

4.4.2 INTERLEUKIN-1

IL-1α and IL-1β, among the first identified cytokines, exert strong pro-inflammatory 
functions [32]. IL-1β–/– mice exhibited lower fasting glucose and insulin levels and 
improved insulin sensitivity as determined by insulin tolerance testing, compared 
with wild-type controls [33]. IL-1β and IL-6 serum levels predict risk for T2D in 
humans [34]. IL-1β is able to reduce IRS-1 expression at a transcriptional level 
through a mechanism that is ERK-dependent and at a post-transcriptional level inde-
pendent of ERK activation [35].

Neutralization of endogenous IL-1 by an IL-1β antibody improves glycemic con-
trol in a mouse model of diet-induced obesity [36]. These effects were paralleled by 
a decrease in the levels of serum amyloid A. Further strengthening a role for IL-1 
in obesity-related diseases, it has been demonstrated that certain IL-1 gene poly-
morphisms are associated with central obesity and the metabolic syndrome [37]. 
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IL-1ra–/– mice show an increased fat-to-carbohydrate oxidation ratio on a high-fat 
diet that results in increased sympathetic tone [38]. Therefore, a defect in a regula-
tory anti-inflammatory system like IL-1ra leads to increased energy expenditure, 
heart rate, and catecholamine production. By targeting IRS-1, IL-1β is capable of 
impairing insulin signalling and action, and may thus participate in concert with 
other cytokines in the development of IR.

4.4.3 INTERLEUKIN-6

The IL-6 cytokine family (or gp130 cytokines) consists of IL-6, ciliary neurotrophic 
factor, IL-11, leukemia inhibitory factor, oncostatin M, and cardiotrophin 1. IL-6 
signals via induction of a gp130 homodimer after binding to the IL-6 receptor [39]. 
IL-6 was one of the first cytokines considered as a predictor of IR and cardiovascular 
disease. Serum levels of IL-6 decrease in parallel with weight loss and improvement 
of IR in patients undergoing bariatric surgery [40].

Visceral fat has been demonstrated as a major site for IL-6 production in 
humans [41]. IL-6 synthesis in abdominal adipose tissue is several times higher 
compared with subcutaneous adipose tissue, thereby potentially contributing to 
hepatic IR. This cytokine may be indeed involved in the pathogenesis of hepatic 
IR as insulin sensitivity increases in diet-induced obese mice treated with anti-
IL-6 antibodies [42]. IL-6–/–- mice are insulin-resistant and develop mature onset 
obesity [43]. These results were not reproducible in another IL-6–/–- mouse model 
as these authors did not observe age-related obesity [44]. This discrepancy has 
been addressed by the authors initially describing obesity in IL-6–/–- mice show-
ing decreased energy expenditures and thermogenesis compared to wild-type 
mice [45].

Gp130 cytokines signal through a receptor that shows many similarities to leptin 
signalling, and leptin is known to activate signal transduction pathways that promote 
increased energy expenditure and insulin sensitivity [46]. IL-6 has been shown (like 
leptin) to activate AMP-activated protein kinase (AMPK) in both skeletal muscle 
and adipose tissue. Consistent with activation of AMPK, IL-6 has also been shown 
to increase fat oxidation in vitro and ex vivo and in humans in vivo [47]. The defi-
nite role of IL-6 in IR and obesity-related diseases must still be clarified and will 
be possible only when patients with T2D and/or IR receive treatment with an IL-6 
neutralizing antibody.

4.4.4 INTERLEUKIN-18

IL-18 is another pro-inflammatory cytokine that plays a role in septic shock, joint 
inflammation, and inflammatory bowel diseases [48]. An intracellular pool of IL-18 
is released after activation of caspase-1 which cleaves pro-IL-18. Its bioactivity on 
the other side is under tight control of its physiologic antagonist, the IL-18 binding 
protein. As IL-18 concentrations are increased in patients with T2D, this may reflect 
a role in the regulation of IR [49,50]. Indeed, as demonstrated, IL-18–/– mice and 
IL-18R–/–- mice exhibited increased body weight accompanied by IR, hyperglyce-
mia, lipid abnormalities, and atherosclerosis compared to wild-type mice [51].
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Intracerebral administration of recombinant IL-18 inhibited food intake and 
reversed hyperglycemia in these mice by activation of STAT3 phosphorylation. 
Increased IL-18 levels in patients with T2D may reflect either an attempt of IL-18 to 
counteract hyperglycemia or resistance to this cytokine as observed for others such 
as insulin or leptin. Such an explanation could also be offered for the increased IL-6 
levels observed in stages of IR. IL-18 resistance has also been found by Zilverschoon 
et al. Leukocytes isolated from patients with obesity and T2D showed lower IFN-γ
responses after stimulation with IL-18 [52]. The authors concluded that IL-18 resis-
tance may be a relevant mechanism explaining the increased susceptibility of these 
patients to various infections.

4.4.5 CCL2

Adipocytes secrete various chemoattractants that attract monocytes. Obese adi-
pose tissue shows increased CCL2 expression, a key factor in the recruitment of 
macrophages [12]. These authors found that CCL2–/– mice exhibited reduced mac-
rophage infiltration in adipose tissues and reduced IR. Conversely, they observed an 
increase in macrophage infiltration when CCL2 was overexpressed. Another study 
also revealed reduced macrophage infiltration in the adipose tissue and decreased IR 
in CCL2–/– mice [7].

In contrast, Inouye et al. recently demonstrated that the absence of CCL2 in 
mice does not limit obesity-associated infiltration of macrophages into adipose 
tissue [15]. The authors used CCL2–/– mice and adipose tissue was collected for 
analysis of macrophage infiltration. Surprisingly, CCL2–/– mice on a high-fat diet 
showed no reductions in adipose tissue macrophages although they were glucose-
intolerant and had mildly increased plasma glucose and decreased serum adiponec-
tin levels compared with wild-type mice. These data suggest that this chemokine is 
not the only critical mediator for adipose tissue macrophage recruitment. Several 
other candidates may play a role in the recruitment of monocytes/macrophages into 
adipose tissue.

4.5  TRANSCRIPTION FACTORS REGULATING 
INFLAMMATORY RESPONSE

4.5.1 ROLE OF IKKβ–NF-ΚB PATHWAY

Yuan et al. reported in 2001 that the inhibitor of κB kinase-β (IKKβ), a kinase 
located proximal of nuclear factor-κB (NF-κB), is a target for TNF-α-induced IR 
[53]. Yin et al. demonstrated a few years earlier that aspirin and salicylates inhib-
ited the activity of IKKβ [54]. High doses of salicylates were demonstrated to lower 
high blood glucose concentrations 130 years ago by William Ebstein [55]. Yuan et 
al. demonstrated in their work that high doses of salicylates reverse hyperglycemia, 
hyperinsulinemia, and dyslipidemia in fa/fa rats and ob/ob mice, and overexpres-
sion of IKKβ attenuates insulin signalling in cultured cells. These findings clearly 
suggest the involvement of inflammatory pathways in IR, highlighting the important 
role of IKKβ.
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Two other groups have elucidated the relationship between IKKβ expression in 
the liver and IR [56,57]. Cai et al. created a stage of chronic subacute inflammation 
in the liver in a transgenic mouse model by selective hepatocellular activation of 
NF-κB, causing continuous low level expression of IKKβ. These mice exhibited a 
T2D phenotype with evidence of moderate systemic IR that was improved by sys-
temic neutralization of IL-6 or oral salicylate therapy. Arkan et al. presented similar 
findings in mice lacking IKKβ in hepatocytes or myeloid cells [57]. Liver-specific 
abrogation of IKKβ resulted in relative insulin sensitivity in the liver in mice placed 
on a high fat diet or intercrossed with ob/ob mice, but they developed IR in muscle 
and fat. In contrast, mice deficient in myeloid IKKβ exhibited increased insulin sen-
sitivity and were partially protected from IR.

4.5.2 C-JUN N-TERMINAL KINASE (JNK)

Several serine and threonine kinases are activated by inflammatory stimuli contrib-
uting to IR including JNK, IKK and others. Activation of these kinases takes place 
in situations that activate inflammatory and metabolic pathways. JNK has emerged 
as an important regulator of IR in obesity [58]. The JNK group belongs to the group 
of MAPKs and controls many cellular functions through regulation of activator pro-
tein-1 (AP-1), including c-Jun and JunB. In obesity, JNK activity is increased in 
the liver, muscle, and fat tissues, probably due to the increase of free fatty acids 
and TNF-α. The loss of JNK1 prevents the development of IR in both genetic and 
dietary models of obesity. Liver-specific knockdown of JNK1 lowers circulating 
glucose and insulin levels, supporting a role for this pathway in the development of 
IR [59].

4.5.3 ENDOPLASMATIC RETICULUM (ER) RESPONSE

Experimental evidence suggests that ER stress is important in the initiation and 
regulation of inflammation and insulin action as observed in IR [1]. Folding, matu-
ration, storage, and transport of most proteins take place in the ER. When folding 
is disturbed, an unfolded protein response (UPR) is initiated to restore this organ-
elle that involves three key molecules: inositol-requiring enzyme-1 (IRE-1), PKR-
like endoplasmatic reticulum kinase (PERK), and activating transcription factor 6 
(ATF6) [60].

Two important pathways in the regulation of IR (discussed above), namely NF-κB/
IKKβ and JNK-AP-1, are linked to activation of IRE-1 and PERK [61]. Indeed, ER 
stress may be involved in both dietary and genetic models of obesity and regula-
tion of IR [62]. ATF6 and X-box binding protein-1 (XBP-1) are critical regulators 
of ER function and its adaptive responses as gain- and loss-of-function studies with 
XPB-1 demonstrated the close interaction with insulin action in vitro and in vivo 
[62]. Interestingly, hepatic-specific deletion of XBP-1 results in marked hypocholes-
teremia and hypotriglyceridemia, suggesting that this important transcription factor 
is critically involved in hepatic lipogenesis [63].
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4.5.4 PPARγ

PPARγ, a transcription factor and genetic sensor of fatty acids, is a member of the 
nuclear receptor superfamily of ligand-dependent transcription factors. PPARγ is 
required for fat cell development and is the molecular target of thiazolidinediones 
(TZDs) that exert insulin sensitizing effects in adipose tissue, skeletal muscle, and 
the liver. TZDs suppress the production of various pro-inflammatory cytokines that 
promote IR.

In adipocytes, TZDs suppress the synthesis of IL-6, TNF-α, PAI-1, CCL2, and 
angiotensinogen; in macrophages that also express PPARγ, TZDs inhibit Toll-like 
receptor (TLR)- and IFN-γ-mediated inflammatory responses. Because macrophages 
invade adipose tissue in obesity, the role of macrophage-derived PPARγ has been 
studied. Hevener et al. demonstrated that macrophage PPARγ is essential for normal 
skeletal muscle and liver insulin sensitivity [64]. This suggests that that macrophage 
PPARγ expression is needed for a proper TZD response.

4.6  OTHER MEDIATORS AND PATHWAYS INVOLVED
IN ADIPOSE TISSUE INFLAMMATION

4.6.1 ACUTE PHASE PROTEINS

CRP, the best known and studied human acute phase protein, correlates with states 
of IR [65]. CRP in most instances is considered as an inflammatory marker related 
to atherosclerosis and cardiovascular diseases [66,67]. Human CRP, however, may 
also have some anti-inflammatory properties as it reduces atherosclerosis develop-
ment in a mouse model of human-like hypercholesteremia [68]. CRP has been dem-
onstrated to upregulate the synthesis of anti-inflammatory cytokines such as IL-1 
receptor antagonist, which may help to explain the above phenomenon [69]. It has 
been suggested that CRP may play a role in leptin resistance by acting as a serum 
leptin-interacting protein [70]. Serum C3 levels are also significantly related to the 
presence of IR [71]. In this study primarily investigating IR in elderly people, C3 
levels were better correlated with IR compared to CRP, blood sedimentation rate, 
and leukocyte numbers.

4.6.2 ADIPOCYTE FATTY ACID BINDING PROTEIN (aP2, FABP4)

Fatty acid binding proteins are a family of small proteins that bind with high affin-
ity to hydrophobic ligands such as saturated and unsaturated long-chain fatty acids 
and eicosanoids. Adipocyte fatty-acid binding protein, aP2 (FABP4), is expressed 
in adipocytes and macrophages, links inflammatory and metabolic processes, and 
is mainly regulated by PPARγ agonists, insulin, and fatty acids. Deficiency of 
aP2 protects mice against the development of IR associated with genetic or diet-
induced obesity [72]. The macrophage is the critical site of FABP action, and total 
or macrophage-specific aP2 deficiency leads to a marked protection against early 
and advanced atherosclerosis in apolipoprotein-deficient mice. Furuhashi et al. 
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demonstrated that an orally active small-molecule inhibitor of aP2 improved severe 
atherosclerosis and T2DM in various mouse models [73].

4.6.3 OSTEOPONTIN (OPN)

OPN is a secreted matrix glycoprotein and pro-inflammatory cytokine playing a rel-
evant role in cell-mediated immunity. Tissue infiltration of macrophages as observed 
in the adipose tissues in cases of obesity is dependent on the expression of OPN, 
which regulates monocyte chemotaxis and motility. Nomiyama et al. demonstrated 
that mice after a high-fat diet showed increased circulating OPN levels [74]. Obese 
mice lacking OPN exhibited improved insulin sensitivity and decreased macrophage 
infiltration into adipose tissue.

4.6.4 INDUCIBLE NITRIC OXIDE SYNTHASE (iNOS)

Inducible nitric oxide synthase (iNOS) and its deletion are associated with improve-
ment of high-fat diet induced IR. Blockade of iNOS by N(G)-nitro-l-arginine methyl 
ester (L-NAME) improved high fat diet-induced obesity and glucose intolerance. 
These effects were accompanied by a reduction of inflammation in the adipose tissue 
and improved signalling in skeletal muscle [75].

4.6.5 OXIDATIVE STRESS

One of the final common mediators of IR seems to be oxidative stress due to genera-
tion of reactive oxygen species (ROS) and/or decreased antioxidant defenses [76]. In 
both non-alcoholic steatohepatitis and experimental steatohepatitis, hepatic expres-
sion of CYP2E1 increased, leading to oxidative stress and this enhanced expression 
was shown to impair insulin signalling [77]. Xu and colleagues recently demon-
strated a key role for the Nrf1 gene in NASH [78]. Mice with liver-specific deletions 
of Nrf1, a gene mediating activation of oxidative stress response genes, develop all 
features of non-alcoholic fatty liver disease including steatosis, apoptosis, necrosis, 
inflammation, fibrosis, and finally liver cancer, highlighting the importance of oxi-
dative stress in this disease.

4.7  ANTI-INFLAMMATORY STRATEGIES TO COUNTERACT
ADIPOSE TISSUE INFLAMMATION

4.7.1 ANTI-TNF APPROACHES

Infliximab, a chimeric human–mouse anti-TNF antibody, has been demonstrated 
to reverse steatosis and to improve insulin signalling in a rat model of high-fat 
diet-induced IR, suggesting that neutralization of this key cytokine may improve 
liver inflammation, steatosis, and fibrosis and insulin signalling [79]. It is impor-
tant to state studies to date using neutralizing anti-TNF antibodies in humans have 
not shown improved insulin sensitivity [80,81]. Single doses of infliximab failed to 
improve IR in diabetic and obese subjects [80,82].

© 2010 by Taylor and Francis Group, LLC



Inflammatory and Anti-Inflammatory Mediators Secreted by Adipose Tissue 75

Subsequent placebo-controlled studies conducted over a treatment period of 4 
weeks provided no improvements in insulin sensitivity in obese diabetic subjects [83] 
nor in obese insulin-resistant subjects without diabetes [81]. Lo et al. demonstrated 
in a study of metabolic syndrome that etanercept, a TNFRp75-IgG fusion protein 
neutralizing TNF-α, increased total adiponectin concentration but concentrations of 
the HMW form thought to mediate insulin sensitivity were unchanged [84].

Another recent study investigated the effects of adalimumab, a fully human anti-
TNF-α antibody, on IR in rheumatoid arthritis patients. These patients with active 
disease showed marked IR that was not influenced by anti-TNF therapy despite 
reductions in systemic inflammation (IL-6, CRP serum levels) during treatment [85]. 
Thus, the role of TNF-α blockade as a treatment strategy to improve IR in humans 
remains unclear.

4.7.2 CHEMICAL CHAPERONES

ER stress is a key link of obesity, IR, and T2D [1]. Pharmaceutical chaperones such 
as 4-phenyl butyric acid (PBA) and endogenous bile acids and derivates such as 
ursodeoxycholic acid (UDCA) including its taurine-conjugated derivates (TUDCAs) 
are able to modulate ER function. Ozcan et al. recently demonstrated that chaperone 
treatment of obese and diabetic mice improved hyperglycemia, insulin sensitivity, 
and fatty liver disease [86]. Importantly, the concentrations, e.g., for UDCA, used in 
these studies were approximately ten times higher than those achieved in humans. 
UDCA treatment of patients with non-alcoholic steatohepatitis has not been success-
ful to date [87].

4.7.3 IL-1 RECEPTOR ANTAGONIST (IL-1Ra)

IL-1Ra is markedly upregulated in the sera of obese patients, is correlated with BMI 
and IR, and is overexpressed in the white adipose tissues of obese humans [88]. 
Treatment of T2D patients with recombinant human IL-1Ra indeed improved gly-
cemic control, supporting the concept of inflammation in T2D and IR [89]. This is 
the first evidence that an anti-inflammatory strategy may indeed improve glycemic 
control and IR.

4.8 CONCLUSIONS

Various pro-inflammatory cytokines, adipocytokines, and transcription factors are 
critically involved in adipose tissue inflammation and systemic inflammation associ-
ated with obesity. This concept is supported by many studies in patients with T2D 
and NAFLD in which obesity is correlated with a state of low-grade chronic inflam-
mation. Adipose tissue as evolved as a major immune organ secreting large numbers 
of various cytokines and adipocytokines and also contributing significantly to the 
overall synthesis of these mediators that exert such major control over health and 
disease. Therefore, adipose tissue can be added to the list of major organs affect-
ing many inflammatory and immune-mediated processes other than obesity-related 
disorders in humans.
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5 Adipokines and 
Inflammation

Melissa E. Gove and Giamila Fantuzzi

5.1 ADIPOSE TISSUE

The traditional function of white adipose tissue (WAT) as an organ exclusively 
devoted to storing energy during times of abundance and releasing it during fasting 
has recently been expanded. WAT is now considered a complex and highly active 
secretory organ, sending out and responding to signals that modulate appetite, energy 
expenditure, insulin sensitivity, endocrine and reproductive system functions, bone 
metabolism, inflammation, and immunity (Fantuzzi 2005; Kershaw and Flier 2004). 
These characteristics link WAT to the whole body and make it an essential tissue in 
the regulation of several physiological functions (Wang et al. 2008).

Adipokines are bioactive peptides predominantly secreted by adipocytes capable 
of acting at both the local and systemic levels (Kershaw and Flier 2004). Adipokines 
include leptin, adiponectin (APN), resistin, and visfatin—proteins that provide an 
important link of obesity, insulin resistance (IR), and inflammatory disorders (Tilg 
and Moschen 2006). Other factors, including cytokines such as interleukin (IL)-6, 
tumor necrosis factor (TNF)-α, chemokines, and others are also secreted by WAT; 
although some are produced by adipocytes, they are not strictly classified as adi-
pokines because adipocytes are not the main sources of these mediators (Tilg and 
Moschen 2006). Production of adipokines by WAT is one of the most important 
ways for this tissue to influence physiological and pathological processes throughout 
the body and is the topic of this chapter.
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5.2 LEPTIN

A genetic defect that caused a severely obese phenotype due to overeating and 
decreased energy expenditure in mice was identified at the Jackson Laboratories 
in the 1950s; mice carrying the mutation were called ob/ob (Ingalls, Dickie, and 
Snell 1950). A series of parabiotic experiments suggested that ob/ob mice did not 
produce satiety factors, but were able to respond to satiety factors from parabiotic 
mice (Coleman 1973). Similar parabiotic experiments performed with db/db mice, 
also identified at the Jackson Laboratories and displaying a similar phenotype, led to 
the hypothesis that the db gene encoded for the ob receptor (Coleman and Hummel 
1973). Nearly three decades later, leptin was discovered in 1994 by Friedman et al. 
(Zhang et al. 1994). This 16-kDa polypeptide encoded by the ob gene was termed 
leptin from the Greek leptos, meaning thin.

Leptin is predominantly produced by adipocytes, but can also be synthesized by 
cells in the fundus of the stomach, skeletal muscle, liver, lymphocytes. and placenta, 
although at much lower levels than adipocytes (Juge-Aubry, Henrichot, and Meier 
2005; Meier and Gressner 2004). Circulating levels and mRNA expression of leptin 
in adipocytes are strongly associated with body mass index (BMI) and with fat mass. 
Leptin expression is higher in subcutaneous than in visceral adipose tissue in humans 
(Bastard et al. 2006; Kershaw and Flier 2004), leading to serum levels of leptin two 
to three times higher in women—who have higher percentages of subcutaneous WAT 
than men—even when adjusted for age and BMI (Tilg and Moschen 2006).

Leptin exerts its biological activities by binding to its receptor (Ob-R). Five alter-
natively spliced isoforms of Ob-R have been identified and designated Ob-Ra, Ob-Rb, 
Ob-Rc, Ob-Rd, and Ob-Re. Each isoform is capable of forming homodimers in the 
presence and absence of leptin (Fantuzzi and Faggioni 2000; Meier and Gressner 
2004). However, only the long form, Ob-Rb, contains an intracellular region capable 
of downstream signaling upon leptin binding.

Similar to other class 1 cytokine receptors, Ob-Rb requires the activation of Janus 
tyrosine kinase 2 (JAK2) for propagation of leptin signaling. Binding of leptin to 
Ob-Rb induces autophosphorylation of JAK2, leading to phosphorylation of three 
intracellular tyrosine residues of Ob-Rb, specifically in positions 985, 1077, and 1138 
(Buettner et al. 2006; Robertson, Leinninger, and Myers 2008). When activated, 
each of these tyrosine residues recruits specific downstream signaling proteins, such 
as SH2-domain-containing phosphatase-2 (SHP-2), signal transducer and activator 
of transcription (STAT)-5 and STAT-3 that mediate intracellular signaling by leptin 
(Gong et al. 2007).

The best characterized and probably the most important function of leptin is its 
inhibitory effect on appetite; therefore leptin is classified as an anorexigenic mol-
ecule (Fantuzzi and Faggioni 2000). Through its effects on appetite, leptin helps 
maintain long-term control of adiposity and regulates adaptive metabolic changes in 
response to nutritional modifications. Leptin also regulates short-term energy intake 
by modulating meal size according to changes in energy balance (Valassi, Scacchi, 
and Cavagnini 2008).

In agreement with these functions of leptin, very high expression of Ob-Rb is pres-
ent in the feeding centers of the hypothalamus, including the arcuate, dorsomedial, 
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ventromedial, and premammillary nuclei (Meier and Gressner 2004; Munzberg and 
Myers 2005). Within the arcuate nucleus, Ob-Rb is found in two distinct populations 
of neurons (Valassi, Scacchi, and Cavagnini 2008). One population produces orexi-
genic neuropeptide Y (NPY) and agouti-related peptide (AgRP), while the other syn-
thesizes anorexigenic pro-opiomelanocortin (POMC) (Munzberg and Myers 2005; 
Valassi, Scacchi, and Cavagnini 2008). Leptin decreases appetite and increases 
energy expenditure by activating POMC neurons and inhibiting NPY/AgRP neu-
rons (Robertson, Leinninger, and Myers 2008). In addition to its critical role in the 
homeostatic control of food intake, mostly controlled by the hypothalamus, leptin 
also acts in the cortex and limbic areas of the brain where it regulates cognitive and 
hedonic responses to feeding (Rosenbaum et al. 2008).

Mice and humans with leptin or leptin receptor deficiency, in addition to being 
obese, suffer from a series of other endocrine abnormalities including reduced fer-
tility, alterations in bone metabolism, and dysfunction of the immune system. The 
alterations secondary to lack of leptin or its receptor resemble the adaptive response 
to starvation, a situation in which leptin levels fall dramatically, out of proportion 
with fat mass (Chan and Mantzoros 2005; Fantuzzi and Faggioni 2000). Most neu-
roendocrine and immune alterations associated with fasting and/or starvation are 
normalized by the administration of leptin.

Studies on the role of leptin in regulating the immune system have been fueled 
largely by early observations of thymus atrophy in db/db mice, suggesting a role 
for leptin in regulation of T lymphocyte function and on T cell survival. Lord et al. 
(1998) have shown that leptin increases the activation and proliferation of CD4+ T 
lymphocytes, having a more pronounced impact on the proliferation of naïve CD4+

T lymphocytes compared to CD4+ memory T lymphocytes. Subsequent studies dem-
onstrated that leptin increases proliferation and activation of T lymphocytes when 
used as a co-stimulus with lectins such as phytohemagglutinin (PHA) and conca-
navalin A (ConA) (Martin-Romero et al. 2000).

De Rosa et al. demonstrated leptin’s ability to enhance proliferation of effector 
CD4+ T cells after anti-CD3 and anti-CD28 stimulation while inhibiting responsive-
ness of T regulatory (Treg) cells (De Rosa et al. 2007). Interestingly, in vitro neutraliza-
tion of leptin with a monoclonal antibody during anti-CD3 and anti-CD28 stimulation 
resulted in Treg cell proliferation. In vivo data from ob/ob and db/db mice support 
this finding; these mice exhibited enhanced Treg proliferation compared to wild-type 
(WT) mice (De Rosa et al. 2007). In addition, ob/ob and db/db mice had decreased 
thymus size and cellularity due to high thymocyte apoptosis, which was normalized 
by peripheral administration of leptin in ob/ob mice (Howard et al. 1999). WT mice 
treated with leptin throughout a 48-hour fast were protected from thymic atrophy 
(Howard et al. 1999). Mansour et al. (2006) indicate that leptin protects lymphocytes 
from apoptosis in the thymus through an IRS-1/PI3-kinase signaling cascade, inde-
pendent of JAK activation. Leptin also promotes CD4+ T lymphocyte survival in vitro 
by suppressing Fas-mediated apoptosis (Papathanassoglou et al. 2006).

In vitro leptin enhances T lymphocyte activation and promotes T helper (TH)-1 
cytokine production by stimulating the synthesis of IL-2 and IFN-γ and suppress-
ing production of TH-2 cytokines (Tilg and Moschen 2006; Juge-Aubry, Henrichot, 
and Meier 2005). In addition, leptin promotes the activation of monocytes and 
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macrophages and their secretion of leukotriene B4 (LTB4), cycloxygenase 2 (COX2), 
nitric oxide (NO), and pro-inflammatory cytokines such as TNF-α, IL-6 and IL-12 
(Fantuzzi and Faggioni 2000; La Cava and Matarese 2004). Leptin also initiates 
neutrophil chemotaxis and stimulates the production of reactive oxygen species 
(ROS) by these cells (Tilg and Moschen 2006). Natural killer (NK) cell differentia-
tion, proliferation, and activation are also regulated by leptin (La Cava and Matarese 
2004; Tilg and Moschen 2006).

Studies have demonstrated that ob/ob, and in some cases db/db, mice show resis-
tance or less susceptibility in models of innate and adaptive immune-mediated 
inflammatory diseases (Otero, Lago, Gomez, Dieguez et al. 2006). It has been specu-
lated that this is due to the reduced secretion of IFN-γ, IL-2, TNF-α and IL-18 and to 
increases in Th2 cytokines, such as IL-4 and IL-10 after stimulation in ob/ob mice 
(La Cava and Matarese 2004).

For example, in experimental autoimmune encephalomyelitis (EAE), an animal 
model for multiple sclerosis, ob/ob mice did not develop neurological impairment. 
However, leptin replacement in ob/ob mice reversed their resistance, indicating 
that leptin deficiency is the reason for this effect (Matarese et al. 2001). In experi-
mental intestinal inflammation, ob/ob and db/db mice displayed decreased disease 
severity in models of chemically induced colitis (Siegmund, Lehr, and Fantuzzi 
2002; Gove et al. submitted). Interestingly, the transfer of CD4+CD45RBhigh from 
db/db mice into scid mice (immune-mediated models of colitis) induced delayed 
disease compared with scid mice that received WT cells (Siegmund, Sennello, 
Jones-Carson et al. 2004). However, as disease progressed, differences between 
mice receiving WT and db/db cells were no longer apparent, suggesting that leptin 
affects the immune system partly by acting on Ob-Rb expressed on T lympho-
cytes (Siegmund, Sennello, Jones-Carson et al. 2004). However, the generation 
of double IL-10 and leptin-deficient mice (models of spontaneous colitis medi-
ated by CD4+ T cells) showed no difference in the development of colitis between 
single and double IL-10 and leptin-deficient mice (Siegmund, Sennello, Lehr et 
al. 2004).

In antigen-induced arthritis (AIA), an immune-mediated model of joint inflam-
mation, ob/ob mice developed less severe arthritis compared to WT mice, with much 
lower expression of pro-inflammatory TNF-α, IL-1β and IFN-γ paired with higher 
levels of anti-inflammatory IL-10 production (Busso et al. 2002). In contrast, zymo-
san-induced arthritis (ZIA), an arthritis model independent of the adaptive immune 
system, is not impaired in ob/ob and db/db mice (Bernotiene et al. 2004). In fact, the 
acute phase response remained elevated for a longer period in the ob/ob and db/db
mice compared to WT mice (Bernotiene et al. 2004). This may be partially explained 
by the observation that ob/ob and db/db mice are more sensitive to agents stimulat-
ing innate immune responses than agents stimulating adaptive immune responses 
(Fantuzzi and Faggioni 2000; Bernotiene et al. 2004).

Leptin is an important factor in modulating immune and inflammatory reactions, 
both in humans and experimental animals. However, a better understanding of the 
mechanisms through which leptin participates in the complex network of immune 
and inflammatory mediators is needed.
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5.3 ADIPONECTIN

Adiponectin (APN), a protein secreted predominantly by adipocytes, is present at 
a concentration of 5 to 30 μg/ml in blood of healthy humans, making it the highest 
circulating adipokine (Fantuzzi 2005). Adiponectin is also expressed and secreted 
from other cell types, such as cytokine-stimulated hepatocytes, osteoclasts, syn-
ovial fibroblasts, and skeletal muscle cells, although these cells produce much lower 
amounts of APN than adipocytes (Ehling et al. 2006; Berner et al. 2004; Delaigle 
et al. 2004).

Adiponectin was identified in 1995 and 1996 by four independent groups (Kershaw 
and Flier 2004). Adiponectin is a 247-amino acid protein consisting of an amino 
terminal signal sequence, a variable region, a collagenous domain, and a carboxy 
terminal globular domain (Oh, Ciaraldi, and Henry 2007). Adiponectin is a close 
homologue of C1q, a complement protein, and TNF-α, sharing structural but not 
sequence similarities with these molecules. Adiponectin forms low molecular weight 
(LMW) trimers that further associate to form middle molecular weight (MMW) 
hexamers and high molecular weight (HMW) oligomers.

These HMW oligomers form bouquet-like structures through disulfide bonds 
located within the collagenous domains of each monomer (Oh, Ciaraldi, and Henry 
2007). All three forms of APN are present in serum, but whether the different forms 
exhibit differential biological actions remains unclear. A globular form of APN may 
also exist (Fruebis et al. 2001). Leukocyte elastase, secreted by activated monocytes 
and neutrophils, cleaves APN and generates a globular domain capable of forming 
a trimer (Waki et al. 2005). Globular APN, however, remains to be shown to exist 
physiologically in vivo. To add to the complexity, hydroxylation and glycosylation 
of lysines in the collagenous domain are necessary for complete biologic activity of 
APN (Chandran et al. 2003).

Part of the biological activity of APN is mediated by binding through its recep-
tors, whereas other functions appear to be receptor-independent. Two APN recep-
tors have been identified to date: AdipoR1 and AdipoR2. AdipoR1 is ubiquitously 
expressed but predominantly found in skeletal muscle, whereas AdipoR2 is abun-
dantly expressed in the liver (Guzik, Mangalat, and Korbut 2006). AdipoR1 and 
AdipoR2 contain seven transmembrane domains that are structurally and function-
ally different from other G protein receptors, having the N terminus located in the 
cytoplasm and the C terminus located externally (Kadowaki and Yamauchi 2005). 
In vitro studies have shown AdipoR1 to be a high affinity receptor for globular APN, 
with a low affinity for full-length APN. AdipoR2 is an intermediate affinity receptor 
for both globular and full-length APNs.

Adiponectin binding to its receptors activates signaling molecules such as per-
oxisome proliferator-activated receptor (PPAR)-α, AMP-activated protein kinase 
(AMPK), and mitogen-activated protein kinase (p38 MAPK) (Yamauchi et al. 2003). 
The activation of PPAR-α is important in APN-stimulated fatty acid (FA) oxidation, 
but not for glucose uptake, whereas AMPK and MAPK activation is likely involved 
in both FA oxidation and glucose uptake (Yamauchi et al. 2003). However, as stated 
earlier, whether the different forms of APN initiate the same signals remains con-
troversial (Oh, Ciaraldi, and Henry 2007). In addition, T-cadherin is a receptor for 
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hexameric and HMW forms of APN (Hug et al. 2004). More recently, APN has been 
shown to bind calreticulin and to opsonize apoptotic cells to facilitate their clearance 
by macrophages (Takemura et al. 2007).

In addition to receptor-dependent effects, the high circulating concentration of 
APN suggests that low-affinity receptor-independent activities may be critical for the 
biological functions of this protein. Adiponectin binds to and inhibits the activity of 
heparin-binding epidermal growth factor (HB-EGF), basic fibroblast growth factor 
(bFGF), and platelet-derived growth factor (PDGF), all of which are involved in tis-
sue repair (Fayad et al. 2007; Wang et al. 2005). APN also binds to certain chemok-
ines (such as CCL2, CCL5 and CXCL12), displacing them from their interactions 
with proteoglycans in the extracellular matrix (Masaie et al. 2007).

Finally, APN interacts with collagens I, III, and IV in injured vascular walls and 
myocardium (Okamoto et al. 2002). Therefore, APN acts in a complex way, through 
both receptor-dependent and -independent effects, to regulate a variety of biological 
functions involved in metabolism, tissue repair, cell proliferation, and inflammation.

Unlike leptin, APN levels decrease with the increase in fat mass observed in 
obesity. In fact, the current hypothesis states that chronic inflammation associated 
with obesity and cardiovascular disease (CVD) inhibits production of APN, leading 
to the subsequent perpetuation of inflammation (Fantuzzi 2008). An inverse correla-
tion between APN and IR has been established both in animal and human studies 
(Chandran et al. 2003; Mlinar et al. 2007). Human studies in obese and IR individu-
als, in which chronic low-grade inflammation of adipose tissue is common, also dem-
onstrated a negative relationship between APN and classic markers of inflammation, 
such as CRP and IL-6 (Fantuzzi 2008). Adiponectin improves insulin sensitivity by 
various mechanisms (Mlinar et al. 2007). In the liver, APN activates AMPK, which 
enhances insulin sensitivity by increasing FA oxidation, down-regulating gluconeo-
genic enzymes and increasing glucose-6-phosphate biosynthesis (Mlinar et al. 2007; 
Combs et al. 2001).

Activation of PPAR-α by APN further increases insulin sensitivity by increasing 
FA oxidation, thereby decreasing FA synthesis in the liver (Kadowaki and Yamauchi 
2005). In muscle, APN stimulates the phosphorylation of acetyl-CoA carboxylase, 
FA oxidation, glucose utilization, and lactate production (Mlinar et al. 2007). These 
effects are observed in parallel with activation of AMPK and PPAR-α by APN and 
are blocked by inhibition of AMPK and PPAR-α signaling (Kadowaki and Yamauchi 
2005; Combs et al. 2001; Yamauchi et al. 2002; Diez and Iglesias 2003). Treatment 
with thaizolindinediones (TZDs), drugs that activate PPAR-γ and are commonly 
used to treat patients with type 2 diabetes (T2D) and IR, increases APN levels and 
improves glucose tolerance and insulin sensitivity. PPAR-γ is a ligand-activated 
transcription factor involved in the regulation of adipocyte differentiation. Studies 
of mice and adipocyte cultures have shown that activation of PPAR-γ increases 
APN mRNA levels in adipocytes (Boden et al. 2003; Chandran et al. 2003), further 
strengthening the link between adipocyte biology and IR.

Reduced levels of APN in obesity also contribute to endothelial dysfunction 
observed in subjects with CVD. In the early stages of CVD, endothelial cell activa-
tion occurs via inflammatory stimuli such as TNF-α that induce expression of vas-
cular adhesion molecule-1 (VCAM-1), endothelial leukocyte adhesion molecule-1 
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(E-selectin), and intracellular adhesion molecule-1 (ICAM-1)—a crucial event in the 
development of vascular disease (Ouchi et al. 1999; Ouchi et al. 2000). Adiponectin 
reverses these deleterious effects of TNF-α on endothelial dysfunction by hinder-
ing its ability to activate the nuclear factor κB (NFκB) pro-inflammatory transcrip-
tion factor and the subsequent induction of adhesion molecules (Ouchi et al. 1999; 
Goldstein and Scalia 2004).

In addition, APN inhibits foam cell formation and smooth muscle cell migra-
tion, both of which play an important role in the development of atherosclerosis 
(Arita et al. 2002). These effects of APN are also present in vivo in apolipoprotein 
E (apoE)-deficient mice, a well established model for atherosclerosis. When treated 
with adenovirus-derived APN, apoE-deficient mice did not develop severe athero-
sclerosis due to APN’s ability to attenuate the endothelial inflammatory response 
and macrophage foam cell formation by inhibiting lipoprotein lipase and class A 
scavenger receptor (Okamoto et al. 2002). In addition, APN protects the heart from 
ischemia–reperfusion injury in vivo in mice by inhibiting NO and ROS produc-
tion, thus protecting tissues from nitrative and oxidative stress (Tao et al. 2007). In 
vitro studies demonstrated that APN decreases IFNγ, IL-6 and TNF-α production 
in lipopolysaccharide (LPS)-activated primary macrophages and upregulates IL-10 
and IL-1RA production (Wolf et al. 2004; Wulster-Radcliffe et al. 2004).

Although most studies have shown that APN acts as an anti-inflammatory mol-
ecule, evidence also indicates that it can be pro-inflammatory. Outside the context of 
diseases associated with obesity, inflammatory status is not necessarily associated 
with low APN levels. In fact, the opposite is observed, with APN levels increasing 
during inflammatory conditions that are unrelated to an increase in fat mass (Fantuzzi 
2008). This trend is particularly pronounced in chronic autoimmune diseases.

In inflammatory bowel disease (IBD), serum APN levels increase significantly 
in patients with ulcerative colitis (UC) and Crohn’s disease (CD) when compared to 
healthy controls (HCs) (Karmiris et al. 2006; Yamamoto et al. 2005). When com-
paring UC and CD patients to each other, patients with UC have higher APN levels 
(Karmiris et al. 2006). Interestingly, APN mRNA and protein levels are increased 
in hypertrophic mesenteric adipose tissue in CD compared to tissues obtained from 
HC and UC subjects (Yamamoto et al. 2005). In addition, this increase in APN 
secretion and expression among CD patients is higher in the inflamed hypertrophied 
mesenteric adipose tissue compared to non-inflamed adipose tissue (Paul et al. 2006; 
Yamamoto et al. 2005).

This increase in APN levels in the presence of inflammation has also been observed 
in patients with systemic lupus erythematosus, a chronic autoimmune disease. In 
these patients, plasma APN levels increase compared to HC, particularly in subjects 
with inflammatory renal flare (Sada et al. 2006; Rovin et al. 2005). Interestingly, 
high serum levels of APN are observed despite the simultaneous presence of high 
TNF-α, which is considered a major inhibitor of APN production (Fantuzzi 2008).

Patients with rheumatoid arthritis (RA), another autoimmune disease, also exhibit 
increased APN levels in serum and in the synovial fluid of inflamed joints (Senolt 
et al. 2006; Schaffler et al. 2003; Otero, Lago, Gomez, Lago et al. 2006). Ehling et 
al. demonstrated that APN is present in the synovium and stimulates synovial fibro-
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blasts to produce IL-6 and pro-matrix metalloproteinase-1, two key mediators in the 
pathogenesis of RA (Ehling et al. 2006).

Adiponectin also stimulates production of receptor activator of NFκB ligand 
(RANKL) while inhibiting osteoprotegrin expression in human osteoblasts, indicat-
ing that APN can indirectly increase osteoclast formation and therefore augment 
bone resorption (Luo et al. 2006)—a property APN shares with its TNF-α structural 
homologue (Berner et al. 2004).

In vitro studies have shown APN to have pro-inflammatory effects by inducing 
secretion of IL-8 in colonic epithelial cancer cells (Ogunwobi and Beales 2006). 
Finally, although it has commonly been accepted that APN inhibits TNF-α, APN 
can activate the TNF-α promoter and induce TNF-α production in RAW264.7 mac-
rophages (Park et al. 2007). Thus, APN is emerging as an important mediator in the 
pathogenesis of obesity-related, autoimmune, and chronic inflammatory disorders. 
How APN regulates inflammation may be context- and tissue-specific and warrants 
further investigation.

5.4 RESISTIN

Three groups independently discovered resistin (Steppan et al. 2001; Kim et al. 
2001; Holcomb et al. 2000). This 12-kDA polypeptide is the product of the retn gene 
and belongs to a unique family of cysteine-rich C terminal domain proteins called 
resistin-like molecules (RELMs), also known as “found in the inflammatory zone” 
(FIZZ) (Fantuzzi 2005; Kershaw and Flier 2004). In rodents, resistin is produced 
almost exclusively by adipocytes (Steppan and Lazar 2004). However, a degree of 
controversy surrounds this adipokine because some studies have shown human adi-
pose tissue to express resistin and others did not find it or detected it only at very low 
levels in human adipocytes. In fact, it is believed that monocytes and macrophages, 
rather than adipocytes, are the predominant producers of resistin in humans (Bastard 
et al. 2006), thus questioning its classification as an adipokine.

Holcomb et al. (2000) described the first member of the gene family, FIZZ-1, 
and its specificity to adipose tissue. Soon thereafter, Steppan et al. (2001) discov-
ered elevated serum levels of resistin (FIZZ-3) in rodent models of genetic and 
diet-induced obesity, suggesting a role in obesity-related dysfunction. Further inves-
tigation indicated that administration of recombinant resistin to lean mice impaired 
glucose homeostasis and insulin sensitivity. In addition, neutralization of resistin by 
injection of antibodies into diet-induced obese mice decreased blood glucose levels 
and improved insulin sensitivity (Steppan and Lazar 2004).

Further animal studies using resistin-deficient mice showed decreases in fasting 
glucose, improved glucose tolerance, and enhanced insulin sensitivity compared to 
wild-type mice. These resistin-deficient mice exhibited reduced fasting glucose after 
a high fat diet compared to their weight matched controls (Kershaw and Flier 2004; 
Antuna-Puente et al. 2008). In vitro studies demonstrated the ability of resistin to 
inhibit insulin-stimulated glucose uptake (Meier and Gressner 2004; Kershaw and 
Flier 2004). Despite conflicting data, resistin in rodents is generally considered to 
play an important role in development of hyperglycemia and IR observed in obesity 
(Bastard et al. 2006).
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Most of the work linking resistin to obesity-related disorders was conducted in 
mouse models. However, the human resistin protein is only 55% homologous to its 
mouse counterpart, suggesting that resistin may not be evolutionarily well conserved 
across species (Tilg and Moschen 2006). As a result, the role of resistin in humans 
remains largely unclear. No correlation of resistin mRNA expression, body weight, 
obesity, and IR was observed in humans (Meier and Gressner 2004). However, the 
pro-inflammatory properties of resistin suggest a role for it in regulating inflamma-
tory processes (Tilg and Moschen 2008).

Data demonstrating plasma resistin levels associated with markers of inflam-
mation, and not IR, in both T2D and non-diabetic populations support this notion 
(Reilly et al. 2005). As a result, many studies have been conducted to determine how 
resistin is involved in the inflammatory response. In primary human macrophages, 
resistin expression is induced by stimulation with the IL-1, IL-6, and TNF-α cytok-
ines in combination with LPS (Lago et al. 2007). Treatment with LPS also increases 
resistin mRNA expression in murine 3T3-L1 adipocytes and human monocytes (Lu 
et al. 2002). In human peripheral blood mononuclear cells, resistin induces produc-
tion of TNF-α, IL-6, and IL-1β through activation of the NFκB pathway (Bokarewa 
et al. 2005; Lago et al. 2007). Thus resistin is part of the network of inflammatory 
mediators that regulate innate immunity in humans.

Levels of resistin have been associated with chronic and autoimmune diseases. 
Plasma levels of resistin have been correlated with reduced high-density lipopro-
tein (HDL) and high levels of coronary artery calcification, measures of coro-
nary atherosclerosis, even after controlling for established risk factors such as 
metabolic syndrome and CRP levels (Reilly et al. 2005). Resistin also increases 
expression of the VCAM-1 and ICAM-1 adhesion molecules in human aortic 
endothelial cells. This induction of adhesion molecules by resistin is inhibited by 
APN, which also inhibits the ability of TNF-α to induce adhesion molecules on 
the vascular endothelium (Ouchi et al. 1999; Ouchi et al. 2000). Resistin stimu-
lates smooth muscle cell proliferation in the human aorta as well, another physi-
ological process necessary in the development of atherosclerosis (Antuna-Puente 
et al. 2008). Thus, resistin in humans may be more critical to regulation of vas-
cular function and inflammatory responses than as a factor controlling metabolic 
processes.

Resistin has been associated with the pathogenesis of RA. In fact, patients with 
RA have significantly higher serum resistin levels compared to healthy controls 
that correlated with circulating CRP and TNF-α levels as well (Migita et al. 2006). 
Interestingly, serum resistin levels are rapidly reduced by anti-TNF-α therapy in 
patients with RA (Gonzalez-Gay et al. 2008). Furthermore, resistin accumulates in 
the synovial fluid of RA patients at levels significantly higher than in patients with 
osteoarthritis, a non-autoimmune joint disease (Bokarewa et al. 2005), further sug-
gesting a potential role for resistin in the inflammatory cascade of RA. In IBD, cir-
culating levels of resistin increase significantly in CD and UC patients compared to 
HCs (Karmiris et al. 2006). This increase in resistin is significantly associated with 
leukocyte blood count, CRP, and disease activity (Konrad et al. 2007). In conclu-
sion, although adipocyte-derived resistin in rodents is likely implicated in metabolic 
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control, in humans this protein should be more properly classified as a “classical” 
pro-inflammatory cytokine primarily produced by immune cells.

5.5 VISFATIN

Visfatin was originally identified by Samal et al. (1994) as a protein highly expressed 
in bone marrow, liver, and muscle. This 52-kDa protein was isolated and character-
ized from a human peripheral blood lymphocyte cDNA library and termed pre-B 
cell colony-enhancing factor (PBEF) (Samal et al. 1994). The molecule was redis-
covered in 2005 as visfatin (Fukuhara et al. 2005) and was renamed because it was 
expressed predominantly in visceral adipose tissue. In both genetic and diet-induced 
animal models of obesity, visfatin expression is increased in visceral adipose tissue 
(Antuna-Puente et al. 2008).

With the rediscovery of visfatin, Fukuhara et al. demonstrated insulin-like effects 
of this molecule in vitro and in vivo when administered to lean mice by binding to 
and activating the insulin receptor (Fukuhara et al. 2005). Since then, the authors 
retracted some of their findings (Tilg and Moschen 2008). More recent data suggest 
that serum visfatin increases with progressive β cell deterioration observed in T2D 
(Lopez-Bermejo et al. 2006). Interestingly, circulating levels of visfatin increase 
in overweight and obese individuals, with even larger increases seen in those with 
metabolic syndrome compared to subjects that do not fulfill the criteria for complete 
metabolic syndrome diagnosis (Filippatos et al. 2007).

In addition to visceral WAT, visfatin expression is also upregulated in activated 
neutrophils and macrophages (Tilg and Moschen 2006). Visfatin inhibits apoptosis 
of neutrophils and upregulates expression of the IL-1β, IL-6, and TNF-α pro-inflam-
matory cytokines in human monocytes, as well as in mice treated with recombinant 
visfatin (Tilg and Moschen 2008). Visfatin is also expressed in human amniotic 
epithelial cell lines in vitro, and is upregulated by IL-6 and IL-8 pro-inflammatory 
cytokines (Ognjanovic and Bryant-Greenwood 2002).

Since the initial discovery, visfatin has been implicated in several inflamma-
tory disorders such as acute lung injury (ALI), sepsis, IBD, and RA. Gene expres-
sion profiling of lung tissue from experimental models of ALI identified visfatin 
as a highly upregulated gene. Protein levels of visfatin increase in bronchoalveolar 
lavage, serum and lung tissue in both animal models, and in human ALI, suggesting 
visfatin as a potential biomarker (Ye et al. 2005). In neutrophils of critically ill septic 
patients expression of visfatin is markedly increased compared to resting neutrophils 
or LPS-stimulated neutrophils from HCs (Jia et al. 2004).

Studies using anti-sense oligonucleotides designed to target the translation ini-
tiation site of visfatin indicate that the increase in visfatin is partly responsible for 
the inhibition of neutrophil apoptosis observed in septic patients (Jia et al. 2004). 
Serum levels of visfatin also increase in IBD patients compared to HCs (Moschen 
et al. 2007). Significantly higher mRNA levels of visfatin are found in the inflamed 
colonic mucosa of IBD patients compared to HCs as well (Moschen et al. 2007). 
However, the cellular source responsible for this increase in visfatin remains unclear 
in IBD patients. A marked increase in visfatin was observed in patients with RA 
(Otero, Lago, Gomez, Lago et al. 2006). Nowell et al. showed that this upregulation 
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of visfatin is, at least in part, regulated by IL-6 trans-signaling through STAT-3 
(Nowell et al. 2006). Synovial fibroblasts are the major visfatin producing cells in 
the joints of RA patients (Nowell et al. 2006). These data suggest that visfatin is a 
pro-inflammatory mediator; whether it also plays a role in regulation of metabolism 
remains to be fully clarified.

5.6 CONCLUSIONS

It is no longer true that WAT exists solely as an energy source. Research has indi-
cated that WAT is an important mediator of physiological and pathological processes, 
largely because of the release of adipokines. The deregulated release of adipokines 
by WAT during obesity and inflammatory conditions remains largely unexplored. 
Further understanding of the mechanisms of how adipokines are involved in the 
inflammatory response and the pathogenesis of metabolic, chronic and autoimmune 
disorders may lead to novel therapy options in the near future.
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6 Insulin as Modulator of 
Adipose Inflammation

Joseph Doria and Ahmad Aljada

6.1 INTRODUCTION

Diet-induced obesity and the subsequent development of features of the meta-
bolic syndrome have become major worldwide health problems. According to the 
National Center for Health Statistics more than 34% of the U.S. population is obese 
and almost 70% of adults in the U.S. are overweight. Obesity has and continues 
to threaten and overload health care infrastructures due to association with vari-
ous chronic diseases including increased risk of certain cancers, type II diabetes 
mellitus (T2DM) and cardiovascular complications and diseases [1]. Reduced life 
expectancy and degradation of elderly life quality due to obesity and its related 
diseases appear imminent. Obesity is associated with low-grade inflammation in 
adipose tissues resulting from increased production of pro-inflammatory cytok-
ines that can subsequently contribute to the development of insulin resistance 
[2–4].

The development of the concept that obesity is an inflammatory condition is an 
exciting and novel approach to the understanding of this condition. It presents impli-
cations in terms of both the pathogenesis and the complications of this condition. 
Adipocytes are responsible for secreting hormones and adipokines that positively 
or negatively modulate inflammation. Conversely, insulin exerts anti-inflammatory 
effects in various experimental models of inflammation. The anti-inflammatory 
effects of insulin have been demonstrated in endotoxin-induced lung injury, carra-
geenin-induced inflammation in rats, suppression of tumor necrosis factor-α (TNF-
α) by peritoneal exudate cells, inhibition of TNF-α-induced interstitial pneumonitis, 

CONTENTS

6.1 Introduction ....................................................................................................99
6.2 Classical Metabolic and Novel Non-Metabolic Actions of Insulin .............. 100
6.3 Insulin Modulation of Inflammatory Signals in Adipocytes and 

Macrophages................................................................................................. 103
6.4 Insulin and Adipokines................................................................................. 103
6.5 Insulin and Inflammation: Proposed Model................................................. 106
References.............................................................................................................. 108

© 2010 by Taylor and Francis Group, LLC



100 Adipose Tissue and Inflammation

prevention of periportal inflammation in the liver, acute ST segment-elevation myo-
cardial infarction, inhibition of nuclear factor κB (NF-κB) and early growth response 
1 (Egr-1) transcription factors in the obese and many other models [5–12]. In addi-
tion, insulin suppresses macrophage migration inhibitory factor (MIF) expression by 
adipocytes in vitro [10,13,14]. It is of interest that insulin sensitizers have also been 
shown to exert anti-inflammatory effects [15–20]. This represents a significant novel 
non-metabolic action that requires further elucidation.

6.2  CLASSICAL METABOLIC AND NOVEL
NON-METABOLIC ACTIONS OF INSULIN

The original description of the metabolic syndrome consisted of obesity, insulin 
resistance, hypertension, impaired glucose tolerance or diabetes, hyperinsulinemia, 
and dyslipidemia characterized by elevated triglyceride and high density lipoprotein 
(HDL) concentrations [21]. As our understanding of the action of insulin evolved, we 
now perceive that insulin resistance is the basis of most if not all the features of the 
metabolic syndrome.

The classical biological effects of insulin are vital and dispersed throughout the 
body. These include homeostasis of glucose and lipid levels. In adipose tissue, insulin 
lowers glucose levels by increasing lipogenesis and by decreasing lipolysis. Insulin 
also increases glucose uptake in adipose tissue and muscle, processes facilitated by 
the GLUT-4 transporter. Insulin in liver tissue suppresses glucagon release from α
cells and decreases glycogenolysis, which is primarily activated by epinephrine and 
glucagon. Studies by Cherrington et al. showed that with increased insulin concen-
trations there is a net decrease in hepatic glucose output, suggesting that hepatic 
glucose production is regulated by insulin [22].

The liver also assists in maintaining normal insulin concentration by decreas-
ing gluconeogenesis and increasing glycogenesis via activity of glycogen synthase. 
The effect of insulin is to increase tissue and plasma glucose utilization. Insulin 
also decreases formation of uric acid, free fatty acids (FFAs), and triglycerides. 
Furthermore, insulin controls appetite which essentially lowers macronutrient intake. 
Collectively these mechanisms are essential for normal blood glucose homeostasis. 
As glucose is absorbed from digested carbohydrates, blood glucose levels rise and 
these aforementioned mechanisms quickly and efficiently bring blood glucose levels 
back to their normal range (Figure 6.1).

Novel insulin effects continue to be proposed, including chronic anti-inflamma-
tory properties (Figure  6.2). Hotamisligil et al. first described the concept of the 
relationship of obesity and insulin resistance to inflammation in 1993, when they 
proposed that adipocytes express pro-inflammatory TNF-α and that expression in 
obese animals was significantly increased [4]. It was later shown that human adi-
pocytes express TNF-α and this was associated with weight loss [23,24]. When 
overexpressed, TNF-α promotes insulin resistance by various means in different 
cells and tissues. Interestingly, insulin has been shown to inhibit TNF-α produc-
tion [7]. Insulin stimulates nitric oxide (NO) production, leading to vasodilation 
and platelet inhibition [25]. Additionally, insulin exerts cardioprotective effects [10]. 
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An underlying mechanism may be through inhibition of TNF-α which is linked to 
acute myocardial infarction (AMI) and released in the early phase of AMI, directly 
decreasing contractility [26,27].

T2DM is a condition associated with insulin resistance in muscle and adipose 
tissue. Studies established T2DM as an inflammatory condition by showing ele-
vated pro-inflammatory interleukin (IL)-6 and sialic acid in the plasma of patients 
[4,28,29]. Studies by Schmidt et al. showed that levels of inflammatory mediators 
such as IL-6, orosomucoid, sialic acid, and C-reactive protein (CRP) in the plasma 

FIGURE 6.1 Classical biological effects of insulin throughout the body, including increased 
uptake of blood glucose, lipogenesis, and decreased lipolysis in adipose tissue. In the liver, 
insulin decreases hepatic glucose production, glycogenolysis, and gluconeogensis, and 
increases glycogenesis. Insulin decreases uric acid formation, FFAs, and triglycerides, and 
increases HDL and glucose utilization. It facilitates glucose uptake in muscle and decreases 
food intake through the central nervous system.

Anti-Inflamatory Effects
NF-kB, ICAM-1, MCP-1, CRP
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Platelet Inhibition
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FIGURE 6.2 Novel biological effects of insulin. In addition to lowering blood glucose and 
other classical biological effects, insulin also decreases atherosclerosis, acute myocardial 
infarction, inflammation, and ROS production and exerts cardioprotective effects.
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may predict T2DM [30]. IL-6 levels are increased with obesity and IL-6 is an impor-
tant marker for future development of T2DM and myocardial infarction [31,32].

Klover et al. demonstrated in mice that chronic exposure to IL-6 caused insulin 
resistance by impairing insulin signaling in liver cells [33]. Moreover, IL-6 reduces 
adiponectin expression and induces suppressor of cytokine signaling (SOCS) pro-
teins induced in states of inflammation and target insulin receptor substrates (IRSs) 
for degradation by ubiquitination [34,35]. Conversely, in 3T3-L1 cells, insulin dis-
rupts IL-6 pathways by reducing tyrosine phosphorylation of the STAT3 signal 
transducer and activator of transcription [34]. The anti-inflammatory, antioxidant, 
vasodilatory, and platelet inhibitory properties of insulin have been demonstrated 
in several studies. Insulin inhibits activation of NF-κB and formation of reactive 
oxygen species (ROS), while increasing NO and cyclic adenosine monophosphate 
(cAMP) (Figures  6.2 and 6.3). The inhibition of NF-κB activation by insulin is 
very significant since NF-κB plays a cardinal role in the transcription of inflamma-
tory pathways such as c-Jun N-terminal kinase (JNK), CRP, plasminogen activator 
inhibitor-1 (PAI-1), TNF-α, and enzymes generating ROS. Insulin inhibits NF-κB
activation by elevating the IκB that binds to cytosolic NF-κB, thus preventing trans-
location into the nucleus [36,37]. Moreover, the reduced level of NF-κB decreases 
ROS generation, preventing unwanted oxidative stress leading to further inflamma-
tion and cellular damage.

Macrophage

INSULIN

IL-6

MCP-1
TNF

TNF

MCP-1

IL-6
Insulin

IR IR

Glucose
Transport

GLUT4 AKT
IRS-1

P13K

NF-kB

JNKAdipocyte

FIGURE 6.3 Paracrine and autocrine actions and macrophage–adipocyte interactions in 
adipose tissue. Insulin stimulates phosphoinositide 3-kinase (PI3K) by binding insulin recep-
tor (IR) and activating IRS-1, which can then bind to and activate PI3K. Once activated, PI3K 
induces expression of phosphatidylinositol (3,4,5)-trisphosphate (PIP3) leading to activa-
tion of Akt, and 3' phosphoinositide-dependent kinase-1 (PDK1), which ultimately promotes 
translocation of GLUT4 to the plasma membrane for use in glucose transport and uptake. 
Activated adipocytes secrete chemokines that attract macrophages to adipose tissue and adi-
pokines that activate macrophages. Activated macrophages produce several cytokines that in 
turn may further activate adipocytes and eventually cause insulin resistance. Insulin inhibits 
TNF-α, MCP-1, IL-6, macrophage infiltration, NF-κB, and JNK pathways. Insulin, by inhib-
iting the synthesis and secretion of inflammatory mediators by adipocytes and macrophages, 
may reduce insulin resistance.
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TNF-α also promotes insulin resistance in many cells and tissues by inhibiting 
phosphorylation on the tyrosine residue and/or promoting phosphorylation on ser-
ine residues of insulin receptor substrate-1 (IRS-1) which inhibits insulin signal-
ing [38]. Strikingly, an overabundance of intracellular FFAs displays similar results, 
suggesting the FFAs reduce insulin activity by similar pathways. Ser-307 is another 
phosphorylation site on IRS-1 that is targeted by JNK which is increased by both 
FFAs and TNF-α. Ser-307 phosphorylation inhibits tyrosine phosphorylation, thus 
preventing transmission of insulin signals [38]. Neutralization of TNF-α by soluble 
TNF-α receptors leads to increased insulin sensitivity in obese animals [39]. Similar 
effects have not been demonstrated in humans. However, insulin does inhibit TNF-α
production [7].

6.3  INSULIN MODULATION OF INFLAMMATORY 
SIGNALS IN ADIPOCYTES AND MACROPHAGES

In progressive stages of obesity in both mice and humans, macrophages increase in 
number and infiltrate adipose tissue [40]. It has been hypothesized that macrophage 
infiltration may promote the death of adipocytes in obesity based on the fact that 
macrophages have been observed surrounding dead adipocytes [41].

Expression analysis from adipose tissue shows that macrophages are accountable 
for the majority of pro-inflammatory secretions in obese adipose tissue and the secre-
tion of almost all the TNF-α, inducible NOS (iNOS), and IL-6 observed in adipose 
tissue [40]. It has been proposed that accumulation of macrophages in adipose tissue 
may have a role in the inflammatory response of adipose tissue observed in obesity 
[42]. Insulin may prevent paracrine and autocrine inflammatory signals in adipo-
cytes and macrophages by inhibiting production of TNF-α, monocyte chemotat-
tractant protein-1 (MCP-1), and IL-6, factors that induce inflammation, macrophage 
infiltration, NF-κB and JNK pathways. As a result, insulin may repress this ampli-
fied inflammatory cascade.

6.4 INSULIN AND ADIPOKINES

Adipocytes influence the immune response through several cytokine-like mediators 
known as adipokines including leptin, resistin, and adiponectin. These adipokines 
exert profound effects on a number of physiologic processes including immune func-
tion and inflammation. By modulating these adipokines, insulin may exert an anti-
inflammatory effect on adipocytes.

Leptin is produced by white adipose tissue and regulates adipose tissue mass by 
influencing food intake and energy expenditure [43]. The role of leptin in inflamma-
tion is less clear. Leptin may directly link nutritional status and pro-inflammatory 
T helper cell 1 immune responses [44,45]. Altered leptin production during infec-
tion and inflammation strongly suggests that leptin is a part of the cytokine cas-
cade that orchestrates the innate immune response and host defense mechanisms 
[46,47]. Leptin stimulates T lymphocyte responses, thus filling a pro-inflammatory 
role in experimental models of autoimmune diseases. Leptin is a member of the 
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helical cytokine family; its structure resembles those of the IL-2, IL-6, and IL-15 
hematopoietic cytokines [44]. It exerts proliferative and anti-apoptotic activity in 
a variety of cell types including T lymphocytes, leukemia cells, and hematopoietic 
progenitors. It has also been implicated in the pathogenesis of chronic low grade 
inflammation present in obese individuals, increasing their risks of developing car-
diovascular diseases, T2DM, and degenerative diseases including autoimmunity and 
cancer. On the other hand, leptin exerts protective anti-inflammatory effects in mod-
els of acute inflammation and during activation of innate immune responses.

Decreased plasma leptin concentration during food deprivation can lead to 
impaired immune function, reduced cell-mediated immune responses, and an overall 
increased risk of infection. Leptin deficiency after starvation in rodents is linked to 
increased glucocorticoid levels and decreased levels of thyroid and growth hormone, 
each of which may mediate immune suppression [48–50]. Additionally, leptin may 
be released in response to inflammatory cytokines and act to attenuate the responses
to TNF-α, IL-6, and IL-1, all of which has been shown to play a protective role 
against the toxicity exerted by TNF-α [51]. Exogenous leptin can also reduce NO 
levels and CD40 expression in cerulean-induced acute pancreatitis, a non-infectious 
inflammatory reaction of the pancreas [52,53]. It is of interest that both the ob/ob 
mouse that lacks leptin and the db/db mouse that lacks the leptin receptor are suscep-
tible to infections. Notably, insulin can stimulate leptin release via a phosphoinosit-
ide 3-kinase (PI3K)-independent mechanism and thus may modulate the immune 
system through leptin induction [54]. The definitive role of leptin in this context in 
humans has yet to be proved.

Resistin is an adipokine that is almost exclusively expressed in WAT. Resistin 
causes insulin resistance and diabetes in mice, while in humans it is linked to inflam-
mation. In some pathophysiological conditions, plasma resistin levels were found 
to be associated with many inflammatory markers [55–60]. Insulin, glucose, many 
cytokines, and the anti-diabetic thiazolidinediones are regulators of resistin gene 
expression. Resistin levels increase in diet-induced and genetic forms of obesity (ob/
ob and db/db) and decrease with the administration of the rosiglitazone anti-diabetic 
drug [61–66]. Insulin inhibits resistin expression and secretion in 3T3-L1 [64,66,67]. 
This inhibitory effect of insulin is independent of PI3K or p38-mitogen-activatied 
protein kinase pathways.

Remarkably, lipopolysaccharide (LPS) upregulates resistin levels in WAT and 
white blood cells in rats as well as in 3T3-L1 adipocytes. However, LPS was also 
reported to have no effect on resistin expression in 3T3-L1 adipocytes, while in 
a separate study LPS was shown to suppress resistin expression in adipose tissue 
[68,69]. Similarly, TNF-α increased resistin expression in human peripheral blood 
mononuclear cells (PBMCs) while it downregulated resistin in 3T3-L1 adipocytes 
[64,69,70]. IL-6 also increased resistin expression in PBMCs, but had no effect in 
3T3-L1 adipocytes [69,70]. Resistin upregulation by IL-6 and TNF-α in human 
PBMCs is mediated via the NF-κB pathway [55]. Perhaps these conflicting results 
may be explained by the use of different techniques and conditions.

Adiponectin, one of the most abundantly synthesized hormones by adipocytes 
in adipose tissue, produces an anti-inflammatory effect by inhibiting phagocytic 
activity, TNF-α production, and modulating insulin sensitivity [71]. Adiponectin has 
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been shown to increase sensitivity to insulin, glucose tolerance, and FFA oxidation 
in several tissues [72–75]. Administration of physiological doses of adiponectin in 
insulin-resistant mice increased insulin sensitivity. Adiponectin is found in lower 
concentrations in men than women and its levels decrease with obesity in humans, a 
trend similar to many anti-inflammatory hormones and cytokines.

Reduced adiponectin levels have been documented not only with obesity but 
also with T2DM, coronary artery disease (CAD), and insulin resistance [76–78]. 
Adiponectin may be linked to atherosclerosis because it inhibits TNF-α and the 
conversion of macrophages to foam cells and decreases cell adhesion molecules, 
thus lowering the number of macrophages attached to endothelial cells [76,79–81]. 
Weight loss is a general way to lower risk of T2DM and CAD. Yang et al. demon-
strated that weight loss results in increased plasma levels of adiponectin [80]. By 
increasing insulin sensitivity, adiponectin positively enhances the anti-inflammatory 
effects of insulin.

The sirtuin 1 (SIRT1) enzyme, a human homologue of Sir2, is upregulated in calo-
rie-restricted diets and has an anti-inflammatory response on adipocytes. SIRT1 can 
reduce TNF-α, and deacetylate NF-κB, thus inhibiting its transcription. In addition, 
a SIRT1 inhibitory compound showed induction of differentiation of adipocytes—a 
process often coupled with insulin sensitization [82]. Olefsky et al. indicated that a 
knockdown of SIRT1 increases IRS-1 serine phosphorylation and JNK phosphoryla-
tion and decreases insulin signaling and IRS-1 tyrosine phosphorylation, all inhibit-
ing insulin signaling to glucose transport [83].

This study also displayed an increase in mRNA expression for TNF-α, IL-6, 
CRP, and JNK with the knockdown of SIRT1. Investigations by Sun et al. concluded 
that SIRT1 improves insulin signaling in insulin-resistant states by inhibiting the 
protein tyrosine phosphatase 1B (PTP1B) that directly inhibits insulin action [84,85]. 
However, it is important to note that SIRT1 improved insulin sensitivity and glucose 
transport only in resistant states and little to no change was noticed in insulin-sensi-
tive conditions, suggesting that under normal conditions SIRT1 may have little effect 
in this regard.

SIRT1 has recently been linked to reversing inflammatory pathways and oxida-
tive stress in adipose tissue associated with fatty acid overload through mechanisms 
that increase forkhead transcription factor FKHR (FOXO1), a key regulator of glu-
cose homeostasis, cell cycle progression, and apoptosis [86]. It has also been shown 
that SIRT1 increases adiponectin transcription in adipocytes by activating FOXO1 
and enhancing FOXO1 and CCAAT/enhancer binding protein (C/EBPβ) interaction; 
both FOXO1 and SIRT1 protein levels are significantly lower in epididymal fat tis-
sues from db/db mice [87]. The addition of FFAs to adipocytes decreased FOXO1 
protein levels which correlated with an increase in the production of ROS, IL-6, PAI-
1, and MCP-1 mRNA expression levels and reduction in adiponectin [86]. Therefore, 
the observed anti-inflammatory properties of SIRT1 are possibly modulated by 
increased adiponectin levels through FOXO1, resulting in insulin sensitization. 
Increased insulin sensitization in return may account for these anti-inflammatory 
properties of SIRT1. However, the presence of other mechanisms is possible and has 
yet to be characterized.
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FOXO transcription factors are subject to complex regulation. Growth factors 
inhibit FOXO via serine–threonine phosphorylation and nuclear exclusion while cel-
lular stress causes FOXO acetylation, thus promoting the interaction of FOXO and 
SIRT1 [88–92]. However, the effect of SIRT1-dependent deacetylation on FOXO
function remains somewhat controversial, with most studies suggesting that deacety-
lation increases FOXO-dependent transcription. Insulin negatively regulates FOXO1 
activity via phosphorylation and ubiquitination-mediated degradation, resulting 
in repression of target gene expression [93,94]. Conversely, FOXO factors control 
upstream elements of insulin signaling although they are downstream targets of 
insulin. Treatment of 3T3-L1 adipocytes with TNF-α attenuated Akt-dependent 
phosphorylation of FOXO1 and enhanced transcriptional activity of FOXO1 which 
in turn increased the expression of C/EBPβ, a positive regulator of MCP-1 and IL-6 
genes, through directly binding to its promoter [95].

Visfatin (also known as pre-B cell colony-enhancing factor or PBEF) is another 
adipokine that increases during the development of obesity and T2DM and exerts a 
pro-inflammatory effect [96]. It has an insulin-mimetic effect via binding to the insu-
lin receptor [97]. However, insulin does not influence synthesis of this adipocytokine 
[98]. The binding of visfatin to insulin receptor may block insulin binding, resulting 
in increased inflammatory status.

6.5 INSULIN AND INFLAMMATION: PROPOSED MODEL

Several studies confirmed that the presence of inflammatory mediators predicts 
the development of T2DM in populations at risk, suggesting that IR and inflamma-
tory processes are related and may involve a causal link [30,99–107]. What leads to 
inflammation in obesity and T2DM? What is the link between inflammation and 
insulin resistance? Our work and that of others confirmed the pro-inflammatory 
effects of food intake on oxidative stress and inflammation at the cellular and molec-
ular levels [108–113].

These inflammatory mediators activate pro-inflammatory transcription factors, 
including NF-κB, that in turn promote the transcription of pro-inflammatory genes. 
On the other hand, levels of inflammatory mediators fall with dietary restriction and 
weight loss [114]. It is likely that the pro-inflammatory state of obesity is related to 
chronic excessive food intake. TNF-α has been shown to induce serine phosphory-
lation of IRS-1, thus inhibiting autophosphorylation of tyrosine residues of insulin 
receptor in adipocytes [115]. This effect has been shown to be related to SOCS fam-
ily proteins that are increased by inflammatory cytokines [116]. SOCS proteins are 
elevated in insulin-resistant tissues and impair IR signaling by blocking IR-mediated
tyrosine phosphorylation [116] or by promoting ubiquitination and degradation of IR 
[35]. SOCS-3 binds IR and inhibits its autophosphorylation and the tyrosine phos-
phorylation of IRS-1, the association of p85 subunit of PI3 kinase to IRS-1, and 
subsequent activation of Akt [117]. SOCS-3 may also be the mediator of leptin resis-
tance in obese humans.

Plasma adiponectin concentration has an inverse relationship with adiposity, 
insulin resistance, diastolic pressure, triglyceride concentration, and TNF-α recep-
tor concentration [118]. Leptin, on the other hand, is elevated in obese humans and 
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can regulate immune function by stimulating responses to inflammatory challenge. 
Notably, CRP can directly interact with leptin, causing leptin resistance, and thus 
inhibiting leptin from regulating energy intake and energy expenditure, resulting in 
obesity [119]. CRP can also inhibit adiponectin. Resistin, on the other hand, may be 
activated by several inflammatory mediators and can itself activate these mediators, 
including the NF-κB pathway, potentiating the inflammatory status in obesity.

A chronic overload of food intake leads to chronic inflammation which leads to 
lower levels of secreted adiponectin and higher rates of lipolysis, CRP, and FFAs, 
and ultimately leads to leptin and insulin resistance (Figure 6.4). FFAs are key play-
ers of insulin resistance and inflammation in skeletal muscle, liver, and endothe-
lial cells [120]. FFAs are elevated in obesity due to enlarged adipocytes releasing 
higher concentrations, but additionally FFA clearance will be reduced, along with an 
increase in lipolysis and a deficiency of perilipins, inhibiting lipases from hydrolyz-
ing triglycerides and releasing FFAs [121].

FFAs exert pro-inflammatory effects. In diabetes, elevated FFAs increased mito-
chondrial ROS production and overall FFAs increased oxidative stress, activating 
many pro-inflammatory pathways and inflammatory cytokine production, and reduc-
ing circulating adiponectin levels [122,123]. It is also noteworthy that elevated circu-

FIGURE 6.4 Relationship of macronutrient intake, oxidative stress, inflammation, obe-
sity, and impaired insulin signaling. Excessive caloric intake leads to chronic inflamma-
tion, reduced glucose tolerance, and insulin resistance through multiple pro-inflammatory 
pathways including NF-κB and TNF-α. These further increase pro-inflammatory pathways 
leading to decreased insulin sensitivity through impairment of IR. Inflammation in obesity 
leads to increased expression of TNF-α and SOCS-3 which impair Yp-IR and IRS-1-p85 PI3-
kinase interaction which leads to IR. In addition to IR, adipokine levels are altered, adiponec-
tin is inhibited, and leptin and resistin concentrations are increased, leading to resistance of 
leptin and ultimately increasing food intake.
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lating FFAs in normal humans caused endothelial dysfunction, including decreases 
in blood flow and NO production through stimulation of NADPH oxidase [124,125].

The activation of NADPH and the consequent decrease in NO are likely due to an 
increase of ROS that is protein kinase C (PKC)-dependent [126]. Toll-like receptor 4 
(TLR4) is an LPS receptor, also activated by FFAs, that transduces cytokine expres-
sion [127]. TLR4 activates NF-κB signaling in adipocytes, resulting in decreases 
in Akt and GSK3β phosphorylation, key mediators of insulin signaling and glucose 
uptake. FFAs and TNF-α can also induce Ser-307 phosphorylation on IRS-1, which 
inhibits tyrosine phosphorylation and prevents insulin signal transmission [38]. PKC, 
induced by the NF-κB pathway and FFAs, can inhibit insulin signaling by phospho-
rylating IRS-1. Lowering FFAs in non-diabetic and obese T2DM subjects improves 
insulin sensitivity and glucose tolerance, and reduces hyperinsulinemia, illustrating 
another possible correlation to insulin resistance, inflammation, and obesity [128].

However, contrary to typical thought, too little fat can result in decreased insu-
lin sensitivity, fatty liver, hyperlipidemia, and hyperglycemia. Shulman et al. dem-
onstrated that transplanting adipose tissue reversed hyperglycemia and diminished 
levels of insulin in fat-deficient mice, concluding that moderate levels of adipocytes 
are necessary for conventional insulin signaling and function [129].

Following high calorie food intake, NF-κB and ROS inflammatory pathways 
are activated. This pro-inflammatory state is counteracted by insulin. Nevertheless, 
insulin compensatory capacity is limited and chronic excessive food intake, as in 
obesity, eventually leads to insulin resistance. Chronic inflammation ensues, leading 
to disease and health issues such as T2DM, MI, and stroke. This anti-inflammatory 
effect of insulin has been proven useful in improving survival in critically ill patients 
and those with myocardial infarction [10,130,131]. Further studies have also shown 
that not all calories provoke this outcome. Dandona et al. demonstrated that high 
fructose and high orange juice intake do not stimulate these effects [132]. In conclu-
sion, the anti-inflammatory effect of insulin has been demonstrated in numerous 
in vitro and in vivo models, including models of adipose tissue, white blood cells, 
endothelial cells, and liver cells.
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7 Growth Hormone as 
Modulator of Adipose 
Inflammation

Hong-Biao Liu

7.1 INFLAMMATORY PROCESSES OF ADIPOSE TISSUE

Adipose tissue is both a classic energy storage organ and also an endocrine-immune 
organ that regulates homeostasis by secreting a series of hormones and cytokines 
[1,2]. Inflammatory mediators were once regarded as mainly produced only by the 
immune system and liver. In 1993, Hotmisligil et al. described direct evidence of an 
inflammatory process involving adipose tissue by demonstrating the production of 
tumor necrosis factor-α (TNF-α) by adipose tissue [3].

More recent studies have shown clearly that adipose tissue synthesizes and secretes 
both pro-inflammatory and anti-inflammatory cytokines [4], including transforming 
growth factor β, interferon γ, interleukins (IL-1, IL-6, IL-8, and IL-10), plasmino-
gen activator inhibitor-1, fibrinogen, angiopoietin-related proteins, metallothionein, 
complement factor 3, C-reactive protein, haptoglobin, and serum amyloid A protein 
[2]. Inflammation within white adipose tissue may be a crucial step contributing to 
the pathologic features of metabolic syndrome.

Human adipose tissue is a potent source of inflammatory cytokines. Two types 
of cells in adipose are involved in the cytokines secretion: fat cells (adipocytes) and 
nonfat cells. Leptin and adiponectin are primarily secreted by adipocytes. Other 
inflammatory cytokines are produced by both fat cells and nonfat cells. Although 
nonfat cells may contribute significantly to the profiles of inflammatory cytokines 
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[5], this review will focus on the interaction between growth hormone (GH) and the 
adipose tissue-specific cell, the adipocyte.

7.2  GENERAL FUNCTIONAL MECHANISMS
OF GROWTH HORMONE (GH)

GH is synthesized and secreted by somatotropes in the anterior pituitary. GH is also 
referred to as somatotrophin (the natively synthesized animal hormone) and somat-
ropin (a product of recombinant DNA technology). The stimulation of body growth 
was regarded as its essential role, which was first described at the beginning of the 
20th century. GH was isolated from bovine pituitary in 1944 and thereafter its native 
191-amino acid sequence determined [6,7]. Dual effector theory is regarded as the 
functional model at the cellular level: there are direct effects and indirect effects.

Direct effects refer to the result of GH binding to its GH receptor on target tissues, 
including adipose tissue. While indirect effects of GH are exerted through induction of 
secondary hormones such as insulin-like growth factors (IGFs) produced by hepatocytes 
[8], GH exerts pleiotropic effects divided into two main types: effects on the growth and 
differentiation of cells and effects on metabolism. Other major regulatory effects that 
GH exerts on adipocytes include the enhancement of lipolytic activity and reduction of 
triglyceride accumulation, both of which result in decrease of total fat mass [9].

7.3 DIRECT EFFECTS OF GROWTH HORMONE ON ADIPOCYTES

GH exerts modulating effects on both pre-adipocytes and adipocytes via the GH 
receptor (GHR). Heterogeneity is present in both the GHR mRNA transcript and 
the mature protein. The human GHR genetic locus is on chromosome 5p1.1-5p12 
and spans more than 87 kb. The protein-coding portion contains nine exons (2–10). 
Transcripts from the GHR gene are characterized by a disparate 5' untranslated region 
(exon 1). After screening adult liver and cardiac muscle cDNA libraries, nine variants 
of human GHR mRNA (V1–V9) were reported. Each differed in its 5' untranslated 
region [10,11]. V6 was subsequently revealed as a false positive result [12]; while the 
other eight were confirmed by genomic localization and expression profiling.

Recently five new human GHR mRNA variants (VA–VE) were detected in adi-
pose cDNA libraries by RT-PCR assay [13]. Even though no GHR mRNA variant 
exclusive to adipose tissue has yet been detected, there is still an interesting distri-
bution pattern of GHR mRNA in adipose: 89% V2, 3% V3, and 5% novel variants 
(VA–VE). The V2 variant has been validated as the predominant form in adipocytes 
at all adipose development stages. However, whether specific splice variants may be 
associated with different pathologic conditions in adipose is still unknown [13].

Expression of GHR in adipocytes has been well investigated since its description 
in 1973, the purification of the protein in 1980, and the cloning of human and rab-
bit cDNAs in 1987 [14–24]. GHR is a single transmembrane protein of the class I 
cytokine receptor family [25], and it is expressed in most cell types. This receptor 
family comprises the receptors for I-L2, IL-7, IL-9, IL-12, prolactin, thrombopoi-
etin, leukemia inhibitory factor, erythropoietin, granulocyte colony-stimulating 
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factor, granulocyte–macrophage colony-stimulating factor, and interferons α, β, and 
γ. GHR contains 620 amino acids spread over three parts: an extracellular hormone-
binding domain (ECD) of 246 amino acid residues, a transmembrane region of 24 
amino acid residues, and a long cytoplasmic domain of 350 residues [15].

The extracellular domain contains seven cysteine residues and five potential 
N-linked glycosylation sites, and within this domain is the binding interface for GH. 
The cytoplasmic domain is deficient of known intrinsic kinase or ATP binding motifs. 
Box 1 (residues 280–287 in the GHR) is a juxtamembrane, proline-rich sequence; 
while box 2 (23 amino acid residues downstream) contains a serine-rich sequence.

The two forms of GHR are (1) the full-length form of 620 amino acids which is 
a membrane-bound receptor and (2) the shorter soluble GH binding protein (GHBP) 
corresponding to the extracellular domain of the full-length receptor. GHBP was 
detected in different biological fluids, such as serum, milk, and follicular fluid 
[26,27]. Two independent processes (with species differences) are involved in the 
production of GHBP. Simple proteolytic cleavage leads to formation of GHBP with 
only an extracelluar domain and this occurs in humans and rabbits. Alternative splic-
ing of the GHR gene allows for the insertion of a unique hydrophilic tail in the 
GHBP and this has been observed in humans [28,29]. Besides the full-length GHR, 
two additional truncated splice-variants GHR-(1–277) and GHR-(1–279), have been 
detected in fat, liver and muscle [30]. These forms lack intracellular domains. An 
interesting proposal is that the truncated GHR may inhibit normal GHR action.

Both the full-length GHR and GHBP are expressed at the surfaces of rat adipo-
cytes with identical binding affinities for GH [31] and fixed ratios [32]. The half-life 
is approximately 45 minutes [33]. GHBP appears to compete with full-length GHR 
to bind GH at the pre-adipocyte surfaces and this inhibits adipocyte differentiation 
[34]. Intracellular GHBP has been shown to serve as a transcriptional enhancer to 
affect function in both pre-adipocytes and adipocytes [35].

Although the in-depth investigation of the effects of human GH on adipose tis-
sue through GHR has been achieved, the understanding of how GHR expression is 
regulated in human adipocytes is limited. It is well known that obese people have 
low GH levels due to the inhibitory effects of excess free fatty acids (FFAs) on GH 
secretion and increased GH clearance [36–38]. Gleenson et al. [37] observed that a 
single bolus administration of GH in obese individuals leads to increased levels of 
IGF-1 and GHBP; GHBP reflects an indirect estimate of GH receptor numbers. The 
positive correlation between IGF-1 and GHR may provide a clue that GHR is regu-
lated by GH indirectly via the IGF-1 pathway.

7.4  BINDING MODEL OF GROWTH HORMONE
TO GROWTH HORMONE RECEPTORS

Dimerization of two GHRs binding to one GH molecule (GHR2:GH) was described 
in 1991 [39]. X-ray crystallographic studies have shown that two different sites in 
the GH are linked to individual GHR to form a complex pattern as GHR: site1-GH-
site2:GHR [40]. The binding model of GH to GHR is evidenced by activity of the 
GH analogue GH-G 120R that lacks the ability to bind the GHR via site 2 and does 
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not stimulate GHR signal transduction and therefore serves as an inhibitor of GHR 
[41–43]. Formation of GH-induced dimerization of GHR is a critical step for the hor-
monal effect on proliferation and stimulation of lipogenesis in adipocytes [41].

7.5 GROWTH HORMONE SIGNAL TRANSDUCTION

GHR dimerization occurs after GH binds to GHR at the cell surface. The GHR 
dimer induces association of Janus kinase 2 (JAK2) to the membrane proximal 
proline-rich box 1 region and this consequently activates JAK2 [44,45], a 130-kDa 
tyrosine kinase, first identified in 1993 as responsible for the tyrosine phosphoryla-
tion of GHR in mouse 3T3-F442A cells [46,47]. Increased entry of calcium coin-
cides with GHR stimulation. Activated JAK2 triggers the phosphorylation of GHR 
and activation of a series of proteins to transduce the cellular signal. Interestingly, 
autophosphorylation also occurs simultaneously while JAK2 phosphorylates GHR 
[48]. Activated JAK2 in turn activates various signaling Pathways [28] including:

1. Other receptors, including epidermal growth factor receptor and non-
receptor kinases such as focal adhesion kinase (FAK), c-Src, and c-Fyn 
[44,45]

2. Other GH-activated signal-transducing proteins including members of 
the mitogen-activated protein (MAP) kinase family (p42/44 MAP kinase, 
stress-activated protein kinase [SAPK], and p38 MAP kinase)

3. Members of insulin receptor substrate (IRS) family (IRS-1, IRS-2 and 
IRS-3)

4. Signal transducers and activators of transcription (STAT) family members 
(STATs 1, 3, 5a, and 5b)

The GH signaling pathway is evidenced by the following observations [49,50]. More 
than fifty ECD mutations of GHR have been identified as pathogenesis factors in 
dwarfism. In addition, growth retardation was observed in mice with cytoplasmic 
domain mutations. Three different mice with targeted mutations in cytoplasmic 
domains have been created involving (1) truncation at residue 569 that lacks most 
STAT5 signaling function, (2) truncation at 391, deleting all STAT5 generation and 
other signals in the central region of the cytoplasmic domain, and (3) mutation of 
the box 1 sequence, abrogating JAK2 function. The body sizes of these homozygous 
mutation mice, compared with sizes of wild-type (WT) mice, demonstrated an inter-
esting pattern: WT > 569 > 391 > box 1 [51].

In addition to potential regulators involved in GH signaling cascades, the sup-
pressors of cytokine signaling (SOCS) protein family has also been implicated 
in controlling cellular responses to GH [52,53]. SOCS proteins are produced in 
response to signals from a diverse range of cytokines and growth factors that 
attenuate signal transduction to exert negative feedback effect by inhibiting the 
JAK–STAT signaling cascade. This is evidenced by the in vivo observation that 
mice lacking SOCS displayed gigantism accompanied by deregulated GH signal-
ing [54,55].
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Figure 7.1 illustrates signal transduction through the GH–GHR system. In sum-
mary, binding of GH to GHR results in dimerization of the receptor, phosphorylation 
of JAK2 and GHR, and subsequent phosphorylation of a series of proteins. Nuclear fac-
tors are involved in the effects of GH on gene transcription. The JAK–STAT pathway 
is a main pathway for GH effect on gene transcription. In addition, GH is able to acti-
vate MAP kinases and utilize IRS-1 to induce insulin-like effects. The classic negative 
feedback via SOCS protein family is also involved in GH signal cascades. Ultimate 
effects serve to regulate cell proliferation, metabolism, and tissue inflammation.

7.6  INDIRECT EFFECTS OF GROWTH 
HORMONE ON ADIPOCYTES

GH exerts its cellular effects directly through stimulating GHR and also indirectly 
through IGF-1. The liver is regarded as the major source of circulating IGF-1, but 
IGF-1 is produced by other tissues including adipose tissue. IGF-1 mRNA levels in 
adipose are as high as those in liver.

IGF-1 is a 7.6-kDa single chain polypeptide with a highly conserved sequence 
across species. For example, the human, bovine, and porcine IGF-1 sequences 
are identical [60]. IGF-1 interacts with two types of receptors: type I and type II. 
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FIGURE 7.1 Growth hormone signal transduction. GH binding to surface GHR results in 
dimerization of the receptor, phosphorylation of JAK2 and GHR, and subsequent phosphory-
lation of a series of proteins. The JAK–SAT pathway is a main route for GH effects on gene 
transcription. GH is also able to activate MAP kinases and utilize IRS-1 to induce insulin-
like effect. In addition, the classic negative feedback loop via the SOCS protein family also 
plays a role in GH signal cascades.
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Evidence indicating that the IGF-II receptor mediates any growth signaling func-
tion is very limited. The IGF-1 receptor, like the insulin receptor, is a member of the 
tyrosine kinase family [61]. IGF-1 receptor mRNA has been detected in porcine adi-
pose tissue, adipocytes, and pre-adipocytes [62,63]. Additional evidence has shown 
that IGF-1 receptor has been detected in isolated human adipocytes after overnight 
culture [64]. However, several studies failed to detect IGF-1 receptor in mature adi-
pocytes from humans and pigs [17,65,66]. The possible reason for the discrepancy 
may be the low level of IGF-1 receptor in the mature adipocytes compared to levels 
in cells before the initiation of differentiation [67,68]. Furthermore, recent studies 
using conditional gene targeting knockout strategies have shown that IGF-1 receptor 
signaling in adipocytes does not play a crucial role for the development and differen-
tiation of adipose tissue in vivo [69,70].

7.7 HYPOTHALAMIC–PITUITARY–ADIPOSE TISSUE AXIS

The classic endocrine feedback loops of the hypothalamus, pituitary, and peripheral 
glands (thyroid, adrenal, ovary and testes) are well documented. The common fea-
ture of these networks is the regulatory interaction between hormone and source. 
The mediator hormone and its corresponding target receptor are the two fundamen-
tal factors involved in the interaction. It is reasonable to postulate that a hypotha-
lamic–pituitary–adipose-axis also exists [71] (Figure 7.2).
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Pituitary

FSH
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GH
PRL

TSH
ACTH

Vasopressin
Oxytocin

NO ?

ADIPOCYTES
Leptin

Cytokines

Adipose Tissue
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FIGURE 7.2 Postulated hypothalamic–pituitary–adipose tissue axis.
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Accumulating evidence indicates that adipose tissue functions as an endocrine/
immune organ since it secretes several adipokines including leptin, adiponectin, 
resistin, TNF-α, IL-6, IL-8, haptoglobin, and adipsin [72,73]. These adipocyte-
derived hormones and cytokines are involved in cellular proliferation, metabolism, 
and inflammatory processes. Besides GHR, other pituitary hormone receptors, such 
as those for ACTH, TSH, prolactin, and hypothalamic peptides (vasopressin and 
oxytocin), have been detected in mature adipocytes at the mRNA level [73]. Of note, 
the expression levels of some of these receptors in pre-adipocytes are low but appear 
to be induced in differentiated adipocytes. No evidence shows that receptors for LH 
and FSH exist in adipocytes.

GH is secreted by the pituitary under hypothalamic control and mediates cel-
lular effects in adipose tissue. In turn, adipocytes secrete a series of hormones and 
cytokines. Adipocyte-derived leptin regulates GH secretion in the hypothalamus as 
evidenced directly by the widespread distribution and localization of leptin receptor 
in hypothalamus [74]. Indirect evidence of regulation also exists, e.g., the observa-
tion that genetically obese mice and rats with mutations of the leptin protein or its 
receptor exhibit decreased GH plasma levels [75]. Clinical evidence demonstrates 
that leptin receptor mutations in humans are associated with obesity and reductions 
of GH secretion [76,77].

GH is a modulator of inflammation in adipocytes. Adipocytes secrete hormones 
such as leptin to regulate GH secretion via the postulated hypothalamus–pituitary–
adipose network [72]. The investigation of inflammatory processes in adipose tissue 
opens a new window to discover novel mechanisms and potential therapeutic targets 
involved in metabolic syndrome [78].
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8 Glucocorticoids as 
Modulators of Adipose 
Inflammation

Nicholas M. Morton

8.1 ADIPOSE INFLAMMATION IN OBESITY

Obesity is associated with a chronic inflammation of the adipose tissue that exac-
erbates and may underlie insulin resistance and metabolic disease. This concept 
originated from the finding that the tumor necrosis factor-alpha (TNF-α) pro-
inflammatory cytokine was elevated in the adipose tissues of obese mice and in 
the circulation of morbidly obese humans (Hotamisligil et al., 1993, Hotamisligil 
et al., 1995). Transgenic mice lacking TNF-α (Uysal et al., 1997) or elements of its 
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downstream inflammatory signalling cascade confirmed that obesity and its asso-
ciated insulin-resistance and diabetes were ameliorated when inflammatory path-
ways were impaired (Yuan et al., 2001, Hirosumi et al., 2002, Kaneto et al., 2004, 
Tuncman et al., 2006).

It subsequently became apparent that increased adipose tissue mass served as a 
source of many cytokines (as well as chemoattractants, prothrombotic, vasoactive, 
and angiomodulatory factors), some of which have been directly linked to tissue 
insulin-resistance, e.g., TNF-α and interleukin (IL)-6 (Rotter et al., 2003), mono-
cyte chemoattractant protein (MCP)-1 (Sartipy and Loskutoff 2003 ), serum amyloid 
(SA)-A3 (Lin et al., 2001), macrophage inhibitory factor (MIF) (Atsumi et al., 2007), 
CXC motif chemokine ligand-14 (Nara et al., 2007), and many others. In addition, 
increased infiltration and changes in functions of cells of both the innate immune sys-
tem such as macrophages (Xu et al., 2003, Weisberg et al., 2003, Zeyda et al., 2007), 
dendritic cells (Nguyen et al., 2007) and T cells of the adaptive immune system (Wu 
et al., 2007), particularly cytotoxic CD8+ T cells (Rausch et al., 2008) contribute to 
inflammatory processes in the adipose tissues of obese mice and humans.

Key to the early events of immune system changes in adipose tissue appears to 
be activation of Toll-like receptors (TLRs)-2 and 4 on both macrophages and adipo-
cytes by the high circulating free fatty acids found in obesity. In effect the free fatty 
acids “hi-jack” these innate immune system bacterial lipotoxin recognition systems 
(Lin et al., 2000, Shi et al., 2006, Song et al., 2006, Nguyen et al., 2007), signalling 
through pro-inflammatory pathways, and echoing the shared evolutionary pathways 
of immunity and metabolism (Hotamisligil, 2006). Further, activation of cellular 
stress mechanisms (Wellen and Hotamisligil, 2005) within adipocytes appears to 
induce a hybrid necrotic/apoptotic-like state (Cinti et al., 2005, Murano et al., 2008), 
associated with localised hypoxia (Ye et al., 2007, Rausch et al., 2008) that may be 
secondary to impaired or delayed vascularization and angiogenesis in the rapidly 
expanding adipose tissue (Rupnick et al., 2002, Kim et al., 2007, Lijnen, 2008).

The infiltration of immune cells to these sites may therefore initially be a rescue-
and-clear-operation that malfunctions, perhaps unable to keep pace with the poorly 
vascularized expansion of the fat cells, leading to hypoxia, cellular stress and ulti-
mately, chronic inflammation. The resulting local increase and overspill of fatty 
acids and cytokines from the increased adipose tissue mass along with a reduction 
in anti-inflammatory cytokines (IL-10) and insulin sensitizing adipokines such as 
adiponectin (Berg et al., 2001, Yamauchi et al., 2001) causes systemic insulin resis-
tance in muscle, liver, and locally in the adipose tissue itself. High systemic levels of 
these pro-inflammatory mediators may subsequently impair pancreatic β-cell insu-
lin secretion (Donath et al., 2008) and contribute to atherosclerotic processes in the 
vessel walls (Lau et al., 2005).

8.2 GLUCOCORTICOIDS AND INFLAMMATION

Glucocorticoids are synthesized primarily in the adrenal glands in response to the 
release of adrenocorticotrophin from the hypothalamus (Goulding and Flowers, 2001, 
Munck et al., 1992). They have many functions, but most importantly with respect to 
this chapter, they modulate immune cell function and regulate nutrient metabolism 
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directly at the adipocyte level. Glucocorticoids potently suppress inflammatory pro-
cesses at high doses, such as when they are used therapeutically to treat inflammatory 
conditions such as rheumatoid arthritis (Gudbjornsson et al., 2002). Their principal 
effect is to dampen the signalling cascades that lie downstream of pro-inflammatory 
cytokines such as TNF-α, IL-1β, IL-6, and the innate immune system bacterial lipo-
toxin recognition Toll-like receptors (TLRs), namely the nuclear transcription factor 
(NF)-κB and activator protein (AP)-1 signalling cascades (Riechardt and Schutz, 
1998) . Furthermore, glucocorticoids promote the resolution phase of inflammation 
by conferring phagocytic capacity to macrophages that ingest and process apoptotic 
leukocytes (neutrophils) at the sites of inflammation (Giles et al., 2001).

8.2.1 GLUCOCORTICOIDS AND ADIPOSE INFLAMMATION

The chronic low-grade inflammatory state in adipose tissue is distinct from the 
classical inflammatory processes associated with acute infection and tissue injury, 
despite their employment of the same cellular signalling machinery (Hotamisligil, 
2006). It is important to note that obesity involves chronic modest elevations in tis-
sue and systemic cytokine levels (e.g., plasma levels of IL-6 are elevated 3-fold in 
obesity versus 1000-fold in acute sepsis (Friedland et al., 1992 Hoene and Weigart, 
2007) along with a similarly muted increase in tissue glucocorticoid levels, ~2- to 
3-fold higher (Rask et al., 2001, Sandeep et al., 2005, Masuzaki et al., 2001) versus 
Cushing’s syndrome that can involve up to a 50-fold higher midnight plasma corti-
sol in the most extreme cases with a loss of the diurnal nadir (Arnaldi et al., 2003, 
Papanicolaou et al., 1998).

At these lower “modulatory” levels, glucocorticoids can cause both release 
and inhibition of inflammatory mediators from adipocytes, suggesting the bal-
ance of glucocorticoid action is complex, dynamic, and dependent on the levels 
of active glucocorticoid (of both plasma and intracellular origin) and the influ-
ence of the local inflammatory or metabolic (e.g., insulin sensitivity) milieu. For 
example, dexamethasone (synthetic glucocorticoid) treatment of the clonal mouse 
adipocyte 3T3-L1 cell line increases expression and secretion of pro-inflammatory 
serum amyloid (SAA)-3 (Fasshauer et al., 2004) and prothrombotic plasminogen-
activated inhibitor (PAI)-1 (Udden et al., 2002) but suppresses IL-6 (Fasshauer et 
al., 2003).

Glucocorticoids also reduce expression of the adiponectin insulin-sensitizing adi-
pokine from 3T3 adipocytes (Fasshauer et al., 2003b). Adipose monocyte chemoat-
tractant (MCP)-1 levels are also suppressed by glucocorticoids in adipocytes in vitro 
(Fasshauer et al., 2004b). In addition to affecting cytokine expression and secretion, 
glucocorticoids may activate cellular stress and survival mechanisms in adipocytes, 
such as tribbles homolog (TRB)-3 signaling (Yacoub et al., 2006), which is known 
to impair insulin signaling, at least in liver (Koo et al., 2004). Further, cellular stress 
pathways may be positively regulated by the glucocorticoid-inducible CCAAT/
enhancer binding protein (C/EBP)-β, (Boruk et al., 1998, Arai et al., 2007, Sai et al., 
2008), leading to cellular degradation and apoptotic processes that can spark subse-
quent macrophage recruitment (Cinti et al., 2005, Murano et al., 2008).
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Cellular and endoplasmic reticulum stress mechanisms have been directly linked 
to insulin resistance and diabetes in obesity (Ozcan et al., 2004). Glucocorticoids may 
also directly impair glucose uptake (i.e., a form of insulin resistance) in adipocytes 
(Sakoda et al., 2000). Further, they can promote free fatty acid release from mature 
adipocytes through hormone-sensitive lipase (HSL)-mediated lipolysis (Slavin et al., 
1994), contributing to a feed-forward vicious cycle of whole body insulin resistance 
(high free fatty acids impair skeletal muscle insulin sensitivity) and local TLR acti-
vation on macrophages and adipocytes (see above). Recent studies have identified 
a common mechanism between glucocorticoid signaling and signaling induced by 
saturated fatty acids whereby they converge on the pro-inflammatory cellular signal-
ing system operating through ceramide (Holland et al., 2007).

Aside from their direct actions on adipokine release, cellular stress, and insulin 
sensitivity in mature adipocytes, glucocorticoids are likely to exacerbate the chronic 
inflammatory processes in obese adipose tissues by driving the accelerated differen-
tiation of—and fat accumulation in—adipose stromal cell pre-adipocytes (Ailhaud et 
al., 1991, Gaillard et al., 1991, Wolf, 1999, Bjorntorp and Rosmond, 2000) and locally 
inhibiting the development of the necessary vasculature support of the expanding 
adipose tissue due to their potent angiostatic effects (Small et al., 2005).

Thus, glucocorticoids are implicated in modulating all the stages of adipose tis-
sue dysfunction in obesity, from adipocyte differentiation and lipid accumulation, 
cellular stress, insulin resistance, pro-inflammatory cytokine release from adipo-
cytes and stromal immunocytes, adipose vascularization, and potential macrophage 
phagoctyosis of dying adipocytes (Figure 8.1).

8.3 11β-HYDROXYSTEROID DEHYDROGENASE TYPE 1

11β-Hydroxysteroid dehydrogenase (11β-HSD), discovered over 50 years ago, cata-
lyzes the interconversion of active glucocorticoids (cortisol in humans, corticoster-
one in rodents) and their inactive 11-keto forms (cortisone, 11-dehydrocorticosterone) 
within cells. 11β-HSD activity was initially purified from rat liver (Monder et al., 
1993) and subsequently two 11β-HSD isozymes that represented distinct gene prod-
ucts were cloned (Tannin et al., 1991, Albiston et al., 1994). Type 1 11β-HSD has a 
low affinity for active cortisol and corticosterone and is a nicotine adenine dinucle-
otide phosphate (NADPH)-dependent enzyme. 11β-HSD1 is widely expressed in 
many tissues (Ricketts et al., 1998) most highly in liver (Tannin et al., 1991) and 
at lower levels in adipose tissue (Bujalska, et al., 1997, Rask et al., 2002) and in 
other organs and cells with high GR expression (Whorwood et al., 1991). In intact 
cells, 11β-HSD1 acts as an 11-ketoreductase, reactivating inert cortisone into cortisol 
(Seckl and Walker, 2001). This is dependent on the provision of co-factor by a co-
localized endoplasmic reticulum enzyme known as hexose-6-phosphate dehydroge-
nase (H6PDH) (Atanasov et al., 2004, Lavery et al., 2006).

8.3.1 SUBSTRATE LEVELS FOR 11β-HSD1

In vivo, the main source of 11-ketosteroid is the dehydrogenation of cortisol 
(humans) and corticosterone (rodents) by 11β-HSD2, which occurs mainly in the 
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kidney (Whitworth et al., 1989, Katz et al., 1999). Active cortisol circulates at 
~100 nmol/l at the night time nadir and rises to peak ~500 nmol/l in the morning. 
However, cortisol is bound (>95%) to plasma proteins (Dunn et al., 1981) such 
as CBG (cortisol binding globulin). Thus, free cortisol levels are approximately 
0.5 to 1 nmol/l at the nadir, whereas cortisone, which maintains day-long levels 
from 50 to 100 nmol/l in humans (Walker et al., 1992), is unbound and available 
for reactivation within tissues. Plasma concentrations of 11-dehydrocorticoster-
one are approximately 50 nmol/l, and 5 nmol/l in rats and mice, respectively 
(Kotelevtsev et al., 1997). Thus, circulating cortisone levels equal or exceed free 
cortisol levels for a significant part of the diurnal cycle. Studies in 11β-HSD1–/–

mice (see below) underscored the significance of the enzyme to augment intra-
cellular glucocorticoid action in vivo (Kotelevtsev et al., 1997) and showed that 
11β-HSD1 is the sole enzyme capable of reactivating inert 11-ketosteroids to 
active glucocorticoids.

FIGURE 8.1 Potential effects of increased adipose glucocorticoid action (11β-HSD1 activ-
ity) in obese adipose tissue. Increased glucocorticoid levels within the adipocytes lead to 
increased cellular stress and insulin resistance and subsequent free fatty acid (FFA) release 
that causes local activation of Toll-like receptors (tlrs) and increased pro-inflammatory signal-
ing (and exacerbation of insulin resistance in adipocytes). Increased FFA levels also contribute 
to systemic insulin resistance. Direct action of glucocorticoids on adipokine and chemokine 
secretion leads to increased macrophage accumulation and activation, further increasing the 
adipocytokine and cytokine secretion from adipocytes and macrophages. Insulin-sensitizing 
adipokine levels are reduced. This increases local insulin resistance in adipocytes (e.g., TNF-
α) and contributes to systemic insulin resistance. Spillover of glucocorticoids (peripheral fat 
in humans) may impair angiogenic vascular support, leading to hypoxia and cellular stress 
and promoting inflammatory effects in expanding adipose tissue. Mθ = macrophage. T2DM 
= type 2 (insulin-resistant) diabetes mellitus. GC = glucocorticoid.
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8.3.2 11β-HSD1 IN ADIPOCYTES

As described above, glucocorticoids play a key role in the regulation of adipose tissue 
metabolism and in the differentiation of pre-adipocytes into adipocytes. 11β-HSD1, but 
not 11β-HSD2, mRNA is expressed in rat (Napolitano et al., 1998) and in human white 
adipose tissue (Bujalska et al., 1997, Morton and Seckl, 2008). 11β-HSD1 levels increase 
as clonal mouse fibroblasts differentiate into mature adipocytes (3T3F442A and 3T3-
L1 cells) and the reaction direction is 11-ketoreduction (Napolitano et al., 1998). Unlike 
the undifferentiated 3T3 cells, primary mouse pre-adipocytes express 11β-HSD1, and 
reductase activity levels are higher in these cells when isolated from the visceral adi-
pose tissue compared to peripheral fat pre-adipocytes (Peixoto et al., 2008).

This suggests that an as yet unidentified post-transcriptional level effect exagger-
ates the cortisol reactivation potential of 11β-HSD1 in visceral fat pre-adipocytes, 
potentially augmenting the accumulation of visceral adiposity in obesity. However, 
human adipose stromal cells appear to lack H6PDH, and thus predominantly inac-
tivate cortisol which may cause pre-adipocyte proliferation (Bujalska et al., 2002). 
This may result in increased visceral adipocyte numbers when those cells sub-
sequently differentiate and begin to express H6PDH, thus activating 11β-HSD1 
reductase activity and increasing active glucocorticoid levels.

8.3.3  REGULATION OF ADIPOCYTE 11β-HSD1: IMPLICATIONS

FOR ADIPOSE GLUCOCORTICOID ACTION

11β-HSD1 expression and activity are regulated by a wide array of factors including 
pro- and anti-inflammatory cytokines, adrenergic agonists, CRH and ACTH, and 
metabolic factors (Seckl et al., 2004, Morton and Seckl, 2008). Regulation of adipo-
cyte 11β-HSD1 by the prominent metabolic hormones insulin and glucocorticoids is 
complex, with roughly equal numbers of conflicting results over a range of disparate 
experimental paradigms in humans and rodents that may reflect protocol-, species-, 
relative insulin sensitivity- and differentiation (pre-adipocytes versus adipocytes) 
-dependent effects that require further investigation (Morton and Seckl 2008).

The peroxisome proliferator-activated receptor (PPAR)-γ transcription factor 
that switches on the entire adipogenic program in pre-adipocytes (Tontonoz and 
Spiegelman, 2008), downregulates 11β-HSD1 in adipocytes in vitro and in mice in 
vivo when activated by synthetic ligands such as the anti-diabetic thiazolidinedione 
(Berger et al., 2001), perhaps providing a rationale for their adipose insulin-sensitizing 
effects. This suggests that PPARγ is necessary to switch on the adipocyte expression 
of 11β-HSD1, but that in mature adipocytes, PPARγ activation may increase adipo-
cyte insulin sensitivity by suppressing intracellular glucocorticoid reactivation. The 
oxysterol liver X receptor (LXR) agonists also partially downregulate 11β-HSD1 in 
vitro and in vivo (Stulnig et al., 2002) which suggests a link between glucocorticoid 
and oxysterol metabolism. This was confirmed at the substrate level in adipocytes 
(Wamil et al., 2008) where oxysterols compete for 11β-HSD1 glucocorticoid reacti-
vation. Adipose 11β-HSD1 may therefore contribute to the regulation of the adipose 
oxycholesterol pool. This has implications for increased fat in obesity by serving as 
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a sump for atherogenic cholesterol metabolites, and suggests adipose tissue levels are 
linked to regulation of local glucocorticoid reactivation (Wamil et al., 2008).

Another master metabolic transcription factor known as C/EBPβ, is critical for 
adipocyte differentiation and binds to several sites on the 11β-HSD1 promoter. C/
EBPβ increases 11β-HSD1 promoter activity whereas C/EBPβ acts as a dominant 
negative repressor of 11β-HSD1 transcription when added together with C/EBPβ
(Williams et al., 2000). These data suggest the possibility that 11β-HSD1 regulation 
in adipocytes by insulin and glucocorticoids is indirectly mediated through changes 
in C/EBP-related proteins. More recently, C/EBPβ  has been implicated as the major 
glucocorticoid-inducible regulator of the 11β-HSD1 gene and may be the dominant 
regulator in non-hepatic cells (Sai et al., 2008).

Indeed activation of C/EBPβ in response to cellular stresses such as the AMP 
kinase activator AICAR and C2 ceramide, which signal for cellular energy depletion 
and saturated fat-induced insulin-resistance, respectively, increased pre-adipocyte 
11β-HSD1 levels (Arai et al., 2007). Since under many circumstances the regula-
tion of 11β-HSD1 in liver and adipose tissue is discordant, indeed often recipro-
cal (Livingstone et al., 2000, Morton et al., 2005), as for other well characterized 
C/EBP-regulated genes such as PEPCK (Olswang et al., 2003), the relative abun-
dance of the C/EBP transcription factors appears to be an important determinant 
of 11β-HSD1 expression and its hormonal responsiveness. Transcriptional control 
of adipocyte and liver 11β-HSD1 is believed to be mediated through the 11β-HSD1 
gene P2 promoter, which gives it a distinct regulatory profile from the alternative, in 
particular cytokine-sensitive, P1 promoter used in lung, with implications for altered 
regulation within inflammatory contexts in that tissue (Bruley et al., 2007).

Despite a great deal of information about regulatory mechanisms, it is perhaps sur-
prising that the genetic basis underlying increased adipose 11β-HSD1 in idiopathic 
obesity remains uncertain. Attempts to link polymorphisms in the 11β-HSD1 gene 
with obesity have not been successful (Draper et al., 2002, Caramelli et al., 2001), 
although specific polymorphisms in the 11β-HSD1 gene do associate with hyperten-
sion (Francks et al., 2004), insulin sensitivity and/or diabetes (Nair et al., 2004), and 
apolipoprotein levels (Robitaille et al., 2004). Studies of identical twins also support 
environmental causes for the association of increased adipose 11β-HSD1 expression 
and obesity (Kannisto et al., 2004).

In summary, a number of key regulatory transcription factors are implicated in 
the control of adipose 11β-HSD1. However, conclusive proof of the major transcrip-
tional changes that accompany, and thus may underlie, the dysregulation of adipose 
glucocorticoid action in obesity, are as yet unknown.

8.4 11β-HSD1 IN OBESITY

Obese rodents with defects in the leptin receptor (Zucker Leprfa/fa rats) or in the 
leptin gene (leptin-deficient Lepob/ob mice) revealed that obesity is associated with 
increased whole adipose tissue 11β-HSD1 (Livingstone et al., 2000, Masuzaki et al., 
2001, Morton et al., 2004b). However, this is not a universal finding and is likely strain- 
and adipose depot-dependent in rodents (Morton et al., 2005, Liu et al., 2005). For 
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example, mice with obesity of polygenic origin (similar to the situation in idiopathic 
human obesity) have low adipose, but elevated liver 11β-HSD1 (Morton et al., 2005).

While this supports the evidence for reciprocal, likely hormone-mediated, tissue 
regulation of the enzyme (see above), it also suggests that tissue 11β-HSD1 levels 
must be determined in each model of obesity and the impact of altered glucocor-
ticoid regeneration placed within the broader metabolic context of the organism 
(expression of 11β-HSD1 is at least 10-fold higher in liver, but effects on adipose 
tissue function, e.g., lipolysis and adipokine release, may have a relatively greater 
impact upon systemic insulin sensitivity). Liver 11β-HSD1 remains an important 
therapeutic target, but is beyond the scope of this chapter (see Morton and Seckl, 
2008 for a review). The implications are clear for human obesity: potential thera-
peutic intervention targeting 11β-HSD1 should first be matched with the individual’s 
11β-HSD1 activity profile.

In humans, 11β-HSD1 mRNA and activity is increased in subcutaneous abdomi-
nal adipose tissue of obese subjects both in vivo and in vitro (Rask et al., 2001, 2002, 
Lindsay et al., 2003, Wake et al., 2003, Kannisto et al., 2004, Goedecke et al., 2006, 
Michailidou et al., 2007, Paulsen et al., 2007, Morton and Seckl, 2008). Further stud-
ies have directly confirmed increased 11β-HSD1 activity using tissue microdialysis 
in obese subcutaneous adipose tissue (Sandeep et al., 2005). Recent studies suggest 
that in some cases 11β-HSD1 mRNA levels are also increased in visceral omental 
adipose tissue of obese women and are strong predictors of fat cell size in this vis-
ceral depot (Michailidou et al., 2007, Paulsen et al., 2007). Since many adipokines 
are expressed at higher levels in visceral fat and this depot may be the most active 
site in terms of inflammatory processes, the impact that elevated visceral fat gluco-
corticoid action and production would have locally and on the portal (blood draining 
from visceral fat to the liver) supply of adipokines and fatty acids to the liver remains 
important to determine.

8.4.1  VISCERAL FAT 11β-HSD1: A PRONOUNCED

CONTRIBUTION TO PORTAL INSULIN RESISTANCE?

Higher portal corticosterone was reported in a model of adipose-specific 11β-HSD1 
overexpression (see below), indicating the possibility of a paracrine effect of excess 
cortisol and/or corticosterone to modulate both adjacent inflammatory and immune 
cells in the adipose tissue and liver metabolic and inflammatory mechanisms 
(Masuzaki et al., 2001) through a “spillover” into the portal circulation (Morton and 
Seckl, 2008). Recent studies in humans indicate that splanchnic (central blood supply 
from visceral organs including liver, as opposed to peripheral blood) cortisol produc-
tion was comparable to rates of adrenal cortisol secretion (Andrew et al., 2005), and 
estimated using a mathematical model that visceral adipose contributes somewhat 
more cortisol production than does the liver to this source of re-activated hormone.

This view was challenged, however, by similar studies in dogs (Basu et al., 2006) 
and more recently direct measurement of portal vein cortisol in humans indicated 
that visceral (fat) 11β-HSD1 is unlikely to contribute to portal cortisol levels (Stimson 
et al., 2008). A further complication is that far from being a source of cortisol, the 
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visceral compartment (visceral fat, gut, pancreas, spleen) actually releases cortisone 
into the portal veins in obese humans (Basu et al., 2008). Future studies should 
determine whether this potentially important source of glucocorticoid is a factor in 
the viscerally obese. At least in rodent studies, the visceral compartment appears 
to be the depot where the largest increase in 11β-HSD1 expression (Livingstone et 
al., 2000, Masuzaki et al., 2001, Morton et al., 2004b) and, crucially, glucocorticoid 
“reactivation potential” (Peixoto et al., 2008) may occur. Whether glucocorticoid 
spillover occurs does not change the expected effects of increased visceral adipose 
11β-HSD1 to affect adipocyte lipolysis, cellular stress, insulin resistance, and adi-
pokine release. This is important both from the point of view of local tissue inflam-
matory cell function (macrophages) and drainage to the liver—the site of secondary, 
presumably detrimental, effects of free fatty acid and adipokine spillover.

8.5 TRANSGENIC MANIPULATION OF ADIPOSE 11β-HSD1

8.5.1 ADIPOSE 11β-HSD1 OVEREXPRESSING MICE

Mice overexpressing 11β-HSD1 selectively in adipose tissue under the adipocyte 
fatty acid binding protein (aP2) promoter express two- to three-fold more 11β-HSD1 
in all adipose depots, but not in other tissues. This modest elevation of 11β-HSD1 is 
similar to the levels reported in human obese adipose tissue. The transgene doubled 
corticosterone levels within adipose tissue and increased release of corticosterone 
into the portal circulation without altering systemic glucocorticoid levels. Transgenic 
aP2-11β-HSD1mice exhibited intra-abdominal obesity associated with higher levels 
of GR in visceral than in peripheral fat depots (Masuzaki et al., 2001) as well as high 
fat diet-exacerbated insulin-resistant diabetes and dyslipidemia (elevated free fatty 
acid and triglyceride levels).

Within adipocytes, aP2-11β-HSD1 mice showed changes concordant with 
decreased sensitivity to insulin and/or increased corticosterone levels, with decreased 
expression of insulin-sensitizing adiponectin (Yamauchi et al., 2002) and increased 
expression of the arch insulin-resistance TNF-α adipokine (Hotamisligil et al., 
1993). Serum TNF-α levels were also elevated, indicating the importance of adi-
pose-specific changes of whole body adipokine and insulin sensitivity. Interestingly, 
resistin, an adipokine that promotes insulin resistance in mice (Steppan et al., 2001), 
was reduced in aP2-HSD1 transgenic adipose tissue.

Notably, angiotensinogen mRNA, normally expressed at low levels in adipose 
tissue, was strikingly elevated in aP2-11β-HSD1 transgenic adipose tissue. Indeed 
elevated levels of this glucocorticoid-regulated transcript appear to drive the marked 
hypertension seen in aP2-11β-HSD1 mice (Masuzaki et al., 2003). Finally, the ani-
mals exhibited hyperphagia that may be partly related to leptin resistance at the 
hypothalamic level where this adipokine elicits its primary function as a satiety hor-
mone (Halaas et al., 1995). The aP2-11β-HSD1 transgenic mouse, with its subtly 
elevated adipose glucocorticoid reactivation (similar to that found in human obese 
adipose tissue) closely modelled many major features of human metabolic syndrome, 
and argues that this adipose defect may serve as a primary driver of many features 
of this disease.
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8.5.2 GLOBAL 11β-HSD1 KNOCKOUT (11β-HSD1–/–-) MICE

Global 11β-HSD1–/– mice demonstrated the importance of intracellular glucocor-
ticoid re-amplification by the enzyme in glucocorticoid action (Kotelevtsev et al., 
1997). The 11β-HSD1–/– mice resisted stress and high fat diet induced hyperglycemia 
(Kotelevtsev et al., 1997). When the transgenic line was back-crossed onto the obe-
sity-prone C57Bl/6J mouse genetic background, they gained significantly less weight 
than controls, despite a relative hyperphagia when fed a high fat diet. This appeared 
due to an enhanced metabolic rate as inferred by increased core body temperature 
(Morton et al., 2004a). The 11β-HSD1–/– mice preferentially gained adipose tissue in 
the “metabolically safer” peripheral depots rather than in the “metabolically disad-
vantageous” visceral sites.

Although the explanation for this redistribution of fat, the inverse of the fat distri-
bution pattern of the aP2-11β-HSD1 transgenic mice, is uncertain, these mice showed 
higher mRNA levels of the adipogenic transcription factor PPARγ receptor in their adi-
pose tissues. Further, 11β-HSD1–/– mice showed a greater increase of adipose PPARγ
receptors with high fat feeding than wild-type mice (Morton et al., 2004a). PPARγ
ligands caused insulin sensitization and fat redistribution to the periphery and this 
may underpin the favorable morphology (Kelly et al., 1999, Sewter et al., 2002) seen 
when increased circulating free fatty acids act as endogenous ligands (Xu et al., 1999) 
for the PPARγ receptors. Insulin sensitization is evident at the adipocyte level, since 
isolated primary 11β-HSD1–/– adipocytes show increased basal and insulin-stimulated 
glucose uptake. Additionally, the 11β-HSD1–/– mice also show greater induction of 
uncoupling protein-2 in mesenteric adipose tissue than wild-type mice which may 
allow local calorie wastage rather than storage as fat (Morton et al., 2004a).

Uncoupling protein-2 is downregulated by glucocorticoids (Xu et al., 1999) and 
upregulated by PPARγ activation (Digby et al., 2000). The significance of this altered 
PPARγ expression is particularly important with respect to obesity. Notably, we have 
shown that 11β-HSD1–/– mice exhibit increased PPARγ expression and downstream 
genes linked to β-oxidation in liver. This observation was confirmed by others who 
saw increased liver β-oxidation after HSD1 inhibitor treatment (Berthiaume et al., 
2007a). In adipocytes, liver, and macrophages, activation of PPAR signalling down-
regulates 11β-HSD1 expression (Berger et al., 2001, Mai et al., 2007, Hermanowski-
Vosatka et al., 1999), suggesting an important feedback loop whereby PPAR receptor 
ligands (potentially high free fatty acids in obesity) may limit glucocorticoid action 
by reducing their intracellular re-activation.

With respect to inflammatory pathways, recent evidence suggests that mac-
rophage-specific knockout of PPARγ causes an impairment in the switching of 
macrophages from a pro-inflammatory (M1-like) to an anti-inflammatory (M2-like) 
phenotype (Odergaard et al., 2007). Higher PPARγ levels in knockout macrophages 
may be expected to skew macrophage activation toward an anti-inflammatory phe-
notype in 11β-HSD1–/– mice, thus contributing to the protected metabolic phenotype 
of the mice (see below). Intriguingly, the induction of an M2-like anti-inflammatory 
profile includes increases in macrophage β-oxidation (Vats et al., 2006) via PPAR 
co-activator (PGC)-1, suggesting overlapping mechanisms operate in the liver and 
macrophages and possibly adipocytes. Thus we attributed higher PPARγ-responsive 
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uncoupling protein (UCP)-2 expression in the 11β-HSD1–/– adipose to increased 
energy dissipation within the adipocytes (Morton et al., 2004a). This adipose cal-
orie-burning effect has been confirmed by others using 11β-HSD1 inhibitors and 
showed that carnitine palmitoyl transferase (CPT)-1 activity increased specifically 
in rat visceral fat and was associated with reduced visceral fat cell size and fat depot 
mass (Berthiaume et al., 2007b).

The 11β-HSD1–/– mice also exhibit key changes in adipokine profile that are con-
sistent with their insulin-sensitized and diabetes-resistant phenotype with high fat 
feeding. Adipose leptin mRNA and plasma leptin levels are reduced, particularly in 
peripheral adipose where 11β-HSD1 expression is highest in mice (perhaps a cause of 
the transiently increased food intake) (Morton et al., 2004a, Densmore et al., 2006). 
Along with its role in appetite and energy expenditure, leptin is a potent regulator of 
immune function with pro-inflammatory activities (Otero et al., 2006). Adipocyte 
resistin and TNF-α mRNAs were reduced whereas adiponectin was increased, 
again compatible with an adipose-mediated insulin-sensitized phenotype. Overall 
the 11β-HSD1–/– mice showed improved glucose tolerance, in part due to increased 
adipocyte insulin sensitivity, lower fasting free fatty acids—an indirect indicator of 
adipose insulin sensitization—and reduced intra-tissue glucocorticoid levels in the 
face of modest hypercorticosteronemia associated with a protective adipokine pro-
file (Morton et al., 2004b). Future studies should determine the subcellular origins of 
this improved adipokine profile within adipose tissue with respect to the increased 
infiltration of leukocytes (see below).

8.5.3  ADIPOSE 11β-HSD2 OVEREXPRESSING MICE: MODEL OF

ADIPOSE-SPECIFIC GLUCOCORTICOID DEFICIENCY

To confirm the key importance of reduced adipose tissue glucocorticoid levels in 
the beneficial phenotype of the 11β-HSD1–/– mouse, a transgenic mouse ectopi-
cally expressing the glucocorticoid-inactivating 11β-HSD2 isozyme in adipose 
tissue was generated, again exploiting the aP2 promoter (Kershaw et al., 2005). 
Expression levels were similar to those in kidneys, where 11β-HSD2 performs its 
physiological role to exclude corticosterone from the high affinity mineralocorti-
coid receptor.

Echoing the 11β-HSD1–/– phenotype, the aP2-11β-HSD2 mice resisted weight 
gain on a high fat diet due to reduced fat mass accumulation and insulin sensitization 
associated with decreased leptin and resistin, but increased adiponectin, PPARγ, and 
uncoupling protein-2 expression in fat tissues. This model reinforces the concept 
that reducing levels of active corticosterone exclusively in adipose tissue engenders 
a favorable metabolic disease-resistant phenotype and improved adipokine profile. 
These effects were unexpectedly pronounced in subcutaneous adipose tissue, where 
the transgene was inexplicably expressed at higher levels than other tissues.

Thus, while the greatest disease risk is associated with increased visceral adipos-
ity (Wajchenberg, 2000, Kissebah et al., 1982), the ap2-HSD2 mice demonstrate that 
peripheral fat glucocorticoid metabolism (where 11β-HSD1 is expressed at highest 
levels in mice (Morton et al., 2004b) has a large impact on metabolism and systemic 
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insulin sensitivity. Recent studies addressing adipose cortisol production in humans 
strengthen the idea that subcutaneous fat 11β-HSD1 is elevated and contributes 
directly to local (Sandeep et al., 2005) and whole body (released into the circulation) 
cortisol production (Stimson et al., 2008). The precise roles of glucocorticoids, other 
hormones (such as insulin), transcription factors (such as PPARγ), and their down-
stream adipokines in each adipose depot require further investigation.

8.6  DOWNREGULATION OF 11β-HSD1 AS
ADAPTATION TO CHRONIC FAT FEEDING

Given the association of high adipose 11β-HSD1 with increased (visceral) fat depo-
sition, insulin resistance, and a detrimental adipokine profile, it was unexpected 
that normal mice markedly downregulated 11β-HSD1 mRNA and activity in fat in 
response to a high fat diet (Morton et al., 2004b). Similar findings were reported 
in rats (Drake et al., 2005). Strikingly, the metabolic disease-resistant A/J mouse 
strain exhibited lower basal levels of 11β-HSD1 mRNA and activity in visceral and 
peripheral fat depots. Moreover, A/J mice downregulated adipose 11β-HSD1 more 
markedly upon high fat feeding than the metabolic disease-prone C57Bl/6J strain 
(Morton et al., 2004b). Thus the A/J strain almost completely “switched off” adi-
pose 11β-HSD1 upon high fat feeding, in effect becoming like 11β-HSD1–/– and aP2-
HSD2 mice in line with their maintained insulin sensitivity.

This suggested that downregulation of adipose 11β-HSD1 may be an adaptive 
mechanism, more pronounced in metabolic disease-resistance, that counteracts the 
adverse metabolic consequences of a chronic high fat diet. In similar experiments in 
rats, high fat diet-mediated downregulation of adipose 11β-HSD1 was transient and 
reversed after several months as weight increased and insulin resistance developed, 
suggesting that this metabolic adaptation was sustained with worsening obesity in 
rats (Drake et al., 2005)

8.7 11β-HSD1 AND MACROPHAGES

As noted above, adipose tissue becomes infiltrated with pro-inflammatory mac-
rophages during obesity. From studies investigating the effects of glucocorticoids 
(Giles et al., 2001) on macrophage function in classical inflammatory models, the 
potential expression of 11β-HSD1 within adipose macrophages becomes highly rel-
evant to the adipose inflammation issue. The 11β-HSD1 enzyme is induced upon 
macrophage activation by stimuli such as lipopolysaccharide (LPS) in human mono-
cytes and mouse macrophages (Thieringer et al., 2001, Gilmour et al., 2006, Ishii 
et al., 2006). The enzyme is also increased by pro-inflammatory cytokines in fibro-
blasts (Hardy et al., 2006, Hardy et al., 2008) and smooth muscle cells (Cai et al., 
2000) and by cytokines such as TNF-α and IL-1β where it may modulate inflamma-
tory processes such as rheumatoid arthritis and atherosclerosis. 11β-HSD1 augments 
the process of glucocorticoid-induced macrophage phagocytosis (Giles et al., 2001), 
thus promoting resolution of inflammatory processes (Gilmour et al., 2006).
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The latter concept seems clear within the context of classical inflammatory para-
digms such as LPS-mediated activation of macrophages (Thieringer et al., 2001, 
Gilmour et al., 2006, Ishii et al., 2006, Chapman et al., 2007). However, when 11β-
HSD1–/– mice are challenged with LPS-mediated endotoxemia, they exhibit exagger-
ated systemic and (splenic) macrophage inflammatory responses in part through the 
TGF-β-induced SHIP-1, NF-κB, and MAPK intracellular signalling cascade (Zhang 
and Daynes, 2007). As shown earlier, this was accompanied by increased secre-
tion of cytokines, particularly the glucocorticoid-suppressible IL-6 (Gilmour et al., 
2006) from the 11β-HSD1–/– macrophages (Zhang and Daynes, 2007). The authors 
attributed this macrophage hyper-responsiveness to the subtly higher in vivo gluco-
corticoid levels driving an altered myeloid differentiation process (control and 11β-
HSD1–/– macrophages exhibited similar LPS responses when differentiated in vitro). 
In this case, the subtly higher glucocorticoid levels in 11β-HSD1–/– plasma appeared 
to be the driving force, with glucocorticoids priming a pro-inflammatory response 
(Zhang and Daynes, 2007).

Others observed direct pro-inflammatory effects of 11β-HSD1 inhibition in a 
macrophage (J774.1) cell line in vitro (Ishii et al., 2006), further adding to the com-
plex role of 11β-HSD1 in the regulation of inflammatory responses. In any case, 
these data together suggest that regulation of 11β-HSD1 within adipose tissue mac-
rophages may be a key determinant of inflammatory processes within fat during 
obesity. Are there parallels between obese adipose tissue macrophage and classical 
macrophage activation? The LPS-TLR systems are purported to be activated in adi-
pocytes and macrophages through high free fatty acid levels in obesity (Lin et al., 
2000, Shi et al., 2007, Song et al., 2007, Nguyen et al., 2007). It may be expected 
then that obesity would lead to increased activation and expression of adipose mac-
rophage 11β-HSD1.

However, as described above, two issues remain unclear. The first is whether the 
more muted chronic inflammatory response within adipose tissue during obesity 
leads to the same effect on adipose tissue macrophages. Second, it is apparent that 
the downstream effects of altered macrophage 11β-HSD1 levels on inflammatory 
responses are not obviously predictable, that is, pro- and anti-inflammatory effects 
have been described with 11β-HSD1 manipulation in macrophages, and glucocor-
ticoids play a dual role in the secretion of cytokines, depending on the prevailing 
levels. To complicate matters further, adipose tissue macrophages may constitute a 
distinct subpopulation that has both M2 anti-inflammatory and M1 pro-inflamma-
tory characteristics (Zeyda et al., 2007).

In order to address these questions, we investigated adipose tissue macrophage 
11β-HSD1 expression and the effects of 11β-HSD1 deficiency on the pro-inflam-
matory phenotype during dietary obesity in mice. Preliminary data suggest that 
adipose tissue macrophage 11β-HSD1 levels are in fact very low and that, like adi-
pocyte 11β-HSD1 (Morton et al., 2004b), adipose tissue macrophage 11β-HSD1 is 
downregulated during dietary obesity in mice (Battle et al., 2008, unpublished data). 
Further studies are under way to fully characterize the phenotype of 11β-HSD1–/–

adipose tissue macrophages, but indicate an anti-inflammatory phenotype includ-
ing reduced infiltration of adipose macrophages, consistent with the lower adipose 
TNF-α (Morton et al., 2004a) that likely derives from the adipose macrophages 
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and metabolic protection seen in the model (Battle et al., 2008, unpublished obser-
vations). This would be consistent with an increased PPARγ expression-mediated 
switch (see above) toward an anti-inflammatory, metabolically protective, adipose 
macrophage phenotype.

8.8  OTHER SITES OF 11β-HSD1 EXPRESSION 
PERTINENT TO ADIPOSE INFLAMMATION

Glucocorticoids are angiostatic, and 11β-HSD1–/– mice show improved recovery after 
myocardial infarction in vivo due to increased angiogenesis as well as in vitro in angio-
genesis assays using aortic rings from the model (Small et al., 2005). Angiogenesis 
is a key determinant of adipose tissue expansion during obesity and inhibition of this 
process prevents obesity (Rupnick et al., 2002, Brakenhielm et al., 2004, Kim et al., 
2007, Lijnen et al., 2008). If this effect translates to angiogenic processes in adipose 
tissue, 11β-HSD1 deficiency would potentially promote a more robust angiogenic 
response to the rapid expansion of adipose tissue with obesity in vivo, improving 
vascularization and reducing downstream inflammatory consequences. Both 11β-
HSD1 and 11β-HSD2 appear to be expressed in human endothelial cells and modu-
late inducible nitric oxide synthase (iNOS) activity (Liu et al., 2008). The activity in 
rodents is less clear but suggests that expression of 11β-HSD isoforms may be both 
species and anatomical (perhaps fat depot) site-specific (Hadoke et al., 2006).

Along with the recent discovery that T cells of the adaptive immune system are 
involved in coordinating the early and chronic inflammatory events in adipose tissue 
during obesity (Wu et al., 2007, Rausch et al., 2008), it is also of note that T lympho-
cytes expressed 11β-HSD1, and this increased with aging and as cells became polar-
ized into Th1 and Th2 subtypes (Zhang et al., 2005). B cells also express 11β-HSD1 
(Zhang et al., 2005) although their role in adipose inflammation is unclear. Dendritic 
(bone marrow-derived) cells are also implicated in the infiltration and inflammation 
of adipose of obesity (Nguyen et al., 2007) and this cell type, at least as derived after 
extensive culture and a positive selection process in vitro, also expressed 11β-HSD1 
(Zhang et al., 2005).

In summary, a number of other key inflammatory and vascular cells within adi-
pose tissues have the potential to express 11β-HSD1 and this may impact adipose 
inflammation in obesity. However, as predicted above for macrophages (see above), 
this remains to be conclusively demonstrated in cells derived from fat where func-
tional subpopulations of these cell types exist.

8.9 11β-HSD1 INHIBITORS AS THERAPEUTICS

To date, pharmacological intervention with 11β-HSD1 inhibition in vivo has shown 
anti-inflammatory effects, such as lower MCP-1 levels in dyslipidemic apoE null mice 
(Hermanowski-Vosatka, et al., 2005). The beneficial metabolic and anti-inflamma-
tory effects bode well for using the enzyme as a target to treat obesity and diabetes 
(Hughes et al., 2008). Lower adipose TNF-α and resistin and higher adiponectin and 
adipose PPARγ in 11β-HSD1–/– animals all agree with an overall anti-inflammatory, 
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metabolic protective effect within the context of the chronic low grade inflammation 
of obesity. However, due to the complex regulation of adipokines by glucocorticoids, 
insulin, and other cytokines, the full effects of 11β-HSD1 inhibition in adipose tis-
sue, particularly in humans, remain to be completely defined.

Another matter to be determined is whether glucocorticoid spillover from adi-
pocytes expressing high levels of 11β-HSD1 in obesity modulates the inflamma-
tory responses of neighboring macrophages and immune cells in a paracrine manner 
(e.g., through TLRs) or whether the infiltrating immunocytes activate an intracrine 
11β-HSD1 response to modulate their function during the progression of obesity, as 
occurs in the classical inflammatory paradigms described above. This seems less 
likely from preliminary studies in our laboratory insofar as macrophages are con-
cerned (Battle et al., unpublished observations).

8.10 CONCLUSIONS

It may be speculated that the loss of glucocorticoid reactivation by adipose (mainly adi-
pocyte) 11β-HSD1 reduces adipose inflammation, at least by direct effects, to improve 
insulin sensitivity, reduce cellular stress, and favorably alter adipokine secretion in 
adipocyte and fat distribution in vivo. Reduced glucocorticoid spillover (likely only in 
subcutaneous fat in humans) may potentially produce beneficial effects on adipose mac-
rophages, other immunocytes, and local vasculature. There may be potentially beneficial 
effects on other adipose cell types: reduced pre-adipocyte differentiation and reduced 
macrophage and immunocyte infiltration. Some of these effects may be mediated by 
altered expression of 11β-HSD1 within those cell types in an intracrine manner.

The inherent assumption here is that the subtly elevated glucocorticoid levels in 
adipose tissue in obesity are largely detrimental and pro-inflammatory. This moder-
ates the paradoxical notion that glucocorticoids are purely anti-inflammatory, and 
suggests that in fact no loss of such a protective anti-inflammatory glucocorticoid 
effect occurs with 11β-HSD1 inhibition (those effects are specific to pharmacologi-
cal dose-mediated dampening of the inflammatory cascade). Loss of a pro-resolution 
effect mediated by 11β-HSD1 in macrophages (Gilmour et al., 2006) appears insuf-
ficiently severe to appreciably exacerbate this chronic condition in adipose tissue.
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9 Prostaglandins as 
Mediators of Adipose 
Inflammation

Martha Lappas

9.1 INTRODUCTION

Inflammation caused by obesity, especially central obesity, is thought to be the 
underlying basis of a significant number of diseases including cardiovascular disease, 
metabolic syndrome, hypertension, diabetes, hyperlipidemia, and cancer [Trayhurn, 
2005]. The importance of adipose tissue in such epidemic diseases led pharmaceuti-
cal companies to target adipocyte metabolism in their searches for drugs for treating 
or reducing the risk of these conditions.
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Adipose tissue, in addition to adipocytes and pre-adipocytes, contains stromal 
vascular cells that include pericytes, fibroblasts, monocytes, macrophages, and cells 
of the endothelium (endothelial and vascular smooth muscle cells). It has long been 
known that macrophages are bone-marrow derived and provide an important link 
between obesity and related inflammatory disorders. However, recent studies have 
shown that the adipocytes also demonstrate significant intrinsic inflammatory prop-
erties. For example, adipocytes contribute almost one third of the IL-6 concentration 
in the circulations of patients who are obese [Fantuzzi, 2005]. Further, it has been 
demonstrated that adipocytes are responsive to infectious and inflammatory signals 
[Lappas et al., 2004], with a downstream activation of multiple inflammatory signal-
ling cascades [Lin et al., 2000; Rajala and Sherer, 2003] to induce expression and 
secretion of several adipokines, triacylglycerol, free albumin-bound non-esterified 
fatty acids, and inflammatory proteins [Kershaw and Flier, 2004; Trayhurn and 
Wood, 2004; Pittas et al., 2004; Frayn et al., 2005].

The metabolically active molecules released by adipose tissue may have effects 
on distant target tissues (e.g., liver, skeletal muscle, pancreas) and/or local para-
crine effects in adipose tissues. For example, adipose tissue expresses the Toll-like 
lipopolysaccharide (LPS) receptor TLR4, and when stimulated with endotoxin, these 
receptors activate the nuclear factor-κB (NF-κB) signal transduction pathways [Berg 
et al., 2004]. In turn, these pathways induce the expression of inflammatory media-
tors such as IL-6, TNF-α, and prostaglandins [Fain et al., 2004; Lappas et al., 2004; 
Lappas et al., 2005a] that make significant contributions to systemic inflammation.

In this chapter, a brief overview of prostaglandins and the enzymes involved in 
their formation will be provided. A review of the current literature on the role of 
prostaglandins as modulators of inflammation, adipocyte differentiation, and lipoly-
sis will also be presented. Studies that examined the association between adipose 
tissue derived prostaglandins and their relationship to inflammatory disorders will 
then be discussed.

9.2 PROSTAGLANDIN BIOSYNTHESIS

Prostaglandins, found in almost every tissue in humans and animals, are formed 
from polyunsaturated fatty acids, rapidly metabolized, and diverse in their effects. 
They can act in an autocrine fashion or endocrine/paracrine fashion, where they par-
ticipate in physiological processes such as inflammation, immune response, kidney 
function, bone metabolism, ovulation, and adipocyte differentiation and function 
[reviewed in Dubois et al., 1998].

Prostaglandins are potent and ubiquitous lipid mediators derived enzymati-
cally from the actions of multiple pathways involving both phospholipase (PLA2) 
and cyclooxygenase (COX) isozymes. Through the activity of one or more PLA2 
enzymes, non-esterified arachidonic acid is released from membrane phospholipids 
such as phosphatidylinositol and phosphatidylethanolamine. The substrate arachi-
donic acid can then be metabolized through at least three different pathways: (1) the 
cyclooxygenase pathway leading to the formation of prostaglandins including pros-
tacyclin (PGI2) and thromboxanes (TXs); (2) the lipoxygenase pathway, leading to 
the synthesis of leukotrienes (LTs) and hydroxyeicosatetraenoic acids (HETEs); and 
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(3) the epoxygenase pathway, leading to the formation of epoxides (see Figure 9.1). 
Cyclopentenone prostaglandins designated prostaglandin A2 (PGA2), PGA1, and 
PGJ2 are formed by dehydration within the cyclopentenone ring of PGE2, PGE1, 
and PGD2, respectively [reviewed in Straus and Glass, 2001].

Prostaglandins of the A and J series contain a cyclopentenone ring structure 
characterized by the presence of a chemically reactive α, β-unsaturated carbonyl. 
Cyclopentenone (A2/J2) isoprostanes (IsoPs) are prostaglandin (PG)-like com-
pounds generated in vivo from the free radical-induced peroxidation of arachi-
donic acid. Studies definitively show that cyclopentenone IsoPs are formed in large 
amounts in vivo, and this is in marked contrast to cyclopentenone prostaglandins, for 
which little evidence exists that they are endogenously produced [Milne et al., 2005]. 
Recent studies have demonstrated that cyclopentenone IsoPs inhibit the inflamma-
tory response [Musiek et al., 2005] and thus may serve as brakes to prevent excessive 
damage due to inflammation.

9.2.1 PHOSPHOLIPASE A2 (PLA2) ISOZYMES

PLA2 represents a ubiquitous family of esterases that hydrolyze the sn-2 acyl 
ester bonds of 1,2 diacyl-sn-3 glycerophospholipids, thereby liberating equimolar 
amounts of 1-acyl lysophosphatide and free fatty acid [Flower and Blackwell, 1976]. 
Mammalian cells contain several structurally different PLA2 enzymes that exhibit 
distinct localization, function, and mechanisms of regulation [reviewed in Lappas 
and Rice, 2004; Schaloske and Dennis, 2006]. The secretory PLA2 (sPLA2) and 
cytosolic PLA2 (cPLA2) enzymes display different biophysical characteristics and 

FIGURE 9.1 Prostaglandin biosynthesis pathways.
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biochemical requirements for optimal enzyme activity that are consistent with their 
sites of action, that is extracellular and intracellular, respectively.

The calcium-independent PLA2 (iPLA2) family may play a role in membrane 
phospholipid remodelling. The platelet activating factor acetylhydrolase (PAF-AH), 
otherwise known as the lipoprotein-associated PLA2 (lp-PLA2) family, consists of 
a large group of PLA2s that exhibit unusual substrate specificity toward PAF and 
oxidized phospholipids. Recently, an additional family has been added; it is catego-
rized as the lysosomal PLA2 (LPLA2) cohort, classified according to its catalytic 
mechanism and functional and structural features.

9.2.2 CYCLOOXYGENASE (COX)

COX or prostaglandin H endoperoxide synthase (PGHS) is an integral membrane 
protein [Otto et al., 1993] first purified in 1976 and cloned in 1988 [Merlie et al., 
1988]. In the early 1990s, a second form of COX (COX-2) was discovered and 
could be induced by several stimuli associated with cell activation and inflamma-
tion [Xie et al., 1991]. A third isoenzyme, COX-3, is of unknown function. COX 
enzymes are bifunctional in that they catalyze the first two steps in the biosynthe-
sis of prostaglandins from the substrate arachidonic acid [reviewed in Marnett et 
al., 1999].

The cyclooxygenase site oxidizes arachidonic acid to the unstable intermediate 
hydroperoxy endoperoxide (PGG2). This process involves the incorporation of two 
molecules of oxygen. The hydroperoxidase site of COX reduces the 15-hydroperoxyl 
group of PGG2 to the hydroxyl endoperoxide (PGH2) [Ohki, 1979].

9.2.3 TISSUE-SPECIFIC SYNTHASES

PGH2 is transformed by a range of enzymatic and non-enzymatic mechanisms into 
the primary prostanoids: PGE2, PGF2α, PGD2, PGI2, and TxA2. The enzymes 
for coupling PGH2 synthesis to downstream metabolism include two types of PGD 
synthase (PGDS) (lipocalin-type, L-PGDS and hematopoietic type, H-PGDS), along 
with microsomal PGE synthase (mPGES)-1 and -2, cytosolic PGE synthase (cPGES), 
prostacyclin synthase, PGF synthase, and thromboxane synthase.

9.3 MECHANISMS OF PROSTAGLANDIN ACTION

9.3.1 G-PROTEIN COUPLED TRANSMEMBRANE RECEPTORS

After prostaglandins are formed, they are secreted from cells via a carrier-mediated 
process. E, D, I, and F series prostaglandins act via G-protein coupled transmem-
brane receptors [Tsuboi et al., 2002]. Receptors for prostaglandins can be divided 
into five main types: EP (including the four sub-sets of EP1, EP2, EP3, and EP4), 
FP, DP, IP, and TP. The first letter corresponds to the type of prostaglandin that is a 
major ligand, i.e., EP for PGE2 and FP for PGF2α, DP for PGD2, IP for PGI2, and 
TP for TXA2.
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Eicosanoid receptor expression is hormonally regulated. EP1 and EP3 receptors 
initiate smooth muscle contraction through mechanisms that include calcium mobi-
lization and inhibition of cyclic AMP (cAMP). EP2 and EP4 receptors act through 
increased cAMP formation and relax smooth muscle. FP receptors result in elevated 
intracellular free calcium and smooth muscle contraction, whereas IP receptors 
increase cAMP, resulting in relaxation.

9.3.2 NUCLEAR PROTEIN RECEPTORS AND TRANSCRIPTION FACTORS

The cyclopentenone prostaglandins interact with other specific cellular targets 
including nuclear protein receptors and transcription factors via covalent modifica-
tion of specific cysteine residues in the DNA binding sites of these proteins. For 
instance, 15d-PGJ2 is a high affinity ligand for the peroxisome proliferator-activated 
receptor-γ (PPARγ) and is predominantly found in adipose tissue [Kliewer et al., 
1995]. Other activities of the cyclopentenone prostaglandins are mediated by the 
reactive α,β-unsaturated carbonyl group located in the cyclopentenone ring. For 
example, 15d-PGJ2 attenuates the activation of the transcription factor NF-κB by 
preventing the phosphorylation of its inhibitor protein [Rossi et al., 1997].

9.4 PROSTAGLANDIN PRODUCTION BY ADIPOSE TISSUE

It has long been known that prostanoids are released by rat adipose tissue [Shaw 
and Ramwell, 1968], although it was thought that they were made by the non-fat 
cells of rat adipose tissue [Parker et al., 1989; Chatzipanteli et al., 1992]. However, 
subsequent studies have clearly shown that freshly isolated rat and human adipo-
cytes both secrete prostaglandins, especially PGE2 and PGI2 [Richelsen, 1987; 
Richelsen, 1992; Richelsen et al., 1992; Fain et al., 2001b; Fain et al., 2002], with 
visceral adipose tissue releasing more PGE2 than subcutaneous adipose tissue [Fain 
et al., 2004]. Cells isolated after digestion of subcutaneous and/or visceral adipose 
tissue do produce less PGE2 or PGI2 than undigested tissue debris [Fain et al., 2002; 
Fain et al., 2004], but there is significant upregulation over time (between 4 and 48 
hours) in PGE2 release in adipocytes but not in adipose tissue [Fain et al., 2004] 
which is also associated with an increase in COX-2 immunoreactive protein expres-
sion [Fain et al., 2002]. PGE2 is catalyzed by 15-hydroxyprostaglandin dehydroge-
nase (PGDH) to generate 15-keto-PGE2, which is, in turn, further catabolized by 
15-oxoprostaglandin-Δ13-reductase (PGR-2) to 13,14-dihydro-15-keto-PGE2 [Chou, 
et al., 2007].

Because high activities of both PGDH and PGR-2 have been detected in adipose 
tissue [Anggard et al., 1971], PGE2 catabolism is thought to be highly active in adi-
pocytes. Indeed, PGE2 is the most abundant prostaglandin produced in the 3T3-L1 
pre-adipocyte cell line [Hyman et al., 1982], pre-adipocytes [Fain et al., 2004], adi-
pocytes [Bell-Parikh et al., 2003], and adipose tissue [Richelsen, 1992; Fain et al., 
2004]. The secretion of 15d-PGJ2 by 3T3-L1 adipocytes [Bell-Parikh et al., 2003] 
and PGF2α by pre-adipocytes [Yu et al., 1995] has also been reported.
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All the key enzymes in PGD and PGJ2 synthesis are expressed in both pre-adipo-
cytes and subcutaneous and omental human adipose tissue, with COX-1 and PGDS 
more highly expressed in omental adipose tissue [Jowsey et al., 2003; Quinkler et 
al., 2006]. High levels of mPGES-1 are expressed in adipose tissue and adipocytes, 
with epididymal (visceral) levels of mPGES-1 being higher than inguinal (subcuta-
neous, abdominal) adipose tissue. Furthermore, protein expression of mPGES-1 is 
also detected in undifferentiated and differentiated mouse 3T3-L1 adipocytes and in 
human primary subcutaneous pre-adipocytes at all stages of adipogenesis. Adipose 
tissue also expresses low levels of mPGES-2 and cPGES [Hétu et al., 2007]. A recent 
study identified and characterized a membrane-associated intracellular calcium-
dependent, adipose-specific PLA2 named adipose-specific PLA2 (AdPLA) [Duncan 
et al., 2008].

9.5 MULTIFACETED ROLES OF PROSTAGLANDINS

In addition to the regulation of whole body energy homeostasis, adipocytes are known 
to fulfill important endocrine functions and may serve as the link between obesity 
and inflammation. For that reason, determining the mechanisms that underlie adipo-
cyte differentiation and function has become an area of intense investigation.

As discussed above, mature adipocytes and cultured pre-adipocytes produce sig-
nificant amounts of prostaglandins, and several lines of evidence indicate that these 
prostaglandins may play an important physiological role in adipose tissue metabo-
lism and development. In the following sections, the regulation of adipokines by 
prostaglandins, which may be important in the inflammatory response in adipose 
tissue, and the role of prostaglandins in adipocyte differentiation and lipolysis will 
be discussed.

9.5.1 REGULATION OF ADIPOKINES BY PROSTAGLANDINS IN ADIPOSE TISSUE

Prostaglandins may be important components of the inflammatory response within 
adipose tissue, particularly in obesity, by potentially influencing the production of 
key inflammation-related adipokines. PGD2 and the J2 series prostaglandins induce 
reductions in adiponectin and leptin mRNA expression and release. In contrast, 
PGD2 induced a marked stimulation of IL-6 and MCP-1 mRNA expression and 
release [Peeraully et al., 2006], and treatment with the natural PPARγ ligand PGJ2 
reduced TNF-α expression levels in retroperitoneal and mesenteric white adipose 
tissues of obese rats [Okuno et al., 1998].

On the other hand, exogenous PGE2 can stimulate leptin release by mouse adi-
pose tissue when the basal formation of PGE2 is blocked by dexamethasone [Fain et 
al., 2000], and arachidonic acid or PGE2 stimulates leptin release by subcutaneous 
adipose tissue explants from obese humans. The stimulatory effect of arachidonic 
acid on leptin formation was blocked by NS-398, a COX-2 inhibitor [Fain et al., 
2001b]. Nerve growth factor (NGF), an inflammatory response protein secreted by 
adipocytes, is dramatically upregulated by prostaglandin PGD2 and by the J series 
prostaglandins, PGJ2 and delta12-PGJ2 [Bulló, et al., 2005].
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9.5.2  ROLE OF PROSTAGLANDINS IN ADIPOCYTE

DIFFERENTIATION AND MATURATION

Adipocyte differentiation is a complex and staged process [Fajas et al., 1998]. The 
differentiation of pre-adipocyte fibroblasts to adipocytes is a crucial process to many 
disease states including obesity, diabetes, cardiovascular, and autoimmune diseases. 
Indeed, obesity is due to the hypertrophy of adipocytes (abnormal increase in adi-
pose tissue mass due to the excessive accumulation of triglycerides in adipocytes) 
and to the recruitment of new adipocytes from precursor cells, two processes largely 
dependent on regulation of adipocyte differentiation. Manufactured and secreted by 
pre-adipocytes and adipocytes, prostaglandins are complex regulators of adipocyte 
differentiation, mediated by cell surface and nuclear receptors. While the exact func-
tion of each prostaglandin in the adipocyte is not completely understood, reports 
indicate that prostaglandins exert both positive and negative influences over pre-
adipocyte conversion to triglyceride-storing adipocytes.

PGI2, and its stable analogue carbacyclin (cPGI2), exclusively affect adipose pre-
cursor cells where they behave as adipogenic–hyperplastic effectors, leading to an 
increase in the number of adipocytes from dormant pre-adipocytes. PGI2 promotes 
and/or amplifies terminal differentiation of cultured pre-adipocytes by inducing pre-
adipocyte intracellular increases of both cAMP and free calcium [Vassaux et al., 
1992a; Vassaux et al., 1993; Darimont et al., 1994]. Moreover, PGI2 increases the 
expression of both C/EBPβ and C/EBPδ in pre-adipose cells [Aubert et al., 2000].

The paracrine adipogenic effect of PGI2 has also been reported to be controlled 
by angiotensin II. Ob1771 adipose cells challenged with angiotensin II produce PGI2 
which can then induce pre-adipose cells to differentiate into adipose cells [Darimont 
et al., 1994]. In contrast, PGI2 is unable to trigger any signal transduction in dif-
ferentiated adipocytes [Vassaux et al., 1992a] consistent with the decrease in the 
expression of the cell surface IP receptor. In addition to the biological effects of PGI2 
mediated by its cell-surface receptor, its ability to promote differentiation may also 
be mediated by PPARγ [Brun et al., 1996].

A greater degree of adipocyte differentiation was observed in cultures from obese 
rats (compared to lean rats) and was associated with lower basal PGE2 synthesis 
[Gaskins et al., 1989]. PGE2 has been reported to either activate [Shillabeer et al., 
1998] or inhibit [Lepak and Serrero, 1993] early adipogenesis. However, more recent 
studies have shown that PGE2 stimulates proliferation of 3T3-L1 cells induced to 
differentiate, suggesting that PGE2 positively influences adipocyte differentiation 
through triggering the clonal expansion phase [Fajas et al., 2003]. Further recent 
studies have shown that 15-keto-PGE2, which is catabolized from PGE2, enhances 
adipogenesis of 3T3-L1 cells via PPARγ [Chou et al., 2007].

Other prostaglandins that influence fat cell development include PGF2α which 
inhibits differentiation of various pre-adipose cell lines including 3T3-L1, 3T3-F442A, 
Ob1771, and rat primary pre-adipocyte cells [Catalioto et al., 1991; Miller et al., 1996; 
Casimir et al., 1996; Gaillard et al., 1989]. One potential mechanism by which PGF2α
inhibits adipogenesis is through stimulated phosphorylation of PPARγ by activated 
MAPK, leading to abrogation of its transactivating activity [Hu et al., 1996; Reginato 
et al., 1998]. A different mode of action for PGF2α has also been proposed for 
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primary rat pre-adipocytes. In both undifferentiated and differentiated cells, PGF2α
stimulates mRNA expression and production of TGF-β, which is also an inhibitor of 
adipocyte differentiation [Lepak and Serreno, 1995]. Stimulation of FP prostanoid 
receptors is associated with the inhibition of differentiation in 3T3-L1 cells and pri-
mary rat pre-adipocytes [Casimir et al., 1996; Serreno and Lepak, 1997].

Controversy surrounds the role of PGJ2 and its metabolites in adipocyte differen-
tiation. Early studies showed that the PGD2 metabolite 15d-PGJ2 promotes terminal 
adipocyte differentiation by increasing the activity of the adipogenic transcription 
factor PPARγ [Forman et al., 1995; Adams et al., 1997; Kliewer et al., 1995; Smith et 
al., 2002], and this is associated with increase in COX-2 expression [Inuzuka et al., 
1999]. However, more recent studies show that although 15d-PGJ2 is formed by 3T3-
L1 cells, it is unaltered during adipocyte differentiation, and suppression of its for-
mation by COX inhibition fails to influence differentiation [Bell-Parikh et al., 2003]. 
Furthermore, although exogenous added 15d-PGJ2 can drive adipocyte maturation 
by ligating PPARγ, the concentrations required exceed those of the endogenous pros-
taglandin released into the medium and the intracellular levels. Other studies have 
shown that PGA2, PGD2, PGJ2, and TXB2 have no effects on the adipocyte differ-
entiation process in 3T3-L1 [Fajas et al., 2003].

The generation of prostaglandins contributing to pre-adipocyte differentia-
tion is mediated in part by PLA2 and COX enzymes and tissue-specific synthases. 
Epididymal fat pad weight, the sizes of adipocytes, and serum levels of PGE2 are 
reduced in group IVA PLA2-deficient mice compared to the wild-type mice suggest-
ing the involvement of the enzyme in the storage of lipids in the adipose tissue [Ii et 
al., 2008]. A very recent study demonstrated that AdPLA, which is highly expressed 
in white adipose tissue, is induced during pre-adipocyte differentiation to adipocytes 
[Duncan et al., 2008]. Collectively, this suggests that PLA2 contributes to the storage 
of lipids in mature adipocytes, namely hypertrophy of the cells, probably through the 
generation of prostaglandins including PGE2.

COX-2 plays an important role in early adipocyte differentiation, regulating entry 
into the cell cycle, whereas its role in terminal differentiation is dispensable [Fajas et 
al., 2003]. Others have shown that COX-1 and COX-2 negatively modulate adipose 
cell differentiation, and inhibition of COX-2 alleviated TNF-α-dependent inhibition 
of adipocyte differentiation [Yan et al., 2003]. In addition, arachidonic acid-depen-
dent inhibition of adipocyte differentiation was associated with sustained COX-2 
expression that was reversed by a selective COX inhibitor [Petersen et al., 2003].

Upon differentiation of 3T3-L1 cells, there is a downregulation in COX-1 and 
COX-2 mRNA and protein expression, whereby COX-1 and COX-2 became intracel-
lularly more diffuse upon differentiation [Xie et al., 2006]. This is associated with 
a concomitant decrease in PGE2, 6-keto PGF1α, and PGD2. However, the role of 
COX in adipocyte differentiation has been a matter of dispute [MacDougald and 
Lane, 1995]. Perhaps the finding that some of the commonly used COX inhibitors 
are also PPARγ agonists may explain, at least in part, why conflicting results were 
obtained [Lehmann et al., 1997].

Conflicting data concern the expression of mPGES-1 during differentiation, with 
an increase and nuclear redistribution of mPGES-1 protein expression (compared 
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with actin) during differentiation of mouse 3T3-L1 adipocytes reported [Xie et al., 
2006]. Others found no changes in protein expression of pre-adipocytes and mature 
adipocytes [Hétu and Riendeau, 2007]. The expression of PGR-2 [Chou et al., 2007] 
and L-PGDS [Xie et al., 2006] is upregulated in the late phase of 3T3-L1 adipo-
cyte differentiation. Mice with a knockout of the gene encoding for PGDS exhibited 
adipocyte hypertrophy independent of diet [Ragolia et al., 2005]. This is in keep-
ing with the observation that the expression of PGDS is almost 20 times higher in 
omental than subcutaneous adipocytes and that omental adipocytes are smaller than 
subcutaneous adipocytes [Quinkler et al., 2006].

Adipogenesis by prostaglandins can be controlled by a number of inflammatory 
mediators including NF-κB and adiponectin. Indeed, these inflammatory signal-
ling pathways are differentially regulated during adipogenesis. For example, NF-κB
expression and activity are elevated in fully differentiated adipocytes [Berg et al., 
2004]. The induction of NF-κB suggests an immunomodulatory switch and acti-
vation of inflammatory functions including PLA2, COX-2, and PGE2 formation 
[Lappas et al., 2005a]. Adiponectin, which is present within normal bone marrow, 
can inhibit fat cell formation by marrow-derived pre-adipocytes via induction of 
COX-2 gene expression and secretion of PGE2 [Yokota et al., 2002]. Indeed we have 
previously shown that adiponectin stimulates PGE2 release from human adipose tis-
sue [Lappas et al., 2005b].

9.5.3 ROLE OF PROSTAGLANDINS IN ADIPOSE TISSUE LIPOLYSIS

Lipolysis, the breakdown of fat stored in fat cells, is an important pathophysiolog-
ical factor behind insulin resistance and the associated metabolic abnormalities 
observed in obese subjects. During this process, free fatty acids are released into 
the bloodstream and circulate throughout the body. The excessive accumulation 
of triglycerides in adipocytes is associated with an abnormal increase in adipose 
tissue mass [Kershaw and Flier, 2004]. Very early studies suggested that prosta-
glandins in part regulated lipolysis in adipose tissue [Shaw and Ramwell, 1968; 
Illiano and Cuatrecasas, 1971]. More recent studies have been able to unravel the 
complex and often opposing roles of prostaglandins in adipose tissue lipolysis. 
For example, it has been suggested that PGI2 and PGE2 have separate target cells 
in adipose tissue and appear to act in concert rather than in an opposite man-
ner, controlling both hyperplastic and hypertrophic development [Vassaux et al., 
1992b].

In mature adipocytes, PGE2, via interaction with its specific receptor, suppresses 
the production of cAMP (which induces lipolysis through the activation of hormone-
sensitive lipase), thus inhibiting lipolysis and contributing to the maintenance of high 
intracellular triacylglycerol content [Vassaux et al., 1992b; Chatzipanteli et al., 1992; 
Mater et al., 1998]. Similarly, PGE2 inhibits basal lipolysis over 24 hour incubation 
of mouse adipose tissue in primary culture [Fain et al., 2000]. Low concentrations 
of PGE1 and PGE2 inhibit glycerol production in adipose tissue and counteract the 
stimulation of glycerol release induced by catecholamines and glucagon [Steinberg 
et al., 1964]. This is due to interference with the activation of tissue lipase usually 
produced by exposure of adipose tissue to these hormones.
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9.6  PROSTAGLANDINS, ADIPOSE TISSUE,
INFLAMMATION, AND DISEASE

9.6.1 OBESITY AND RELATED METABOLIC DISORDERS

Adipose tissue in obesity undergoes changes in cell size that alter its normal physi-
ological function. This altered adipocyte function is associated with chronic and sys-
temic inflammatory responses characterized by abnormal adipokine production (e.g., 
leptin and adiponectin), increased synthesis of acute phase reactants (e.g., C-reactive 
protein), and the activation of pro-inflammatory signalling pathways. Adipose tis-
sue is highly integrated into overall physiological regulation through cross-talk with 
other organs and multiple metabolic systems. Indeed, obesity predisposes individu-
als to increased risks of developing many diseases including atherosclerosis, type 2 
diabetes, cardiovascular disease, insulin resistance, and metabolic syndrome. In the 
ensuing sections, a review of the current literature on the role of prostaglandins in 
obesity and associated metabolic disorders will be presented.

The levels of PGE2 and mPGES-1 protein are reduced in epididymal and inguinal 
adipose tissue in C57Bl/6 mice subjected to a high fat diet for 12 weeks compared 
to their lean counterparts [Hétu and Riendeau, 2007]. Expression of mPGES-2 and 
cPGES in epididymal adipose tissue was significantly elevated in obese tissues, pos-
sibly reflecting a partial compensation for the decrease of mPGES-1. The mPGES-2 
and cPGES expression levels, however, remained relatively constant in inguinal adi-
pose tissue. These data indicate that mPGES-1 plays a role in the regulation of PGE2 
synthesis in the adipose tissue, and that its downregulation may be involved in the 
alterations of lipolysis and adipogenesis associated with obesity.

Similarly, adipocytes isolated from human subcutaneous and visceral white adi-
pose tissues of morbidly obese individuals with BMI levels of 45 have a tendency to 
release lower amounts of PGE2 compared with their release by fat from individuals 
with BMIs of 32 (but this was not significant) [Fain et al., 2004]. Another obser-
vation was an overall decrease release rate of PGE2 by adipocytes isolated from 
obese Zucker rats ( fa/fa) [Gaskins et al., 1989]. Moreover, caloric restriction-induced 
weight loss decreased the expression of EP3 in adipose tissues of obese subjects and 
led to the concomitant increased expression of molecules with anti-inflammatory 
properties [Clément et al., 2004]. However, others noted no significant differences in 
prostaglandins of the E-type and the F-type due to nutritional status or body build in 
fed-and-starved lean, normal, and obese women [Curtis-Prior et al., 1979].

A few studies reported an association with increased BMI and sPLA2 levels. 
In Pima Indians, a population with a very high prevalence of obesity and insu-
lin resistance, sPLA2 is positively correlated with percent body fat, BMI, fasting 
plasma insulin concentration, and 2-hour glucose levels in non-diabetic individuals 
[Weyer et al., 2002]. Plasma sPLA2-IIA levels were positively correlated with obe-
sity indices including visceral adipose tissue, with levels about 30% higher among 
men characterized by a higher accumulation of visceral adipose tissue [Paradis et 
al., 2006]. Plasma level of sPLA2-IIA correlated with that of C-reactive protein 
and served as an independent risk factor and predictor of coronary heart disease 
[Kugiyama et al., 1999].
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Overweight and obese school children are also positively associated with Lp-PLA2 
concentrations [Nagel et al., 2007]. In keeping with this, mice with PLA2 null muta-
tions exhibit reduced adipose tissue and increased insulin sensitivity [Huggins et 
al., 2002]. In subcutaneous adipose tissue, COX-1 mRNA expression increased with 
BMI [Quinkler et al., 2006]. Heterozygous COX-2 mice develop obesity which is 
not secondary to a defect in leptin release by adipose tissue. It has been shown that 
homozygous COX-2–/– mice have decreased body weight and basal adipose tissue 
release of PGE2 or 6-keto-PGF1α compared to heterozygous COX-2+/– mice. NS-398, 
a specific COX-2 inhibitor, inhibited leptin release by adipose tissue from control, 
COX-1–/– and COX-2+/– mice, but had no effect on leptin release by adipose tissue 
from COX-2–/– mice [Fain et al., 2001a]. Two German study populations showed that 
the His variant of the COX-2 Arg298His polymorphism is associated with reduced 
risk of type 2 diabetes [Nitz et al., 2007] and this may in part mediated by lowered 
BMI [Lindner et al., 2007].

Recent studies have shown that the fat cells surrounding coronary arteries may 
play a central and previously unrecognized role in the development of cardiovascular 
disease through a direct role in the pathogenesis of the atherosclerosis. Epicardial 
adipocytes have been shown to produce inflammatory mediators including substan-
tial COX-2 activity. PGE2, the major COX-2 metabolite, has been shown to play an 
important part in angiogenesis and inflammation [Stoll et al., 2006].

Gestational diabetes mellitus (GDM) is considered a prediabetic state [Pendergrass 
et al., 1995], and the pathophysiologies of both conditions are clearly related. Based 
on the role of sPLA2 and COX-2 in the etiology of insulin resistance, preliminary 
data from our laboratory demonstrate increased mRNA expression of sPLA2-IIA 
and COX-2 in subcutaneous adipose tissue from women with GDM when compared 
to normal pregnant women (Figure  9.2). However, we noted no difference in the 
mRNA expression of cPLA2 and COX-1. Thus, prostaglandins may also play a role 
in the inflammatory response associated with GDM.
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FIGURE 9.2 Phospholipase A2 (PLA2) and cyclooxygenase (COX) expression in normal 
pregnant women and women with gestational diabetes mellitus (GDM). PLA2 and COX 
mRNA expression levels relative to β-actin in subcutaneous adipose tissue derived from nor-
mal pregnant women and pregnant women with gestational diabetes. Each bar represents 
the mean expression of PLA2 or COX relative to β-actin mRNA. * = p <0.05 versus normal 
adipose tissue (Student’s t-test).
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9.6.2 CANCER

Epidemiological studies indicate that obesity is a significant risk factor for the 
development of cancer, although the exact mechanisms have not yet been identified. 
Recent years have seen increased interest in the role of prostaglandins in cancer. 
Upregulation of the inducible isoform COX-2 has been identified in many human 
cancers including human breast carcinoma in which COX-2 overexpression has also 
been detected in approximately 40% of cases. Furthermore, epidemiologic studies 
show a protective effect of COX inhibitory drugs with respect to both colon and 
breast cancer [Williams et al., 1999].

The synthesis of estrogens by cytochrome P450 aromatase (aromatase), a prod-
uct of the CYP19 gene, is an important characteristic of breast carcinogenesis. 
Disproportionately high aromatase expression and activity in undifferentiated breast 
adipose fibroblasts adjacent to malignant epithelial cells likely contributes to cancer 
development and progression. In human breast adipose tissue, PGE2 increases estro-
gen biosynthesis, via the enzyme aromatase, thus possibly leading to increased risk 
of developing breast cancer.

Malignant breast epithelial cells secrete PGE2, which, via EP2 and EP4, stim-
ulates aromatase expression in a cAMP- and PKC-dependent manner in adjacent 
breast adipose fibroblasts, leading to increased local concentrations of estrogen in 
addition to reducing BRCA1 expression (a tumor suppressor gene) [Chen et al., 2007; 
Subbaramaiah et al., 2008]. Prostaglandin-mediated estrogen overproduction may 
be an important site-specific consequence of COX-2 upregulation in breast cancer. In 
support of this, a positive correlation exists between aromatase and COX expression 
in human breast cancer specimens [Brueggemeier et al., 1999], and increased aro-
matase mRNA and activity and reduced amounts of BRCA1 are present in a mouse 
model overexpressing COX-2 in the mammary gland [Subbaramaiah et al., 2008]. 
On the other hand, 15d-PGJ2 inhibits aromatase expression in breast adipose mesen-
chymal cells [Winnett et al., 2003]. Thus, PGE2 and 15d-PGJ2 may have reciprocal 
roles to play in the regulation of aromatase expression in the breast.

9.6.3 OTHER IMMUNE-MEDIATED DISEASES

In humans, the prevalence of certain immune-mediated diseases such as asthma 
[Mannino et al., 2006] and periodontitis [Pischon et al., 2007] is increased or dis-
ease activity is more severe in individuals who are obese and thus it is proposed that 
adipocyte-secreted proteins may link obesity with these diseases. For example, in 
asthmatics, increased BMI was associated with increased sPLA2 activity [Misso et 
al., 2008].

Recent evidence suggests that prostaglandins released from adipose tissue may 
play a role in aging. Visceral adipose tissues of old mice exhibited higher mRNA 
expression COX-2 compared with tissues of young mice. Further, adipocytes, but 
not stromal vascular cells, from visceral adipose tissues of old mice produced more 
PGE2 than those from young mice [Wu et al., 2007]. This may explain why the inci-
dence of type 2 diabetes increases with age.
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In Graves’ disease, the orbit of the eye can become severely inflamed and infil-
trated with T lymphocytes as part of the autoimmune process. Inflammation and 
adipogenesis are two parallel processes associated with increased activity in severe 
Graves’ ophthalmopathy. The orbital fibroblasts convert to fat-like cells causing the 
eye to protrude, which is disfiguring and can lead to blindness. It has been shown that 
human peripheral blood T cells express COX-2 and produce PGD2 and members of 
the PGJ family of prostaglandins including 15d-PGJ2. These products convert pre-
adipocyte orbital fibroblasts to adipocytes in vitro and this adipogenic differentiation 
can be blocked by COX-2 selective inhibitors [Feldon et al., 2006].

9.7 CONCLUSIONS

An increase in adipocyte size, as a result of lipid accumulation, and increased adi-
pocyte numbers, as a result of accelerated adipocyte differentiation and maturation 
are major characteristics of obesity. Dysregulated adipogenesis leads to an increase 
in the secretion of pro-inflammatory products from adipose tissue, thus provid-
ing a link between subclinical inflammation to obesity and associated pathologies. 
The levels of arachidonic acid, which is derived from dietary essential fatty acids, 
are high in obesity and diabetic states, and serve as precursors for prostaglandins 
that act via cell surface G-protein coupled receptors and nuclear protein receptors. 
Prostaglandins play a number of roles in adipose tissues, including modulators of 
inflammation, adipocyte differentiation, and lipolysis. Understanding phospholipid 
metabolism in adipose tissue is critical and may open new opportunities for the treat-
ment of obesity and its related metabolic diseases.
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10.1 INTRODUCTION

Obesity is associated with a chronic inflammatory state that contributes to the develop-
ment of various metabolic and cardiovascular diseases. Adipose tissue has the ability 
to produce and secrete a variety of bioactive molecules such as adipokines that can 
regulate the inflammatory responses of several obesity-related complications [1]. Many 
of these pro-inflammatory adipokines such as leptin [2], resistin [3], C-reactive protein 
(CRP) [4], tumor necrosis factor-α (TNF-α), and interleukin-6 (IL-6) [5] are increased 
in obesity and may promote obesity-linked metabolic and cardiovascular diseases.

In contrast to most other adipokines that are upregulated in obesity, adiponectin 
is substantially reduced [6] and has been shown to have anti-inflammatory properties 
and play a protective role in the development of several obesity-related diseases [7,8]. 
This chapter will discuss the role of adipose tissue-derived molecules, specifically 
adiponectin, leptin, and resistin, in regulating inflammatory pathways that contrib-
ute to chronic disease.

10.2  OBESITY, ADIPOSE TISSUE DYSFUNCTION, 
AND ADIPOKINES

Obesity is defined as a body mass index (BMI) equal to or greater than 30 kg/m2.
Development of obesity requires a coordinated increase in fat cell size (adipocyte 
hypertrophy) and number (adipocyte hyperplasia) [1,9]. In terms of metabolic homeo-
stasis, adipocytes play a key role in energy metabolism and triglyceride storage. As 
adipocytes enlarge, they become increasingly resistant to the antilypolytic effects of 
insulin, resulting in chronically elevated levels of circulating free fatty acids (FFAs) 
and FFA-induced impairments in insulin sensitivity. When the lipid storage capacity 
of enlarged adipocytes is exceeded, lipid storage spills over into other tissues such 
as liver, muscle, and pancreas, further increasing insulin resistance and lipotoxic 
effects [10].

The metabolic disturbances of obesity are accompanied by altered adipokine 
production which is directly related to adipocyte size [1]. Large dysfunctional adi-
pocytes produce increased amounts of leptin, a pro-inflammatory adipokine, and 
reduced amounts of adiponectin, an anti-inflammatory adipokine, compared to 
smaller functional adipocytes. This imbalance of more pro-inflammatory and 
fewer anti-inflammatory adipokines in combination with chronic activation of the 
innate immune system contributes to the chronic low-grade inflammation in obesity. 
Although leptin and adiponectin are synthesized and released from the adipocytes 
in adipose tissue [11,12], other adipokines can be produced and released by other 
cells in adipose tissue or by a combination of adipose tissue cell types. For example, 
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resistin is produced by macrophages infiltrating human adipose tissue [13], while 
TNF-α is produced by both adipocytes and infiltrating macrophages [14].

The number of infiltrated macrophages is positively correlated with BMI and adi-
pocyte size in human abdominal subcutaneous adipose tissue. Surgically induced 
weight loss decreases the number of infiltrating macrophages, changes the inflam-
matory gene profile, and increases anti-inflammatory IL-10 in the remaining mac-
rophages [15]. Interestingly, some nutritional and therapeutic treatments that reduce 
adipocyte cell size can improve the anti-inflammatory and pro-inflammatory adi-
pokine profile without reductions in adipose mass or body weight [16]. Therefore, 
adipocyte size appears to be a key regulator of adipokine production and adipose 
tissue function. In obesity, the altered adipokine profile produced by large dysfunc-
tional adipocytes exerts local effects in adipose tissue and systemic effects in other 
organs, and thus contributes to the pathogenesis of several chronic diseases includ-
ing cardiovascular disease and diabetes mellitus via inflammatory pathways [14].

10.3 ADIPONECTIN

The human adiponectin gene is located on chromosome 3q27 and encodes a 224-
amino acid sequence containing three distinct domains: the N-terminal hypervari-
able region, the collagen-like domain, and the C-terminal globular, complement 
C1q-like domain [6,17]. Four different research groups independently identified adi-
ponectin. Scherer et al. (1995) discovered that adiponectin was an abundant serum 
protein in mice that was also produced by 3T3-L1 adipocytes. They named this 
protein adipocyte complement-related protein of 30 kDa (ACRP30) [18].

This group was also the first to identify several oligomeric forms of adiponectin 
[18]. Hu et al. (1996) confirmed that adiponectin, then called AdipoQ, was expressed 
in adipose tissue; however, they also noted increased levels in differentiated adi-
pocytes and observed that adiponectin levels were decreased in obese humans and 
mice [12]. About the same time, Maeda et al. (1996) cloned the human adiponectin 
gene, referring to it as the adipose most abundant gene transcript 1, while Nakano 
et al. (1996) purified human adiponectin from plasma, naming it gelatin-binding 
protein of 28 kDa [19,20].

In the circulation, adiponectin can be found as three different oligomeric com-
plexes: a trimer (low molecular weight), hexamer (medium molecular weight), and 
oligomer (high molecular weight) [6,21–25]. In addition to the full-length protein, a 
proteolytic cleavage fragment of adiponectin called globular adiponectin was also 
detected in the circulation [26]. Adiponectin trimers are formed through hydrophobic 
interactions among globular domains, whereas the formation of high molecular 
weight (HMW) complexes involves disulfide bonds between trimer molecules. 
Recent work provides insight into the regulation of HMW adiponectin formation. 
Wang et al. (2006) demonstrated that substitution of arginine with lysine disrupts 
the hydroxylation and glycosylation of lysine and inhibits the assembly of HMW 
adiponectin [27]. Thus, the formation of the HMW oligomeric complex is apparently 
regulated by hydroxylation and glycosylation of the lysine residues.

The different forms of adiponectin have different physiological effects in dis-
eases involving inflammatory pathways. For example, Bobbert et al. (2005) showed 
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that weight loss leads to an increase in total adiponectin and changes in the ratio of 
high to low molecular weight adiponectin [28]. Specifically, a positive correlation 
between body weight and low molecular weight adiponectin and an inverse correla-
tion between body weight and high molecular weight adiponectin were observed. 
Furthermore, the ratio of HMW adiponectin to total adiponectin is decreased in 
patients with type 2 diabetes mellitus (T2DM) [27]. Nevertheless, this association 
remains controversial, since Polak et al. (2008) recently reported that high molecular 
weight adiponectin does not correlate with body weight [29].

10.3.1 ADIPONECTIN RECEPTORS

Two receptors have been identified for adiponectin. The adiponectin type 1 receptor 
(AdipoR1) is predominantly expressed in skeletal muscle, whereas the adiponectin 
type 2 receptor (AdipoR2) is mainly expressed in the liver [30]. AdipoR1 has a high 
affinity for the globular form. In contrast, both the globular and full-length adi-
ponectin bind to AdipoR2 [30].

10.3.2 ADIPONECTIN AND OBESITY

Epidemiological studies have shown a negative association between adiponectin lev-
els and BMI [31]. Conversely, positive associations among circulating TNF-α, IL-6, 
and BMI have been documented [32]. As well, weight reduction has been shown to 
decrease circulating TNF-α and IL-6 levels [33] while increasing adiponectin levels 
[34]. Expression of adiponectin in adipocytes is suppressed with pro-inflammatory 
cytokines. For example, 3T3-L1 adipocytes treated with TNF-α exhibited reduced 
adiponectin expression [35]. Similar results were obtained with primary human adi-
pocytes, showing that TNF-α treatment reduced expression and secretion of adi-
ponectin [36]. Comparable reductions in adiponectin expression and secretion are 
observed following IL-6 treatment of 3T3-L1 adipocytes [37].

10.3.3 ADIPONECTIN AND INFLAMMATORY DISEASE STATES

Adiponectin possesses anti-atherogenic [26,38,39] and anti-diabetic [40,41] proper-
ties. In non-obese individuals, adiponectin is normally found in the circulation at 
concentrations ranging from 2 to 20 μg/mL; however, obese individuals have sig-
nificantly reduced plasma adiponectin levels [23,31]. An inverse correlation was 
observed among plasma adiponectin concentration, BMI [31] and waist circumfer-
ence [42] in both sexes. In addition, the amount of adiponectin secreted by the adi-
pose tissue is decreased with increased fat accumulation [43]. The strong inverse 
association between obesity and levels of adiponectin may prove to be a key link in 
obesity-related inflammatory diseases. By altering components of the inflammatory 
response, it is postulated that adiponectin may inhibit the progression of several 
chronic diseases.

Low-grade chronic inflammation is known to link obesity with related co-morbid-
ities such as atherosclerosis, insulin resistance, and endothelial dysfunction. Several 
studies examined the role of inflammatory molecules and the risks of metabolic 
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complications and cardiovascular disease. For example, CRP levels positively corre-
late with BMI as well as waist circumference and the risk of developing the metabolic 
syndrome [4]. Interestingly, a negative association was found between plasma CRP 
levels and plasma adiponectin levels in both sexes [44,45]. Additional adipokines 
such as IL-6 and TNF-α are also negatively correlated with adiponectin [5]. These 
anti-inflammatory properties of adiponectin may play a beneficial role in vascular 
and metabolic disorders.

10.3.4 INSULIN RESISTANCE

Increasing epidemiological and experimental studies demonstrated a protective 
role of adiponectin in the development of insulin resistance and diabetes. In both 
men and women with T2DM, plasma adiponectin concentrations are lower than in 
non-diabetic individuals [46]. Similarly, a negative association between plasma adi-
ponectin concentrations and the development of insulin resistance and T2DM was 
documented in several clinical studies [47–50].

Diabetic mice treated with adiponectin display improved glucose tolerance [51]. 
Nawrocki et al. (2006) showed that adiponectin knockout mice fed a high fat diet 
developed insulin resistance [52]. Studies examining several types of tissues such as 
skeletal muscle, liver [53], and adipocytes [54] suggest that adiponectin may exert ben-
eficial effects on insulin resistance through activation of AMP-activated protein kinase 
(AMPK). For example, adiponectin knockout mice given adenovirus expressing adi-
ponectin show improved insulin sensitivity and increased AMPK activation [55]. 
Maeda et al. (2002) also reported improved insulin sensitivity with adenoviral delivery 
of adiponectin in adiponectin knockout mice; however, they also observed improved 
TNF-α levels [40], suggesting that the beneficial effect of adiponectin on insulin resis-
tance may also work by suppressing the production of inflammatory cytokines.

10.3.5 VASCULAR PROTECTION

Many studies demonstrated the beneficial action of adiponectin on endothelial 
homeostasis. A positive correlation between circulating adiponectin levels and arte-
rial vasodilation was shown in humans [56]. Epidemiological studies have shown 
that plasma adiponectin levels negatively correlate with blood pressure in men with 
essential hypertension [57]. As well, adiponectin is significantly associated with 
systolic blood pressure in normotensive adults [58]. Recently, Devaraj et al. (2008) 
demonstrated that adiponectin treatment reduces mRNA and protein levels of CRP 
in human aortic endothelial cells, suggesting the link of obesity and vascular com-
plications may be due to an increase in CRP production and aggravation of a pro-
inflammatory state secondary to low levels of adiponectin [59].

Ohashi et al. (2006) have shown that adiponectin knockout mice develop diet-
induced hypertension on high salt diets; when these mice are treated with an 
adiponectin adenovirus, the elevated blood pressure values are reversed [60]. 
Prostacyclin synthase (PGIS) and endothelial nitric oxide synthase (eNOS) are 
important enzymes involved in vasodilatation and are key determinants of endothe-
lial function and angiogenesis. Investigation of possible mechanisms of adiponectin-
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related modulation of blood pressure regulation revealed that expression of PGIS 
and eNOS is downregulated in the aortae of adiponectin knockout mice, whereas 
treatment with adenovirus expressing adiponectin increases both PGIS and eNOS 
levels [60]. Adiponectin has also been shown to activate AMPK, leading to the phos-
phorylation and activation of eNOS[61].

Adiponectin also protects against atherosclerosis. In the absence of adiponectin, 
increased vascular smooth muscle cell proliferation and neointimal formation were 
observed [62]. In addition, when apoE knockout mice, normally prone to developing 
atherosclerosis, are treated with an adenovirus expressing adiponectin, they exhibit 
significant reductions in lesion size [38].

Adhesion molecules play a critical role in the inflammatory process in the vascu-
lature and the progression of atherosclerosis and their expression has been linked to 
adiponectin [63]. For instance, apoE knockout mice treated with adenovirus express-
ing adiponectin showed reductions in the expression of vascular cell adhesion mol-
ecule-1 (VCAM-1), class A macrophage scavenger receptors (SR-As), and TNF-α in 
the aortic sinus [38]. In vitro, treatment of human aortic endothelial cells (HAECs) 
with adiponectin inhibited TNF-α-induced expression of adhesion molecules such 
as VCAM-1, E-selectin,, and intercellular adhesion molecule 1 (ICAM-1) [39]. 
Therefore, adiponectin shows potential in modifying the inflammatory process that 
underlies the development and progression of atherosclerosis.

10.3.6 NON-ALCOHOLIC FATTY LIVER DISEASE (NAFLD)

Inflammation due to obesity is also a risk factor for NAFLD, a condition that can 
ultimately lead to liver cirrhosis. Adiponectin is significantly lower in individuals 
with NAFLD [64]. Interestingly, serum adiponectin levels were significantly higher 
in obese children without liver abnormalities than in obese children with fatty infil-
tration or liver function abnormalities [65]. Similar data from adults showed signifi-
cantly lower serum adiponectin levels in NAFLD patients with elevated liver enzymes 
than in healthy adults or NAFLD patients with normal liver enzymes [66]. Ma et el. 
(2008) examined liver biopsies from morbidly obese individuals with NAFLD or ste-
atosis for the expression of adiponectin [67]. Adiponectin expression was decreased 
in the livers of those with NAFLD and immunohistochemistry revealed a negative 
correlation between adiponectin and the severity of inflammation [67].

Fetuin-A, a liver protein that is upregulated in hepatic steatosis, was recently 
shown to induce adipose tissue TNF-α and IL-6 expression while reducing adi-
ponectin expression [68]. Additionally fetuin-A in humans was positively associated 
with plasma CRP levels and negatively associated with plasma adiponectin levels 
[68]. These data suggest an anti-inflammatory role for adiponectin in liver inflam-
mation and hepatic steatosis.

10.3.7 THERAPEUTIC POTENTIAL

Several studies have shown that thiazolidinediones (TZDs) exhibit anti-inflamma-
tory properties and the ability to reduce plasma levels of TNF-α [69–71] and CRP 
[69,71]. Interestingly, treatment with TZDs resulted in increased plasma adiponectin 
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levels in humans [35,72,73]. Ikeda et al. (2007) have shown that after only three days 
of treatment with TZDs, they noted significant increases in total and HMW adi-
ponectin levels [74]. TZDs are known ligands of the transcription factor peroxisome 
proliferator-activated receptor (PPAR)-γ that, upon activation, can suppress inflam-
mation and development of atherosclerosis [75]. It is still unclear whether the anti-
inflammatory properties of TZDs are linked to their ability to increase adiponectin 
levels; nevertheless, identification of pharmaceuticals or alternatively nutraceuticals 
that target adiponectin may represent an innovative direction for developing novel 
anti-inflammatory agents.

10.4 LEPTIN

The product of the obese (ob) gene is the 16-kDa leptin hormone. Originally discov-
ered as an unidentified satiety factor that decreases appetite and increases energy 
expenditure, leptin is not known to play a role in immunity, insulin signaling, repro-
duction, and inflammation. Leptin levels correlate positively with total body fat mass, 
BMI, and adipocyte size [76]. Spontaneous mutation of the ob gene in mice leads 
to the morbidly obese ob/ob mouse that is unable to produce leptin. Administration 
of leptin to ob/ob mice and humans that possess this rare mutation leads to reduced 
food intake and obesity and improved insulin sensitivity [77]. Reduced production 
of inflammatory cytokines such as IL-6 is also evident after administration of leptin 
when serum concentrations are low [78].

10.4.1 SYNTHESIS AND SECRETION

Secreted primarily from white adipose tissue (WAT), leptin is also secreted at lower 
levels by gastric epithelial cells, intestine, brain, skeletal muscle, and placenta [2]. 
Subcutaneous WAT appears to contribute more to increased circulating levels of 
leptin than visceral WAT [79]. Leptin circulates in its free form in serum, but it can 
also be bound to a protein (ObRe) in plasma. Leptin levels are low in lean individu-
als (~3 ng/mL), and free leptin is roughly equivalent to bound leptin in lean sub-
jects. However, free leptin may be 25 times higher than leptin bound to ObRe in the 
plasma of obese subjects [80]. In people lacking functional leptin receptors, circulat-
ing leptin levels can be as high as 600 ng/mL [81]. The effects of leptin on appetite 
regulation are well characterized [11,77,82].

10.4.2 LEPTIN RECEPTOR

ObRb is expressed primarily in the hypothalamus but is also found in membranes 
of adipocytes, macrophages, pancreatic β-cells, skeletal muscle, adrenal, and 
liver cells. ObRb is a member of the class I cytokine receptor family and may 
participate in cross-talk with other cytokines such as IL-6 [83]. Due to alterna-
tive splicing, five other leptin receptors (ObRa–f) can be synthesized and these 
isoforms are present in differing amounts in a variety of cell types. ObRb, a 
transmembrane receptor, is the only one capable of intracellular signaling. ObRa, 
ObRc, and ObRd possess shortened cytoplasmic domains whose functions remain 
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to be fully elucidated. ObRe is the soluble circulating leptin binding protein found 
in plasma.

The gene for the ObRb is located on the db locus on mouse chromosome 4. 
Spontaneous mutation of this gene in C57BL/6J mice produces the db/db mouse. 
This strain is characterized by obesity, hyperglycemia, hyperinsulinemia, and dys-
lipidemia, which makes these mice suitable models for severe T2DM [84]. In vivo, 
db/db mice also show impaired glucose tolerance and insulin resistance. In rats, 
spontaneous mutation of the fa ( fat) gene leads to a dysfunctional ObRb. The fa/fa
Zucker rat is morbidly obese and insulin-resistant and serves as a model for meta-
bolic syndrome.

10.4.3 LEPTIN REGULATION

Expression of leptin is mainly stimulated by food intake and energy use, but may 
also be influenced by other hormones. Insulin produced in response to food intake 
increases leptin levels, which in turn exerts a feedback effect on the brain that results 
in suppression of food intake. Hyperinsulinemia also leads to increased expression 
of leptin in humans; however, when a hyperinsulinemic clamp is employed, leptin 
levels do not appear to increase [85]. Leptin levels are higher in women than men; 
this is partially explained by the fact that testosterone inhibits leptin expression while 
estrogen leads to an increase in leptin mRNA [86].

Activation of the leptin receptor by leptin activates JAK2, which phosphorylates 
numerous tyrosine residues found on the cytoplasmic domain of the ObRb. The 
phosphorylation of Tyr1138 [87] enables docking of STAT3 and its subsequent phos-
phorylation by JAK2. Upon phosphorylation, STAT3 dimerizes and is transported 
to the nucleus where it modulates expression of various neuropeptide genes involved 
in regulating energy balance and appetite [88]. STAT3 also induces the expression 
of suppressor of cytokine signaling (SOCS3) which binds to phosphorylated Tyr985 
and blocks JAK2. The resultant decrease in JAK2 activity represses leptin receptor 
signaling. When leptin was administered peripherally for 48 hours, mRNA cod-
ing for SOCS3 increased four-fold in ob/ob mice [89]. However, increased SOCS3 
level may be one of the main mechanisms responsible for leptin resistance; SOCS3 
mRNA and protein levels are significantly increased in mice that have lowered leptin 
sensitivity from diet-induced obesity. Overexpression of SOCS3 also leads to sup-
pressed signaling of ObRb, while knocking out the SOCS3 gene leads to increased 
signaling associated with ObRb [87].

10.4.4 LEPTIN, OBESITY, AND INFLAMMATION

In the obese state, adipose tissue is subject to chronic low grade inflammation and 
macrophage infiltration. Increased levels of leptin due to obesity lead to elevated 
expression of various inflammatory factors. Conversely, an inflammatory state can 
lead to elevated leptin secretion, thus limiting appetite. Leptin may not be the main 
cause of problems associated with obesity such as T2DM or cardiovascular dis-
ease; however, its dysregulation along with other important adipokines such as 
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adiponectin and resistin will exacerbate the conditions associated with increased 
obesity [90].

10.4.5 STIMULATION OF LEPTIN SECRETION BY INFLAMMATORY MEDIATORS

The production of leptin in vitro is increased by numerous factors including gluco-
corticoids [91], TNF-α, glucose, insulin, IL-1, and estrogens [83]. One of the first 
inflammatory cytokines found to be associated with obesity was TNF-α. Similar 
findings for many other inflammatory cytokines followed shortly, and leptin was 
added to this list in 1994 [92]. Increased levels of TNF-α have been shown to induce 
expression of leptin both in vitro and in vivo. In the case of obesity, leptin levels are 
already elevated and cells have typically become resistant, which means they are no 
longer sensitive to further stimulation.

10.4.6 STIMULATION OF INFLAMMATORY FACTORS

It has also been suggested that leptin is a major factor in the low grade inflamma-
tory state associated with obesity [78]. Leptin has been shown to induce numerous 
inflammatory products and factors in a state of increased adiposity and in cases of 
illness accompanied by a lack of appetite. In the brain, leptin may act not only as a 
regulator of appetite but also as an inflammatory signal through its ability to induce 
COX-2 via interleukin-1β [93]. Inhibition of COX-2 by pharmacological agents and 
gene knockout leads to a preserved appetite, with no changes in leptin levels, during 
LPS-induced inflammation [94,95].

IL-β–/– mice also showed no increases in leptin after intraperitoneal injection of 
LPS or turpentine [96]. In mice, acute inflammatory conditions stimulated by LPS 
also lead to elevated leptin levels along with increased gene expression [97]. In the 
same study, administration of TNF and IL-1 also led to elevated levels of serum 
leptin. It has been demonstrated in human primary adipocytes in the presence of 
dexamethasone (inhibitor of upregulation of COX-2), that arachidonic acid and pros-
taglandin E2 can stimulate the release of leptin and leptin mRNA accumulation [98]. 
However, when pegylated recombinant leptin is administered in conjunction with 
weight loss, it can attenuate the production of several inflammatory factors such as 
TNF-α, although CRP was markedly increased [78]. This may benefit patients who 
are dieting, as leptin levels usually fail to promote food intake due to fasting and 
decreased adipose tissue [11]. It has recently been shown that a 10% weight loss can 
be maintained if leptin levels are not allowed to fall as they normally would follow-
ing a decrease in body weight [2].

10.4.7 LEPTIN AND INFLAMMATORY DISEASE STATES

Elevated levels of leptin are associated with obesity, insulin resistance, platelet aggre-
gation, vascular smooth muscle migration and proliferation, and increased oxidative 
stress and inflammation.
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10.4.7.1 Atherosclerosis
CRP, a marker for inflammation and indicator of increased cardiovascular risk, is 
increased in the presence of elevated leptin levels in coronary artery endothelial cells 
and is associated with the development of atherosclerosis [99]. Induction of ObRb by 
leptin leads to increased reactive oxygen species production and phosphorylation of 
MAPK, which may lead to increased CRP expression [100]. Conversely, decreased 
leptin levels associated with weight loss lead to lowered levels of CRP. The leptin 
receptor has also been identified in human atherosclerotic lesions [101] and elevated 
leptin levels induce platelet aggregation, even in healthy individuals [102].

10.4.7.2 Diabetes Mellitus
In parallel with insulin resistance, elevated leptin levels correlate positively with the 
inhibition of glucose uptake [103]. It is hypothesized that leptin may decrease insulin 
secretion from pancreatic β-cells by regulating the amounts of triglycerides and free 
fatty acids present in these cells [104]. Furthermore, increased levels of cytokines 
such as TNF-α [105] and leptin have been implicated in the development  of T2DM 
through exacerbation of inflammatory symptoms and altered cell signaling mecha-
nisms [103].

Leptin can modulate insulin signaling in cells that express leptin receptors through 
several mechanisms, including (1) a reduction in insulin-dependent tyrosine phos-
phorylation of IRS-1 by decreasing IRS mobility, and (2) increased activity of IRS-
1-associated PI3K. A potential reason for the relationship of insulin resistance and 
leptin resistance is the cross-talk between ObRb and PI3K [88]. Activation of PI3K 
by receptor-bound leptin likely involves JAK2 activation and subsequent phosphory-
lation of IRS proteins. The effect of leptin on PI3K is likely tissue-dependent as well 
as PI3K isoform-specific [106]. Leptin may modulate insulin signaling pathways in 
obese individuals and therefore play a role in T2DM; however, further research is 
required to fully elucidate the role of leptin in insulin resistance and T2DM.

10.4.7.3 Psoriasis
Increased serum leptin levels have been correlated with increased severity of psoria-
sis [107,108] but this is not conclusive because other studies show that serum levels 
of leptin in those suffering from psoriasis do not differ from levels in healthy patients 
when matched with individuals of similar BMI measurements [109]. IL-6 and IL-1β
are both elevated in patients suffering from psoriasis and leptin can induce both 
TNF-α and IL-1β production by blood monocytes [109]. The severity of psoriasis 
and its outcomes appear related to the degree of obesity along with enhancement by 
leptin and other adipokines, such as resistin, of numerous inflammatory processes 
that aggravate symptoms of psoriasis.

10.4.8 POTENTIAL THERAPIES

Administration of exogenous leptin to obese patients has proven to provide little 
benefit because such patients are usually already resistant to the effects of leptin and 
have highly elevated serum leptin levels [110]. Leptin has recently been shown to 
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improve glucose levels in type 1 diabetic mice despite a lack of insulin [111]. In cases 
of leptin depletion such as lipodystrophy, administration of leptin is able to improve 
glycemic control and reduce triglycerides [112], thereby relieving FFA-mediated 
insulin resistance and lipid accumulation in organs [113].

10.5 RESISTIN

Resistin is the product of the RSTN gene located on mouse chromosome 8 and 
human chromosome 19. The RSTN gene encodes a 114-amino acid polypeptide with 
a 20-amino acid signal sequence secreted as a 94-amino acid polypeptide of 12.5 kDa 
[114]. Resistin belongs to the resistin-like molecule (RELM) family of cysteine-rich 
proteins that also includes RELMα, RELMβ, and RELMγ. The discovery of resistin 
is credited to three research groups [115–117]; however, the protein was named resis-
tin by Lazar’s group due to the observation that this novel protein promoted insulin 
resistance. Like adiponectin, resistin is known to circulate in two distinct forms: a 
high molecular weight hexamer and a more biologically active trimer form [118]. 
Although originally thought to be expressed exclusively in white adipose tissue, it is 
now known that resistin mRNA can be found in many tissues including hypothala-
mus, adrenal gland, spleen, skeletal muscle, pancreas, monocytes and macrophages, 
and the gastrointestinal tract [119].

10.5.1 REGULATION

Resistin expression is modulated by a variety of endocrine factors. In rodent adi-
pocytes, resistin expression is induced by corticosteroids, prolactin, testosterone, 
and growth hormone. Insulin, epinephrine, and somatotrophin produce inhibitory 
effects [120]. Resistin gene expression is induced by C/EBPα [121] and repressed 
by PPARγ [122] through direct binding of these transcription factors to the resis-
tin promoter. Gender differences in resistin expression have been demonstrated in 
rodents, with white adipose tissue of male rats expressing more resistin than that 
of female rats [123,124]; however, mouse studies show the opposite gender-specific 
expression of resistin [125]. In humans, expression appears higher in women than in 
men [126–128].

10.5.2 RESISTIN AND OBESITY

Numerous reports from humans and animal models revealed a positive relationship 
between adiposity and serum resistin concentrations [129–136]; however, other stud-
ies found no relationship between them [126,127,137–139]. The apparent discrepancy 
between animal and human studies regarding the relationship between obesity and 
resistin may be due in part to the different sources of resistin. Adipose tissue can be 
thought of as a connective tissue framework upon which epithelial tissues rest and 
within which muscle and nervous tissue are embedded. Within this network exist 
adipocytes along with large numbers of non-adipocyte cells including fibroblasts, 
mast cells, macrophages, leukocytes, and other cells involved in the inflammatory 
response. While it has been reported that adipocytes are the sole sources of resistin 
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in mice [117], studies of humans suggest that adipocytes express negligible amounts 
[122]. On the other hand, resistin mRNA was readily detectable in circulating mono-
nuclear cells of humans [140]. Furthermore, while resistin was released by explants 
of human adipose tissue, it originated from the non-fat cells present in tissues and 
not from adipocytes [13]. Regardless of the source, resistin expression is most-likely 
upregulated in obese states in both humans and animals.

10.5.3 RESISTIN AND INSULIN RESISTANCE

Obesity is a risk factor for development of insulin resistance. A widely accepted 
theory for the pathogenesis of insulin resistance secondary to obesity implicates 
the negative regulation of insulin signaling by adipokines. Resistin was originally 
named for its apparent ability to induce insulin resistance in mice [117]. Since that 
initial observation, other research groups documented a positive association between 
resistin and insulin resistance in both animals [134,141] and humans [3,127,142,143]. 
It is important to note, however, that several animal and human studies have failed to 
show a relationship, even an inverse relationship, between serum and plasma resistin 
and measures of insulin resistance in animals and humans with insulin resistance or 
T2DM [126,131,144–149].

10.5.4 INTERACTIONS OF RESISTIN AND INFLAMMATORY MOLECULES

While much attention has been devoted to the increased risk of diabetes, cancer, 
and cardiovascular disease associated with obesity, mounting evidence indicates that 
other pathological states are also exacerbated in obese patients and many of these 
complications may result from the low-grade inflammation associated with obesity. 
Although resistin was originally implicated in the pathogenesis of insulin resistance, 
recent evidence shows that it may also be involved in inflammatory processes, pro-
viding a potential link between insulin resistance and inflammation. Bokarewa et al. 
(2005) demonstrated a definitive role of resistin in inflammation [150]. Treatment 
of isolated peripheral blood mononuclear cells (PBMCs) and leukocytes with resis-
tin resulted in the production and secretion of several pro-inflammatory cytokines 
including TNF-α, IL-6, IL-1β, and, interestingly, resistin.

Treatment of these cells with resistin resulted in elevated cytosolic to nuclear 
translocation of NF-κB. Pre-incubation with parthenolide, a selective NF-κB
inhibitor, ablated the resistin-stimulated production of pro-inflammatory cytok-
ines, suggesting that resistin exerts its inflammatory actions through NF-κB signal-
ing. Induction of cytokine production by resistin is not limited to peripheral cells. 
Overexpression of resistin in differentiated 3T3-L1 adipocytes results in increased 
production of TNF-α, IL-6, and monocyte chemotactic protein-1 (MCP-1) and, 
interestingly, decreased production of the anti-inflammatory IL-10 cytokine [151]. 
This study was the first to demonstrate that resistin can act in an autocrine manner 
to promote inflammation.

Pro-inflammatory agents, such as TNF-α, IL-6, IL-1β, and LPS have been shown 
to increase expression of resistin in a number of systems including PMBCs, white 
adipose tissue, rodent white blood cells, and 3T3-L1 adipocytes [152–154]. However, 
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other reports demonstrate an opposing effect or no effect in that treatment with pro-
inflammatory agents such as TNF-α and LPS downregulated or failed to elevate 
resistin expression in 3T3-L1 adipocytes and FVB mice [155,156]. In addition to 
cell culture and animal studies, the relationship of resistin and inflammation has 
been explored in human studies. A positive correlation between CRP, an acute phase 
reactant involved in the inflammatory process, and circulating resistin concentra-
tions was found in several pathological conditions [157–159], even after adjustments 
for sex and body mass index [3,148], suggesting that the pro-inflammatory effects of 
resistin may be independent of overall obesity.

10.5.5 RESISTIN AND INFLAMMATORY DISEASE STATES

10.5.5.1 Atherosclerosis
Emerging evidence implicates resistin in the initial stages of atherosclerosis via 
activation of vascular endothelial cells. Treatment of endothelial cells with human 
recombinant resistin induces the release of endothelin-1, increases the expression of 
the adhesion molecules VCAM-2, ICAM-1, and the MCP-1 chemokine, and potenti-
ates CD40 ligand-induced endothelial cell activation [160,161]. In addition to promot-
ing the atherosclerotic inflammatory process, resistin also stimulates smooth muscle 
cell proliferation through both extracellular signal-regulated kinase and Akt signal-
ing [162-164]. In vivo studies found that resistin protein is present in both murine and 
human atherosclerotic lesions, with mRNA levels increasing proportionally to the 
degree of atherosclerotic development [162].

In human aortic aneurysms, areas of macrophage infiltration are associated with 
resistin-positive immunohistochemical staining, while normal arteries and veins do 
not display such a pattern [164]. Results from population-based studies have also 
shown a relationship between resistin and coronary artery calcification, a quantita-
tive index of atherosclerosis [165]. These data implicate resistin in the development 
of atherosclerosis.

10.5.5.2 Rheumatoid Arthritis (RA)
Through the production of adipokines, adipose tissue contributes to inflammatory 
and degenerative processes underlying common joint diseases. Resistin, in particular, 
has been implicated in the inflammatory process underlying RA, the most common 
form of chronic inflammatory joint disease leading to cartilage and bone destruc-
tion. Resistin is present in synovial fluid and tissue from patients with RA, and co-
localizes with B-lymphocytes, macrophages and plasma cells [166]. Synovial fluid 
resistin concentration is positively correlated with CRP, erythrocyte sedimentation 
rate, and disease activity score in patients with RA [166,167]. Furthermore, synovial 
fluid from patients with RA contains significantly higher resistin levels compared to 
patients with non-inflammatory joint diseases [150,166]. The use of serum resistin as 
a marker for RA is controversial.

While one study has shown higher serum resistin levels in patients with RA 
compared to healthy controls and a positive correlation with CRP and erythrocyte 
sedimentation rate [168], another documents no relationship between blood resistin 
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and duration of RA, circulating CRP, or white blood cell counts [150]. Interestingly, 
intra-articular injection of recombinant resistin into the knee joints of healthy mice 
resulted in leukocyte infiltration, hypertrophy of synovial lining, and panus forma-
tion—all signs of arthritis [150]. Development of resistin-induced arthritis was inde-
pendent of gender and strain of mouse. Taken together, these results suggest a role 
for resistin in the pathogenesis of RA.

10.6 CONCLUSIONS

Accumulating evidence suggests that adipose tissue plays an important role in regu-
lating the production and secretion of many bioactive molecules. In obesity, this 
regulation shifts toward a pro-inflammatory state, contributing to the development 
of obesity-related diseases. Key adipokines such as adiponectin, leptin, and resistin 
may alter the development of obesity-related complications by modulating inflam-
matory pathways involved in metabolic and cardiovascular diseases. These adipok-
ines have the ability to act on multiple inflammatory pathways, enzymes, adhesion 
molecules, and transcription factors. Thus, targeting adipose derived molecules may 
be effective for preventing or treating inflammatory-related diseases.
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11 Dietary Fatty Acids 
as Modulators of 
Adipose Inflammation

Maximilian Zeyda and Thomas M. Stulnig

11.1 INTRODUCTION

Dietary fatty acids, the main constituents of fat, are clearly overabundant in 
Western diets and due to their high energy contents are certainly major causes 
for obesity. However, it has become more and more evident that both the quan-
tity and also the quality of dietary fat, i.e., fatty acid composition and bioactive 
lipid level, are critical for metabolic consequences of overnutrition (Nagao and 
Yanagita 2008). For an overview of the common dietary fatty acid species, see 
Table 11.1.

The decisive parameter of fatty acid composition is mainly the balance of satu-
rated and monounsaturated acids on the one side and polyunsaturated fatty acids 
(PUFAs) on the other. However, fatty acid chain length is also important because 
of the effects of short and medium chain fatty acids on inflammatory and metabolic 
processes as reviewed elsewhere (Kles and Chang 2006; Nagao and Yanagita 2008). 
PUFAs, particularly of the n-3 series (often called omega-3 fatty acids) from marine 
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TABLE 11.1
Common Dietary Fatty Acids

Fatty Acids Designation Structure

Saturated fatty acids:

Palmitic acid 16:0

 Stearic acid 18:0

Monounsaturated fatty acids:a

Palmitoleic acid 16:1n-9

Oleic acid 18:1n-9

Polyunsaturated fatty acids:

n-6 PUFAs

Linoleic acid 18:2n-6

γ-Linolenic acid 18:3n-6

Dihomo-γ-linolenic acid 20:3n-6

Arachidonic acid 20:4n-6
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n-3 PUFAs

α-Linolenic acid 18:3n-3

Eicosapentaenoic acid (EPA) 20:5n-3

Docosahexaenoic acid (DHA) 22:6n-3

Conjugated linoleic acids:

cis-9, trans-11 Linoleic acid 9c,11t-18:2

trans-10, cis-12 Linoleic acid 10t,12c-18:2

a All double bonds of listed fatty acids are in cis-configuration unless otherwise specified.
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fish oils, are long known to act as anti-inflammatory and immunomodulatory agents 
(Calder 2006; Stulnig 2003). Moreover, we learned more than ten years ago that n-3 
PUFAs from fish oil prevent the development of high fat feeding-induced insulin 
resistance in animals (Storlien et al. 1987).

Based on the latest findings delineating a mechanistic role of inflammation, par-
ticularly adipose tissue (AT) inflammation, in the development of insulin resistance 
and type 2 diabetes mellitus as discussed throughout this book, a link between anti-
inflammatory and insulin sensitizing effects of PUFA appears more than plausible. 
Investigating the impact and the mechanisms of PUFA action on AT inflamma-
tion and insulin resistance is the focus of recent research to find novel strategies in 
treatment and prevention of obesity-associated insulin resistance and complications 
linked directly by dietary supplementation of PUFAs or by specific utilization of 
relevant mechanisms. Research findings of the effects of fatty acids on adipose tissue 
inflammation will be discussed in this chapter with emphasis on long chain PUFAs.

11.2  DIETARY FATTY ACID EFFECTS ON OBESITY 
AND CARDIOMETABOLIC RISK

11.2.1 OBESITY

Obesity and associated insulin resistance lead to metabolic disorders such as type 
2 diabetes that have become some of the most prominent health issues in industri-
alized countries. Moreover, type 2 diabetes confers a high risk for cardiovascular 
morbidity and mortality. Hence, pathophysiology and novel therapeutic approaches 
targeting obesity and associated metabolic disorders are major issues of medical 
research and pharmaceutical development.

Obesity may be treated with life style modification such as changes in dietary 
habits and physical activity. However, life-style interventions require enormous 
financial and personal efforts to be effective over the long term. Surgical procedures 
introduced to induce weight loss are invasive and expensive, and pharmacologi-
cal approaches to reduce weight yield very limited long-term effects. Thus, weight 
reduction—while desirable—is not achievable in a large population at risk for type 
2 diabetes and the metabolic syndrome.

An alternative approach to preventing obesity-related metabolic disorders is inter-
fering with the development of insulin resistance rather than treatment of obesity. 
Modulation of metabolic and particularly inflammatory pathways by dietary fatty 
acids may gain importance for the development of broadly applicable preventive and 
therapeutic strategies for obesity-associated cardiometabolic disorders.

Weight reduction is a highly desirable effect of any dietary intervention in obe-
sity. Indeed, a recent study shows that two months of treatment with fish oil rich in 
n-3 PUFA decreased body weight in women with type 2 diabetes (Kabir et al. 2007). 
However, in large epidemiologic studies, consumption ofgreater amounts of fish did not 
reduce weight although it did not increase obesity despite higher intake of total calories 
(Frost and Vestergaard 2005; Iso et al. 2006; Mozaffarian et al. 2004). Another study of 
dietary mixed n-6/n-3 PUFA compared to a saturated fatty acid-rich diet (mostly dairy 
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products) confirms that total body weight is not affected by PUFAs but suggests that 
subcutaneous fat may be reduced by PUFA and only in women (Summers et al. 2002).

Common animal models for obesity and diabetes are mice deficient for the leptin 
receptor (db/db). Feeding these mice and their non-diabetic, lean littermates (db/+) 
with a diet enriched in re-esterified marine n-3 PUFAs (EPA, DHA) moderately 
increased body weight compared to an isocaloric high fat-diet rich in saturated and 
monosaturated fatty acids (lard oil) (Todoric et al. 2006). Another study using fish 
oil with considerably less n-3 PUFA content than that used in the study by Todoric 
et al. (2006) revealed higher perigonadal, i.e., visceral, AT mass despite unchanged 
total body weight (Saraswathi et al. 2007), indicating that fat mass may even be 
increased in mouse models of obesity.

In contrast to PUFAs found in animal and vegetable oils that include cis-double 
bonds, conjugated PUFAs also include trans-unsaturated fatty acids that sterically 
resemble saturated double bonds and exert biological actions different from those of 
cis-PUFAs. Supplementation with a mixture of conjugated linoleic acids (CLA; cis-
9, trans-11 and trans-10, cis-12 isomers of CLA) over 6 months significantly reduced 
body fat of overweight adults (Watras et al. 2006). In addition, mice fed trans-10, cis-
12 CLA exhibited 60% decreases in body fat (Terpstra et al. 2002). However, results 
of other clinical studies with conjugated fatty acids differed. The lack of effect on 
body weight of CLA is probably due to the fact that the CLA isomer responsible for 
reducing body fat is trans-10, cis-12 CLA, whereas >90% of total CLA intake in
humans contains the cis-9, trans-11 isomer. Moreover, mouse studies showed that 
trans-10, cis-12 CLA may cause several undesirable side effects such as aggravation 
of insulin resistance (Terpstra 2004). In summary, PUFAs including CLA cannot be 
considered as weight-reducing dietary supplements.

11.2.2 INSULIN RESISTANCE AND TYPE 2 DIABETES

Dietary unsaturated and particularly n-3 polyunsaturated fatty acids exert preventive 
effects on the development of insulin resistance and diabetes (Fasching et al. 1991; Storlien 
et al. 1996; Vessby et al. 1994) in contrast to saturated fatty acids that promote diabetes 
development (van Dam et al. 2002; Vessby et al. 2001). Supplementation with fish oil 
markedly decreased insulin responses to oral glucose loads in healthy humans (Delarue 
et al. 1996) and in overweight women with inflammatory phenotypes (Browning et al. 
2007). This effect suggests improved insulin sensitivity from n-3 PUFA ingestion.

Furthermore, n-3 PUFA consumption during energy reduction exerts positive 
effects on fasting insulin serum concentrations and insulin resistance measured by 
HOMA-IR in young overweight and obese individuals independently from changes 
in body weight (Ramel et al. 2008). Also in elderly people, 8 weeks of high n-3 
PUFA consumption increased insulin sensitivity (Tsitouras et al. 2008). However, 
fish oil and n-3 PUFA studies on insulin resistance and glycemic control in subjects 
with type 2 diabetes led to conflicting results (Friedberg et al. 1998; Woodman et al. 
2002; Lombardo and Chicco 2006). Thus, the effects of n-3 PUFA on insulin resis-
tance may be beneficial in obese individuals at risk for type 2 diabetes, indicating a 
preventive potential for type 2 diabetes development that may be particularly effec-
tive in subjects with pronounced obesity-associated inflammatory conditions.
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In rats the beneficial effects of PUFAs on insulin sensitivity, particularly under 
high fat diet-mediated disordered conditions, are well pronounced. Storlien et al. 
were the first to show that PUFA of the n-3 series markedly prevented the develop-
ment of insulin resistance induced by diets rich in linoleic acid, an n-6 fatty acid, 
and saturated fats (Storlien et al. 1987). Accordingly, during a euglycemic–hyperin-
sulinemic clamp, safflower oil-fed rats were insulin-resistant compared with control 
and fish oil-fed rats as reflected by markedly reduced glucose infusion rates (Jucker 
et al. 1999). Also in mice fed a high-fat diet containing safflower oil with a partial 
(8%) fish oil replacement for 2 weeks euglycemic–hyperinsulinemic clamp experi-
ments demonstrated that oil supplementation preserved hepatic insulin sensitivity 
(Neschen et al. 2007). In contrast, peripheral insulin sensitivity was not affected, 
indicating that studies of PUFA effects on insulin sensitivity should discriminate 
hepatic and peripheral insulin resistance.

A study investigating cis-9, trans-11 CLA-feeding in ob/ob mice showed reduced 
insulin resistance in conjunction with reduced inflammatory parameters indicating 
that cis-9, trans-11 CLA may improve insulin sensitivity in obesity by counteracting 
the inflammatory response (Moloney et al. 2007). In contrast, feeding a diet contain-
ing trans-10, cis-12 CLA induced adverse effects, namely hyperlipidemia, insulin 
resistance, and AT inflammation and macrophage infiltration (Poirier et al. 2006; 
Roche et al. 2002; Tsuboyama-Kasaoka et al. 2000). These and other data make clear 
that potentially beneficial effects of CLA are isomer-specific and restricted to cis-9, 
trans-11 CLA.

11.2.3 LIPID METABOLISM AND CARDIOMETABOLIC RISK

Dietary PUFAs positively modify several factors related to cardiometabolic risk. 
n-3 PUFAs markedly decrease fasting and postprandial serum triacylglycerol 
and free fatty acid concentrations (Weintraub et al. 1988). The lipid-lowering 
effect of n-3 PUFAs is also evident in mice (Todoric et al. 2006). Fish oil pro-
foundly lowers very low density lipoprotein (VLDL) and apolipoprotein B con-
centrations in healthy and hypertriglyceridemic subjects (Nestel et al. 1984). n-3 
PUFA effects on serum LDL are divergent, with slight increases in LDL choles-
terol concentrations and reductions in atherogenic small, dense LDL particles 
(Carpentier et al. 2006).

In addition to their impact on serum lipids, n-3 PUFAs exert anti-atherogenic and 
anti-thrombotic effects that add to their beneficial effects on cardiovascular risk. 
They lower blood pressure and heart rate, improve vascular and platelet function, 
and induce changes in cellular fatty acid partitioning, away from triacylglycerol syn-
thesis pathways and toward fat oxidation (Mori and Woodman 2006). Hence, inci-
dent atrial fibrillation and coronary heart disease can be reduced by PUFA uptake 
(Frost and Vestergaard 2005; Iso et al. 2006; Mozaffarian et al. 2004). Notably, n-3 
PUFAs significantly reduce mortality, non-fatal myocardial infarction, and stroke in 
patients after myocardial infarction (Gruppo Italiano, 1999).
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11.3  DIETARY FATTY ACID EFFECTS ON 
ADIPOSE TISSUE INFLAMMATION

Gene expression profiling revealed that the n-3 PUFAs, EPA, and DHA potently 
counteract saturated fat-induced alterations in obese db/db mice fed isocaloric high-
fat diets (Todoric et al. 2006). Highly purified n-3 PUFAs re-esterified to triglycer-
ides were used in these studies, virtually eliminating potential confounding effects 
from other fish oil components (Huber et al. 2007; Todoric et al. 2006).

Most importantly, a saturated fatty acid-rich diet induces a large number of 
inflammatory genes encoding, e.g., cytokines and chemokines in AT, whose induc-
tion was completely blunted by n-3 PUFAs. These include genes for MCP-1, mac-
rophage markers CD68 and CD11b, and TNF. n-3 PUFAs in a high-fat diet also 
increased adiponectin gene expression in AT and substantially enhanced circulating 
adiponectin levels compared to control diet-fed animals (Itoh et al.2007; Neschen et 
al.2007; Todoric et al. 2006). Similar results were found after fish oil feeding in LDL 
receptor-deficient mice (Saraswathi et al. 2007).

The anti-inflammatory effect of n-3 PUFAs in db/db mice was evident in the 
subcutaneous and also in the metabolically important visceral (gonadal) AT, but not 
in spleen and lung, indicating a specific effect in obesity on inflamed AT. In parallel 
with inflammatory genes, high-fat diet-induced AT infiltration by macrophages was 
completely prevented by n-3 PUFAs as was inflammatory JNK activation (Todoric 
et al. 2006).

One important parameter for insulin resistance and inflammatory alterations in 
adipose tissue is adipocyte size. Along with their anti-inflammatory actions, n-3 
PUFAs reduced adipocyte size in high-fat diet-fed db/db mice (Huber et al. 2007). 
n-3 PUFAs were significantly enriched in adipose tissue, pointing to direct effects 
of n-3 PUFAs in adipocytes as discussed below.

Concomitantly, a large number of markers of adipose tissue remodeling that are 
heavily upregulated by usual high-fat diets rich in saturated fatty acids remained 
unaltered compared to low-fat diets when the high-fat diet included n-3 PUFAs. 
Hence n-3 PUFAs exert highly potent effects on adipocyte size, AT inflammation, 
and remodeling in mice. Also, the addition of cis-9, trans-11 CLA as a free fatty acid 
(0.6 g/100 g) to a high-fat diet markedly downregulated several inflammatory mark-
ers in adipose tissue (Moloney et al. 2007).

Clinical studies investigating PUFA effects on AT have not been published yet, 
although the animal experiments discussed above strongly suggest a link between 
improvement of insulin sensitivity and inflammatory parameters as observed, for 
example, in healthy elderly individuals (Tsitouras et al. 2008). A hint of a causal 
link between PUFA action on inflammation and insulin resistance comes from the 
finding that supplementation of n-3 PUFAs to premenopausal, nondiabetic females 
markedly decreased insulin responses to oral glucose loads in subjects with high 
levels of inflammatory indices, but not significantly in those with low inflammatory 
status (Browning et al. 2007). Treatment with PUFAs may unlock the development 
of adipose tissue inflammation in obesity (White and Marette 2006). Nevertheless, 
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clinical studies of their impacts on AT inflammation are eagerly awaited to learn 
whether PUFA will fulfill these expectations in humans.

11.4  MECHANISMS OF PUFA ACTION ON 
ADIPOSE TISSUE INFLAMMATION

11.4.1 REDUCTION OF AT MACROPHAGE NUMBERS

Diminished AT inflammation after n-3 and conjugated PUFA treatment is exempli-
fied by a significant reduction of macrophage numbers in white AT (Todoric et al. 
2006; Moloney et al. 2007). AT macrophages are major sources of inflammatory 
adipokines. The question of which mechanisms are responsible for AT macrophage 
attraction in obesity is hence of critical importance but is still largely unresolved 
(Zeyda and Stulnig 2007).

Tissue invasions by macrophages and other inflammatory cells are generally 
driven by chemokines. Expression of a number of chemokines has been shown to 
occur in obese human AT (Moraes et al. 2003; Wu et al. 2007; Huber et al. 2008) 
although secretion has only been shown for MCP-1 (Dahlman et al. 2005). However, 
chemokines largely act locally so that only an overspill will be found in the circula-
tion. n-3 PUFAs suppress expression of many chemokines in adipose tissue, indi-
cating a possible mechanism of n-3 PUFA interference with AT inflammation. A 
reduction in AT gene expression by PUFAs has been shown for MCP-1 (Todoric et al. 
2006). However, the role of MCP-1 for macrophage recruitment to AT in obesity is 
still controversial (Chow et al. 2007; Inouye et al. 2007; Kirk et al. 2008). PUFAs may 
also directly affect macrophage migration. They modulate adhesion and migration of 
different leukocyte subsets (reviewed in (Pompeia et al. 2000)), but a possible role of 
such effects in the reduction of AT macrophage infiltration remains to be evaluated.

An important molecular mediator of PUFA effects on macrophages may be 
osteopontin, a multifunctional protein also involved in monocyte and macrophage 
migration (Denhardt and Guo 1993) and induction of a variety of cytokines and 
chemokines in myeloid cells (Xu et al. 2005). The expression of osteopontin is 
drastically increased in obesity and osteopontin is crucial in the development of 
insulin resistance (Kiefer et al. 2008; Nomiyama et al. 2007). Of note, n-3 PUFAs 
markedly downregulate osteopontin expression in AT in parallel with reduced mac-
rophage numbers (Todoric et al. 2006 and unpublished data). However, involvement 
of osteopontin in the reduction of adipose tissue inflammation by n-3 PUFAs is still 
speculative.

11.4.2 ALTERATION OF MACROPHAGE SIGNAL TRANSDUCTION

PUFAs exert manifold effects on signal transduction of leukocytes, for example, by 
altering eicosanoid (prostaglandin, leukotriene; see Section 11.4.3) synthesis, nuclear 
receptor activation (peroxisome proliferator-activated receptors, PPARs; see Section 
11.4.4), and by changing the molecular compositions of special signaling platforms 
called lipid rafts (Stulnig 2003; Zeyda and Stulnig 2006). Concerning macrophages, 
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an important feature of PUFA action is counteraction of Toll-like receptor-4 (TLR4) 
signaling activated by saturated fatty acids (Lee et al. 2003b).

Saturated fatty acids induce phosphorylation of AKT and activation of the 
nuclear factor NF-κB in macrophages (Lee and Hwang 2006). NF-κB activation 
is also involved in the induction of inflammation during obesity and is inhibited by 
n-3 PUFAs (Lee et al. 2003a; Lee et al. 2003b). Importantly, NF-κB-independent 
inhibition of TLR4 signaling in myeloid cells was described by Zeyda et al. (2005). 
Inhibition of TLR4 signaling by PUFAs would also block the pro-inflammatory 
effects of high-fat diet-induced endotoxemia in obesity (Cani et al. 2007; Erridge et 
al. 2007). Elevated circulating endotoxin (LPS) concentrations result in adipose tis-
sue inflammation and elevated fasting glycemia and insulinemia due to hepatic insu-
lin resistance (Cani et al. 2007). Hence, inhibition of the activation of TLR4 pathways 
is probably an important contribution to the beneficial effects of PUFAs, particularly 
under conditions of hyperlipidemia and endotoxemia associated with obesity.

11.4.3 EICOSANOIDS

PUFAs are precursors of immunologically active lipid mediators, i.e., eicosanoid 
messenger molecules such as prostaglandins, leukotrienes, and thromboxanes. These 
mediators are usually derived from arachidonic acid (n-6) liberated from membrane 
phospholipids by phospholipase A2. Metabolism of arachidonic acid by cyclooxy-
genases (COXs) leads to generation of prostaglandins and thromboxanes of the 2 
series. PUFAs of the n-3 series interfere with the biosynthesis of arachidonic acid-
derived molecules and give rise to chemically different mediator molecules.

When eicosapentaenoic acid (n-3) instead of arachidonic acid is metabolized by 
COX, the reaction produces prostaglandins and thromboxanes of the 3 series that 
exert attenuated or partially different biological effects (Calder et al. 2002; Cantrell 
2002). Moreover, although the affinity of COX for eicosapentaneoic acid is low, it 
inhibits COX activity (Wada et al. 2007). In addition to directly interfering with 
enzymes of eicosanoid synthesis, PUFAs can also affect involved enzymes by alter-
ing gene expression as shown for COX-2 in monocytes (Lee et al. 2003a). Although 
n-6 and n-3 PUFAs affect eicosanoid synthesis differently, the functional outcomes 
of these changes with respect to immunomodulation, in particular in vivo interac-
tions of the generated messenger molecules, are often not predictable. Differences 
of in vitro and in vivo eicosanoid production may occur (Knapp et al. 1986; Saito et 
al. 1997) as do species differences in eicosanoid effects (Morita et al. 1983). Hence, 
extrapolations of in vitro data to in vivo situations are extremely difficult and depend 
on the clinical situation, e.g., the inflammatory condition under study, and only in 
certain circumstances.

Recent research characterized endogenous mediators of resolution, i.e., the 
actively regulated program of returning from inflammation to a healthy state (Gilroy 
et al. 2004). These resolving lipid mediators, named resolvins and protectins, are 
synthesized in several enzymatic steps from n-3 and also n-6 PUFAs (Serhan et al. 
2007). The elucidation of their biosynthetic pathways revealed that n-3 PUFAs not 
only replace analogous n-6-derived inflammatory mediators, but also give rise to 
special biologically active molecules produced via distinct biosynthetic steps. The 
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contribution of these novel classes of PUFA-derived lipid mediators to beneficial 
and anti-inflammatory effects remains to be elucidated, but they potently drive the 
program of resolution in the nanomolar range (Bannenberg et al. 2005; Schwab et al. 
2007) and thus their therapeutic potential appears promising.

11.4.4 PPARγ ACTIVATION IN AT MACROPHAGES

Another principal mechanism for modulation of immune responses by PUFAs is 
through direct alteration of gene expression by binding and activation of nuclear 
receptors, i.e., ligand-binding transcription factors. PPARγ preferentially binds a 
variety of PUFAs and their derivatives and has been shown to be critically involved 
in adipocyte and macrophage differentiation (Clark et al. 2000; Marx et al. 1998; 
Yang et al. 2000). Activation of PPARγ and other members of the PPAR family is 
a mechanism by which PUFAs could directly improve insulin resistance, e.g., by 
inducing adipogenesis to provide more small well-functioning adipocytes.

PPARγ activation provokes a shift to the anti-inflammatory M2 type of mac-
rophage (Castrillo and Tontonoz 2004; Sharma and Staels 2007). Hence, in addition 
to its metabolic and direct insulin-sensitizing effect mediated through adipocytes, 
PUFA-mediated PPARγ activation indirectly influences insulin sensitivity by affect-
ing AT macrophages. In accordance with these considerations, recent studies show 
that myeloid cell-specific disruption of PPARγ results in a significant shift to inflam-
matory M1 macrophages and decreased insulin sensitivity (Odegaard et al. 2007). 
Thus the insulin sensitizing role of the classical PPARγ activators, i.e., thiazolidin-
ediones, and also of PUFAs may extend to the anti-inflammatory role of PPARγ in 
macrophages, particularly in the AT.

11.4.5 INDUCTION OF ADIPONECTIN

In addition to PPARγ-dependent effects in macrophages, PPAR activation may also 
indirectly affect AT macrophages and inflammation by induction of adiponectin, 
a well established regulator of insulin sensitivity with anti-inflammatory proper-
ties (Ouchi and Walsh 2007). PUFAs stimulate adiponectin expression in adipocytes 
via PPARα (Neschen et al. 2006). Adiponectin reduces lipopolysaccharide (LPS)-
stimulated TNF-α production in human macrophages (Yokota et al. 2000), while 
stimulating anti-inflammatory IL-10 production (Kumada et al. 2004). Moreover, 
adiponectin was shown to inhibit TLR-mediated NF-κB activation in mouse mac-
rophages (Yamaguchi et al. 2005).

N-3 PUFA treatment showed adiponectin-increasing effects in healthy and obese 
subjects in most but not all clinical studies of this issue (Guebre-Egziabher et al. 
2007; Itoh et al. 2007; Ramel et al. 2008; Tsitouras et al. 2008). Also a combina-
tion of n-3 PUFA and CLA tended to increase adiponectin levels in a small and 
heterogeneous study population (Sneddon et al. 2008). Moreover, the proportion of 
n-3 PUFAs in human plasma was shown to be positively associated with circulating 
adiponectin concentrations (Fernandez-Real et al. 2005). Animal studies robustly 
confirm the n-3 PUFA-induced increase of AT adiponectin gene expression and 
elevation of its serum concentrations (Flachs et al. 2006; Itoh et al. 2007; Neschen 

© 2010 by Taylor and Francis Group, LLC



Dietary Fatty Acids as Modulators of Adipose Inflammation 199

et al. 2007; Neschen et al. 2006; Todoric et al. 2006). Interestingly, this increase of 
adiponectin expression may, at least in part, be due to diminished TNF-α expression 
in AT macrophages, as suggested by adipocyte–macrophage co-culture experiments 
(Itoh et al. 2007). Thus, PUFA, PPARs, and adiponectin appear to critically regu-
late the interplay of adipocytes and macrophages to reduce AT inflammation and 
increase insulin sensitivity.

Improved insulin sensitivity by PUFA-induced adiponectin expression may in 
turn contribute to the AT inflammation-diminishing effects of PUFAs by restoring 
adipocyte function. Adipocytes, and particularly pre-adipocytes, contribute to AT 
inflammation by production of inflammatory cytokines stimulated by LPS (Chung et 
al. 2006; Hoch et al. 2008) and macrophage-secreted factors (Permana et al. 2006). 
Hence, dietary fatty acids may interfere with inflammatory responses of adipocytes. 
3T3-L1 adipocytes treated with saturated palmitic acid exhibited increases in TNF-α
production and decreases in IL-10 production, whereas n-3 PUFA treatment had no 
effect on TNF-α and increased anti-inflammatory IL-10 production (Bradley et al. 
2008). However, the relative contribution of adipocytes to the inflammatory reaction 
in adipose tissue appears limited in obesity when AT has been infiltrated by a large 
number of macrophages.

11.5 SUMMARY AND CONCLUSIONS

A marked inhibition of AT inflammation with dietary fatty acids, in particular long-
chain PUFAs including n-3 PUFA and CLA, can be achieved in animal experiments, 
but clinical studies to confirm these data are still missing. Moreover, molecular 
mechanisms of PUFA action on AT inflammation and their relevance in obesity 
must be evaluated in greater detail.

Inhibition of TLR activation in macrophages and adipocytes, PPAR activation, 
alteration in eicosanoid production including novel classes of PUFA-derived lipid 
mediators, and regulation of adiponectin expression are currently the most promis-
ing candidate mechanisms of PUFA action on AT inflammation. For an overview of 

adipocytes

chemokines cytokines adiponectin PPARs eicosanoids

migration
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PUFA

FIGURE 11.1 Network of PUFA action on adipose tissue inflammation. Black arrows = 
PUFA action on inflammatory pathways. Dashed arrows = PUFA action via adipocytes. Grey 
arrows = mechanisms affecting adipose tissue (AT) inflammation. ATM = adipose tissue 
macrophage.
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PUFA action on AT inflammation see Figure 11.1. Although PUFAs will not cure 
obesity by leading to clinically significant weight loss, they may become particu-
larly attractive dietary supplements for obese and insulin-resistant patients, reducing 
several risk factors for cardiovascular disease and type 2 diabetes in this high-risk 
population. Future studies will show whether, based on their pronounced anti-
inflammatory effects, n-3 PUFAs reduce cardiometabolic risk in obese patients, par-
ticularly in those with inflammatory phenotypes.
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12 Anti-Inflammatory 
Properties of Plant Sterols 
and Phytoestrogens
Experimental and 
Clinical Evidence

Rgia A. Othman and Mohammed H. Moghadasian

12.1 INTRODUCTION

Dietary phytosterols and phytoestrogens may reduce the incidence of cardiovascular 
diseases through their anti-inflammatory effects in adipose tissue. Phytosterols are plant 
sterols similar in structure to cholesterol. Studies show that phytosterol-based diets 
reduce the levels of the inflammatory mediators including C-reactive protein (CRP), 
interleukin-6 (IL-6), tumor necrosis factor (TNF-α), phospholipase A-1 (PLA-1), and 
fibrinogen. These mediators are elevated in adipose tissue inflammation (Bouic et al., 
1999; Devaraj et al., 2006; Jones et al., 2007; Nashed et al., 2005). In addition, phytos-
terols exhibit immunomodulatory effects, increasing T-cell proliferation and modify-
ing cytokine profiles in favor of T-helper type 1 (Th1-type) response and decreasing 
cytokines associated with the Th2-type cells (Bouic et al., 1996; Bouic et al., 1999; 
Breytenbach et al., 2001).
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Phytoestrogen compounds are found in many foodstuffs and are so named 
because they possess weak estrogenic or anti-estrogenic activity (Hutchins et al., 
2001). They include certain isoflavones, lignans, and saponins. Dietary phytoestro-
gens may reduce risk of cardiovascular disease (Pan et al., 2001; van der Schouw et 
al., 2002; van der Schouw et al., 2005), by improving lipid profiles (MerzDemlow 
et al., 2000; Francis et al., 2002), reducing platelet aggregation (Gottstein et al., 
2003), and enhancing endothelial function (Squadrito et al., 2002). Phytoestrogens 
also demonstrate some anti-inflammatory (Regal et al., 2000; Jenkins et al., 2003; 
Hallund et al., 2008), immunosuppressive (Park et al., 2007), and anti-parasitic 
activities (de Andrade-Neto et al., 2007). This chapter reviews the current knowledge 
of the effects of dietary phytosterols and phytoestrogens on inflammation and their 
potential roles in reducing inflammatory-based diseases.

12.2 PHYTOSTEROLS

Phytosterols in the diet lower total cholesterol (TC) and low-density lipoprotein 
(LDL) cholesterol (Moghadasian, 2006). The cholesterol-lowering effects of phytos-
terols may be due to interruptions in bile salt micelle formation (Jones et al., 2007, 
Pritchard et al., 2003). Plant sterols structurally resemble cholesterol and are derived 
from three main sources: by-products of the pulp and paper industry (tall oil-derived 
phytosterols), vegetables, and transgenic plants (Moghadasian, 2000).

The five main plant sterols in nature are β-sitosterol, stigmasterol, campesterol, 
sitostanol, and campestanol (Figure 12.1). Sitosterol (65%) and campesterol (30%) 
are the principal dietary phytosterols; stigmasterol, sitostanol, and campestanol 
account for the remaining 5% (Salen et al., 1985). The consumption of plant ste-
rols interferes with cholesterol absorption and consequently decreases serum cho-
lesterol levels (Miettinen and Gylling, 2006). Plant sterols have also been shown to 
reduce CRP, IL-6, TNF-α, PLA-1 and fibrinogen concentrations (Bouic et al., 1999; 
Devaraj et al., 2006; Jones et al., 2007; Nashed et al., 2005). They also increase 
T-cell proliferation and modify cytokine profiles toward Th1-type responses (Bouic 
et al., 1996; Bouic et al., 1999; Breytenbach et al., 2001). The following sections 
review studies of the effects of plant sterols on the inflammatory systems of both 
animals and humans.

12.2.1 EXPERIMENTAL STUDIES OF PHYTOSTEROLS

Table  12.1 presents a summary of experimental studies addressing the potential 
anti-inflammatory effects of dietary phytosterols. Our previous work demonstrated 
that incorporating a phytosterol mixture in the diets (2% wt/wt) of apolipoprotein 
E-knockout (apoE-KO) mice significantly reduced plasma TC levels and prevented 
atherosclerotic lesions (Moghadasian et al., 1999; Moghadasian et al., 2001; Nashed 
et al., 2005; Yeganeh et al., 2005; Moghadasian, 2006). These lipid changes and 
atherosclerotic protection were associated with reduced levels of pro-inflammatory 
cytokines, including IL-6 and TNF-α, and increased production of anti-inflam-
matory IL-10 after lipopolysaccharide (LPS) stimulation in phytosterol-fed apoE-
KO mice compared to controls (Nashed et al., 2005). Immunocompetence was not 
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completely impaired by the lowered capacity to transmit pro-inflammatory cytokine 
and chemokine responses to inflammatory stimuli.

We speculated that attenuations in plasma cholesterol concentrations may have 
lowered the extent of LDL oxidation, resulting in diminished recruitment of immune 
cells to the arterial intima and consequently, both reduced expression of adhesion 
molecules and diminished secretion and production of cytokines and reactive oxy-
gen species (ROS) (Nashed et al., 2005).

Treating male ICR mouse models of chronic inflammation with intraperitoneal 
injections of cactus ethanol extract containing β-sitosterol (200 mg/kg) for five con-
secutive days promoted an anti-inflammatory response as monitored by reducing 
granuloma weight and its content (Park et al., 2001). Navarro et al. (2001) showed 
that a mixture of plant sterols in the diet (30 and 60 mg/kg) decreased carrageenan 
paw edema in mice.

Topical application of the sterol fraction profoundly inhibited adjuvant-induced 
ear edema in mice in a dose-dependent manner. β-sitosterol suppressed edema for-
mation by 52% at a 0.5 mg dose and blocked leukocyte granular enzyme release 
(β-glucuronidase) and superoxide generation but it did not suppress histamine release 
from mast cells. Correspondingly, oral doses (0.25 to 2.0 g/kg) of stigmasterol-con-
taining extracts from L. inflata, a perennial herb, significantly decreased the edema 
thickness in the paws of mice (Al-Yousuf et al., 2002). It is conceivable that other 

FIGURE 12.1 Chemical structures of cholesterol and common plant sterols and stanols.
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TABLE 12.1
Animal Studies of Anti-Inflammatory Effects of Phytosterols

Study Model Dose and Duration Observations

Awad (2000) Mouse topical 
inflammation

1.0 and 1.5 mg/ear 
(topical); green alga, 
Ulva lactuca, extract 
containing 3-O-β–D 
glucopranosyl 
clerosterol

 62 and 72% in ear 
edema (P <0.05)

Park et al. (2001) Male ICR mice with 
induced chronic 
inflammation 
(n = 5)

200 mg/kg i.p. cactus 
extract containing 
β-sitosterol (5 days)

 22% (P <0.05) 
adjuvant-induced pouch 
granuloma weight

Navarro et al. (2001) Female Swiss mice 
with carrageenan-
induced paw edema 
(n = 8)

0.25, 0.5 and 1 mg/ear 
(topical); mix of 
campesterol,
stigmasterol and 
β-sitosterol (4 hours)

 41, 43 and 59% (P 
<0.01) inflammatory 
response at 0.25, 0.5 and 
1 mg/ear, respectively; 
 52% in edema 

formation (P <0.01) by 
β-sitosterol (0.5 mg/ear);

Awad et al. (2001) Wistar rats, vascular 
smooth muscle cells 
from thoracic aorta 

4 to 32 μM/ml 
campesterol and 
β-sitosterol (3 days)

 16 and 30% (P <0.05) 
in VSMC growth by 
campesterol and 
β-sitosterol, respectively

Villaseñor et al. 
(2002)

7- to 12-week old 
Swiss Webster 
albino mice with 
induced paw edema 
(n = 5)

100 mg/kg i.p. 
β-sitosterol and 
β-sitosterol-β-D-
glucoside (3 hours)

 swelling of induced 
edema by β-sitosterol
(0.028) and  edema by 
glucoside (0.20)

Al-Yousuf et al. 
(2002)

Male albino mice 
with induced paw 
edema (n = 10)

500, 1000, and 2000 
mg/kg (oral) Leucas
inflata extract 
containing
stigmasterol (2 to 4 
hours)

 paw thickness after 
carrageenan
administration (P <0.05)

Choi et al. (2002) Mongolian gerbils 
with induced brain 
damage (n = 6)

500 μg/kg/day i.p. 
β-sitosterol (19 days)

 expression of VEGF, 
VEGF receptor Flk-1, 
angiogenic genes (P 
<0.05)

Nashed et al. (2005) 4-week old apo 
E-deficient mice 
(n = 7)

2% (w/w) ~0.1g/kg/
day; mix of 
β-sitosterol, 
campesterol, 
stigmasterol and 
dihydrobrassica sterol 
(98 days)

 plasma IL-6 and 
TNF-α (P <0.05);  8 to 
10 times in IL-10 levels
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extract components such as chromone and coumarins may have contributed to these 
anti-inflammatory effects.

Awad (2000) first reported that topical administration (1 to 1.5 mg/ear) to mice 
of the sterol 3-O-b-D-glucopyranosyl-stigmasta-5,25-dien from the marine green 
alga Ulva lactuca significantly inhibited the development of edema. The results of 
this sterol treatment were similar to results from topical indomethacin (1000 mg/
ear) treatment. In similar studies, treatment of Swiss Webster albino mice with 100 
mg/kg β-sitosterol and β-sitosteryl-β-D-glucoside extracted from the leaves of the 
Philippine mint (Mentha cordifolia Opiz) produced 70 and 73% reductions in the 
number of squirms induced by acetic acid (Villaseñor et al., 2002). These analgesic 
effects of β-sitosterol and its glucoside derivative were further supported by 300 
and 157% increments in pain tolerance, respectively, relative to mefenamic acid, a 
known analgesic (Villaseñor et al., 2002). Similarly, Al-Yousuf et al. (2002) reported 
a reduction in formalin-induced pain in male albino mice after oral doses (0.25, 0.5, 
1.0, or 2.0 g/kg) of a stigmasterol-containing extract. The mechanisms underlying 
these analgesic effects are uncertain.

It has been suggested that the immunomodulating effects of plant sterols may be 
mediated by inhibition of the classical or alternative complement pathways. A plant 
sterol fraction was shown to inhibit hemolytic activity of the classical complement 
pathway in mice (Navarro et al., 2001). Phytosterols may also affect angiogenesis. 
The intraperitoneal (i.p.) injection of β-sitosterol isolated from the flowering herb 
(Aloe vat) (500 μg/kg daily for 19 days) enhanced the expression of vascular endothe-
lial growth factor (VEGF), VEGF receptor Flk-1, and blood vessel matrix laminin in 
the brains of an ischemia–reperfusion model (Choi et al., 2002).

In asthmatic mice, β-sitosterol and β-sitosterol glucoside administration sig-
nificantly inhibited the leukocytosis and eosinophilia in the bronchoalveolar lavage 
(BAL) fluid, attenuated ROS production, and mitigated the increased mRNA and 

TABLE 12.1 (continued)
Animal Studies of Anti-Inflammatory Effects of Phytosterols

Study Model Dose and Duration Observations

Calpe-Berdiel et al. 
(2007)

8-week old 
Apo-E-deficient
mice (n = 6 to 8)

2% (w/w) ~0.1g/kg/
day; mix of 
campesterol,
stigmasterol and 
β-sitosterol (28 days)

 1.9- and 3.3-fold in 
IL-2 and IFN-γ
respectively; no change 
in IL-4 and IL-10 levels 
(P <0.05)

Yuk et al. (2007) 6- to 8-week old 
female BALB/c 
asthmatic mice 
(n = 5)

1 mg/kg i.p. 
β-sitosterol and 
β-sitosterol glucoside 
(13 days)

in mRNA and protein 
expression of IL-4 and 
IL-5 (P <0.05);  IFN-γ
levels and  ROS 
release

Lee et al. (2007) 6-week old BALB/c 
female mice with 
candidiasis (n = 5)

200μg/ml i.p. (2×/day, 
3 days)

 expression of IL-2 and 
IFN-γ vs IL-4 and IL-10 
production (P <0.01)
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protein expression of IL-4 and IL-5 in the lung tissue and BAL fluid compared to the 
asthmatic control mice (Yuk et al., 2007). Histologic evidence showed less eosino-
phil infiltration and mucus hypersecretion in the airway remodeling process after 
plant sterols treatment (Yuk et al., 2007). In a parallel manner, phytosterols extracted 
from transgenic P. ginseng improved inflammatory profiles in human mast cells. 
Phytosterol-treated mast cells showed suppressed synthesis of TNF-α, IL-6, and 
IL-8 as well as reduced expression of cyclooxygenase-2 (COX-2) (Kim et al., 2007). 
On the other hand, the β-sitosterol glycoside daucosterol isolated from a medicinal 
plant (Astragalus membranaceus) had no effect on growth of Candida albicans;
although it increased mean survival times compared to untreated controls (29 ± 11 
versus 13 ± 4 days) when administered i.p. in mice with disseminated candidiasis 
(Lee et al., 2007).

In a cell culture model, β-sitosterol and campesterol reduced vascular smooth 
muscle cell (VSMC) growth by 30 and 16%, with DNA synthesis reduced 25% by 
β-sitosterol but remaining unchanged by campesterol (Awad et al., 2001). This reduc-
tion in cell growth may be related to inhibitory effects of phytosterols on choles-
terol metabolism with impaired cell membrane synthesis and cell proliferation. In 
macrophages, β-sitosterol or campesterol treatment was associated with significant 
inhibition of PGE2 release (68 and 55%) and prostacyclin (PGI2) production (67 and 
52%) (Awad et al., 2004). This decline in prostaglandin release was not accompanied 
by any alteration in the expression of cytosolic cPLA-2 or COX-2 enzymes—the key 
rate-limiting enzymes in prostaglandin synthesis. This study concluded that incorpo-
ration of phytosterols into macrophages may protect against atherosclerosis by dimin-
ishing prostaglandin secretion and ultimately atherosclerotic plaque formation.

Plant sterols may improve blood vessel tone and function by enhancing PGI2 secre-
tion. Basal PGI2 release was increased 43% by campesterol and 81% by β-sitosterol, 
whereas calcium ionophore (A23187)-stimulated PGI2 release was increased 25% by 
campesterol and 54% by β-sitosterol. This suggests a significant impact of β-sitosterol 
supplementation on PGI2 release from VSMC (Awad et al., 2001).

Purified fungal and mushroom sterols (ergosterol and ergosterol peroxide) have 
been shown to inhibit LPS-induced TNF-α secretion, IL-1α/β expression, and DNA 
binding activity of nuclear factor-κB (NF-κB) in macrophage-like cells and to sup-
press interferon-inducible genes in colorectal adenocarcinoma cells after as little 
as 5 days of treatment (Kobori et al., 2007). Likewise, plant sterol derived from the 
gum resin (guggulu) of the tree (Commiphora mukul) inhibited NF-κB activation 
and downregulated the expression of inflammatory gene products such as COX-2 
and matrix metalloproteinase-9 (MMP-9) in human lung cancer cells (Shishodia 
and Aggarwal, 2004). Furthermore, this sterol, guggulsterone, completely impeded 
cytokine-mediated cytotoxicity and NO and PGE2 production. These effects were 
associated with decreased levels of the inducible form of NO synthase (iNOS) and 
COX-2 mRNA and protein expressions.

These diverse anti-inflammatory effects appeared mediated by inhibition of 
NF-κB activation (Lv et al., 2008). However, the precise mechanisms by which these 
phytosterols induce anti-inflammatory effect are not fully understood. It has been 
suggested that incorporation of plant sterols into cell membranes may modulate cell 
membrane composition, leading to alterations in fluidity (Awad et al., 2004) and 
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sensitivity (Feigin et al., 1995). It is significant that phytosterols also affect innate 
immune response by serving as ligands for the nuclear receptor LXR (Kaneko et al., 
2003). The LXR signaling pathway has been shown to play a significant role in the 
control of gene expression involved in Th1 responses to bacterial pathogens such as 
Listeria monocytogenes (Joseph et al., 2004).

12.2.2 CLINICAL TRIALS OF PHYTOSTEROLS

Table  12.2 summarizes clinical trials addressing the anti-inflammatory effects of 
phytosterols. As a result of positive outcomes of clinical trials, phytosterols are now 
added to margarines, butters, spreads, and breakfast cereals. In a recent intervention 
study of 200 healthy 20- to 50-year-old mildly hypercholesterolemic subjects, daily 
intake of 2 g plant stanols from stanol ester spread with camelina, rapeseed, or sun-
flower oil spread for 3 months resulted in a 9% reduction in LDL cholesterol com-
pared to sunflower oil spread without plant stanols (Raitakari et al., 2008). Despite 
this, there was no effect on vascular function in the treatment group.

However, subgroup analysis of the data showed that in subjects with low baseline 
values for carotid artery compliance and brachial artery flow-mediated dilatation 
(FMD), dietary plant stanols significantly improved arterial elasticity and endothe-
lial function. However, a double-blind study with diabetic patients reported by 
Hallikainen et al. (2007) showed a significant diminution in serum cholesterol levels 
after 12 weeks of a diet rich in plant stanol esters (2 g/day stanols) but no improve-
ments in endothelial function as evaluated by brachial artery FMD.

Likewise, in a double-blind intervention trial, 45 patients on stable statin treatment 
received margarine with or without added plant sterols for one month. The partici-
pants were then randomly assigned into three groups of 15, a control group receiving 
margarine only and two treatment groups receiving margarine enriched with either a 
plant sterol or stanol (2.5 g per day). Despite significant attenuations in LDL choles-
terol serum levels, no significant changes were observed in levels of soluble adhesion 
molecules, CRP, or monocyte chemotactic protein-1 (MCP-1) (De Jong et al., 2008). 
It appears that decreases in plasma LDL cholesterol levels, at least under the time 
course studied, were insufficient to alter endothelial dysfunction or low grade inflam-
matory markers in these populations. Another explanation for this observation may 
be the fact that the impacts of dietary phytosterols on endothelial dysfunction may 
not be cholesterol-dependent. The authors suggested that statin treatment may have 
concealed the beneficial effects of plant sterols on endothelium function.

In another study, endothelial function was not improved in hypercholesterolemic 
subjects without diabetes given a Mediterranean-inspired diet rich in sterol esters 
(Ambring et al., 2004) or in prepubertal children with familial hypercholesterolemia 
regardless of lowering LDL cholesterol concentrations (de Jongh et al., 2003). It 
should be noted that endothelial dysfunction was assessed by measuring brachial 
arterial dilator response to increased blood flow and cellular adhesion molecules. 
Additional markers may reflect improvements of dysfunctional endothelium.

In a randomized, double-blind, 20-week study with a cross-over design, 76 mod-
erately hypercholesterolemic men and women participated. The subjects in the inter-
vention group consumed plant stanol ester and plant sterol ester spreads (total plant 
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TABLE 12.2
Investigative Clinical Trials of Anti-Inflammatory Effects of Dietary Phytosterols

Study Model Dose and Duration Observations

Jenkins et al. 
(2005)

Healthy 
hyperlipidemic 
subjects aged 36 to 
71 years (n = 34)

1 g sterols/day/1000 kcal 
diet in plant sterol-
enriched margarine 
(4 weeks)

 23.8% CRP 
( <0.001)

Hallikainen et al. 
(2006)

Subjects with total 
cholesterol <8 
mmol/1 aged 21 to 72 
years (n = 80)

Total sterols and stanols, 
2.07 g in STAEST 
spread and 2.00 g in 
STEEST spread (20 
weeks)

No significant changes in 
serum CRP, IL-6 or 
TNF-α

Devaraj et al. 
(2006)

Healthy subjects aged 
19 to 74 years (n = 
72)

2 g sterol/day, containing 
40% β-sitosterol, 25% 
campesterol, 20% 
stigmasterol (2×/day)

 12% (P <0.02) in 
CRP levels; 
 23%(P ‹0.01) in CRP 

levels in earlier study

Hallikainen et al. 
(2007)

Type 1 diabetic 
subjects aged 29 to 
53 years (n = 22)

2.0 g sterols/day (1.66 g 
sitostanol and 0.38 g 
campestanol) in 
STAEST spread 
(12 weeks)

No significant change of 
brachial artery 
diameter, FMD or 
endothelial function

 Jones et al. (2007) Overweight, 
hypercholesterolemic 
subjects (n = 21)

1.7 g sterol/day using 
fish oil, olive oil, 
soybean oil as carriers; 
(28 days, 4 weeks 
washout)

PS-FO  PAI-1 
concentration compared 
to FA-SO (P = 0.0282)

Madsen et al. 
(2007)

Mildly
hypercholesterolemic 
subjects aged 20 to 
70 years (n = 50)

2.3 g plant sterols/day, 
3×/day, 69% 
β-sitosterol, 15% 
campesterol and 8% 
stigmasterol (8 weeks)

 4.6% apo-B (P 
<0.05); no significant 
change in apo A-1 or 
CRP

Acuff et al. (2007) Healthy volunteers (n 
= 16)

1.3 g sterols/day, 2×/day 
(4 weeks)

No significant changes in 
serum CRP

Hansel et al. (2007) Moderately
hypercholesterolemic 
subjects (n = 194)

1.6 g plant sterols in 
low-fat fermented milk, 
75% β-sitosterol and 
8.4% campesterol 
(6 weeks)

No significant changes in 
plasma CRP

De Jong et al. 
(2008)

Satin treatment 
patients aged 18 to 65 
years (n = 41)

2.5 g sterols/day, 49% 
β-sitosterol, 31% 
campesterol, 16% 
stigmasterol (4 weeks)

No significant change in 
inflammatory markers
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sterols and stanols 1 to 2 g/day) for 10 weeks each. The control group received spread 
without added stanols/sterols for 20 weeks. The results revealed no changes in serum 
levels of CRP, IL-6, and TNF-α and no effects on brachial artery FMD. However, 
a significant reduction (–2.2%) in brachial artery diameter was observed during the 
plant sterol ester period as compared to STAEST (Hallikainen et al. 2006), suggest-
ing a minor hemodynamic influence.

Although brachial artery diameters are larger in subjects with coronary artery 
disease than in normal subjects (Holubkov et al., 2002), the clinical significance 
remains to be elucidated. In a head-to-head comparison with statins, the inclusion 
of plant sterols (1.0 g/1000 kcal) in the portfolio diet along with soy protein, vis-
cous fiber, and almonds improved atherogenic lipid profiles and attenuated CRP 
concentrations in hyperlipidemic men and women (Jenkins et al., 2003; Jenkins et 
al., 2005). Interestingly, a significant reduction (–42%) in serum levels of CRP was 
noted among hypercholesterolemic men when plant stanols (3 g/day) were added 
to statin therapy (1.7 ± 1.2 mg/L versus 3.0 ± 2.4 mg/L, mean values) (Cater et al., 
2005). However, no significant changes in CRP concentrations were observed with 
plant stanol esters alone.

To expand the potential benefits of phytosterols, the effectiveness of plant sterol 
fortification was tested in a nonfat medium. Devaraj et al. (2004) reported a signifi-
cant cholesterol-lowering effect of plant sterols incorporated in nonfat orange juice 
in a population of mildly hypercholesterolemic healthy subjects. Drinking plant 
sterol-fortified orange juice (2 g/day) for 8 weeks was associated with significant 
diminutions in levels of TC (7.2%), LDL (12.4%), non-HDL cholesterol (7.8%), and 
apolipoprotein B (apo-B; 9.5%) compared to placebo orange juice and baseline. This 
indicates that plant sterols do not only reduce the cholesterol content of LDL choles-
terol particles, but also reduce the total number of circulating atherogenic particles.

Moreover, in a similar study by the same group in 2006, incorporation of 1 g phytos-
terol into a reduced-calorie (50 calories/240 mL) nonfat orange juice beverage signifi-
cantly reduced CRP concentrations (–12%) in 72 healthy subjects who drank the juice 
containing plant sterols twice a day with meals for 8 weeks (Devaraj et al., 2006).

Anti-inflammatory mechanisms of phytosterols may result from a decline in the 
pro-inflammatory burden in the liver. However, daily consumption of 1.6 g plant 
sterol-supplemented low-fat fermented milk for 6 weeks appeared to reduce CRP 
levels in hypercholesterolemic subjects but not significantly different in comparison 
to the control fermented milk and baseline (0.93 versus 1.02 and 1.07 mg/L, respec-
tively) (Hansel et al., 2007).

On the other hand, plant sterol esters in capsule form (1.3 g/day) did not alter 
CRP levels in free-living hypercholesterolemic subjects during a 4-week interven-
tion (Acuff et al., 2007). It should be noted that all study participants had low or 
average CRP levels at baseline (0.8 ± 0.5 mg/L). These findings paralleled recent 
findings in subjects with mild (Madsen et al., 2007), mild-to-moderate (AbuMweis 
et al., 2006), and moderate hypercholesterolemia (Jones et al., 2007).

Although most studies focused on the cholesterol-lowering activity of phytoster-
ols, some evidence proposes that these plant sterols may exert additional biologi-
cal actions that include immunomodulatory properties. In supporting this concept, 
Bouic et al. (1996) revealed that T-cell proliferative responses increased both in vivo 
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and in vitro by several hundred percent after the use of β-sitosterol and its glucoside. 
A mixture of plant sterols (20 mg β-sitosterol and 0.2 mg β-sitosterol glucoside per 
day) consumed by healthy volunteers for 4 weeks showed a higher in vivo prolifera-
tion of T-cells (20–920%) compared to baseline value. In vitro stimulation of T-cells 
with phytohemagglutinin (PHA) and treatment with 1 μg/ml of plant sterol mixture 
significantly enhanced the expression of CD25 and HLA-Dr activation antigens on 
T-cells and expression of IL-2 and IFN-γ.

In addition, natural killer cell activity was also increased by individual sterols, 
but even higher activity was attained with a combination (Bouic et al., 1996). In 
agreement with this study, HIV-infected patients who received a mixture of plant 
sterols showed beneficial Th1 responses (IFN-γ) while HIV-infected patients on no 
sterol therapy exhibited predominant Th2 responses (IL-4 secretion) (Breytenbach 
et al., 2001). This may suggest a dietary means to modulate immune profiles in 
HIV patients and maintain significant Th1 responses that help suppress viral rep-
lication over the long run. Similarly, a pilot study of marathon runners in South 
Africa showed that the ingestion of plant sterols and sterolins (BSS:BSSG mixture) 
was associated with less neutrophilia, lymphopenia, and leukocytosis in comparison 
to counterparts who received placebo capsules. The supplemental BSS:BSSG also 
decreased the plasma levels of IL-6 in the runners and significantly reduced their 
levels of cortisol (Bouic et al., 1999).

12.3 PHYTOESTROGENS

Phytoestrogens are natural compounds found in many dietary plants. They resemble 
endogenous estrogens in chemical structure and have shown weak estrogenic activ-
ity in numerous bioassays (Kurzer and Xu, 1997). The major groups of phytoestro-
gens are isoflavones, lignans, and saponins.

Isoflavones include the common dietary genistein and daidzein compounds (Kurzer 
and Xu, 1997). Lignans are relatively minor plant compounds; matairesinol and secoiso-
lariciresinol (SDG) are the principal lignans. Saponins are protective against microbes 
and are found enriched in plants such as soapwort, soapberry, oats, and spinach. Soy 
is a principal dietary source of isoflavones and saponins, and flaxseed is an abundant 
source of lignin glycosides (Thompson et al., 2006). These dietary sources have been 
used in most studies investigating the potential health effects of phytoestrogens.

High dietary consumption of phytoestrogens has been associated with a 
decrease in fasting insulin and C-peptide (an index of insulin secretion) in men 
(van der Schouw et al., 2005) and reductions in aortic stiffness and lowered can-
cer incidence in women (van der Schouw et al., 2002; Adlercreutz et al., 1991). 
Although the mechanisms by which dietary phytoestrogens induce such effects are 
still unclear, improving lipid profile (MerzDemlow et al., 2000), inhibiting LDL 
oxidation (Tikkanen et al., 1998), suppressing proliferation of aortic smooth mus-
cle cells (Pan et al., 2001), and decreasing inflammatory markers are potentially 
involved (Regal et al., 2000). Recent animal and human studies focusing on anti-
inflammatory actions of dietary phytoestrogens including isoflavones, lignans, and 
saponins are discussed below.
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12.3.1 ISOFLAVONES

Isoflavones are found primarily in foods containing soy, but also found as resveratrol 
in red grapes and peanuts and quercetin in capers, citrus, and berries. Figure 12.2 
depicts chemical structures of selected isoflavones. Table  12.3 summarizes clini-
cal studies of isoflavones. After ingestion, the isoflavone glucosides found in soy 
are hydrolyzed by both intestinal mucosa and bacterial β-glucosidases, releasing 
isoflavone aglycons that are absorbed directly (Setchell et al., 2002; McMahon et 
al., 1997). Isoflavones may then be reconjugated with sulfate and glucuronide and 
excreted into the bile or urine (Bingham et al., 1998; Cassidy et al., 2006) or further 
metabolized in the intestine to other metabolites, such as equol (Hall et al., 2005) 
and O-desmethylandgolensin (Joannou et al., 1995).

Consumption of isoflavones has been associated with lowered risk for cardiovas-
cular disease (CVD). Sixty healthy postmenopausal women without clinical athero-
sclerosis or diabetes participated in a randomized cross-over design in which they 
consumed daily a half-cup of soy nuts (25 g soy protein and 101 mg aglycone isofla-
vones) for 8 weeks (Nasca et al. 2008). While no significant changes were observed 
in normotensive women, soy nut treatment decreased sVCAM-1 levels in hyperten-
sive women (624 ± 154 versus 554 ± 114 ng/ml, respectively) and showed a trend of 
decline in CRP levels in both normotensive (23%) and hypertensive women (5%). 
Hall et al. (2005) noticed that isoflavone treatment was less likely to alter CRP con-
centrations relative to controls. A similar finding was reported by Hermansen et al. 
(2001). An opposing study showed that ET-1 concentrations decreased in postmeno-
pausal women when supplemented with 54 mg genistein/day (Squadrito et al., 2002 

FIGURE 12.2 Chemical structures of most common isoflavones.
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TABLE 12.3
Recent Clinical Studies of Anti-Inflammatory Effects of Isoflavones

Study Clinical Model Dose and Duration Major Findings

Steinberg et al. 
(2003)

Healthy 
postmenopausal
women (n = 28)

 25 g soy protein with 
isoflavones, 
ethanol-washed soy 
protein with trace 
isoflavones, and total 
milk protein (6 weeks 
each)

 37% PFV(P = 0.03) 
for isoflavone group, no 
significant change in 
endothelial markers

Hall et al. (2005) Healthy 
postmenopausal
women (n = 117)

Isoflavone-enriched 
(genistein:daidzein
ratio 2:1; 50 mg/day) 
or placebo cereal bars 
(8 weeks)

 CRP (P <0.001)

Hanson et al. (2006) Healthy 
postmenopausal
women (n = 55)

4 SPI treatments (40 g/
day): low phytate and 
low isoflavone, native 
phytate and low 
isoflavone, low 
phytate and native 
isoflavone, or native 
phytate/native 
isoflavone (6 weeks)

No significant change in 
CRP;
 homocysteine (P = 

0.017)

Clerici et al. (2007) Subjects with 
hypercholesterolemia 
(n = 62)

33 mg isoflavones/mg 
pasta (10 weeks)

 2.2% CRP (P = 0.03); 
 2.3% FMV (P = 

0.003)

Cupisti et al. (2007) Renal transplant 
recipients with stable 
renal unction (n = 
20)

25 g soy protein (5 
weeks)

 6.3% FMV (P 
<0.001); no significant 
change in CRP

Azadbakht et al. 
(2007)

Postmenopausal
women with 
metabolic syndrome 
(n = 42)

30 g soy nut, 30 g soy 
protein, controls (8 
weeks)

11 and 5% on 
E-selectin for nut 
(P <0.01) and protein (P 
= 0.19);  9% IL-18 
for nut (P <0.01),  9 
and 2% CRP for nut (P 
<0.01) and protein (P 
0.01);  11% TNF-α
(P <0.05) for protein

Evans et al. (2007) Postmenopausal
women (n = 22)

25 g soy protein and 20 
g soy lecithin; 25 g 
soy protein and 
placebo; 20 g soy 
lecithin and placebo, 
double placebo (4 
weeks)

No significant change in 
endothelial function
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and 2003). In assent, Teede et al. (2003) reported a remarkable decrease in VCAM-1 
levels and arterial stiffness after consumption of 80 mg formononetein, a precursor 
of daidzien, daily by 80 healthy subjects. A similar study found that 54 mg/day of 
pure genistein for a year led to an improvement of 5.5% in FMD in healthy post-
menopausal women (Squadrito et al., 2003).

A related study found significant decreases in NO, serum E-selectin, IL-18, TNF-
α, and CRP in 42 postmenopausal women in a randomized trial following DASH 
diet guidelines. Ingestion of 30 g soy nut protein, with a total phytoestrogen content 
of 340 mg, raised plasma phytoestrogen by 64%, increased NO by 9.8%, decreased 
serum E-selectin by 11.4%, decreased serum IL-18 by 9.2%, decreased CRP by 8.9%, 
and decreased TNF-α by 11% (Azadbakht et al., 2007).

Equol is an intestinal bacterial metabolite of daidzein. It is thought to be an 
important bioactive metabolite of isoflavones due to its greater binding affinity for 
estrogen receptors and antioxidant capacity (Bingham et al., 2003). Equol genera-
tion among individuals varies, making it difficult to assess effects of dietary isofla-
vones. Contradictory evidence exists. One study suggests no significant differences 
in isoflavone reduction of inflammatory biomarkers between equol producers and 
non-equol producers (Hall et al., 2005). Conversely, an equol-producing cohort con-
suming 33 mg of isoflavones/day exhibited significant changes in CRP and brachial 
artery FMD compared to non-equol producers (Clerici et al., 2007).

Isoflavones may indirectly improve endothelial vasodilatation by reducing total 
homocysteine levels (Fu et al., 2002). In a randomized, double-blind study, 55 healthy 
postmenopausal women were randomly assigned into four groups: (1) low phytate 
and low isoflavone (LP/LI), (2) native phytate and low isoflavone (NP/LI), (3) low 
phytate and native isoflavone (LP/NI), and (4) native phytate and native isoflavone 
(NP/NI). After 6 weeks, total homocysteine declined from baseline by 19% in the 
NP/LI group, 8% in the LP/NI group, 12% in the NP/NI group, and 3% in the LP/LI 
group (Steinberg et al., 2003).

TABLE 12.3 (continued)
Recent Clinical Studies of Anti-Inflammatory Effects of Isoflavones

Study Clinical Model Dose and Duration Major Findings

Nasca et al. (2008) Postmenopausal
women, 12 with 
hypertension (n = 
60)

25 g soy protein and 
101 mg aglycone 
isoflavones (8 weeks)

 11.2% sVCAM-1 in 
hypertensive patients (p 
= 0.003);  27.3% 
CRP in normotensive (p 
= 0.07) and  5% in 
hypertensive patients (p 
= 0.90)

Walker et al. (2008) Female cynomolgus 
macaques (n = 79)

Diet containing 1.88 
mg aglycone FI/g 
protein and control 
diet

 MCP-1 and ICAM-1; 
IL-6 mRNA transcripts 
(P <0.0001)
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In accordance with those results, consumption of isoflavone-containing SPI (108 
mg) by 28 postmenopausal women for 5 weeks with a 5 week wash-out period was 
accountable for a 37% decrease (P = 0.03) in PFV (Cupisti et al., 2007). Health-
associated benefits of isoflavones were reported by Verma et al. (2003) in a study 
of renal transplant patients who tend to have a greater risk of endothelial dysfunc-
tion. The study showed that receiving 25 g of soy protein/day significantly improved 
FMD by modulating the L-arginine/ADMA ratio but did not change CRP levels. 
Conversely, 33 mg of isoflavones taken by 62 hypercholesterolemic subjects for 8 
weeks was attributable to 42% attenuation in CRP levels and a 2.3% increase in 
endothelial function (Clerici et al., 2007). However, these improvements in endothe-
lial function were not reported for otherwise healthy individuals (Evans et al., 2007; 
Blum et al., 2003) suggesting beneficial effects of isoflavones may be observable 
only when endothelial function is abnormal.

The exact mechanisms by which isoflavones modulate the inflammatory pro-
cess are unclear. It is possible that isoflavones exhibit direct antioxidant activities 
(Bingham et al., 2003; Lin et al., 2008) or that their antioxidant activities are medi-
ated via interactions with common co-antioxidants (Hwang et al., 2000).

Also, the anti-inflammatory effects of isoflavones may involve endothelial-depen-
dent vasodilatation (Walker et al., 2001; Squadrito et al., 2003) and endothelial-inde-
pendent actions. The latter has been suggested to include calcium channel antagonism 
(Figtree et al., 2000), inhibition of COX-2 transcription along with inhibition of 
NF-κB (Subbaramaiah et al., 1998; Manna et al., 2000), suppression of inflamma-
tory cytokines that mediate recruitment of inflammatory leukocytes (Donnelly et al., 
2004), inhibition monocyte rolling, and adhesion to cytokine-activated endothelial 
cells by activation of peroxisome proliferator-activated receptor-γ (PPARγ), a nuclear 
receptor that mediates a variety of anti-inflammatory actions (Chacko et al., 2005).

12.3.2 LIGNANS

Lignans are phenolic compounds found in many plants and foods (Thompson et 
al., 1991; Meagher and Beecher, 2000). Table 12.4 summarizes anti-inflammatory 
effects of lignans. Flaxseed is an excellent source of the secoisolariciresinol digluco-
side (SDG) lignin precursor (Thompson et al., 1991). Besides SDG, flaxseed contains 
lower but significant amounts of isolariciresinol, pinoresinol, and matairesinol lign-
ans (Meagher et al., 1999). Such lignans undergo fermentation by microflora in the 
proximal colon to remove glycoconjugates, resulting in the generation of bioactive 
absorbable mammalian lignans including enterodiol and enterolactone (Thompson 
et al., 1991). Figure  12.3 illustrates the in vivo metabolism of dietary lignans to 
mammalian lignans.

Mammalian lignans may reduce the risk of CVD (van der Schouw et al., 2002), 
perhaps because of their structural similarity to estrogens (Hutchins et al., 2001). In an 
observational study of 403 women aged 49 to 70 years who underwent natural meno-
pause and were followed up for 4 years, habitual intake of plant lignans (>0.9 mg/day) 
correlated with reduced aortic pulse wave velocity. These results were even more pro-
nounced in older women (van der Schouw et al., 2002). Conversely, consumption of a 
low-fat muffin supplemented with SDG isolated from flaxseed (500 mg/day), a lignin 
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TABLE 12.4
Recent Clinical Studies of Anti-Inflammatory Effects of Lignans

Study Model Dose and Duration Major Findings

Hallund et al. 
(2006a)

Healthy postmenopausal 
women 61 ± 7 years 
(n = 22)

500 mg/day SDG in 
low-fat muffin 
(6 weeks)

No significant changes of 
FMD and plasma NOx, 
ET-1 and ADMA

Hallund et al. 
(2006b)

Healthy postmenopausal 
women 61 ± 7 years 
(n = 22)

500 mg/day SDG in 
low-fat muffin 
(6 weeks)

No significant changes of 
TEAC and FRAP; 
 serum and urinary 

concentrations of 
enterolactone (P <0.001)

Ogborn et al. 
(2006)

Han:SPRD-cy rats with 
polycystic kidney 
disease (n = 13)

AIN-93G diet plus 7% 
flax oil and 20 mg/kg 
diet SDG (12 weeks)

 Macrophage infiltration 
(P = 0.017) and renal 
release of PGE2 in both 
sexes (P <0.01)

Prasad (2007) New Zealand White 
rabbits on high 
cholesterol diet (n = 12)

0.25% cholesterol diet 
for 2 months 
followed by regular 
diet and FLC 40 mg/
kg (4 months)

 35% in atherosclerotic 
lesions (P <0.05)

Bergman et al. 
(2007)

6- to 8-week old female 
athymic mice, BALB/c 
nu/nu with estradiol-
induced tumors 
(n = 7 to 9)

AIN-93G diet plus 
10% flaxseed, 
AIN-93G diet and s.c. 
injection of enterodiol 
or enterolactone, 15 
mg/kg body weight 
(3 weeks) 

VEGF (P <0.01);  in 
tumor vessel area; 1.1 ± 
0.2% in flaxseed; 1 ± 
0.4% in enterodiol, 0.6 ± 
0.1% in enterolactone vs 
3 ± 0.7% in basal diet 
tumors (P <0.01)

Nakano et al. 
(2008)

6-week old male 
un-nephrectomized SD 
rats (n = 6)

Sesamin-containing
diet (1% w/w) with 
twice weekly DOCA 
(15 mg/kg s.c) with 
1% NaCl added to 
drinking water 
(5 weeks)

 DOCA salt-induced 
hypertension;  aortic 
O2 production and 
increase in NADPH 
oxidase activity and 
elevated aortic mRNA 
expression of its 
subunits;

Hallund et al. 
(2008)

Healthy postmenopausal 
women 61 ± 7 years 
(n = 22)

500 mg/day SDG in 
low-fat muffin 
(6 weeks)

 15% in CRP (P <0.02); 
no changes in IL-6. 
TNF-α, VCAM-1, 
ICAM-1, or MCP-1 vs 
placebo

Lee et al. (2008) 6- to 8-week old female 
C57Bl/6 mice with 
pulmonary ischemia–
reperfusion injury 
(n = 6)

AIN-93G diet plus 
10% flaxseed (3 
weeks); incubation of 
pulmonary
microvascular 
endothelial cells with 
5μM (5 hours) 

 MDA, lipid oxidation 
and ROS (P <0.05); 
 ROS production vs 

control
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precursor, showed no impact on FMD, endothelium-dependent vasodilatation FMD 
or plasma levels of ET-1, asymmetric dimethylarginine (ADMA), and NO in healthy 
postmenopausal women over 6 weeks of treatment (Hallund et al., 2006a). In a more 
recent study with the same design by Hallund et al. (2008), a significant reduction of 
15% (P <0.03) was observed for plasma CRP levels in the lignan-treated group com-
pared to placebo; however, no effects were observed regarding other inflammatory 
markers such as IL-6, TNF-α, VCAM-1, ICAM-1, and MCP-1.

Lignans are metabolized in the gut to produce the estrogenic enterodiol and enter-
olactone that exert antioxidant activity and are absorbed into the serum. This serum 
increase in these compounds may explain, at least in part, the observed attenuation 
in CRP levels after lignan intervention (Hallund et al., 2008). Data of Lee et al. 
(2008) supported this contention. A 10% flaxseed-supplemented diet reduced oxida-
tive lung damage even at 3 weeks as assessed by malondialdehyde (MDA) levels and 
lipid oxidation measured by immunohistochemical staining of lungs for iPF2α-III 
F2 isoprostane, an in vivo marker of lipid peroxidation.

Interestingly, increased serum enterolactone levels were correlated with low-
ered plasma F2-isoprostane concentrations in 100 mildly hypercholesterolemic men 
(Vanharanta et al., 2002). Supplementing diets of polycystic rats with 20 mg/kg of 

FIGURE 12.3 Metabolism of dietary lignans to mammalian lignans.
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SDG for 12 weeks was related to less macrophage infiltration, PGE2 release, lipid 
peroxide formation, and thus reduced renal inflammation (Ogborn et al., 2006). 
Lung MDA levels, BAL neutrophils, and overall alveolar white blood cell influx 
were significantly reduced in 10% flaxseed-treated mice relative to results from iso-
caloric controls following hyperoxia and acid aspiration-induced lung injury but not 
after LPS instillation (Kinniry et al., 2006). This amelioration was accompanied by 
rapid serum accumulation of both enterodiol and enterolactone as early as 1 week 
after initiation of the flaxseed diet.

This study provides evidence that dietary flaxseed may provide a protective strat-
egy against selected types of pro-oxidant-induced tissue damage in vivo, although 
supplementing a low fat muffin with lignan isolated from flaxseed (500 mg/day) did 
not alter lipoprotein oxidation lag time, plasma trolox-equivalent antioxidant capac-
ity (TEAC), or ferric reducing ability of plasma (FRAP) despite significant increases 
in serum and urinary concentrations of enterolactone in healthy postmenopausal 
women (Hallund et al., 2006b).

Feeding one group of ovariectomized mice a diet enriched with 10% flaxseed 
and two groups a basal diet along with subcutaneous (s.c.) injection of enterodiol or 
enterolactone (15 mg/kg body weight) for 3 weeks significantly (P <0.01) reduced 
extracellular VEGF release in vivo and also in vitro (Bergman-Jungeström et al., 
2007). The diminutions in VEGF secretion in vivo paralleled decreased tumor ves-
sel areas in all the treated groups relative to the basal diet treated-group (Bergman-
Jungeström et al., 2007).

In parallel with these findings, Saarinen et al. (2008) investigated the influence 
of lignans isolated from knots of Pinus cembra in models of in vivo dimethylbenz(a)
anthracene-induced mammary cancer in rats and of human MCF-7 breast cancer 
xenografts in athymic mice. The results showed that administration of laricires-
inol (3 or 15 mg/kg of body weight perorally) to rats for 9 weeks or consumption 
of a lariciresinol diet (20 or 100 mg/kg) for 5 weeks by athymic mice suppressed 
tumor growth and tumor angiogenesis. While enterolactone significantly inhibited 
estradiol-stimulated VEGF secretion in MCF-7 cells, lariciresinol administration 
enhanced tumor cell apoptosis and increased ERβ expression in MCF-7 xenografts 
(Saarinen et al., 2008).

Of 12 lignans isolated from Saururus chinensis, 10 mg/kg i.p. of lignans 9 (sauchi-
none) and 10 (sauchinone B) equally augmented mice survival rates (80 versus 20%), 
and significantly reduced plasma levels of TNF-α (16 and 18 ng/ml versus 24 ng/ml) 
relative to untreated controls. Furthermore, lignans isolated from Pterocarpus san-
talinus revealed inhibitory activities on TNF-α production in RAW264.7 cells chal-
lenged with LPS and on proliferation of concanavalin-A (Con-A)-induced mouse 
splenocytes without showing cytotoxicity (Cho et al., 2001). It has been suggested 
that dietary lignans may exert anti-inflammatory effects by inhibition of δ-(5)-
desaturation of n-6 fatty acids, resulting in significant reductions in plasma PGE2 
concentrations and TNF-α (Utsunomiya et al., 2000).

Although the mechanisms by which dietary lignans induce anti-inflammatory 
effects are not well understood, antioxidant properties may be involved. Lignans 
suppress lipid peroxidation (Kitts et al., 1999), exhibit direct hydroxyl radical scav-
enging action (Prasad, 2000; Nakano et al., 2006), reduce ROS secretion (Lee et 
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al., 2008), and suppress metabolic vitamin E catalysis (Sontag and Parker, 2002). 
However, other mechanisms may be responsible and remain to be elucidated. Lignans 
may have indirect antioxidative effects.

In this regard, Kivelä et al. (2008) have shown that enterolactone induced heme 
oxygenase-1 (HO-1) expression. This stress inducible enzyme stimulates heme deg-
radation to bilirubin, biliverdin, and carbon monoxide; such metabolites promote 
antioxidant and anti-inflammatory activities of HO-1 in blood vessels (Stocker and 
Perrella, 2006). Products of HO-1 interfere with the expression of pro-inflammatory 
cytokines and chemokines (Stocker and Perrella, 2006). Some lignans also possess 
other relevant pharmacological activities such as analgesic (Lin et al., 2007), anti-
parasitic (de Andrade-Neto et al., 2007), antiviral (Swarup et al., 2008), and immu-
nosuppressive properties (Park et al., 2007).

12.3.3 SAPONINS

Saponins are glycosides characterized by a triterpene or steroid nucleus with one 
or more oligosaccharide chains attached to an aglycone core (Shi et al., 2004). 
Table  12.5 summarizes anti-inflammatory effects of saponins. Figure  12.4 shows 
chemical structures of select saponins. Plant saponins have been used in food manu-
facturing applications mainly as surface active and foaming agents (San Martin and 
Briones, 1999) and have been identified as anti-nutritional factors (Thompson, 1993) 
due to their toxicity and hemolytic activity (Oda et al., 2000). However, soy isolated 
saponins did not show toxic effects in humans (Shi et al., 2004) and in vitro and in 
vivo studies support anti-inflammatory activity of soy saponins.

For example, co-incubation of peritoneal macrophages with 100 ng/ml of LPS 
and 30 to 100 mg/ml of soy saponins for 16 hours significantly inhibited the LPS-
stimulated release of PGE2, NO, TNF-α, and MCP-1 (Kang et al., 2005). This activ-
ity was accompanied by the downregulation of COX-2 and iNOS expression at both 
the mRNA and protein levels as well as inhibition of NF-κB activation, iNOS, COX-
2, TNF-α, IL-1β, and IL-6 expression by blocking degradation of IkB-α. These data 
suggest a potential anti-inflammatory activity of soybean saponin. However, other 
animal studies revealed that dietary saponins promote enteritis, perhaps by increas-
ing intestinal permeability (Knudsen et al., 2007).

Changkil saponins (CKSs) isolated from the roots of Platycodon grandiflorum
significantly reduced protein and mRNA expression of VCAM-1 and ICAM-1 in 
endothelial cells and inhibited the TNF-α-induced production of intracellular ROS 
and activation of NF-κB by preventing IκB degradation (Kim et al., 2006a). The 
inhibitory effects of CKSs on the TNF-α-induced activation of NF-κB may be due 
to its antioxidant properties. Anti-inflammatory effects of CKSs were observed in 
inflammatory responses induced by carrageenan in an acute air pouch inflamma-
tion rat model (Kim et al., 2006b). A crude saponin extract (CSE) of Hedera helix
(English ivy) at 100 and 200 mg/kg doses exhibited 77% acute anti-inflammatory 
effects as shown by a decrease in volume of carrageenan-induced paw edema in rats. 
Saponin purified extracts (SPEs) showed acute anti-inflammatory effects of 60% for 
100 mg/kg doses and 68% for 200 mg/kg (Süleyman et al., 2003). Conversely, SPE 
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TABLE 12.5
Recent Studies of Anti-Inflammatory Effects of Saponins

Study Model Dose/Duration Major Findings

Kang et al. (2005) Peritoneal
macrophages from 
BALB/c mice treated 
with LPS

30 to 100 mg/ml 
saponins in serum-
free medium 
(16 hours)

 PGE2, NO, TNF-α
and MCP-1 release (P 
<0.01)

Kim et al. (2006) Cytokine-induced
monocyte/human 
endothelial cell 
interaction

Cells pretreated with 
different saponin 
concentrations: 0.2, 
0.5, 2,5 μg/ml, for 1 
hour, then stimulated 
with TNF-α 10 ng/ml 
(6 hours)

 protein and mRNA 
expression of VCAM-1 
and ICAM-1; 
 in ROS release

Knudsen et al. ( 
2007)

Seawater-adapted 
Atlantic salmon 
(n = 12)

Diet plus 10% saponin 
containing
subfractions of 
soybean molasses (62 
days)

 intestinal 
inflammation and 
enteritis;  IkB-α
phosphorylation

Suh et al. (2007) LPS-induced raw 264.7 
murine macrophages

Triterpenoid saponin, 
from Aralia elata, 0, 
0.4, 0.9 and 1.8 μM 
(24 hours)

 NO, PGE2 synthesis; 
 COX-2 mRNA and 

protein;

Dang et al. (2007) Male SD rats with 
induced hepatic 
fibrosis (n = 15)

Saikosaponin-d (SSD), 
1.0, 1.5 and 2.0 mg/kg 
i.p. (6 weeks)

56 and 55%  hepatic 
TNF-α and IL-6; 
NF-κB p65 expression; 

 hepatic activity of 
I-κBα, (P <0.01)

Toshkova et al. ( 
2007)

2- to 4-month old 
Golden Syrian 
hamsters (n = 10)

Saponin mixture, 50 
mg/kg s.c. (4 days)

 number, migration and 
phagocytic indexes of 
peritoneal macrophages

Wu et al. (2007) Murine N9 microglial 
cells

Ginsenosides 0.01 to 
100 μM/ml; LPS (1 
μg/ml) added to N9 
microglial cells 
(48 hours)

 LPS-induced TNF-α
and NO production; 
inhibition of NF-κB

Yang et al. (2007) 5 week-old male ICR 
mice (n = 5 to 10)

Immunized s.c. with 
OVA, LPS or ConA 
with
ginsenoside-Rd,10, 25 
or 50 μg (2 weeks)

 OVA-specific IgG, 
IgG1, IgG2b (P <0.05); 

 production of Th1 
and Th2 cytokines in 
OVA-immunized mice; 

 IL-2, IFN-γ, IL-4 and 
IL-10 mRNA in 
splenocytes induced by 
Con A (P <0.05)
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exhibited more potent chronic anti-inflammatory activity than CSE as measured by 
reductions in cotton pellet granuloma tissue formation (Süleyman et al., 2003).

Since the most potent effect of saponins was observed in the fourth hour, this 
study suggests that acute anti-inflammatory effects of H. helix extracts may be medi-
ated by blocking histamine and/or serotonin release rather than prostaglandin and/
or bradykinin. Won et al. (2006) supported these results by showing inhibitions in 
NO, PGE2, and TNF-α production, reductions in LPS-induced levels of iNOS and 
COX-2 at protein levels, and iNOS, COX-2, TNF-α, IL-1β and IL-6 mRNA expres-
sion along with blocking of NF-κB activation after incubating RAW 264.7 mac-
rophages with 2.5 to 10 μM saponins isolated from Pleurospermum kamtschatidum.
Recently, saponins from Aralia elata were found to suppress the activity of NO, 
PGE2 synthesis, iNOS, and COX-2 mRNA and its protein expression in a dose-
dependent manner at 0.4 to 1.8 μM concentrations in LPS-induced raw 264.7 murine 

FIGURE 12.4 Chemical structures of selected saponins.
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macrophages (Suh et al., 2007). These observations were associated with decreased 
NF-κB translocation and the inhibition of LPS-induced phosphorylation of IkB-α,
suggesting that the anti-inflammatory activities of these saponins may be mediated 
by downregulation of NF-κB.

Three days after intravenous injection of sasanqua saponin (SQS; 2.5, 5, and 10 
mg/kg), extracted from Camellia oleifera Abel, a Chinese traditional herb, Huang 
et al. (2005) noted decreased serum levels of sICAM-1 and suppressed expression 
and transcription of transmembrane ICAM-1 (mICAM-1) in aortae of rats with burn-
induced inflammation. Of six saponins extracted from Polygala japonica, another 
Chinese herb, saponins 1, 4, and 5 showed anti-inflammatory effects at a dose of 0.1 
μmol/kg on acute and delayed phases of carageenan-induced paw edema in mice. 
The effects were not noted with saponins 2, 3 and 6 (Wang et al., 2008). This study 
suggests a structure–activity relationship among saponins in determining their anti-
inflammatory effects.

Furthermore, ginseng saponins, ginsenosides-Rd, -Rb2, -Rg1 and -Re, over a 
range of concentrations (0.01 to 100 μM), exerted a notable inhibitory effect on LPS-
induced TNF-α production in N9 microglial cells. The inhibitory effect of ginseng 
saponins on TNF-α and NO production was consistent with the observed down-
regulation of IκB, suggesting that anti-inflammatory effects of ginsenosides may be 
mediated by inhibition of NF-κB.

Saponins of P. notoginseng showed immunomodulatory effects on murine mac-
rophages in vitro (Rhule et al., 2006). Feeding rats a high fat diet for 9 weeks along 
with i.p. injections of P. notoginseng saponins (100 mg/kg/day) was associated with 
significant reductions in the gene expression of adhesion molecules (VCAM-1 and 
ICAM-1), inflammatory factors (integrins, IL-18, IL-β1, MMP-2, and MMP-9) and 
the expression of NF-κB/p65 along with an increase in the expression of I-κBα
(Zhang et al., 2008). In addition, saponin treatment remarkably lowered serum TC, 
TG, and blood viscosity. Such changes may explain alleviation of typical patho-
logical changes associated with atherosclerosis in animals treated with saponins. 
Analysis of this broad array of studies suggests that the anti-inflammatory influence 
of ginseng saponins may involve regulation of the NF-κB pathway and the expres-
sion of I-κBα.

Evidence indicates that inflammation may cause abnormal lipid metabolism, 
which in turn may lead to inflammation (Hotamisligil, 2006). P. notoginseng
saponins may reduce inflammation by lessening TC and TG levels along with low-
ering Apo-E expression that causes attenuation in lipid transfer from blood vessels 
to macrophages below the endothelium (reviewed by Zhang et al., 2008). Although 
the precise mechanisms involved in hypolipidemic effects of saponins remain 
unclear, the limited experimental evidence suggests that saponins may reduce 
cholesterol by forming insoluble complexes with cholesterol in the intestine and 
impede its absorption.

Saponins may lower cholesterol indirectly by increasing the excretion of bile 
acids (Sidhu and Oakenfull, 1986). Huang et al. (2007) reported that saponins iso-
lated from Gynostemma pentaphyllum (GP) may act as potent activators of PPARα
and in this way protect against atherosclerosis, inflammation, and cancer. These 
data indicate that saponins may lower expression of inflammatory mediators. The 
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mechanisms behind these beneficial properties of saponins are unknown, but may 
involve inhibition NF-κB activation and inhibition of IkB-α degradation.

12.4 CONCLUSIONS

Increasing evidence suggests that phytosterols and phytoestrogens have anti-inflam-
matory properties. It is likely that these compounds may reduce or mitigate the secre-
tion of inflammatory mediators from visceral adipose tissue into the portal system 
and thus reduce risk of CVD and other inflammatory disorders. The mechanisms 
by which these phytochemicals affect cytokine production may center on altered 
NF-κB activity but this requires further investigation
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13 Antioxidants, Polyphenols, 
and Adipose Inflammation

Fereidoon Shahidi and Ying Zhong

13.1 INTRODUCTION

Excessive release of reactive oxygen species (ROS) leads to oxidative stress which 
has been implicated in the pathogenesis of numerous chronic diseases and health 
conditions. Although ROS can be beneficial in immune response by killing patho-
gens and removing injured tissues, they act as a major tissue destructive force when 
overproduced as in various inflammations. Inflammation is an important compo-
nent of many chronic diseases and age-related disorders. Metabolic syndrome, for 
example, has been associated with chronic inflammation, especially in adipose tis-
sues. Therefore, effective control of inflammation is important in the prevention 
and treatment of such chronic diseases. Antioxidant strategies have been proposed 
for suppressing inflammation by scavenging the pro-inflammatory ROS, and hence 
reducing the risk of many inflammation-mediated diseases.
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13.2 OXIDATIVE STRESS

13.2.1 LIPID OXIDATION

Lipids are naturally occurring water-insoluble molecules. They include diverse com-
pounds such as triacylglycerols, diacylglyerols, monoacylglycerols, phospholipids, 
waxes, sterols, and fat-soluble vitamins. Lipids in biological systems function mainly 
as energy storage and structural components of cell membranes and also serve as 
important signalling agents. Lipids, especially polyunsaturated fatty acids (PUFAs) 
in membranes, are susceptible to oxidation. Oxidative change in vivo is thought to 
exert destructive cellular effects and has been associated with pathophysiology of a 
number of diseases and health conditions.

Oxidation of lipids occurs via autoxidation, photooxidation, thermal oxidation, and 
enzymatic means, most of which involve free radicals and/or other reactive species as 
intermediates (Vercellotti et al., 1992; Shahidi, 2000). Autoxidation—defined as the 
spontaneous reaction of atmospheric oxygen with lipids—is the most common process 
leading to oxidative deterioration and damage in food and biological systems (Shahidi 
and Zhong, 2005a). Lipids in living organisms undergo oxidation reactions during nor-
mal aerobic metabolism (Beckman and Ames, 1998). Unsaturated fatty acids in tria-
cylglycerols (as well as diacyglycerols or monoacylglycerols), phospholipids, free fatty 
acids, and cholesterol (especially LDL cholesterol) are generally the major reactants 
affected by such reactions. It is widely accepted that lipid oxidation occurs via a free 
radical chain reaction mechanism. The chain reaction proceeds through three stages: 
initiation, propagation, and termination (Shahidi and Zhong, 2005a). Figure 13.1 illus-
trates a simplified scheme of the oxidative free radical chain reaction.

Lipid molecules, in the presence of initiators such as heat, light, ionizing radiation, 
and metal ions and metalloproteins, lose a hydrogen atom and produce free radicals. 
In the propagation stage, the lipid radicals react with oxygen to form peroxyl radicals. 
In turn, the peroxyl radicals act as the chain carriers of the rapidly progressing reac-
tion by further oxidizing the lipid. The hydrogen of the methylene group between 
two double bonds in a PUFA is very active toward free radical attack (bond energies 
for bisallylic, allylic, and alkyl hydrogens are 75, 88 and 101 kcal/mol, respectively). 
This explains why highly unsaturated fatty acids are more susceptible to oxidation 
compared to saturated or less saturated counterparts (Erickson, 2002).

During propagation, lipid hydroperoxides are produced as primary oxidation 
products. These hydroperoxides are unstable compounds and break down to a range 
of secondary oxidation products including alcohols, aldehydes, ketones, hydrocar-
bons, volatile organic acids, and epoxy compounds. Hydroperoxides and many of 
the secondary oxidation products are highly reactive and may initiate chain reactions 
of oxidation, and for that reason they are also considered toxic to tissues and cells 
(Yanishlieva and Marinova, 2001). In the termination stage of oxidation, free radi-
cals neutralize each other and stable non-radical products are formed.

Free radicals play a key role in the chain reaction of lipid oxidation. Free radi-
cals are unstable, highly reactive, and energized molecules with one or more 
unpaired electrons. They quickly capture electrons from other compounds to gain 
stability. Examples of oxygen-derived free radicals are superoxide anion, hydroxyl, 
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hydroperoxyl, peroxyl, and alkoxyl radicals, all of which are referred to as reactive 
oxygen species (ROS). The primary ROS is superoxide anion (O2 ), which is formed 
from the single-electron reduction of molecular oxygen through a variety of sources 
under both physiological and pathophysiological conditions. It has been estimated 
that 2 to 5% of oxygen consumed by a cell is reduced to oxygen radicals (Floyd and 
Hensley, 2002).

In addition to free radicals, many non-radical ROS such as hydrogen peroxide 
(H2O2) also participate in the oxidation process as strong oxidants. For example, 
superoxide anion can be neutralized by superoxide dismutase (SOD) to yield hydro-
gen peroxide. Hydrogen peroxide is a classic ROS and, although less reactive than 
superoxide anion, has a longer lifetime and is more highly diffusible and can freely 
cross biological membranes (Tylicki et al., 2003). Moreover, it can participate in 
Fenton reactions with reduced metal ions such as Fe2+ and Cu+ to form a hydroxyl 

include hydroxyalkenals, singlet oxygen, and ozone.
Nitrogen dioxide and peroxynitrite anion are formed from the interaction of 

nitric acid with superoxide anion, and together with nitric oxide (NO) are known 
as reactive nitrogen species (RNS). Singlet oxygen is photochemically generated 
from molecular oxygen and is usually involved in photooxidation processes. These 
non-radical ROS and RNS are of particular importance because of their longevity 
and the lack of efficient endogenous systems to protect against them (Tylicki et al.,
2003). Table 13.1 summarizes the reactive species involved in food and biological 
oxidation. Although free radical-mediated oxidation reactions occur predominantly 

FIGURE 13.1 Chain reactions involved in free radical chemistry. The processes are initia-
tion, in which reactions create free radicals; propagation, in which free radicals are trans-
ferred among chemical species; and termination, in which free radicals are eliminated as the 
result of combining with each other. Primary antioxidants are able to break the chain reaction 
of oxidation through free radical scavenging.
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in lipids, particularly PUFAs, the substrate may consist of other lipids or non-lipid 
substances. Cholesterol, proteins, enzymes, lipoproteins, and DNA can also serve as 
targets for free radical attack.

13.2.2 OXIDATIVE DAMAGE

Free radicals and other reactive species are produced in the body under normal condi-
tions during metabolism and play an important role in a number of regulatory activities 
and physiological processes. Nevertheless, enhanced production of ROS originating 
from endogenous or exogenous sources results in oxidative stress, which accounts for 
many pathological alterations. ROS production in vivo is normally controlled by cellular 
antioxidant defense systems. However, when the antioxidant defenses are not efficient, 
ROS escape elimination and may cause oxidative cellular damage (Berger, 2005).

Excessive ROS/RNS generated during oxidation may react, in principle, with 
all cellular and extracellular components causing diffuse damage to cells and tis-
sues. Oxidative stress arises from an imbalance of ROS production and antioxidant 
defense (Halliwell and Gutteridge, 1985), and has been associated with pathogenesis 
of a number of diseases including cardiovascular disease, cancers, hypertension, dia-
betes, inflammation, autoimmune disorders, as well as aging.

Polyunsaturated fatty acids in membrane lipid bilayers are the major targets for 

(Kruidenier and Verspaget, 2002). The chain reaction of lipid oxidation promotes 
the accumulation of hydroperoxides in the cell membrane, which affects fluidity and 
the activities of many transmembrane enzymes, transporters, receptors, and other 

TABLE 13.1
Major Reactive Oxygen and Nitrogen Species in Food and 
Biological Systems

Free Radicals Non-Radicals

Reactive Oxygen Species (ROS)
Superoxide anion (O2 ) Hydrogen peroxide (H2O2)

Hydrochlorous acid (HOCl)

Singlet oxygen (1O2)

Ozone (O3)

Hydroxyalkenals

Reactive Nitrogen Species (RNS)
Peroxynitrite (ONOO-)

Nitrogen dioxide (NO2 Alkyl peroxynitrite (LOONO)

Dinitrogen trioxide (N2O3)

Nitrous acid (HNO2)
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membrane proteins (Jourd’Heuil et al., 1993). Oxidatively modified cell membranes 
demonstrate altered permeability and may consequently give rise to changes in cell 
volume homeostasis and cellular metabolism (Chen et al., 1995). Moreover, oxidation 
products such as hydroperoxides and aldehydes are directly toxic to cells and organ-
elles (Aw, 1998). These oxidative products have also been implicated in the regula-
tion of inflammation processes through their neutrophil chemotactic properties and 
promotion of cytokine production (Curzio et al., 1987; Jayatilleke and Shaw, 1998).

Proteins are significant targets for ROS attack. Protein radicals formed by a free 
-

tion, and modification of amino acids, all of which lead to increased susceptibility to 
proteolysis, denaturation, and alteration or loss of biological function (Niki, 1997). 
Protein oxidation frequently introduces new functional groups such as hydroxyls 
and carbonyls that may markedly affect biological activities (Dean et al., 1997). 
Oxidatively modified proteins are more susceptible to degradation and aggregation; 
an important example is the damage to the lens of a cataract patient (Taylor, 1993). In 
addition, tyrosine residues of proteins have been observed to be irreversibly modified 
by the peroxynitrite RNS through nitration that may adversely affect cell regulation 
(Ischiropoulos and Al-Mehdi, 1995; Ischiropoulos, 1998).

DNA, including nuclear and mitochondrial DNA, is also susceptible to modi-
fication by ROS and RNS. Base hydroxylation and strand cleavage are among the 
most common ROS-induced DNA modifications. They have been implicated in ATP 
depletion, gene mutations, malignant transformation, and cell death (Kruidenier and 
Verspaget, 2002). Hydroxyl radical produced in situ can effectively attack nearby 
DNA residues, while peroxynitrite and nitric oxide can directly damage chromatin 
(Kruidenier and Verspaget, 2002). Oxidatively modified DNA is thought to play a 
role in human carcinogenesis (Poulsen et al., 1998). In addition to the damage to 
these macromolecules, oxidative stress has also been implicated to alter calcium 
homeostasis, cellular signalling cascades, and gene expression, among other events 
(Dalton et al., 1999; Davies, 2000; Waring, 2005).

13.2.3 OXIDATIVE STRESS AND INFLAMMATION

Oxidative stress is considered a fundamental tissue destructive mechanism. ROS is 
capable of causing reversible and irreversible damage to oxidizable biomolecules. 
Excessive ROS production by neutrophils, macrophages, monocytes, and other 
immune cells constitutes the major tissue destructive force in vivo and accounts 
for the pathogenesis of many inflammatory diseases. Under non-inflammatory 
conditions, superoxide radical is produced mainly in mitochondria by endogenous 
intracellular enzyme systems (Richter and Schweizer, 1997).

Superoxide generation by phagocytes, and to a lesser extent by eosinophils, lym-
phocytes, and fibroblasts, is essential for effective host defense against bacterial 
infection. However, excessive liberation of O2 is proposed as a major cause of cel-
lular damage and apoptosis leading to extensive tissue destruction, as found in many 
chronic inflammatory diseases (Weiss, 1989; Rahman and MacNee, 1996; Morcillo 
et al., 1999). Superoxide is an important mediator in the infiltration and accumulation 
of neutrophils at sites of inflammation and is also involved in mobilizing arachidonic 
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acid (Kruidenier and Verspaget, 2002). Superoxide can be neutralized, for example 
by SOD, but also may be rapidly converted following a series of oxidant reactions to 
much more powerful ROS such as H2O2

Hydrogen peroxide is believed to act as a neutrophil chemoattractant and plays a 
key role in leukocyte rolling, activation of T lymphocytes, and induction of angio-
genesis (Kruidenier and Verspaget, 2002). Moreover, H2O2 has been shown to cause 
non-specific irreversible damage to epithelial cells (Mulier et al., 1998). H2O2 can be 
metabolized to form HOCl by myeloperoxidase, an abundant enzyme of phagocytes 
and secretory protein of activated neutrophils (Cohen et al., 1982; King et al., 1997). 
The resultant HOCl is a reactive chlorine species (RCS) and strong oxidizing/chlo-
rinating agent. It is estimated to be 100 to 1000 times more toxic than O2 or H2O2

(Conner and Grisham, 1996).
Another important group of oxidative and inflammatory mediators is RNS, 

including NO and peroxynitrite. NO is a lipid-soluble free radical with a significant 
half-life. It is produced by the nitric oxide synthase (NOS) enzyme and is capable 
of diffusing several cell diameters from its synthesis site (Kruidenier and Verspaget, 
2002). NO alone at nanomolar concentrations is not particularly harmful and in some 
situations may even exert beneficial effects such as protecting epithelial cells against 
H2O2, protecting macrophages from cytokine-induced cytotoxicity, limiting leuko-
cyte binding to endothelial cells, and acting as a vasodilator and neurotransmitter 
(Kruidenier and Verspaget, 2002). However, it is the precursor of a more damag-
ing RNS peroxynitrite anion (ONOO–), a stable and reactive oxidizing and nitrating 
agent that can damage a broad array of biomolecules in cells. These reactive species 
(ROS, RNS, and RCS) are generated by activated inflammatory cells and may con-
tribute to oxidative stress and inflammatory processes in cells and tissues.

The mechanism of inflammatory injury is attributed in part to the release 
of ROS from activated phagocytes. Excessively generated ROS leads to tissue 
destruction by damaging macromolecules and promoting membrane lipid oxi-
dation (Winrow et al., 1993; Gutteridge, 1995). ROS can also, in turn, promote 
inflammation by stimulating production of cytokines, such as tumor necrosis 
factor (TNF)-α, interleukin-1 (IL-1), IL-6 and IL-8, interferon-γ, vascular cell 
adhesion molecule (VCAM)-1, and monocyte chemoattractant protein (MCP)-1. 
These all stimulate recruitment of additional phagocytes to an inflammation site. 
Therefore, oxidative stress plays an essential role in provoking and sustaining 
inflammatory processes.

Evidence has shown that ROS are involved in activation of kinases and tran-
scription factors, whose regulation is dependent on redox changes. Nuclear factor 
(NF)-κB and activator protein (AP)-1, for example, are redox-sensitive and become 
activated under oxidative or nitrosative stress. Activation of NF-κB and AP-1 
leads to upregulation of numerous inflammatory genes, including those coding for 
inflammatory mediators TNF-α, IL-1, IL-6 and IL-8, VCAM-1, MCP-1, E-selectin, 
inducible nitric oxide synthase (iNOS), cyclooxygenase (COX-2), and granulocyte-
macrophage colony-stimulating factor, as well as major histocompatibility complex 
class I antigens (Ward, 1996; Akira and Kishimoto, 1997; Barnes and Karin, 1997; 
Kamata and Hirata, 1999).
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Some cytokine products such as TNF-α and IL-1 act as activators of NF-κB
(Janssen-Heininger et al., 1999), and are also known to induce cellular ROS pro-
duction (Adamson and Billings, 1992). Hence, ROS and pro-inflammatory cytok-
ines work in a synergistic manner through a ROS–cytokine–transcription factor 
regulatory loop, thereby augmenting the inflammatory response and tissue damage 
(Fiocchi, 1998). This synergistic loop is summarized in Figure 13.2.

Enhanced ROS production has been observed in inflammatory diseases. 
Increased levels of oxidative biomarkers such as malonaldehyde, 4-hydroxynonenal 
(Selley, 1997), protein carbonyls and 8-hydroxy-2'-deoxyguanosine (Lih-Brody et 
al., 1996) have been reported in colonic biopsies of inflammatory bowel disease 
patients, indicating accelerated oxidation of lipid, protein, and DNA. In addition 
to cytokine production control, ROS also appear to regulate activity of the tissue 
destructive proteases called matrix metalloproteinases (MMPs). ROS can activate 
multiple MMPs while inactivating their inhibitors (Frears et al., 1996; Brenneisen 
et al., 1997), therefore allowing intensified tissue damage at an inflammation site. 
Oxidative stress also promotes inflammation by downregulating protective antioxi-
dant genes such as those coding for glutathione (Rahman and MacNee, 2000) and by 
depleting antioxidant compounds in vivo. Therefore, supplementation of exogenous 
antioxidants from food or medicinal sources may be significant for better health by 

FIGURE 13.2 Reactive oxygen species (ROS) and reactive nitrogen species (RNS) promote 
synthesis of inflammatory cytokines. ROS and RNS activate nuclear transcription factors 
NF-κB and AP-1 that in turn induce the expression of genes encoding potent inflammatory 
cytokines and enzymes including tumor necrosis factor (TNF), interleukin-1 (IL-1), mono-
cyte chemotactic protein-1 (MCP-1), inducible nitric oxide synthase (iNOS), interleukin-6 
(IL-6), and cyclooxygenase-2 (COX-2).
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maintaining the balance among oxidants, antioxidants, pro-inflammatory, and anti-
inflammatory agents.

13.3 ANTIOXIDANTS AND POLYPYHENOLS

13.3.1 INTRODUCTION OF ANTIOXIDANTS

Antioxidants, by definition, are substances that, when present at low concentrations 
compared to those of oxidizable substrates significantly delay or prevent oxidation 
of these substrates. Antioxidants that fit this definition include free radical scaven-
gers, singlet oxygen quenchers, inactivators of peroxides and other ROS, metal ion 
chelators, quenchers of secondary oxidation products, and inhibitors of pro-oxidative 
enzymes. These substances play protective roles through different mechanisms and 
varied activities against ROS-mediated oxidation processes both in vitro and in vivo.

Food manufacturers use antioxidants to stabilize food lipids and thus prevent qual-
ity deterioration and increase shelf lives of products. In the health arena, antioxidants 
are used for their ability to protect against oxidative damage caused by ROS, RNS, 
and RCS. Although living organisms are constantly exposed to oxidative stress, they 
are protected by antioxidant systems. Endogenous antioxidant systems consist of 
both enzymatic and non-enzymatic components. Antioxidant enzymes such as SOD 
and glutathione peroxidase inhibit oxidation by catalyzing ROS degeneration and 
thus enhancing elimination of the harmful reactive species.

SOD catalyzes the dismutation of superoxide anion to hydrogen peroxide, which 
is further degraded by glutathione peroxidase and catalase (Tylicki et al., 2003). Non-
enzymatic antioxidant components include vitamins E and C that originate mainly 
from dietary sources. Antioxidants can be broadly classified according to their modes 
of action as primary antioxidants that break the chain reaction of oxidation, and sec-
ondary antioxidants that slow the oxidation rate by such mechanisms as chelation of 
metals, regeneration of primary antioxidants, decomposition of hydroperoxides, and 
suppression of oxygen and other pro-oxidants (Shahidi and Zhong, 2005b). Primary 
antioxidants can break the chain reaction of oxidation through free radical scaveng-
ing. The AH antioxidant, when present in trace amounts, can delay or inhibit the 
initiation step of lipid oxidation by scavenging the lipid radical, as shown below:

The antioxidant (also called the preventive antioxidant) stabilizes the lipid radical 

low reactivity, does not propagate the oxidation chain. These chain-breaking anti-
oxidants can also trap peroxyl radicals, the chain-propagating species, by donating 
an electron to the radical and receiving an electron from the radical to form stable 
by-products (Young and Woodside, 2001). A simplified scheme is shown below:

 LOOA
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Secondary antioxidants (e.g., reducing agents) slow the oxidation rate. They reduce 
lipid peroxides and related oxidants via redox reactions. For instance, thioethers 
convert hydroperoxides into stable components through a non-radical pathway 
(Pokorny, 2007). Other antioxidants inhibit oxidation by suppression of oxidation 
promoters. These include singlet oxygen quenchers (Min and Boff, 2002), metal 
chelators (Leopoldini et al., 2006), and pro-oxidative enzyme inhibitors (Sud’ina et 
al., 1993).

When two or more antioxidants act in a cooperative manner, synergism occurs. 
For example, ascorbic acid (vitamin C) can regenerate tocopherols (vitamin E) after 
they become oxidized. An antioxidant may protect against oxidation by one or a 
combination of mechanisms. The operative or dominant mechanism in a particular 
situation that depends on the conditions will affect the kinetics and hence the activ-
ity of the antioxidant (Antolovich et al., 2002). Likewise, structural characteristics, 
concentration, type of oxidation substrate, physical state of the system, and the pres-
ence of pro-oxidants and synergists will influence the effectiveness of antioxidants 
(Yanishlieva-Malslarova, 2001).

13.3.2 ANTIOXIDANT SOURCES

Antioxidants are widely distributed in plant materials, animal tissues, and microor-
ganisms. Edible higher plants provide rich sources of natural antioxidants such as 
tocopherols and polyphenols. Spices and herbs are known to contain arrays of anti-
oxidant compounds consisting mainly of polyphenols. Fruits, vegetables, cereals, 
grains, oils, seeds, and teas are also important sources of plant-derived antioxidants. 
Antioxidants can be derived from marine origin such as algae, fish, shellfish, and 
marine bacteria (Shahidi and Amarowicz, 1996; Amarowicz et al., 1999; Athukorala 
et al., 2003).

By-products of the food and agricultural industries have also been explored for 
their antioxidant potential. For example, hulls, shells, and skins of nuts and cere-
als, citrus peels and seeds, canola meal and fish viscera extracts possess antioxidant 
activity (Liyana-Pathirana et al., 2006; Shahidi et al., 2007; Cumby et al., 2008). 
Naturally occurring antioxidants are important constituents of organisms. They can 
be isolated as pure compounds and constitute resources for uses in food preservation, 
nutrition supplements, and therapeutic drugs. Among these are tocopherols, ascorbic 
acid, carotenoids, polyphenols, antioxidant peptides, and enzymes (Table 13.2).

Phenolic compounds, mainly polyphenols, are the most abundant antioxidants 
from natural sources. Polyphenols range from simple phenols to highly polymerized 
compounds. Many complex polyphenols are components of the pigmentation and 
sensory systems of plants. The antioxidant activity of polyphenols arises from their 
unique structures that render superior hydrogen-donating ability—more than many 
other compounds. They act as free radical scavengers, metal chelators, reducing 
agents, and excellent synergists to other antioxidants, and are potent inhibitors of 
oxidation in biological systems. Polyphenols are present abundantly in fruits, veg-
etables, cereals, nuts, herbs, and spices. These plant-derived polyphenols may be 
classified into non-flavonoids (phenolic acids, stilbenes, and lignans) and flavonoids 
(flavones, isoflavones, flavonols, flavonones, flavanols, and anthocyanins).
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Shahidi and Naczk (2003) published a comprehensive overview of phenolic 
compounds and their sources, analyses, properties and health benefits. Fruits such 
as apples, citrus, berries, and grapes are rich in phenolic acids (mainly in esteri-
fied form, e.g., gallic, ferulic, sinapic, coumaric, caffeic, and chlorogenic acids) 
and flavonols (quercetin, kaempferol, myricetin, and isorhamenetin). Herbs are 
rich sources of flavanols, more specifically, a number of catechin derivatives. In 
green tea, for example, flavonoids comprise 30% of dry weight of leaves (Graham, 
1992). Recent studies of cereals and nuts revealed that phenolic compounds are 
more concentrated in shells, hulls and skins removed during processing than in the 
edible grains and kernels (Wijeratne et al., 2006; Shahidi et al., 2006; Shahidi et 
al., 2007). The antioxidant activity of polyphenols is dependent on chemical struc-
ture. The degree of glycosylation significantly influences the antioxidant efficien-
cies of phenolic compounds. It has been demonstrated that aglycones of quercetin 
and myricetin were much more effective antioxidants than their glycosides (Hopia 
and Heinonen, 1999).

13.3.3 HEALTH EFFECTS OF ANTIOXIDANTS

Antioxidants are important to human health. They are vital for the integrity of 
biomolecules such as lipids, proteins, and DNA. Antioxidants can inhibit detrimen-
tal oxidation in the body, and are therefore effective in preventing and/or treating 
numerous free radical-mediated chronic diseases. Experimental and clinical data 
have shown that antioxidants exert protective effects on a number of pathological 
conditions including cardiovascular disease, diabetes, infections, inflammation, can-
cer, and neurodegenerative disorders, among others.

Epidemiological studies have established an inverse relationship between the 
intake of fruits and vegetables and risk of cancer. Antioxidant polyphenols from 
dietary sources are believed to exert chemopreventive effects against cancers via 
various mechanisms. They act as antimutagenic and antimetastatic agents and may 
promote apoptosis in tumor cells (Surh, 2003). In addition, polyphenols, particularly 

TABLE 13.2
Major Antioxidants from Natural Sources

Antioxidants Examples Sources

Tocopherols α-, β-, γ-, and δ-tocopherols Seeds, grains, nuts, vegetable oils

Ascorbic acid Ascorbic acid, ascorbate Fruits, vegetables.

Carotenoids β-carotene, lycopene, canthaxanthin Carrots, tomato, marine algae, fish, 
shellfish

Phenolics Ferulic acid, quercetin, catechin, 
resveratrol, cyanidin

Fruits, vegetables, cereals

Peptides Ferritin, transferrin, lactoferrin Milk, eggs

Enzymes Superoxide dismutase, catalase, 
glutathione peroxidase 

Plant and animal organisms
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phenolic acids, are effective in the inhibition of carcinogen uptake, suppression of 
formation and activation of carcinogens, deactivation or detoxification of carcino-
gens, prevention of carcinogen binding to DNA, and elevation of efficient DNA 
repair (Surh, 2003; Nichenametla et al., 2006). Flavonols such as quercetin and kae-
mpferol exhibit anticancer activity through control over the cell cycle, cell growth, 
and cell proliferation (Nichenametla et al., 2006). Anthocyanins can protect DNA 
from single strand breaks and resveratrol displays antitumor effect by reducing tumor 
neovascularization and angiogenesis (Nichenametla et al., 2006).

Antioxidant strategy has also been proposed for preventing and alleviating meta-
bolic syndrome. Oxidative stress has been suggested as one of multiple factors caus-
ing metabolic syndrome which is characterized by obesity, diabetes, hypertension, 
and atherosclerotic cardiovascular disease. Polyphenols, particularly catechins from 
green tea, have been reported to lower serum and liver cholesterol levels, therefore 
reducing the risk of atheroscelerosis (Ikeda, 2008). Catechins can also suppress post-
prandial hypertriacylglycerolemia, which is an important risk factor for coronary 
heart disease (Unno et al., 2005).

The underlying mechanism by which polyphenols combat the detrimental 
effects of obesity may relate to the reduction of visceral fat deposition through 
inhibition of fatty acid synthase (Wang and Tian, 2001) and the enhancement of 
the energetic expenditure through modulation of gastric and pancreatic lipases 
(Juhel et al., 2000). In addition, tea polyphenols have been found to increase 
insulin activity and may reduce insulin resistance in diabetes (Anderson and 
Polansky, 2002). Antioxidants are also effective antihypertensive agents. Many 
ACE (angiotensin converting enzyme) inhibitors, angiotensin II type-1 receptor 
antagonists, and calcium channel blockers have in common the fact that they 
display antioxidant activity (Tylicki et al., 2003). Antioxidants appear also to 
exert neuroprotective activity in neurodegenerative diseases such as Alzheimer’s 
and Parkinson’s diseases (Foley and White, 2002; Ishihara and Brayne, 2005). 
ROS in the brain affect the production of neurotrophins, neurotransmitters, and 
steroids, all of which may promote neurodegenerative effects. Antioxidants such 
as polyphenols efficiently eliminate ROS and thus may protect neurons from oxi-
dative damage.

13.4 ADIPOSE INFLAMMATION

13.4.1 INFLAMMATION AND CHRONIC DISEASES

Inflammation is a normal response of the immune system to repair injury and combat 
infection. It is characterized by the movement of phagocytes and plasma from blood 
vessels to the inflamed tissue as a result of increased capillary permeability and 
altered expression of adhesion molecules in endothelial and immune cells (Aquilano 
et al., 2008). However, growing evidence indicates that unregulated inflammation is 
an underlying component of many chronic diseases such as cancer and neurodegen-
erative disorder as well as diabetes and cardiovascular disease.

Chronic local inflammation is believed to contribute to multistage carcinogenesis, 
particularly the promotion stage in which tissues suffer from persistent oxidative and 
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inflammatory damage (Surh, 2002). The ROS produced during inflammation can 
initiate a series of reactions that eventually cause malignant transformation of the 
inflamed tissue (Cerutti, 1985). ROS are mediators for cell proliferation by interfer-
ing with the intracellular signalling cascade (Surh, 2002). In addition, it has been 
suggested that the COX-2 enzyme that catalyzes the production of prostaglandins 
plays an important role in tumor development (Prescott and Fitzpatrick, 2000).

In neurodegenerative diseases, ROS and RNS are generated at increased levels in 
response to microglia-mediated inflammation. Microglia are phagocytic cells partic-
ipating in the physiological immune control of the central nervous system, and their 
activation leads to hyperproduction of ROS and RNS and hence decreased neuronal 
viability (Aquilano et al., 2008). Persistent ROS and RNS activity is considered one 
of the factors eliciting neuronal cell death through oxidative and nitrosative damage 
to neuronal molecules (Mattson and Magnus, 2006). In the vasculature, overproduc-
tion of ROS and RNS by inflammatory cells causes endothelial dysfunction and 
contributes to the development of atherosclerosis (Ross, 1999). Accumulation of 
leukocytes is detected within discrete regions of vasculature in the early stage of 
atherosclerotic plaque development (Sundel et al., 2003). Chronic inflammation has 
also been implicated in obesity-induced complications, such as metabolic syndrome 
and type 2 diabetes.

13.4.2 ADIPOSE TISSUE AND METABOLIC SYNDROME

Chronic inflammation has been implicated in diseases including obesity. Obesity 
is generally considered a chronic disease characterized by excess accumulation of 
fat stores in adipocytes and has been linked to certain pathologies such as diabetes 
and atherosclerosis, presumably through oxidative stress and chronic inflammation. 
Obesity is characterized by persistent low-grade inflammation and this may con-
tribute to the development of metabolic syndrome (Kang et al., 2007). Metabolic 
syndrome increases the risk of developing diabetes and cardiovascular disease, 
and the symptoms generally include central or abdominal obesity, hyperglycemia 
or impaired glucose tolerance, dyslipidemia, and hypertension. Obesity is the most 
common nutritional disorder and a growing medical problem worldwide. Chronic 
inflammation in adipose tissue has been proposed to contribute to the development 
of obesity-related pathologies.

Adipose tissue, although once thought to function simply as a simple and inert 
storage depot for excess fat in the form of triacylglycerols, has been found to exert 
broader systemic metabolic control as a major endocrine organ (Mohamed-Ali et al.,
1998). Under normal conditions, secreted biomolecules effectively control energy 
preservation though lipogenesis during the postprandial period and energy mobili-
zation through lipolysis in response to increased energy expenditure (Gonzales and 
Orlando, 2008). Adipose tissue, particularly central or abdominal adipose tissue, 
secretes known mediators of inflammation including cytokines, chemokines, and 
acute phase proteins. These contribute to chronic inflammation and are associated 
with type-2 diabetes mellitus and cardiovascular disorders through insulin resistance 
and atherosclerotic lesions (Finley, 2004).
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Adipocytes, especially pre-adipocytes during differentiation, synthesize and 
secrete a number of inflammatory mediators and acute phase reactants such as 
TNF-α, IL-1, IL-6, IL-8, IL-10, IL-15, MCP-1, prostaglandin E2 (PGE2), hepato-
cyte growth/scatter factor, and plasminogen activator inhibitor (PAI)-1, among oth-
ers (Fain et al., 2004; Calabro and Yeh, 2007). The production of these adipokines 
by adipocytes may be initiated by cross-talk between adipocytes and macrophages 
(Berg and Scherer, 2005; Tilg and Moschen, 2006) and further stimulate infiltration 
of macrophages and expression of inflammatory genes in adipose tissue.

Adipocytes secrete MCP-1, which mediates macrophage recruitment to adipose 
tissue and intensifies macrophage expression of TNF-α. Locally-produced TNF-α
affects adipocyte physiology by enhancing expression of other cytokines through 
activation of the NF-κB signalling pathway, a similar course to that of inflammatory 
cells (Gonzales and Orlando, 2008). As a result, adipose tissue in obese subjects 
shows a higher population of macrophages and higher levels of cytokines compared 
to those in non-obese subjects.

Higher oxidative stress, possibly by free radicals from excess blood sugar and 
lipid, has been hypothesized to be one cause of the chronic inflammatory state in 
obesity (Ferroni et al., 2004; Dandona et al., 2005). Macrophages from non-obese 
subjects have been reported to account for 5 to 10% of cells within adipose tissue; 
in high caloric diet-induced obesity, macrophage infiltration may account for up to 
60% of all cells in adipose tissue (Weisberg et al., 2003). Cytokines produced by 
infiltrated macrophages in adipose tissue stimulate adipokine expression in adipo-
cytes, establishing a paracrine loop between the two cell types (Suganami et al., 
2005). Increased levels of circulating inflammation markers such as IL-6, TNF-α,
C-reactive protein (CRP), and haptoglobin have been observed in obese individuals 
(Das, 2001; Bullo et al., 2003).

Although adipose-infiltrating macrophages serve as major sources of circulating 
cytokines within adipose tissue (Gonzales and Orlando, 2008), significant amounts 
of adipokines from adipose tissue reach the overall systemic circulation, as observed 
in obese individuals (Cottam et al., 2004). Studies have shown a direct correlation 
between body mass index (BMI) and systemic levels of inflammatory mediators 
(Berg and Scherer, 2005). During weight gain, adipocytes undergo an enlarge-
ment process accompanied by molecular and cellular alterations affecting systemic 
metabolism (Calabro and Yeh, 2007).

Adipocytes become increasingly hypertropic and produce inflammatory media-
tors. The elevated level of local or systemic inflammation has been linked to devel-
opment of obesity-induced complications such as type-2 diabetes (Bullo et al., 2007). 
Inflammatory cytokines produced in adipose tissue such as TNF-α and IL-6 have 
been shown to impair insulin signalling by promoting serine phosphorylation of 
insulin receptor substrate (IRS)-1 and suppressing the expression of insulin-sensitive 
glucose transporter 4 (Hotamisligil et al., 1993; Feinstein et al., 1993; Hotamisligil, 
2003; Guri et al., 2007). Moreover, TNF-α may increase fatty acid-induced systemic 
insulin resistance by promoting the release of fatty acids from adipose tissue into 
the bloodstream to act on peripheral tissues such as muscle and liver (Calabro and 
Yeh, 2007).
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Adiponectin is another important regulatory molecule secreted exclusively by 
adipocytes. This adipokine plays an important role in regulating energy metabolism, 
insulin resistance, and vascular microenvironment (Kang et al., 2007). Dysregulation 
of adiponectin production may also contribute to the onset or aggravation of chronic 
inflammation in obesity and in turn the development of obesity-related pathologies. 
Adiponectin improves insulin sensitivity in part by upregulating the expression of 
IRS-1 in skeletal muscles (Kadowaki et al., 2006). It may also inhibit atherosclerosis 
by downregulating the expression of adhesion molecules in vascular endothelial cells 
(Kang et al., 2007). However, adiponectin expression in adipocytes is suppressed 
under inflammatory conditions by pro-inflammatory cytokines such as TNF-α and 
IL-6, leading to insulin resistance and hyperinsulinemia (Spurlock and Gabler, 2008). 
Adiponectin levels increase significantly in obese or diabetic subjects by weight loss 
through lifestyle changes, e.g., exercise and diet (Calabro and Yeh, 2007).

In summary, low-level chronic inflammation in adipose tissue mediated by pro-
duction and secretion of pro-inflammatory cytokines plays an important role in caus-
ing or aggravating the development of obesity-related diseases and health conditions. 
Therefore, anti-inflammatory strategies are important in reducing the risk of inflam-
mation-mediated complications.

13.5 ANTIOXIDANTS AS ANTI-INFLAMMATORY AGENTS

Anti-inflammatory agents exert their therapeutic effects generally by inhibiting the 
synthesis or actions of pro-inflammatory mediators. Most clinically recognized 
anti-inflammatory medicines include an arsenal of steroidal or non-steroidal drugs. 
These drugs exhibit potent activity and are frequently used to treat acute inflamma-
tion. However, concerns about their long-term administration have limited their use 
in the treatment of chronic inflammation.

Natural antioxidant products have attracted growing interest as alternative anti-
inflammatory agents. Some Oriental countries have a long history of using certain 
plants, especially herbs, as traditional medicines for treating inflammation. Certain 
flavonoids have been identified as anti-inflammatory components within these plants 
and their extracts (Benavente-Garcia and Castillo, 2008).

Modern epidemiological research has revealed an inverse relationship between 
consumption of fruits and vegetables rich in antioxidants and the incidence of chronic 
inflammation and related diseases (Chen et al., 2005; Zhang et al., 2005). This 
led to identifying individual anti-inflammatory compounds from natural sources. 
Arguments have been made for the efficacy of natural antioxidants as anti-inflamma-
tory agents, despite their low concentrations and low bioavailability. Sufficient evi-
dence from experimental research and clinical trials supports their use (Singh et al.,
2008). Moreover, naturally occurring substances are readily available at lower costs 
than many anti-inflammatory drugs and produce limited side effects and intolerance 
(Benavente-Garcia and Castillo, 2008).

Many anti-inflammatory agents have been shown to possess antioxidant activi-
ties. These compounds can effectively scavenge ROS and RNS and thus augment 
antioxidant defenses in a host. Suppression of ROS and RNS by antioxidants such as 
polyphenols inhibits activation of NF-κB and AP-1, the redox-sensitive transcription 

© 2010 by Taylor and Francis Group, LLC



Antioxidants, Polyphenols, and Adipose Inflammation 247

factors for several inflammatory genes, including those coding for TNF-α, IL-1,-6 
and IL-8, VCAM-1, MCP-1, iNOS, COX-1, and other major pro-inflammatory 
cytokines. Some antioxidants act as direct inhibitors of pro-inflammatory mediators 
including iNOS and COX-2. Catechins have been reported to exhibit anti-inflamma-
tory activity, possibly due to their ability to scavenge NO, peroxynitrite, and other 
ROS, to translocate NF-κB and AP-1 and reduce the activity of iNOS and COX-2 
(Paquay et al., 2000; Nagai et al., 2002; Tedeschi et al., 2004; Chen et al., 2004; Yu 
et al., 2005).

Anti-inflammatory activity of catechins has been studied in many cell types, 
and epigallocatechin gallate (EGCG) has been found to possess the highest potency 
among all catechins in downregulating cytokine secretion. Kim et al. (2007) dem-
onstrated the ability of EGCG to suppress IL-1 production and COX-2 induction. 
Moreover, in vivo data show that catechin supplementation significantly reduces the 
production of ROS including hydrogen peroxide, hypochlorous acid, hydroperox-
ides, and pro-inflammatory cytokines such as TNF-α and MCP-1 in hemodialysis 
patients (Hsu et al., 2007).

Other polyphenolic compounds have also been shown to inhibit NF-κB and AP-1 
activation or act as direct inhibitors of pro-inflammatory mediators. Quercetin, 
wogonin, genistein, kaempferol, amentoflavone, resveratrol, curcumin, gingerol, 
capsaicin, and caffeic acid have been reported to be counteracting agents in the 
activation of NF-κB and AP-1 (Surh, 2002; Lorenz et al., 2003; Kim et al., 2004; 
Márquez et al., 2004; Miles et al., 2005; Kang et al., 2007; Gonzales and Orlando, 
2008). Documented COX-2 inhibitors include kaempferol, quercetin, luteolin, and 
galangin (Kim et al., 2004), Anthocyanins have also exhibited inhibitory effects on 
the release of cytokines MCP-1, IL-1 and TNF-α and suppressive activity on the 
production of NO in LPS-stimulated macrophages and microglia (Choe et al., 2007; 
Ho et al., 2007; Lau et al., 2007). Extracts of various Mediterranean dietary plants 
have been evaluated for their anti-inflammatory effects in mice using the croton oil-
induced ear edema model. Phenolic extracts from Sideritis ozturkii and Geranium 
pratense subsp. finitimum were shown to reduce the inflammatory effects of hind 
paw-injected carrageenan, PGE2, and TPA (Küpeli et al., 2007a and b). In addition, 
microbial transformation products of dietary phenolic compounds have also been 
studied as potential sources of anti-inflammatory agents (Russell et al., 2008).

In summary, obesity is associated with chronic inflammation, especially in adi-
pose tissues. Thus, effective control of inflammation through dietary antioxidant 
strategies that act to scavenge pro-inflammatory ROS and RNS in these tissues may 
be an important means for the prevention and treatment of obesity and its related 
disorders such as metabolic syndrome and diabetes.
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14 Role of Exercise 
and Weight Loss in 
Reducing Inflammation

Tongian You and Michael J. LaMonte

14.1 INTRODUCTION

Chronic inflammation is an important risk factor for type 2 diabetes and cardiovas-
cular disease.1 There is increasing interest in the application of lifestyle interventions 
such as increased physical activity and alterations in dietary intake, reducing inflam-
mation, and lowering the risk for incident diseases. However, the specific effects of 
physical fitness and/or exercise training, adiposity, and weight loss on inflammation 
still need clarification. This chapter discusses the association of physical activity, 
adiposity and chronic inflammation, and the effects of exercise training and weight 
loss on inflammation in healthy and diseased individuals.

14.2  ROLE OF AEROBIC EXERCISE IN REDUCING 
INFLAMMATION: OBSERVATIONAL STUDIES

Findings from several studies of the cross-sectional relationship of physical 
activity (PA) or cardiorespiratory fitness (CRF) and inflammatory biomark-
ers are summarized in Table  14.1.2–15 It shows the mean or median values for 
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TABLE 14.1
Relationship of Physical Activity and Cardiorespiratory Fitness with Measures of Inflammation

Study Participants PA measure Covariates
Inflammatory Measure 

(Mean or Median Values) P Value

Low PA or CRF High PA or CRF

Middle Aged Adults
Borodulin et al.5 1,713 men and 2,090 

women, 46 ± 12 years
PA (MET-hrs/wk) quartiles from 

questionnaire on moderate and 
vigorous PA

Age, WHR, smoking, DM, lipids, 
medication use, HRT use

CRP (mg/dL)

Men: 0.42 0.37 <0.001

Women: 0.55 0.40 <0.001

Pischon et al.12 405 men (mean age 60 
years) and 454 
women (mean age 42 
years)

PA (MET hours/week) quintiles 
from questionnaire on 
moderate and vigorous PA

CRP (mg/L)

Men: 2.0 1.5 NR

Women: 2.8 0.9 NR

IL-6 (pg/mL)

Men: 1.4 1.3 NR

Women: 1.6 1.5 NR

TNF-R1 (pg/mL)

Men: 955 907 NR

Women: 1035 986 NR

TNF-R2 (pg/mL)

Men: 1457 1330 NR

Women: 2145 2064 NR

Sex, age, BMI, smoking, NSAID 
use, diet, TV watching

Per 20 MET hours/week change in PA:

CRP: –0.12 mg/L 0.06

IL-6: –0.06 pg/mL 0.06

TNF-R1: –6.27 pg/mL 0.19

TNF-R2: –19.71 pg/mL 0.01
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Mora et al.11 27,158 women, 55 ± 7 
years

PA (MET hours/week) from 
questionnaire on moderate and 
vigorous PA

CRP (mg/dL) 2.5 1.8 <0.001

ICAM-1 (ng/ml) 358 337 <0.01

Age, race, BMI, smoking, BP, DM, 
HRT use

OR (95% CI)

CRP >4.2:

1.37 (1.24 to 1.51) 1.0 <0.01

ICAM >411:

1.59 (1.43 to 1.76) 1.0 <0.01

Church et al.6 722 men, 50 ± 10 years CRF (METs) quintiles from 
maximal ergometry

Age, BMI, smoking, medication use 
(statins, aspirin), chronic diseases

CRP (mg/dL) 1.6 0.8 <0.001

OR (95% CI)

CRP >2.0: 5.9 (2.7 to 
12.5)

1.0 0.001

LaMonte et al.9 135 women, 55 ± 11 
years

CRF (METs) tertiles from 
maximal ergometry

Age, BMI, smoking, DM, HRT or 
oral contraceptive use

CRP (mg/dL)

Black: 4.3 4.3 NS

White 3.0 1.7 <0.05

Native American: 3.1 1.8 <0.05

Aronson et al.3 829 adults (59% men), 
50 ± 9 years

CRF (METs) quartiles from 
maximal ergometry

Sex, age, BMI, smoking, DM, HTN, 
TG, HDL-C, medication use 
(statins, aspirin), HRT use

CRP (mg/dL) 2.4 1.7 <0.001

OR (95% CI)

CRP >3.0: 2.0 (1.25 to 
2.5)

1.0 NR

Younger Adults

Williams et al.15 400 men, 315 women, 
26 years old

CRF (L/minute oxygen uptake) 
tertiles estimated from 
submaximal ergometry

CRP (mg/dL)

Men: 2.1 1.5 NR

Women: 4.3 1.9 NR

BMI, smoking, BP, oral 
contraceptive

Per unit change CRF:

Men: –0.11 mg/L ≤0.01

Women: –0.18 mg/L ≤0.01
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TABLE 14.1 (continued)
Relationship of Physical Activity and Cardiorespiratory Fitness with Measures of Inflammation

Study Participants PA measure Covariates
Inflammatory Measure 

(Mean or Median Values) P Value

Low PA or CRF High PA or CRF
Dufaux et al.7 356 male and 103 

female athletes; 45 
male and 40 female 
sedentary controls, 17 
to 23 years old

Swimming, rowing, distance 
running

None CRP (mg/dL)

Men Swimmer:

Control: 0.50 0.10 0.26

Rower:

0.26 <0.01

Runner:

0.32 NS

Women

Control: 0.39 Swimmer:

0.11 <0.001

Rower:

0.29 NS

Runner:

0.25 NS

Older Adults

Stauffer et al.13 39 endurance trained 
(58 ± 7 years) and 75 
sedentary (60 ± 8 
years)
postmenopausal
women

PA status by interview None CRP (mg/L)

HRT user: 1.8 0.6 <0.01

HRT nonuser: 1.1 0.3 <0.01

IL-6 (pg/mL)

HRT user: 1..5 1.2 NS

HRT nonuser: 1.5 0.9 <0.05

© 2010 by Taylor and Francis Group, LLC



R
o

le o
f Exercise an

d
 W

eigh
t Lo

ss in
 R

ed
u

cin
g In

fl
am

m
atio

n
259

Geffken et al.8 2,495 men, 3,393 
women, ≥65 years 

PA (Kcal/week) from 
questionnaire on moderate and 
vigorous PA

Sex, age, race, BMI, smoking, DM, 
HTN, CVD

CRP (mg/L) 2.2 1.8 <0.001

WBC (×1000/μL) 6.4 5.9 <0.001

Albumin (g/dL) 4.0 4.0 0.84

CRP per 1-SD change 
PA: –0.21 mg/L

<0.001

Wannamethee et al.14 3,954 men, 60 to 79 
years

PA (ordinal scale) from 
questionnaire on total daily PA

Age, BMI, smoking, alcohol intake, 
CVD, exam date

CRP (mg/L) 2.3 1.5 <0.001

WBC (109 cells/L) 7.0 6.6 <0.001

OR (95% CI)

CRP ≥4.27: 2.3 (1.7 to 
3.1)

1.0 <0.001

WBC ≥8.5 × 109/L: 1.6 
(1.2-2.3)

1.0 0.0002

Individuals with Existing Disease

Wannamethee et al.14 1,245 men with CVD, 
60 to 79 years

PA (ordinal scale) from 
questionnaire on total daily PA

Age, BMI, smoking, alcohol intake, 
CVD, exam date

CRP (mg/L) 2.9 1.8 <0.001

WBC (109 cells/L) 2.1 1.9 <0.001

Albert et al.2 1,153 adults with CVD, 
mean age ≈63 years

PA (ordinal scale) from 
questionnaire on frequency of 
weekly exercise

Age, BMI, smoking, HDL-C, BP, 
DM, aspirin use

CRP (mg/dL) 3.0 1.8 NR

Multivariate β-coefficient 
for Ln CRP: 0.07

 –0.20 0.02

Aronson et al.3 340 adults, 50 ± 10 
years, with 
NCEP-ATP 3 defined 
metabolic syndrome

CRF (METs)quartiles from 
maximal ergometry

Sex, age, BMI, smoking, CVD, 
statin , aspirin and HRT use

CRP (mg/dL) 4.6 2.2 0.001

CRP >3.0 mg/L: 74% 35%

CRP per 1-unit change 
CRF: –0.06 mg/L

<0.001

McGavock et al.10 28 women, 57 ± 6 years 
with type 2 diabetes

CRF (mL O2 uptake/kg/minute) 
from maximal ergometry

Age, BMI, HOMA CRP (mg/L) 6.3 1.9 <0.05

CRP per 1-unit change 
CRF: –0.65 mg/L

BMI = body mass index. BP = blood pressure. CI = confidence interval. CRF = cardiorespiratory fitness. CRP = C-reactive protein. CVD = cardiovascular disease. DM = diabetes mellitus. HDL-C 
= high density lipoprotein cholesterol. HOMA = homeostasis model of insulin resistance. HRT = hormone replacement therapy. HTN = hypertension. ICAM-1 = intracellular adhesion 
molecule 1. IL-6 = interleukin 6. Kcal = kilocalories. MET = metabolic equivalent (1 MET = 3.5 mL O2 uptake/kg/min, or 1 kcal/kg/hr). NR = not reported. NS = not significant.

NSAID = nonsteroidal anti-inflammatory drug. OR = odds ratio. PA = physical activity. SD = standard deviation. TG = triglyceride. TNF-R1 = tumor necrosis factor receptor 1. TNF-R2 = tumor 
necrosis factor receptor 2. WHR = waist-to-hip ratio.
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each inflammatory marker among study participants in the lowest and high-
est PA and CRF categories and, when available, the results from multivariable 
analyses. C-reactive protein (CRP) was the most frequently reported measure of 
inflammation, although a small number of studies included other inflammatory 
biomarkers.8,11–14

Generally, significant inverse relationships between PA or CRF and inflammatory 
measures have been reported in both women and men, in younger and older adults, 
and among those with existing chronic diseases. Findings are more consistent for 
CRP than for other biomarkers such as IL-6 or TNF receptor. Absolute mean differ-
ences in inflammatory biomarker concentrations between the highest and lowest PA 
or CRF groups are small but statistically significant.

The association between PA or CRF and inflammatory measures is independent 
of other factors related to inflammation including adiposity, smoking, diabetes, use 
of anti-inflammatory medications, and hormone replacement therapy.2–6,8–12,14,15 In 
one study, CRP concentrations were 0.21 mg/L lower (P <0.001) with each stan-
dard deviation (SD) increment in PA among older adults, even after adjustment 
for sex, race, adiposity, smoking, prevalent diabetes, and cardiovascular disease 
(CVD).8 Low levels of PA and CRF have been strongly associated with the pres-
ence of inflammatory markers that exceed clinically relevant concentrations.3,4 6,11,14

For example, after accounting for differences in sex, age, BMI, smoking, medica-
tion use, and CVD risk factors, the odds of having CRP >3.0 mg/L were two-fold 
greater (P <0.05) in adults in the lowest compared with highest quartile of CRF 
determined from maximal exercise testing.4

Even among adults with clinically manifest diseases such as CVD, diabetes, 
and metabolic syndrome, higher PA or CRF is related to lower inflammatory bio-
markers.2,3,10,14,16 Among older women with diabetes, each unit increment in CRF 
(milliliters of O2 uptake per kilogram body weight per minute) was associated with 
a 0.65 mg/L lower CRP concentration after controlling for age, BMI, and insulin 
resistance.10

To further examine the interrelationships among PA or CRF, adiposity, and 
inflammation, some investigators cross-tabulated inflammatory biomarkers on joint 
strata of activity or fitness and adiposity.4–6,11 Higher levels of PA or CRF are sig-
nificantly associated with lower inflammatory biomarkers across a broad range of 
adiposity phenotypes. In a study of 27,158 middle-aged women, multivariable odds 
ratios for CRP >3.0 mg/L in those who were physically active compared with seden-
tary, respectively, were 1.0 (referent) and 1.26 (P <0.001) among normal weight (BMI 
18.5 to 24.9); 2.68 and 3.11 (P = 0.003) among overweight (BMI 25.0 to 29.9); and, 
8.25 and 9.86 (P = 0.01) among obese participants.11 In another study, after adjusting 
for several confounding factors including smoking, prevalent diabetes, and statin 
use, the values for men with CRP >2.0 mg/L across incremental CRF tertiles were 
40, 19, and 15% among those with waist girths <102 cm; and 55, 39, and 18% among 
those with waist girths ≥102 cm (trend P <0.01 each).6

The above findings derive from cross-sectional studies that prohibit causal infer-
ences. Stronger evidence for anti-inflammatory effects of PA or CRF comes from 
prospective studies relating changes in activity or fitness levels with subsequent mea-
sures of inflammation, but such data are sparse. In a study of 2,545 men aged 60 to 
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79 years who completed two PA questionnaires separated by 20 years, significantly 
lower concentrations of CRP and WBC were seen in men who became or remained 
physically active across the two surveys as compared with men who sustained sed-
entary lifestyles.14 A few studies prospectively examined the risks of CVD events 
according to PA and inflammatory biomarkers.17–19 Among middle-aged women, rel-
ative hazards of CVD across incremental PA quartiles were 1.00, 0.73, 0.68, and 0.59 
(trend P <0.001) in an age-adjusted model, and only slightly attenuated to 1.00, 0.77, 
0.73, 0.64 (trend, P <0.001) after further adjustment for CRP.19 Additional analyses 
showed that about 24% of CVD risk associated with PA levels was explained by dif-
ferences in inflammatory biomarkers.

Not all studies report significant findings for PA or CRF in relation to inflam-
mation.20–23 In adults 70 to 79 years old, neither grip strength, timed chair raises, or 
6-meter walk time were associated with CRP or IL-6 concentrations.22 Past-year and 
current PA were not associated with average CRP concentrations across five assess-
ments during a 12-month interval.21 These discrepancies with the findings summa-
rized in Table 14.1 may result from healthier study samples, greater proportion of 
sedentary participants, misclassification of PA status due to recall biases in self-
reporting, a high proportion of out-of-range inflammatory biomarker concentrations 
(e.g., CRP >15 mg/L), or simply from chance.

14.3  ROLE OF AEROBIC EXERCISE IN REDUCING 
INFLAMMATION: INTERVENTIONAL STUDIES

Unlike acute exercise that stimulates immune response and increases levels of inflam-
matory cytokines such as CRP, chronic exercise, especially aerobic exercise, reduces 
levels of inflammatory markers. For example, circulating CRP levels were lowered 
by 30% in athletes following 9-month marathon training; however, CRP levels did 
not change during a non-training period.24 These findings indicate that even in lean, 
healthy individuals, exercise training reduces levels of inflammatory markers.

Findings from several studies of the effects of exercise training on circulating 
levels of inflammatory biomarkers are summarized in Table 14.2.25–42 The subjects 
of these studies were healthy lean and obese people or type 2 diabetics and heart dis-
ease patients. Typical exercise training included aerobic exercise, resistance exercise, 
or combined aerobic and resistance exercise. The training term ranged from 4 weeks 
to 2 years. CRP was measured as an inflammatory marker in most studies. Other 
markers of chronic inflammation included serum amyloid A (SAA), interleukin-6 
(IL-6); interleukin-1 β (IL-1β), interleukin-10 (IL-10), interleukin-18 (IL-18), tumor 
necrosis factor α (TNF-α), soluble TNF receptor 1 (sTNFR1), soluble TNF receptor 
2 (sTNFR2), adiponectin, and plasminogen activator inhibitor 1 (PAI-1).

For most studies, aerobic fitness or other physical variables (i.e., walk distance, 
maximal workload, and muscle strength) were measured. In addition, body composi-
tion changes were recorded in studies involving obese and/or diabetes patients.

Mixed findings were reported on the effects of exercise training on chronic 
inflammation in healthy individuals.25–34 Short-term (8 to 12 weeks) studies did 
not support a consistent exercise training effect in lowering chronic inflammation. 
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TABLE 14.2
Effects of Exercise Training on Measures of Inflammation

Study Participants Exercise Type

Effects on Body 
Composition and 
Aerobic Fitness

Effects on 
inflammation

Healthy Individuals
Tsukui et al.25 27 lean and 

obese women
Aerobic
exercise, 12 
weeks

 body weight by 
1.6% P <0.01)
 fat mass by 3.4% 

(P <0.01)

 TNF-α by 
83.3% (P <0.01),
 sTNFR1 by 

17.6% (P <0.01), 
 sTNFR2 by 

20% (P <0.01)

Straczkowski 
et al.26

16 obese women 
with normal 
(NGT; n = 8) 
and impaired 
glucose
tolerance (IGT; 
n = 8)

Aerobic
exercise, 12 
weeks

NGT:  body weight 
by 2.9% (P <0.05), 

 fat mass by 6.4% 
(P <0.05),  waist 
circumference by 
1.8% (P <0.05) IGT: 

 body weight by 
2% (P <0.05),  fat 
mass by 9.2% (P 
<0.05),  waist 
circumference by 
2.9% (P <0.05)

NGT:  TNF-α
by 15.7% (P 
<0.05), = 
sTNFR1,
sTNFR2 by 
17.3% (P <0.05) 

IGT:  TNF-α by 
21.9% (P <0.05), 
= sTNFR1, 
sTNFR2 by 
21.8% (P <0.05)

Nassis et al.27 19 overweight 
and obese 
girls(13 ± 2 
years; BMI = 
27 ± 4 kg/m2)

Aerobic
exercise, 12 
weeks

= body weight, 
= percent body fat, 

 VO2max by 18.8% 
(P <0.05)

= adiponectin, 
CRP, IL-6

Polak et al.28 25 obese 
postmenopausal
women (BMI = 
32 ± 3 kg/m2)

Aerobic
exercise, 12 
weeks

 body weight by 
5.9% P <0.001), 
 fat mass by 6.4% 

(P <0.001), 
 VO2max by 12.8% 

(P <0.05)

= adiponectin, 
IL-6, TNF-α,

= adipose tissue 
adiponectin,
IL-6, TNF-α
mRNA

Kondo et al.29 8 lean (BMI = 22 
± 3 kg/m2) and 
8 obese (BMI = 
30 ± 3 kg/m2)
Japanese
women

Aerobic
exercise, 28 
weeks

Lean: = body weight, 
 fat mass by 

20.2% (P <0.05), 
VO2max by 17.2% 
(P <0.05) Obese: 
body weight by 
11.0% (P <0.05), 
fat mass by 20.2% 
(P <0.05), 
VO2max by 12.8% 
(P <0.05)

Lean: = 
adiponectin,
CRP, 
TNF-α Obese:
adiponectin by 
75% (P <0.01), 

 CRP by 
53.3% (P <0.05), 

TNF-α by 
36.8% (P <0.01)
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TABLE 14.2 (continued)
Effects of Exercise Training on Measures of Inflammation

Study Participants Exercise Type

Effects on Body 
Composition and 
Aerobic Fitness

Effects on 
inflammation

Stewart et al.30 29 physically 
active 
individuals; 31 
physically 
inactive 
individuals

Aerobic and 
resistance
exercises, 12 
weeks

Physically active: = 
VO2max Physically 
inactive:  VO2max
by 10.4% (P <0.01), 

 strength by 
38.1% (P <0.01)

Physically active: 
= CRP, IL-6, 
TNF-α, IL-1β 
Physically 
inactive: CRP
by (P <0.01), 

= IL-6, TNF-α,
IL-1β

Dekker et al.31 24 lean and 
obese
individuals

Aerobic
exercise, 12 
weeks

= body weight, 
= fat mass,

waist 
circumference by (P 
<0.05)

= CRP, PAI-1, 
 IL-6 by 

(P<0.05)

Leick et al.32 13 obese 
individuals (7 
men, BMI = 33 
± 1 kg/m2; 6 
women, BMI = 
39 ± 4 kg/m2)

Aerobic
exercise, 8 
weeks

 VO2max by 8% (P 
<0.05)

= IL-18, 
 adipose tissue 

IL-18 mRNA by 
20% (P = 0.06)

* Olson et al.33 28 overweight 
women; control: 
n = 12; 
exercise: n = 16

No excercise 
or resistance 
exercise, 1 
year

Control: = body 
weight, fat mass, 
lean mass Exercise: 
= body weight, fat 
mass,  lean body 
mass

Control: = 
adiponectin,
CRP, IL-6 
Exercise: 
adiponectin by (P 
<0.01),  CRP 
by (P <0.01), = 
IL-6

Devries et al.34 24 lean and 
obese women

Aerobic
exercise, 12 
weeks

= body weight, 
= fat mass

= CRP

Individuals with Existing Disease
Tisi et al.35 22 patients with 

intermittent
claudication

Active and 
passive leg 
exercises, 1 
year

Not specified  CRP by 17% at 
3 months (P 
<0.05)
 SAA by 71.4% 

at 6 months (P 
<0.01)

Larsen et al.36 28 older men 
with chronic 
heart failure

Aerobic
exercise, 12 
weeks

 6-min walk 
distance by 8.1% (P 
<0.001),
 maximal workload 

by 44.7% (P <0.001)

TNF-α by 
12.5% (P = 
0.013)

=IL-6, IL-8
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TABLE 14.2 (continued)
Effects of Exercise Training on Measures of Inflammation

Study Participants Exercise Type

Effects on Body 
Composition and 
Aerobic Fitness

Effects on 
inflammation

Conraads et al.37 23 older patients 
with chronic 
heart failure

Combined
aerobic and 
resistance
exercise, 16 
weeks

VO2max by 7.5% (P 
= 0.008)

 sTNFR1 by 
15.4% (P = 0.02) 
= IL-6, TNF-α,
sTNFR2

Milani et al.38 235 CHD patients Phase II cardiac 
rehabilitation
and exercise 
training 12 
weeks

= body weight,  fat 
mass by 3% (P = 
0.0008),  waist 
circumference by 2% 
(P = 0.002), 
VO2max by 9% (P 
<0.0001)

 mean CRP by 
36% (P <0.0001) 
 median CRP by 

41% (P = 0.002)

Zoppini et al.39 16 obese older 
patients with 
type 2 diabetes

Aerobic
exercise, 24 
weeks

= body weight, = waist 
circumference

= CRP, sTNFRs

a Brooks et al.40 62 older patients 
with type 2 
diabetes, control: 
n = 31, exercise: 
n = 31

No resistance or 
other exercise, 
16 weeks

Control: = lean mass, 
 upper and low 

body muscle strength

Exercise:  lean 
mass by 2.5%, 
upper and low 
body muscle 
strength Exercise 
vs control: 
adiponectin
(19.6% vs –14.5%, 
P <0.001)  CRP 
(–37.1% vs 11.4%, 
P = 0.05)

Oberbach et al.41 40 patients with 
insulin resistance 
and type 2 
diabetes

Aerobic and 
resistance
exercise, 4 
weeks

 fat mass (P <0.05), 
 VO2max (P <0.05)

 adiponectin (P 
<0.001)
 CRP (P<0.001), 

= IL-6, IL-10
a Walther et al.42 101 male CAD 

patients, PCI: n = 
50, exercise: n = 
51

PCI or exercise, 
2 years

PCI: = VO2max
Exercise:  VO2max
by 10% (P <0.05)

PCI: = CRP, IL-6 
Exercise:  CRP 
by 41% (P <0.05), 

 IL-6 by 18% (P 
<0.05)

BMI: body mass index, mean ± standard deviation. CAD = coronary artery disease. CHD = coronary heart 
disease. CRP = C-reactive protein. IL-10 = interleukin 10. IL-18 = interleukin 18. IL-1β = interleu-
kin 1β. IL-6 = interleukin 6.

PAI-1 = plasminogen activator inhibitor 1. PCI = percutaneous intervention. SAA = serum amyloid A. 
sTNFR1 = soluble TNF receptor 1. sTNFR2 = soluble TNF receptor 2. TNF-α = tumor necrosis 
factor α. VO2max = maximal aerobic capacity.

a Randomized controlled trial.
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However, longer term (20 weeks to 1 year) studies including a randomized con-
trolled trial indicated that exercise training was very effective in lowering measures 
of inflammation. These findings indicate that exercise training term is important 
for an effective inflammation-lowering exercise program. Baseline levels of physical 
fitness and body composition are also important. For example, 12 weeks of aero-
bic plus resistance training reduced CRP levels in physically inactive individuals, 
but not in physically active individuals.30 Moreover, 28 weeks of aerobic exercise 
training increased circulating levels of adiponectin and decreased levels of CRP and 
TNF-α in obese but not lean individuals.29

In diseased individuals, exercise training was effective in lowering chronic 
inflammation.35–42 Although the intervention terms ranged widely from 4 weeks 
to 2 years, these studies supported a consistent exercise training effect in lowering 
inflammation, possibly due to the high baseline levels of inflammatory markers in 
these patients. Two randomized controlled exercise trials were recently conducted 
in diseased individuals. One study indicated that resistance training decreased CRP, 
increased adiponectin levels, and increased insulin sensitivity in patients with type 
2 diabetes.40 The decreased inflammation was related to improved metabolic risk 
factors. Another study showed exercise training produced significant reductions in 
CRP and IL-6 in patients with coronary artery disease. Moreover, training-induced 
reductions in levels of pro-inflammatory cytokines were accompanied by improve-
ment in aerobic fitness (VO2max).42

Aerobic exercise as a traditional exercise intervention has been widely used to 
treat chronic inflammation. Interesting14, two recent randomized trials support that 
resistance exercise training alone is effective in reducing inflammation in both 
healthy individuals and type 2 diabetics.33,40 Future studies, especially randomized 
controlled studies, are needed to investigate the independent effects of aerobic and 
resistance training in lowering inflammation, to clarify whether combined aerobic 
and resistance exercise is more effective than either type of exercise alone, and to 
further delineate the dose–response characteristics of different exercise modes and 
specific inflammatory biomarkers.

14.4  ROLES OF ADIPOSITY AND WEIGHT LOSS IN REDUCING 
INFLAMMATION: OBSERVATIONAL STUDIES

Findings from several studies on the cross-sectional relationship between adiposity/
weight loss and inflammatory biomarkers are summarized in Table 14.3.43–50 Shown 
are mean or median values for each inflammatory marker among study participants 
in the lowest and highest adiposity category, and when available, also shown are 
results from multivariable analyses. Most studies report on CRP as a measure of 
inflammation; a number of studies also included other inflammatory biomarkers.45–49

Individuals with higher levels of overall adiposity (defined by BMI or body fat mass) 
and those with higher levels of abdominal obesity (defined by waist circumference or 
WHR) exhibited significantly higher inflammatory biomarker concentrations com-
pared with their lean peers. Findings were similar for women and men,44,45,49 for mea-
sures of overall and abdominal adiposity,45,47,49 and in older population samples.46–50
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TABLE 14.3
Relationship of Adiposity and Measures of Inflammation

Study Participants Adiposity Measure Covariates

Inflammatory Measure (Mean or Median Value)

P ValueLow Adipositya High Adiposityb

Younger Adults
Lemieux et al.43 159 men, mean age 

43 ± 8 years; mean 
BMI 30 ± 4 kg/m2

BMI from measured 
HT and WT

None CRP (mg/L):

1.9 2.9 <0.05

Ford et al.44 7,325 men and 8,244 
women, ≥20 years; 
26% obese (BMI 
≥30)

BMI from measured 
HT and WT

CRP (mg/dL):

2.6 4.5 NR

OR (95% CI)

Men, CRP >4.4 mg/L:

1.0 4.5 (2.5 to 8.1) NR

Women, CRP >7.0 mg/L:

1.0 6.3 (4.3 to 9.2) NR

Panagiotakos et 
al.45

1,514 men and 1,528 
women, mean age 
45 ± 13 years; 20% 
men and 15% 
women obese (BMI 
>30)

BMI from measured 
HT and WT; waist 
and hip measures

Men, BMI: 
CRP (mg/L)

1.7 2.7 <0.05

IL-6 (ng/mL)

1.5 2.2 <0.05

TNF-α (mg/dL)

4.6 5.8 <0.05

WHR CRP (mg/L)

1.9 2.9 <0.05

IL-6 (ng/mL)

1.4 2.1 <0.05

TNF-α (mg/dL)
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4.5 6.2 <0.05

Women, BMI: CRP (mg/L)

1.3 3.9 <0.05

IL-6 (ng/mL)

1.4 2.1 <0.05

TNF-α (mg/dL)

4.2 5.4 <0.05

WHR CRP (mg/L)

1.6 2.8 <0.05

IL-6 (ng/mL)

1.3 1.9 <0.05

TNF-α (mg/dL)

4.9 5.9 <0.05

Age, smoking, PA, 
BP, lipids, glucose, 
diet intake

Per 1 SD increment BMI:

Men:

CRP +0.03 mg/L

IL-6 +0.03 ng/mL <0.001

TNF-α +0.02 mg/dL 0.01

Women:

CRP +0.03 mg/L <0.001

IL-6 +0.03 ng/mL 0.01

TNF-α +0.02 mg/dL 0.02

Per 1 SD increment waist:

Men:

CRP +0.04 mg/L 0.002

IL-6 +0.62 ng/mL <0.001

TNF-α +0.04 mg/dL 0.009

Women:

CRP +0.63 mg/L 0.003
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TABLE 14.3 (continued)
Relationship of Adiposity and Measures of Inflammation

Study Participants Adiposity Measure Covariates

Inflammatory Measure (Mean or Median Value)

P ValueLow Adipositya High Adiposityb

TNF-α +0.04 mg/dL 0.008

Older Adults
Thorand et al.49 641 men and 597 

women, 55 to 74 
years; mean BMI 28 
± 4 kg/m2

BMI from measured HT 
and WT; waist and hip 
girths; body fat from 
BIA

Age, smoking, 
alcohol intake, PA

Percent body fat:

Menc

CRP (mg/L):

1.0 1.9 <0.001

IL-6 (pg/mL):

0.7 2.3 <0.001

Womenc

CRP (mg/L):

1.3 3.5 <0.001

IL-6 (pg/mL):

1.3 2.3 0.002

WHR:

Men†

CRP (mg/L):

1.2 1.9 <0.001

IL-6 (pg/mL):

1.0 2.3 0.02

Women†

CRP (mg/L):

1.5 2.7 <0.001

IL-6 (pg/mL):
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1.0 1.8 0.005

Rexrode et al.47 733 women, mean age 
56 ± 7 years; mean 
BMI 25 ± 4 kg/m2

BMI from reported HT 
and WT; waist and hip 
girths from self-report

Age, smoking, 
alcohol intake, PA, 
HRT use, 
medication use, DM, 
HTN

BMI

CRP (mg/L):

0.12 0.54 0.0001

IL-6 (pg/mL):

1.1 1.8 0.0001

Waist girth

CRP (mg/L):

0.11 0.54 0.0001

IL-6 (pg/mL):

1.1 1.8 0.0001

WHR:

CRP (mg/L):

0.19 0.40 0.0001

IL-6 (pg/mL):

1.24 1.6 0.0001

BMI:

HRT users:

CRP: 0.21 0.68 <0.001

IL-6: 1.10 1.70 <0.001

HRT nonusers:

CRP: 0.05 0.45 <0.001

IL-6: 1.10 1.81 <0.001

OR (95% CI)

CRP >0.59 mg/L:

BMI:

1.0 12.2 (6.4 to 23.0) <0.001

Plus waist: 15.3 (6.9 to 33.8) <0.001

Waist
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TABLE 14.3 (continued)
Relationship of Adiposity and Measures of Inflammation

Study Participants Adiposity Measure Covariates

Inflammatory Measure (Mean or Median Value)

P ValueLow Adipositya High Adiposityb

Plus BMI: 2.0 (0.9 to 4.6) NS
Barinas-Mitchell et 

al.50

208 PM women, mean 
age 59 ± 2 years; 
mean BMI 27 ± 5 
kg/m2

VAT volume (cm3) from 
CT scan

None CRP (mg/L):

HRT users

2.2 4.3 <0.01
HRT nonusers

0.9 3.2 <0.01
Pou et al.46 600 men and 650 

women, mean age 60 
± 9 years; mean BMI 
28 ± 5 kg/m2

VAT and SAT from CT 
scan

Sex, age, smoking, 
aspirin use, HRT 
use, PA, alcohol 
intake

Per 1 SD increment VAT:

CRP

+1.8 mg/L <0.001
+0.6 mg/L controlling for BMI <0.01
IL-6

+0.5 pg/mL <0.001
+0.2 pg/mL controlling for BMI 0.01

TNF-α
+0.04 pg/mL 0.06

0.00 pg/mL controlling for BMI 0.92
Per 1 SD increment SAT:

CRP

+1.7 mg/L <0.001
+0.6 mg/L controlling for BMI 0.51
IL-6

+0.5 pg/mL <0.001
+0.1 pg/mL controlling for BMI 0.17
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TNF-α
+0.03 pg/mL 0.08

– 0.03 pg/mL controlling for BMI 0.31
Schrager et al.48 378 men and 493 

women, ≥65 yrs; 
25% obese (BMI 
>30)

BMI from measured HT 
and WT; waist 
measure

Sex, age, smoking, 
PA, DM, HTN, 
CVD

Sarcopenic obesityd:

No Yes

CRP (mg/L):

2.0 4.0 0.07
IL-6 (pg/mL):

1.4 1.8 0.99

TNF-α (pg/mL):

2.3  2.7 0.29

Individuals with Existing Disease
Ford et al.44 1,945 adults with 

prevalent DM or 
IFG; mean age 58 
years

BMI from measured HT 
and WT

Sex, age, race OR (95% CI)

CRP >4.4 in men, >7.0 in women

Prevalent IFG

1.0 6.0 (1.6 to 22.8) NR
Prevalent DM

1.0 5.5 (2.4 to 12.5) NR
Thorand et al.49 441 adults with 

prevalent DM or 
IGT; mean age 64 ± 
5 years

Waist and hip measures Age, smoking, 
alcohol intake, PA

WHR

Men:

CRP 1.6 2.4 0.14
IL-6 1.2 1.9 0.09
Women:

CRP 1.2 4.1 <0.001
IL-6 1.7 3.2 0.26
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TABLE 14.3 (continued)
Relationship of Adiposity and Measures of Inflammation

Study Participants Adiposity Measure Covariates

Inflammatory Measure (Mean or Median Value)

P ValueLow Adipositya High Adiposityb

Aronson et al.53 297 adults with 
metabolic syndrome; 
mean age 50 ± 10 
years

BMI from measured HT 
and WT

Sex, age, smoking, 
HRT use, albumin, 
WBC, PA

CRP (mg/L)

2.0 3.3 <0.001

BIA = bioelectrical impedance analysis. BMI = body mass index. BP = blood pressure. CI – confidence interval. CRP = C-reactive protein. CVD = cardiovascular disease. DM = diabetes 
mellitus. HRT = hormone replacement therapy. IFG = impaired fasting glucose. IL = interleukin.

NR = not reported. NS = not significant. OR = odds ratio. PA = physical activity. PM = postmenopausal. SAT = subcutaneous adipose tissue. SD = standard deviation. TNF = tumor 
necrosis factor. VAT = visceral adipose tissue.

WBC = white blood cells. WHR = waist-to-hip ratio.
a Low adiposity defined, when possible, as normal weight (BMI 18.5 to 29.9) or normal waist circumference ( men <102 cm; women <88 cm) or as lowest study-specific category (e.g., 

lowest quartile).
b High adiposity defined as obesity (BMI ≥30) or abdominal obesity (men ≥102 cm; women ≥88 cm waist circumference) or as highest study specific category.
c Subset of participants (n = 797) with normal glucose tolerance.
d Sarcopenic obesity defined as the presence of obesity and low muscular strength; reported P values represent interaction of obesity and strength of inflammatory biomarker 

concentration.
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Absolute mean differences in inflammatory biomarker concentrations between 
the lowest and highest adiposity groups are small but statistically significant. The 
significant positive association between adiposity and inflammation is seen after 
controlling for potential confounding factors and after stratifying pro-inflammatory 
factors such as smoking or hormone replacement therapy (HRT) use.47,50,51 Adjusted 
mean CRP concentrations (milligrams per liter) were 1.96 among non-obese never-
smoker adults and 3.93 (P = 0.002) among obese (BMI ≥30 kg/m2) current smokers.51

Mean CRP concentrations (milligrams per liter) were 2.2 and 4.3 in postmenopausal 
HRT users in the lowest and highest quartiles, respectively, of visceral abdominal 
adipose tissue (VAT) measured by CT scans, and were 0.9 and 3.2 in HRT nonusers 
in the same VAT categories (P <0.01, each).50 A study of adults 65 years and older 
showed that higher concentrations of inflammatory biomarkers are associated with 
sarcopenic obesity that may be an important link of obesity, inflammation, and func-
tional decline with advanced age.48

Some investigators tried to quantify the influence of abdominal adiposity on 
inflammatory biomarkers over and above the influence of total adiposity.43,46,47,52 In 
a study of older women, the significant multivariable association between BMI and 
CRP was materially unchanged when further adjusted for waist girth; the associa-
tion between waist and CRP was eliminated after adjustment for BMI.47 In another 
study, associations between VAT (measured by CT scan) and inflammation remained 
highly significant when adjusted for differences in BMI.46 Moreover, significant pos-
itive associations with CRP were seen across incremental VAT tertiles nested within 
tertiles of subcutaneous adipose tissue (measured by CT scan).46 Similarly, the pres-
ence of abdominal obesity based on elevated waist girth or VAT was associated with 
higher CRP concentrations when nested within a stratum of total body fat measured 
by hydrodensitometry.43 Available data suggest that the location of body fat may be 
a critical factor affecting chronic inflammation.

Adiposity also is associated with inflammation in adults with existing chronic 
disease.44,49,53 After adjusting for sex, age, HRT, and pro-inflammatory factors, 
mean CRP concentrations among adults with metabolic syndrome were 2.0 
and 3.3 mg/L (P<0.001) in non-obese and obese individuals, respectively.53 The 
adjusted relative odds of having elevated CRP (>4.4 in men, >7.0 in women) was 
five-fold higher (P <0.05) in obese compared to normal weight adults with diag-
nosed diabetes.44 Other investigators examined the joint effects of adiposity and 
inflammation in predicting new onset disease.54,55 Two studies of older women 
revealed a stepwise increase in the multivariable risk of diabetes54 and CHD55

across incremental tertiles of CRP and IL-6 among both obese and non-obese 
participants. Obese women in the highest inflammatory tertiles had a two-fold or 
greater risk (P <0.05) of developing disease than their non-obese counterparts in 
the lowest inflammation groups.

The above summarized study findings clearly demonstrate that greater adipos-
ity is associated with higher concentrations of inflammatory biomarkers, even after 
accounting for differences in other important pro-inflammatory factors. Greater adi-
posity also adds to chronic disease risk over and above the risk conferred by chronic 
inflammation.
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14.5  ROLES OF ADIPOSITY AND WEIGHT LOSS IN REDUCING 
INFLAMMATION: INTERVENTIONAL STUDIES

Findings from several studies of the effects of dietary weight loss alone on circulat-
ing levels of inflammatory biomarkers are summarized in Table 14.4.56–67 Subjects 
of these studies were healthy overweight and obese individuals. The diet interven-
tions included very low calorie diet (VLCD) and low calorie diet (LCD). Most were 
short- to medium-term (3 to 24 weeks) studies. Body weight, fat mass, and waist 
circumferences were the common physical measures utilized. Circulating levels of 
CRP, SAA, IL-6, IL-1β, IL-1RA, IL-8, TNF-α, and soluble TNF receptors were the 
measured inflammation markers.

These weight loss studies reported that LCD or VLCD resulted in weight losses 
of 5 to 20%. Most studies showed that weight loss reduced levels of CRP, pro-inflam-
matory cytokines and their soluble receptors and increased levels of adiponectin. 
A few studies, including a randomized controlled trial, reported that weight loss 
reduced some, but not other measures of inflammation. This may be due to the rela-
tively short intervention term (3 to 10 weeks) and small weight losses (<10%) in these 
studies. Indeed, a recent study showed that at least 10% weight loss is needed to 
achieve a significant reduction in chronic inflammation in obese individuals.67

Several intervention studies examined the effects of hypocaloric diet plus other 
interventions, mainly aerobic exercise, on measures of inflammation in obese indi-
viduals. Findings from these studies are summarized in Table 14.5.68–79 Collectively, 
the results show that these interventions reduce CRP, IL-6, IL-8, IL-18, TNF-α, TNF 
soluble receptors, monocyte chemotactic protein 1 (MCP-1), macrophage migra-
tion inhibitory factor (MIF), and matrix metallopeptidase 9 (MMP-9), but increase 
adiponectin in obese healthy and diabetic individuals. Hypocaloric diet plus other 
interventions seem to have more consistent inflammation-lowering effects than diet 
alone. However, several studies reported no changes in some measures of inflamma-
tion, possibly due to a short intervention term or small amount of weight loss.

Two recent randomized controlled studies reported effects of hypocaloric diet 
and exercise training on inflammation and metabolic risk factors. Compared to the 
control group, a 2-year weight loss program by diet and exercise reduced circulat-
ing levels of CRP, IL-6, and IL-18, and increased adiponectin in obese women.73 In 
addition, the intervention also reduced fasting lipids, glucose, and insulin in these 
women. Changes in IL-6 and adiponectin were independently related to improve-
ment in insulin sensitivity. Similarly, compared to a control group, a 6-month diet 
and exercise program decreased body weight, CRP and IL-6 in obese older adults.77

Waist circumference, lipids, glucose and blood pressure were also decreased in the 
intervention, but not control group. The number of subjects with metabolic syn-
drome decreased by 59% in the intervention group, but did not change in the control 
group.

The independent effect of exercise training on inflammation during dietary weight 
loss was investigated by a previous study of our group.80 Six months of hypocaloric 
diet and diet plus aerobic exercise resulted in similar reductions in body weight, 
fat mass, waist circumference, and abdominal visceral and subcutaneous fat areas. 
Diet alone did not change aerobic fitness, while diet plus exercise increased aerobic 
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TABLE 14.4
Effects of Dietary Weight Loss Alone on Measures of Inflammation

Study Participants Intervention
Effects on Body 

Composition
Effects on 

Inflammation

Bastard et al.56 17 obese women
(BMI = 40 ± 7

kg/m2)

VLCD (941 kcal/
day)

3 weeks

 BMI by 5.5%,
 fat mass by 5.1%

 sTNFR1 by 7.5%,
= sTNFR2

Bastard et al.57 14 obese women
(BMI = 40 ± 4 kg/

m2)

VLCD (941 kcal/
day)

3 weeks

 BMI by 5.3% (P 
<0.005), 
 fat mass by 8.5% 

(P <0.005)

 IL-6 by 16.5% (P 
= 0.05), 

= CRP, TNF-α

Heilbronn et al.58 83 obese women
(BMI = 34 ± 4 kg/

m2)

LCD (1360 kcal/
day)

12 weeks

 weight by 7.9 kg  CRP by 25.9% (P 
<0.001)

Bruun et al.59 34 obese 
individuals

(BMI = 39 ± 3 kg/
m2)

VLCD (800 kcal/
day, 8 weeks), 
then weight 
stabilization (12 
weeks)

 weight by 13.1% 
(P <0.001), fat 
mass by 19% (P 
<0.001)

IL-8 by 37.5% (P 
<0.05),  TNF-α
by 40% (P <0.001)

Bruun et al.60 19 obese men 
(BMI = 39 ± 3 kg/
m2)

LCD (1000 to 1480 
kcal/day, 16 
weeks), then 
weight
stabilization (8 
weeks)

 weight by 14.7% 
(P <0.001)

 IL-6 by 24.4% (P 
<0.001),  IL-8 by 
29.5% (P <0.001), 

 TNF-α by 29.2% 
(P <0.001)

Xydakis et al.61 40 obese 
individuals with 
metabolic
syndrome

(BMI = 39 ± 6 kg/
m2)

VLCD (600 to 800 
kcal/day, 4 to 6 
weeks)

 weight by 7% (P 
<0.001)

 CRP by 14% (P = 
0.02), = TNF-α,
adiponectin

Arvidsson et al.62 40 obese women
(BMI = 37 ± 4 kg/

m2)

LCD (600 kcal/day 
deficit, 10 wks)

 weight by 7.4% 
(P <0.0001),  fat 
mass by 12.6% (P 
<0.001)

 IL-6 by 6.2% 
(P<0.05), = TNF-α,
adiponectin

Salas-Salvado et al.63 19 morbidly obese 
individuals (BMI 
= 48 ± 9 kg/m2)

LCD ( 800 kcal/
day, 6 weeks)

 weight by 9% (P 
<0.001),  fat 
mass by 3.5% (P 
<0.05)

 CRP by 35.5% (P 
<0.05),  SAA by 
56.2% (P <0.001), 

 IL-6 by 32.8% 
(P <0.05), 
sTNFR2 by 21.5% 
(P <0.05), = TNF-α,
sTNFR1

Shin et al.64 129 overweight 
and obese women 
(MAO: n = 106, 
BMI = 28 ± 3 kg/
m2; MHO: n = 23, 
BMI = 27 ± 2 kg/
m2)

LCD (300 kcal/day 
deficit, 12 weeks)

MAO:  weight by 
3.2%

MHO:  weight by 
2.8%

MAO:  CRP by 
21.1% (P<0.05), = 
IL-6

MHO: = CRP, = IL-6
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fitness. Diet alone did not change any measures of inflammation, but diet plus exer-
cise reduced levels of CRP, IL-6, IL-6sR, and sTNFR1. In addition, reductions in 
IL-6sR and sTNFR1 were related to improvement in aerobic fitness. Therefore, add-
ing exercise training to dietary weight loss is more effective than diet alone in reduc-
ing measures of inflammation. These findings further support the importance of 
exercise training as a component that should be included in a weight loss program.

14.6  MECHANISMS FOR EFFECTS OF EXERCISE AND 
WEIGHT LOSS ON INFLAMMATION

Two important sources are responsible for the elevated inflammatory state in the cir-
culation. In obese individuals, adipose tissue is a major organ for releasing inflam-
matory cytokines.81 The production and secretion of cytokines by adipose tissue are 

TABLE 14.4 (continued)
Effects of Dietary Weight Loss Alone on Measures of Inflammation

Study Participants Intervention
Effects on Body 

Composition
Effects on 

Inflammation

Bougoulia et al.65 36 PM obese 
women (BMI = 
39 ± 7 kg/m2)

LCD ( 600 kcal/
day, 24 weeks)

 weight by 19.2% 
(P <0/.001),  fat 
mass by 18.4% (P 
<0.001)

 CRP by 22.4% (P 
<0.01),  IL-6 by 
85.9% (P <0.001)

a de Mello et al.66 34 obese subjects 
(10 controls: BMI 
= 32 ± 2 kg/m2;
24 weight 
reduction: BMI = 
33 ± 3 kg/m2)

Control: no change 
in diet

Weight reduction: 
LCD (120 kcal/
day deficit, 12 
weeks), then 
weight
maintenance (21 
weeks)

Control: = weight 
and fat mass

Weight reduction: 
 weight by 4.9% 

(P <0.05),  fat 
mass by 8.8% (P 
<0.05)

Control:  TNF-α
by18.4% (P <0.05), 
= adiponectin, CRP, 
IL-6, IL-1β,
IL-1RA

Weight reduction: 
adiponectin by 
19.6% (P <0.001), 

 CRP by 41.5% 
(P <0.001),  IL-6 
by 7.1% (P <0.001), 

 TNF-α by 37.6% 
(P <0.001), = IL-1β,
IL-1RA

Madsen et al.67 93 obese subjects 
(mean BMI = 38 
kg/m2)

VLCD (800 kcal/
day, 8 weeks)

 weight by 13.1% 
(P <0.01),  waist 
circumference by 
9.7% (P <0.01)

 adiponectin by 
22.3% (P <0.01), = 
CRP

BMI: body mass index, mean ± standard deviation. CRP = C-reactive protein. IL-1RA = IL-1 receptor 
antagonist.

IL-1β = interleukin 1β. IL-6 = interleukin 6. IL-8 = interleukin 8. LCD = low calorie diet. MAO = meta-
bolically abnormal obese. MHO = metabolically healthy obese. PM = premenopausal. SAA = 
serum amyloid A. sTNFR1 = soluble TNF receptor 1. sTNFR2 = soluble TNF receptor 2. TNF-α
= tumor necrosis factor α. VLCD = very low calorie diet.

a Randomized controlled trial.
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TABLE 14.5
Effect of Dietary Weight Loss and Other Interventions on Measures of 
Inflammation

Study Participants Intervention
Effects on Body 

Composition
Effects on 

Inflammation

Dandona et al.68 38 obese women 
(BMI = 36 ± 6
kg/m2)

LCD (925 to 
1150 kcal/day) 
and aerobic 
exercise, 1 to 2 
years

 weight by 
12.3% (P 
<0.0001)

 TNF-α by 
23.8% (P <0.02)

Gallistl et al.69 49 obese 
children and 
adolescents
(BMI = 27 ± 5
kg/m2)

LCD (908 to 
1194 kcal/day) 
and physical 
activities,  3 
weeks

 BMI by 5.2% 
(P <0.005), 
fat mass by 
12.5% (P 
<0.005)

 IL-6 by 48.7% 
(P <0.05)

Ziccardi et al.70 56 obese PM 
women (BMI = 
37 ± 2 kg/m2)

LCD (1300 kcal/
day), aerobic 
exercise, 
behavioral and 
nutritional
counseling,
liposuction, 1 
year

 BMI by 
12.6% (P 
<0.001)

 IL-6 by 46.5% 
(P <0.01), 
TNF-α by 31% 
(P <0.01)

Esposito et al.71 40 obese women 
(BMI = 36 ± 3
kg/m2)

LCD (1300 kcal/
day),
behavioral and 
nutritional
counseling 1 
year

 BMI by 
12.4% (P 
<0.01)

 IL-18 by 40.5% 
(P <0.01)

Monzillo et al.72 24 obese healthy 
and diabetic 
individuals 
(BMI = 37 ± 4
kg/m2)

LCD (500 kcal/
day deficit) and 
aerobic
exercise, 24 
weeks

 weight by 
7.0% (P 
<0.001)

 IL-6 by 14.8% 
(P<0.05), 
TNF-α (P = 
0.059), = CRP, 
sTNFR1, 
adiponectin

a Esposito et al.73 120 obese 
women (60 
control: BMI = 
35 ± 2 kg/m2;
60 intervention: 
BMI = 35 ± 2 
kg/m2)

Control: diet and 
exercise 
education
Intervention: 
LCD (1300 to 
1500 kcal/day) 
and aerobic 
exercise, 2 
years

Control:
weight by 3.2% 
(P = 0.01), 
WHR by 2.3% 
(P = 0.03) 
Intervention: 
weight by 
14.7% (P 
<0.001),
WHR by 9.3% 
(P <0.001)

Control: = 
adiponectin,
CRP, IL-6, IL-18 
Intervention: 
adiponectin by 
48.2% (P = 0.02), 

 CRP by 
34.4% (P = 0.01), 

 IL-6 by 32.6% 
(P = 0.01), 
IL-18 by 30.2% 
(P = 0.02)
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TABLE 14.5
Effect of Dietary Weight Loss and Other Interventions on Measures of 
Inflammation

Study Participants Intervention
Effects on Body 

Composition
Effects on 

Inflammation

Marfella et al.74 67 obese PM 
women (BMI = 
37 ± 5 kg/m2)

LCD (1300 kcal/
day), aerobic 
exercise, 
behavioral and 
nutritional
counseling, 1 
year

 BMI by 
13.6% (P 
<0.001)

 CRP by 44.1% 
(P <0.02), 
IL-6 by 61.9% (P 
<0.01),  IL-18 
by 29.9% (P 
<0.01),
TNF-α by 31% 
(P <0.01)

Dvorakova-
Lorenzova et al.75

40 obese women 
(BMI = 32 ± 4
kg/m2)

Dietary
education and 
aerobic
exercise, 9 
weeks

 weight by 
7.7% (P 
<0.001),
waist 
circumference
by 8.3% (P 
<0.001)

 CRP by 30% (P 
<0.001), = 
adiponectin, IL-6

Bruun et al.76 27 obese 
individuals 
(BMI = 46 ± 9
kg/m2)

Hypocaloric diet 
and aerobic 
exercise, 15 
weeks

 weight by 
13% (P 
<0.001),  fat 
mass by 10% 
(P <0.001), 
waist 
circumference
by 7.3% (P 
<0.001)

 adiponectin by 
32.7% (P 
<0.001),  CRP 
by 28.6% (P 
<0.05),  IL-6 
by 26.1% (P 
<0.01),  IL-8 
by 14.3% (P 
<0.05),
MCP-1 by 13.6% 
(P <0.01),= 
TNF-α

*Villareal et al.77 27 obese older 
individuals (10 
control: BMI = 
39 ± 5 kg/m2;
17 intervention: 
BMI = 39 ± 5 
kg/m2)

Control: no 
changes in diet 
and exercise 
Intervention: 
LCD (750 kcal/
day deficit), 
aerobic,
resistance,
balance,
flexibility 
exercises, 6 
months

Control: = 
weight and 
waist 
Intervention: 
weight by 8.4% 
(P <0.001), 
waist by 8.7% 
(P <0.05)

Control: = CRP, 
IL-6 Intervention: 

 CRP by 
42.6% (P <0.05), 

 IL-6 by 50% 
(P = 0.05)
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elevated with adiposity.82 Peripheral blood mononuclear cells release large amounts 
of inflammatory cytokines, and cytokine expression in these cells is elevated with 
obesity.83

Exercise training alone does not influence adipose tissue cytokine expression or 
release.28,32 However, hypocaloric diet plus exercise is effective in reducing adipose 
tissue cytokine gene expression.76,79 These observations suggest that weight loss 
may be needed for reductions in adipose tissue cytokine levels. Exercise training 
alone reduces pro-inflammatory cytokines and increases anti-inflammatory cytok-
ines released by peripheral mononuclear cells in individuals with elevated risk for 
CVD, including obese individuals.84 Mechanisms through which exercise training 
modifies mononuclear cell cytokine production are still unknown. However, muscle-
derived cytokines, such as IL-6, may play a role.85 When exercise is performed regu-
larly, chronic adaptations in the immune system cause lower cytokine release from 
immune cells such as mononuclear cells.

Dietary weight loss alters adipose tissue and mononuclear cell cytokine pro-
duction in obese individuals. Weight loss reduced pro-inflammatory cytokine and 
increased anti-inflammatory cytokine production in adipose tissue, and changes 
of these measures in adipose tissue were similar to changes in the circulation.62 A 
recent study reported that diet plus exercise lowered pro-inflammatory cytokines and 

TABLE 14.5
Effect of Dietary Weight Loss and Other Interventions on Measures of 
Inflammation

Study Participants Intervention
Effects on Body 

Composition
Effects on 

Inflammation

Bruun et al.78 23 obese 
individuals 
(BMI = 46 ± 9
kg/m2)

Hypocaloric diet 
and aerobic 
exercise, 15 
weeks

 weight by 
12.7% (P 
<0.001),  fat 
mass by 10% 
(P <0.001),

 waist 
circumference by 
7.3% (P <0.001) 

 IL-18 by 22% 
(P <0.001)

Sheu et al.79 23 obese women 
(BMI = 33 ± 6
kg/m2)

LCD (500 to 
1000 kcal/day 
deficit) and 
light exercise, 
12 weeks

 weight by 
5.1% (P <0.05), 

waist 
circumference
by 5.5% (P 
<0.05)

 adiponectin by 
33.9% (P <0.05), 

 CRP by 
48.9% (P <0.05), 

 MIF by 66.6% 
(P <0.05), = IL-6, 
TNF-α, MMP-9

BMI: body mass index, mean ± standard deviation. CRP = C-reactive protein. IL-18 = interleukin 18. 
IL-6 = interleukin 6. IL-8 = interleukin 8. LCD = low calorie diet. MCP-1 = monocyte chemot-
actic protein-1. MIF = macrophage migration inhibitory factor. MMP-9 = matrix metallopepti-
dase 9.PM = premenopausal. sTNFR1 = soluble TNF receptor 1. TNF-α = tumor necrosis 
factor α.

a Randomized controlled trial.
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increased anti-inflammatory cytokine expression in peripheral mononuclear cells.79

Intranuclear binding of NF-κB, a transcription factor that regulates pro-inflamma-
tory genes, was reduced by the intervention. However, whether weight loss alone 
changes cytokine production by peripheral mononuclear cells is unclear. More stud-
ies are needed to clarify the independent effect of weight loss and the underlying 
mechanism through which it lowers inflammation.

14.7 SUMMARY

Chronic inflammation is a novel risk factor for several clinical diseases. Increasing 
evidence indicates that inflammation levels are related to levels of physical activity 
and adiposity. Treatment of chronic inflammation by exercise training and dietary 
weight loss has shown encouraging results. Exercise term is critical for training to 
produce positive effects on inflammation. However, mixed results were reported 
regarding the effects of exercise intensity, duration, frequency, and volume on 
inflammation. Current evidence confirms that a hypocaloric diet or diet plus exer-
cise training may reduce chronic inflammation. While the amount of weight loss is 
important, exercise may have additional inflammation-reducing effects. Future stud-
ies are needed to study the dose–response effects of exercise and hypocaloric diet on 
inflammation, and further investigate the cellular mechanisms by which exercise and 
weight loss reduce chronic, systemic inflammation.
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15 Adipose Tissue and 
Anti-Inflammatory 
Pharmacotherapy

Peter G. Bradford and Atif B. Awad

15.1 INTRODUCTION

The hypothesis that low grade chronic systemic inflammation involving adipocyte-
derived factors links obesity to clinical metabolic disorders is attracting growing 
support. Observational and experimental models of obesity have revealed that signif-
icant amounts of pro-inflammatory mediators are synthesized and secreted by adi-
pose tissue. It is hypothesized that the release of pro-inflammatory adipokines and 
the cessation of synthesis of normally anti-inflammatory mediators may be caused 
by adipocyte hypertrophy or hyperplasia that promotes local hypoxia and cellular 
stress (de Luca and Olefsky, 2008).

Part of this process may involve macrophage recruitment, conversion of 
macrophages from tissue remodeling M2 types to classically activated tissue-
destructive M1 types, and recruitment of inflammation-primed monocytes into 
adipose tissue (de Luca and Olefsky, 2008; Shah et al., 2008). Thus, it is impor-
tant to identify therapeutics, both drugs and pharmaconutrients that may suppress 
adipose tissue inflammation and ultimately serve to alleviate clinical metabolic 
distress.
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This chapter reviews marketed drugs, drugs in development, and pharmaconu-
trients that affect the synthesis and secretion of adipokines and the actions of these 
adipokines on systemic inflammation. Anti-inflammatory actions include the sup-
pression of adipose tissue differentiation. The differentiation processes potentially 
affected by drugs and nutrients include the cessation of growth of proliferating pre-
adipocytes. Drugs and pharmaconutrients covered in this chapter include leptin, 
adiponectin, peroxisome proliferator-activator receptor (PPAR) therapeutics, tumor 
necrosis factor (TNF)-α blockers, resistin, vitamin D, vitamin A, and polyunsatu-
rated fatty acids (PUFAs). See Table 15.1.

15.2 LEPTIN: THERAPEUTIC AGENT

Leptin is one of the principal hormones secreted by adipose tissue. Leptin is the 
product of the ob gene and it encodes a 16-kDa protein identified in serum that acts 
on leptin receptors in the hypothalamus to reduce food intake and increase energy 
expenditure. Besides these actions, leptin exerts pleiotropic immune modulating 

TABLE 15.1
Adipose Tissue-Targeted Anti-inflammatory Therapeutics

Adipose Target Therapeutic Class Status Application

Leptin Leptin receptor 
chimeras

Investigational Multiple sclerosis

Leptin receptor 
antagonists

Investigational Autoimmune diseases

Anti-leptin antibodies Investigational Multiple sclerosis, type 
1 diabetes

Leptin peptide 
antagonists

Investigational Angiogenesis inhibitor

Recombinant leptin FDA Phase 2B Obesity

Adiponectin Globular adiponectin 
domain

Investigational Anti-inflammatory

Osmotin analogs Investigational Insulin resistance, 
metabolic syndrome

PPARα Fibrate drugs FDA-approved Hyperlipidemia

PPARγ Thiazolidinediones FDA-approved Antidiabetic

PPARβ/δ PPARβ and δ agonists Investigational Anti-inflammatory, 
metabolic syndrome

TNF-α TNF-α blockers FDA-approved Anti-inflammatory

Resistin Anti-resistin
antibodies

Investigational Anti-inflammatory

Vitamins A, D, and 
PUFAs

Essential nutrients Commercial Cardioprotective

Note: The adipose tissue-associated targets of current and potential pharmacotherapy and nutritional mod-
ification listed above have application in chronic inflammatory diseases.

© 2010 by Taylor and Francis Group, LLC



Adipose Tissue and Anti-Inflammatory Pharmacotherapy 287

activities (Matarese et al., 2005, 2008; Härle and Straub, 2006; Fantuzzi, 2006; Li 
et al., 2006). Obesity promotes high leptin levels and this is associated with adipose 
tissue infiltration by pro-inflammatory macrophages that secrete cytokines including 
TNF-α, IL-6, and IL-1β. This hyperleptinemia is also associated with increased lev-
els of pro-inflammatory T helper cell type 1 (Th1) cytokines (IFN-γ, IL-2, TNF-α)
that themselves are elevated in CNS inflammatory lesions of experimental autoim-
mune encephalomyelitis (EAE), an animal model for MS, and other autoimmune 
phenotypes. Leptin-deficient mice are resistant to induction of EAE and this protec-
tion is reversed by leptin administration (Matarese et al., 2008).

Leptin antagonists are under investigation as immune modulators, especially in 
autoimmune diseases (Gertler, 2006; Materese et al., 2008). Chimeric glycoproteins 
containing the extracellular binding domain of the leptin receptor and the Fc portion 
of immunoglobulin have been shown to neutralize leptin in mice with EAE (DeRosa 
et al., 2006). The clinical course and progression of disease were ameliorated with 
improved clinical scores, reduced disease relapses, and a switch to a Th2 regulatory 
cytokine profile.

Other pharmacologic approaches to antagonizing endogenous leptin action are in 
development and include the generation of leptin point mutations that act as leptin 
antagonists with no agonistic activity (Salomon et al., 2006), the use of small leptin 
peptide antagonists (Gonzalez et al., 2006), and the preparation of anti-leptin recep-
tor neutralizing antibodies (Fazeli et al., 2006). Each approach has shown promise 
in various in vitro and in vivo bioassays; but none has yet been submitted to the 
U.S. Food & Drug Administration as an investigational new drug or via a new drug 
application.

Recombinant leptin is currently in trials for the treatment of lipodystrophy (Oral 
et al., 2002; Ebihara et al. 2007). Physiologic replacement dosing with twice-daily 
injections improved glucose and triglyceride levels and reduced insulin resistance 
in a study demonstrating its efficacy and safety (Ebihara et al. 2007). In November 
2007, Amylin Pharmaceuticals announced positive results of a 24-week proof-of-
concept phase 2B clinical study including approximately 200 overweight and obese 
subjects to evaluate dosing combinations of pramlintide, an analog of the natural 
amylin hormone amylin and recombinant human leptin in the treatment of obesity 
(www.amylin.com/pipeline/pramlintide.cfm, 2007). The pramlintide and metrelep-
tin treatment significantly reduced body weight on average by 12.7%.

15.3 ADIPONECTIN: POTENTIAL THERAPEUTIC AGENT

Adiponectin has attracted attention as a therapeutic target because of its anti-diabetic 
and anti-atherogenic activities. Adiponectin is an adipose tissue-derived factor associ-
ated with the maintenance of insulin sensitivity, the control of endothelial activation, 
and the limitation of other aspects of inflammation (Kadowaki and Yamauchi, 2005; 
Teoh et al. 2008; Guerre-Millo, 2008). Adiponectin is a 244-amino acid polypeptide 
that circulates in the blood at levels relatively high compared to many hormones. 
Full-length and globular adiponectins bind to cell surface receptors AdipoR1 and 
AdipoR2 that are expressed in muscle, liver, and other tissues. When activated the 
receptors stimulate downstream AMP-activated protein kinases, PPARα, and p38 
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MAP kinase. Knockout studies confirm that AdipoR1 and AdipoR2 play important 
roles in the regulation of insulin sensitivity in vivo (Kadowaki et al. 2008).

Adiponectin acts to suppress inflammation and counter the metabolic disorders 
associated with type 2 diabetes, atherosclerosis, and obesity. Polymorphisms of the 
adiponectin gene that decrease adiponectin levels are associated with insulin resis-
tance and susceptibility to diabetes (Kadowaki and Yamauchi, 2005). Also, reduc-
tions of plasma adiponectin levels are observed in states of insulin resistance, visceral 
adiposity, and the associated metabolic syndrome. In adiponectin null mice, neointi-
mal endovascular proliferation can be attenuated by restoring adiponectin levels to 
normal. Thus, normal circulating levels of adiponectin may serve to maintain insulin 
sensitivity of tissues and a basal non-inflammatory state in the vascular system.

Potential adiponectin therapeutic agents include the globular adiponectin domain, 
the naturally occurring 145-amino acid C-terminus of the protein. The globular adi-
ponectin domain may prove easier to synthesize and administer. In experimental 
systems, subcutaneous injections of recombinant globular adiponectin domain to 
adiponectin-deficient mice reduced leukocyte–endothelial interactions and, when 
administered to wild-type mice, protected against TNF-α-induced leukocyte 
endothelial interaction (Ouedraogo et al., 2007). In in vitro systems, globular adi-
ponectin domain suppressed superoxide generation and enhanced eNOS activity in 
endothelial cells treated with oxidized LDL (Motoshima et al., 2004).

Osmotin, a plant anti-fungal protein, has a structure similar to the globular adi-
ponectin domain and has been shown to be a ligand for the yeast homologue of 
AdipoR (Narasimhan et al., 2005). The yeast system may provide a background for 
the efficient screening of chemical, naturally occurring, and mutationally generated 
potential adiponectin receptor agonists.

15.4 PPAR THERAPEUTIC AGENTS

PPAR α, β/ δ, and γ are either current or proposed targets for adipose tissue-centered 
anti-inflammatory pharmacotherapies. PPARs constitute a family of nuclear recep-
tors that heterodimerize with 9-cis-retinoic acid retinoid X receptors to regulate 
transcription of target genes. The focus of determining PPAR activity in adipose 
tissue is to identify specific targeted therapies.

15.4.1 PPARα THERAPEUTICS: FIBRATE DRUGS

PPARα is the receptor for fibrate drugs as well as the endogenous fatty acid regula-
tors docosahexaenoic acid, arachidonic acid, and linoleic acid (Moraes et al., 2006). 
Fibrate drugs are hypolipidemic agents that lower serum triglycerides predominantly 
by decreasing very low density lipoproteins; however, these drugs also affect adi-
pocyte differentiation and secretion of inflammatory cytokines from adipocytes. 
In adipocytes, PPARα is an intracellular receptor that modulates carbohydrate 
and fat metabolism as well as cellular differentiation. The most widely used fibrate 
drugs include fenofibrate (Tricor), gemfibrazol (Lopid), and clofibrate (Atromid-S). 
Fenofibrate has been shown to reduce significantly the release of the inflammatory 
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mediator TNF-α from adipocytes in hypercholesterolemic animal studies and this 
activity correlated with weight loss (Zhao and Wu, 2004). Fibrates as a class also 
enhance adiponectin levels, partly through activation of adipose PPARα (Hiugi et 
al., 2007).

Large clinical studies including the Bezafibrate Infarction Prevention (BIP) study 
and the Fenofibrate Intervention and Event Lowering in Diabetes (FIELD) study 
supported the positive effects of fibrates in significantly reducing cardiovascular 
events, myocardial infarctions, and reducing new onset diabetes (BIP Study Group, 
2000; FIELD Study Investigators, 2005). Subanalysis of the BIP data showed sig-
nificantly increased adiponectin levels (10%) in the fibrate group over a 2-year fol-
low-up and significantly reduced development of new diabetes cases in the highest 
tercile of adiponectin during the 6-year follow-up (Hiugi et al., 2007). In cultured 
3T3-L1 adipocytes, benzafibrate and fenofibrate treatment increased adiponectin 
promoter activity and levels of adiponectin mRNA and protein. Plasma adiponectin 
levels were increased by bezafibrate treatment in wild-type but not PPARα-knockout 
mice. Thus, fibrate drugs may reduce inflammatory cytokine release from adipo-
cytes while enhancing adiponectin secretion through PPARα-mediated effects in 
adipose tissue.

15.4.2 PPARγ THERAPEUTICS: THIAZOLIDINEDIONE DRUGS

PPARγ is highly expressed in adipose tissue and it is a target for thiazolidinedione 
drugs that include pioglitazone (Actos) and rosiglitazone (Avandia). Both Actos and 
Avandia are used widely as antidiabetic drugs (Yki-Järvinen, 2004; Nissen and 
Wolski, 2007). PPARγ was first identified as a mediator of adipocyte differentia-
tion and nutrient metabolism (Spiegelman et al., 1997). However, the role of adipose 
PPARγ in mediating the actions of thiazoloidinedione drugs is not clear. For exam-
ple, the targeted deletion of PPARγ in adipose tissue of mice does not induce insulin 
resistance in muscle, whereas muscle-specific PPARγ deletion does cause such resis-
tance (Yki-Järvinen, 2004).

On the other hand, loss of subcutaneous fatty tissue accompanies PPARγ deletion 
and the rosiglitazone antidiabetic can reverse hypertriglyceridemia, hyperglycemia, 
and hyperinsulinemia in normal mice, although it is ineffective in lipoatrophic mice. 
PPARγ ligands favor adipocyte uptake of circulating fatty acids and alter the secre-
tion of adipocyte-derived factors. As part of the overall anti-inflammatory activity, 
PPARγ agonists repress pro-inflammatory genes like iNOS, TNF-α, and MMP in 
macrophages (Lehrke and Lazar, 2005). In addition, PPARγ ligands appear to be 
particularly beneficial in inflammatory bowel disease, reducing mucosal damage, 
ulceration, TNF-α secretion and an overall downregulation of the inflammatory 
response in animal models of colitis (Rogler, 2006). In addition, the forced overex-
pression of PPARγ in mucosal epithelial cells was associated with reduced experi-
mental inflammation.
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15.4.3 PPARβ AND δ THERAPEUTICS: EXPERIMENTAL AGENTS

PPARδ is widely expressed and studies of receptor knockout models revealed roles 
for PPARδ in developing adipose tissue mass and modulating skin inflammatory 
responses (Barish et al., 2006). Based on ligand screening and crystallographic anal-
yses, PPARδ has been shown to bind long chain polyunsaturated fatty acids (doco-
sahexaenoic, arachidonic, and linoleic acids). These studies suggest that PPARδ may 
be a key regulator and therapeutic target for the metabolic syndrome. Administration 
of the GW501616 experimental PPARδ-selective agonist to genetically obese (db/
db) mice reduced triglyceride accumulation (Wang et al., 2003). In addition, experi-
mental overexpression of PPARδ in transgenic mice indicated that PPARδ promotes 
reduced body weight, deceased fat accumulation in adipocytes, and reduced circu-
lating free fatty acids (Wang et al., 2003).

Studies of PPARβ null mice showed a requirement for PPARβ for maximal adi-
pocyte differentiation and that PPARβ potentiated the actions of PPARδ in this effect 
(Matsusue et al., 2004). In 3T3-L1 adipocytes, the GW501616 PPARβ/δ-selective ago-
nist blocked production of the IL-6 inflammatory cytokine. Furthermore, PPARβ/δ
expression was reduced in Zucker diabetic fatty rats while expression of the inflam-
matory IL-6 mediator was enhanced (Rodriguez-Calvo et al., 2008). These observa-
tions are consistent with the hypothesis that PPARδ protects against inflammation 
and consequent obesity; and that PPARδ pharmacologic agonists such as GW501616 
may provide anti-inflammatory therapeutic outcomes. Preclinical studies with selec-
tive PPARβ and δ agonists have indicated that these agents possess anti-inflamma-
tory activities and that a principal application will be modulating the inflammatory 
response (Kilgore and Billin, 2008).

15.5 TNF-α BLOCKERS

Tumor necrosis factor-α (TNF-α) is a pro-inflammatory cytokine produced by adi-
pose tissue and evidence indicates that it plays a significant role in the metabolic 
dysfunctions associated with obesity (Cawthorn and Sethi, 2008). In obesity-related 
type 2 diabetes, the membrane and soluble forms of TNF-α in adipose tissue are 
increased which, in turn, affect local adipose function and systemic energy metabo-
lism (Xu et al., 2002). The source of this TNF-α is not clear but certainly includes 
adipose tissue macrophages, whose density increases in obesity, as well as non-mac-
rophage adipose cells (Weisberg et al., 2003; De Taeye et al., 2007).

Locally derived TNF-α affects the functioning of resident adipocytes in media-
tion of glucose and fatty acid uptake and the secretion of insulin-sensitizing adi-
pokines (Cawthorn and Sethi, 2008). Thus, TNF-α is a potential therapeutic target 
in reducing the chronic, low grade systemic inflammation associated with insulin 
resistance, type 2 diabetes, and dyslipidemia.

Several anti-TNF-α therapeutic agents are currently FDA-approved for the treat-
ment of various inflammatory diseases including rheumatoid arthritis, Crohn’s 
disease, juvenile idiopathic arthritis, psoriatic arthritis, plaque psoriasis, and anky-
losing spondylitis. These drugs are classified as TNF-α blockers and include etan-
ercept (Enbrel), infliximab (Remicade), adalimumab (Humira), and certolizumab 
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pegol (Cimzia). All exhibit specific high affinity binding activity for TNF-α and 
effectively neutralize circulating TNF-α.

Etanercept (Enbrel) is a fusion protein consisting of the extracellular ligand-bind-
ing portion of the human p75 TNF-α receptor linked to the Fc portion of human 
IgG1. Infliximab (Remicade) is a chimeric IgG1κ monoclonal antibody composed 
of the human Fc portion of IgG1 and the murine variable region that high specific 
binding affinity for human TNF-α. Adalimumab (Humira) is a fully humanized 
recombinant IgG1 monoclonal antibody with human-derived heavy and light chain 
variable regions specific for human TNF-α which is fused to human IgG1κ-constant 
regions. Certolizumab pegol (Cimzia) is a recombinant humanized Fab' fragment 
specific for TNF-α which is conjugated to a large polyethylene glycol polymer.

Is there a potential therapeutic role for TNF-α blockers in obesity-associated 
inflammation and insulin resistance? Studies in mice showed that targeted disruption 
of the TNF-α gene results in significantly improved insulin sensitivity in both diet-
induced obesity and obesity associated with the ob/ob genetic model (Ventre et al., 
1997; Uysal et al., 1997). However, initial studies with morbidly obese human sub-
jects failed to show any effect of infliximab therapy on levels of TNF-α or GLUT4 
mRNA in adipose tissue, perhaps attributable to the low drug distribution of the 
monoclonal antibody into adipose tissue (Di Rocco et al., 2004).

In a 3-month study, etanercept treatment of rheumatoid arthritis patients showed 
increased adiponectin levels (Lewicki et al., 2008a). Significantly, long-term ther-
apy in patients with autoimmune disorders allowed closer study of the effects of 
TNF-α blockers on lipid profiles and insulin sensitivity (Huvers et al., 2007; Popa 
et al., 2007; Garcês et al., 2008; Gonzalez-Gay et al., 2008; Lewicki et al., 2008b). 
Surprisingly, long-term therapy with infliximab in patients with rheumatoid arthritis 
led to a pro-atherogenic pattern of plasma lipids (Popa et al., 2007; Lewicki et al., 
2008). However, other studies that compared 1-year therapy with infliximab and 
etanercept showed no significant changes in lipid levels with etanercept therapy, 
whereas triglyceride levels were significantly elevated after 1-year infliximab ther-
apy (Garcês et al., 2008; Lewicki et al., 2008). Studies will continue to determine 
whether suppression of inflammation with specific TNF-α blockers contributes to 
reduction in systemic risks.

15.6 RESISTIN

Resistin is a small cysteine-rich secretory protein of the FIZZ (found-in-inflamma-
tory-zone) protein family. Resistin is expressed at high levels by murine adipocytes 
and acquired its name because mice treated with this adipose-specific secretory fac-
tor developed insulin resistance (Steppan et al., 2001). In mice, resistin regulates 
the expression of pro-inflammatory cytokines including IL-1, TNF-α, and IL-6. 
However, human adipocytes express only low levels of resistin, although resistin 
transcripts are higher in primary cultures of human undifferentiated pre-adipocytes. 
Human resistin may be derived mainly from macrophage and synoviocytes and 
its levels have been associated with inflammation and atherosclerosis (Ahima and 
Lazar, 2008).
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Potential therapeutics applications related to resistin include resistin antagonists 
and anti-resistin antibodies for treatment of autoimmune inflammatory disorders 
such as rheumatoid arthritis, osteoarthritis, and other fibrotic diseases (Baumeister, 
2008). Concentrations of resistin in rheumatoid arthritis have been observed to 
be 10-fold higher than in osteoarthritis and positive correlations have been found 
between resistin levels and systemic inflammatory markers in both osteoarthritis 
and rheumatoid arthritis patients (Schäffler et al., 2003). The source of this resistin 
may be activated macrophage-like cells in synovium (Baumeister, 2008). Thus, ave-
nues of potential therapy may be found in the development of neutralizing antibodies 
reactive with resistin or direct antagonists to the resistin receptor.

15.7 NUTRIENTS: VITAMIN D, VITAMIN A, AND PUFAS

Dietary factors that regulate adipocyte differentiation may play a significant role 
in the expansion of adipose tissue, inflammation and the development of obesity. 
Dietary components including the fat-soluble vitamins and their metabolites have 
been studied as regulators of differentiation in adipose tissue.

1,25-Dihydroxyvitamin D3 inhibits adipocyte proliferation in porcine systems 
and this is associated with increased cellular differentiation and apoptosis (Zhuang 
et al., 2007). Vitamin D treatment increased the expression of markers of termi-
nal adipocyte differentiations including lipoprotein lipase, stearoyl-CoA desaturase, 
phosphoenolpyruvate carboxykinase, glycerol-3-phosphate dehydrogenase, and glu-
cose transporter- 4. Thus, this action of vitamin D may decrease inflammation that 
may be associated with adipose tissue expansion.

Vitamin A has also been shown to have an effect on adipocyte differentiation. 
In mice, retinoic acid, the oxidized product of retinol (vitamin A), has been shown 
to decrease the content of white adipose tissue and increase that of brown adipose 
tissue, resulting in an overall decrease in body weight. Adipocytes were reduced in 
size and the number of multilocular adipocytes was increased in adipose tissues of 
treated mice.

In 2004, the US Food and Drug Administration gave “qualified health claim” 
status to the ω-n-3 polyunsaturated fatty acids (PUFAs) known as eicosapentaenoic 
acid and docosohexaenoic acid, stating that research shows that consumption of these 
fatty acids may reduce the risk of coronary heart disease. In experimental animal 
systems, diets rich in PUFAs, in particular ω-n-3 PUFAs, decrease adipose tissue 
mass and suppress development of obesity in animal models (Madsen et al., 2005). 
PUFAs induce adipocyte differentiation and activate anti-inflammatory PPARγ in 
pre-adipocytes. Thus, these actions may underlie the protection that diets rich in 
PUFAs lend against cardiovascular disease (Sacks and Campos, 2006).

15.8 CONCLUSIONS

Adipocytes are active endocrine organs that secrete a variety of adipokines that affect 
inflammation and regulate the susceptibility and progression of clinically important 
metabolic diseases (Figure 15.1). The study of adipose tissue function as it relates to 
local and systemic inflammation will hopefully identify lifestyle changes along with 
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potential therapeutic targets that will combat inflammatory diseases such as obesity, 
cardiovascular disease, and related disorders.
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16 Conclusions and 
Future Directions

Peter G. Bradford and Atif B. Awad

16.1 CONCLUSIONS

Perhaps the principal conclusion to be drawn from Adipose Tissue and Inflammation
is that adipose tissue functions as an essential endocrine organ that produces and 
secretes an identifiable set of specific adipokines and that this adipokine production 
and secretion arise from varying physiologic and pathologic states. In states of obe-
sity, the production profile of these adipokines is altered to one that promotes low-
grade systemic inflammation. Recent research implicates overnutrition and obesity 
as inducers of inflammatory responses in adipose and peripheral tissues, causing or 
contributing to those metabolic defects that underlie type 2 diabetes, hypertension, 
and cardiovascular diseases.

The most productive research over the last 10 years has relied upon the con-
cept of the “adipose organ” as a discrete anatomic and endocrine entity that pro-
duces specific adipokines that regulate essential functions such as glucose and lipid 
metabolism, blood pressure, steroid hormone modulation, and inflammation. The 
complexity of this adipose organ stems in part from the fact that in addition to adipo-
cytes, adipose tissue contains non-adipocyte cell types (endothelial, smooth muscle, 
and fibroblastic cells) and stromal components (monocytes, macrophages, and pre-
adipocytes). The concept of adipokines as biologically active substances secreted 
by adipose tissue must be broadened to include substances secreted by all cell types 
within the adipose tissue. It is clear from the material presented here in Adipose 
Tissue and Inflammation that these adipokines exert local autocrine and paracrine 
actions and that these actions affect adiposity, adipocyte metabolism, and inflam-
matory responses within adipose tissue but also have important roles in the regula-
tion of overall energy metabolism and inflammation through systemic actions in the 
brain, liver, muscle, and other sites.
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Specific cytokines, adipokines, and transcription factors have been intimately and 
causally linked to adipose tissue inflammation and the systemic inflammation asso-
ciated with obesity. In 1993 Hotamisligil and colleagues first described the increased 
expression of TNF-α in adipose tissue and showed that this secreted TNF-α inter-
fered with the action of insulin.

Now a host of adipose tissue hormones and mediators have been shown to regu-
late local and systemic tissue inflammation and this regulation has been discovered 
to be mediated by the actions of classic inflammatory signal transducers, kinases, 
and transcription factors, specifically c-Jun N-terminal kinase (JNK), the inhibitor 
of κB kinase-β (IKKβ), and nuclear factor NF-κB. Overnutrition induces these 
inflammatory mediators in adipose tissue and in central nervous system target 
sites that control the set points of nutritional balance and feeding behavior. These 
pro-inflammatory adipokines include TNF-α as well as leptin, resistin, C-reactive 
protein, IL-1, IL-6, and others. All these adipokines are increased in obesity and 
evidence suggests their causative involvement in obesity-linked metabolic and car-
diovascular diseases.

On the other hand, the adipose-specific adiponectin cytokine exhibits anti-
inflammatory activity and is substantially reduced in obesity, suggesting it may play 
a protective role by apposing the development of obesity-related diseases. These 
are simplistic summaries of the activities of adipose tissue and secreted adipok-
ines. Fortunately, we have in-depth contributions from worldwide experts who detail 
the normal physiology and complexities of action of hormones and adipokines that 
affect adipose tissue and the roles that these agents play in obesity as they promote 
low-grade local and systemic inflammation.

In Adipose Tissue and Inflammation, we see how local and systemic inflammation 
is affected by hormonal factors including insulin, growth hormone, glucocorticoids, 
and prostaglandins; by dietary factors including fatty acids, polyphenols, phytoster-
ols, phytoestrogens, and antioxidants; by lifestyle changes involving diet, exercise, and 
weight loss; and by new and investigative advances in pharmacotherapy. Thus, the sec-
ond principal conclusion that is apparent from these analyses is that the inflammation 
associated with obesity and present within adipose tissue may be regulated by a host 
of controllable factors such as hormone levels, dietary antioxidant polyphenols and 
phytosterols, caloric content of diet, exercise, and targeted pharmacotherapy.

16.2 FUTURE DIRECTIONS

Many truly exciting scientific areas seem to represent the forefronts for future 
research and development in the area of adipose tissue and inflammation. These 
include: (1) genetic studies to identify obesity-associated and obesity–inflammation 
linkage genes, (2) investigations into whether dietary restrictions will improve mea-
sures of systemic inflammation and reduce the incidence of associated diseases, (3) 
development of anti-inflammatory therapeutics as means for reducing the morbidity 
and mortality associated with chronic diseases such as type 2 diabetes, hypertension, 
and cardiovascular disease, and (4) investigations into controlling oxidative stress as 
a potential means to affect obesity-associated maladies.
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16.2.1 GENETIC STUDIES TO IDENTIFY OBESITY-ASSOCIATED GENES

In addition to body mass index (BMI), lifestyle, and family history, recent linkage 
analyses have identified 11 to 18 genes that may predict the likelihood of develop-
ing type 2 diabetes. Despite these advances in genome-wide association studies, it 
is likely that each of these genes contributes very modestly to the overall variance 
of diabetes risk. The case for identifying genetic variants affecting adiposity is even 
more complex given the interactions of nature and nurture in the outcome. Despite 
this, twin studies show that 40 to 70% of BMI variation is inherited and recent stud-
ies have shown that systems in the brain that control satiety show variances linked 
to obesity. To add to the significance of these findings, three large cohort studies 
involving 25,000 to 30,000 subjects used obesity-specific phenotyping and genome-
wide analyses to identify 15 additional loci linked to BMI. Questions remain but as 
genome-wide association studies grow larger, the power of association will increase 
and more definite answers will ensue.

16.2.2  DIETARY RESTRICTION STUDIES

Calorie-restricted diets have been shown to reduce pancreatic inflammation and 
the incidence of cancer. As adipose tissue is a major source of inflammatory 
cytokines, it is not unexpected that calorie restriction influences the levels of sys-
temic and local inflammatory mediators derived from adipose tissue. For example, 
high-fat diets and diets rich in saturated fatty acids such as palmitate induce sus-
tained JNK1 activation, one of the essential signal transducers associated with 
chronic low-grade inflammation as seen in obesity. Efforts to understand the com-
plex interactions among specific dietary components, obesity, and inflammation 
should provide immediate health benefit in terms of readily translatable diet and 
lifestyle changes.

16.2.3 ANTI-INFLAMMATORY THERAPEUTICS FOR CHRONIC SYSTEMIC DISEASES

Anti-inflammatory therapeutics represents an emerging area for treatment of chronic 
diseases such as type 2 diabetes, hypertension, and cardiovascular disease. The link 
established now between adipose tissue and inflammation suggests that therapeutics 
targeted to reduce adipose inflammation will provide relief for those diseases. The 
science outlined in this book highlights several areas for therapeutic development. 
Drugs and pharmaconutrients that affect the synthesis and actions of adipokines 
are in development or currently used to treat systemic inflammation. TNF-α block-
ers are already widely prescribed for their anti-inflammatory activities, fibrate and 
thiazolidinedione-based drugs are marketed for their lipid lowering and anti-diabetic 
activities. However, both also exert potent anti-inflammatory effects through direct 
effects on adipose tissue to enhance adiponectin secretion and to repress the pro-
inflammatory actions of adipose tissue macrophages. Adiponectin-based drugs are 
under investigation both for their ability to suppress inflammation and to counter 
the metabolic disorders associated with type 2 diabetes, atherosclerosis, and obe-
sity. IL-1 receptor antagonist drugs are FDA-approved anti-inflammatory agents that 
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clearly decrease systemic inflammation in autoimmune diseases like rheumatoid 
arthritis. Advanced clinical trials have now shown similar anti-inflammatory activi-
ties along with improved glycemia in type 2 diabetic patients. Since adipose tissue is 
an essential source of inflammatory cytokines, it will be beneficial to assess effects 
of these broadly anti-inflammatory agents on adipose function in obesity.

16.2.4 ROLE OF OXIDATIVE STRESS IN OBESITY-ASSOCIATED MORBIDITIES

Oxidative stress is a contributory pathogenic factor in obesity-related disorders. 
Obesity is associated with increased free radical production, depletion of cellular 
antioxidants, and an overall increase in oxidative stress. An earlier book in the CRC 
Press–Taylor & Francis series edited by Lester Packer and Helmut Sies was dedicated 
entirely to this topic and titled Oxidative Stress and Inflammatory Mechanisms in 
Obesity, Diabetes, and the Metabolic Syndrome. The realization that adipose tissue 
is a central source of local and systemic inflammatory mediators has made it the 
focus of intense investigation in recent years. Reactive oxygen and nitrogen species 
are produced in adipose tissue under conditions of oxidative and metabolic stress. 
The role of these reactive species in contributing to the production and secretion of 
pro-inflammatory adipokines and how this may affect obesity-associated morbidi-
ties must be investigated.

Adipose Tissue and Inflammation focuses on the contributions of adipose tissue 
to local and systemic inflammation. Adipose tissue produces a multitude of meta-
bolic and hormonal signals that affect systemic endocrine equilibrium. Through the 
investigations reported here, we now appreciate that in states of obesity, cells within 
adipose tissue exhibit an inflammatory capacity and secrete a distinct profile of adi-
pokines that contribute to the pathogenesis of diabetes, hypertension, and cardiovas-
cular disease.
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