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The adipocyte and its secretory products have been impli-
cated in a vast array of physiological processes. Work in many
laboratories is focusing on the specific contributions of the
adipocyte in the areas of metabolism, inflammation, and can-
cer in order to gain a comprehensive understanding of the
systemic influence of the adipocyte under normal and patho-
physiological conditions. Until recently, adipose tissue has
been considered to be a mere storage compartment of triglyc-
erides. It is now clear that adipocytes are highly active endo-
crine cells that play a central role in overall energy homeostasis
and are important contributors to some aspects of the immune
system. They do so not only by influencing systemic lipid ho-
meostasis but also through the production and release of a host
of adipocyte-specific and adipocyte-enriched hormonal factors,
cytokines, and extracellular matrix components (commonly re-
ferred to as “adipokines”).

Little attention has been given to the role of adipose tissue
in infectious disease. However, the strong proinflammatory
potential of adipose tissue suggests an important role in the
systemic innate immune response. Furthermore, the adipocyte
proper serves as an important target for the intracellular
parasite Trypanosoma cruzi, the cause of Chagas’ disease. In
chronic Chagas’ disease, adipocytes may represent an impor-
tant long-term reservoir for parasites from which relapse of
infection can occur. In other cases, such as with certain sub-
types of adenoviruses, infection with viral particles leads to
long-term hyperplasia and hyperproliferation of adipocytes,
associating these adenoviral infections with a high propensity
for subsequent obesity.

Here, we discuss briefly the systemic contributions of adi-
pose tissue to the inflammatory response to infection and pro-
vide a brief overview of infectious agents that have a specific
impact on adipose tissue.

Adipose tissue is composed of many different cell types, but
adipocytes are among the most predominant cells. Since dif-
ferent adipose tissue depots show distinct gene expression pat-
terns and vary widely in size and proximity to neighboring
organs, individual depots could be viewed as “mini-organs.”
Despite differences between the different pads, the depots
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share similarity with respect to their ability to store lipids and
secrete adipose tissue-derived hormones. Adipose tissue stores
lipid in the form of triglycerides and cholesterol esters within
the lipid droplets that represent specialized organelles inside
the adipocyte. Since the lipid droplet is such a large component
of the adipocyte (>95% of the mass of the adipocyte), changes
in the amount of lipid stored within the adipocyte affect fat cell
size (ranging from 25 to 250 pm). Due to the enormous size of
the lipid droplet within a normal adipocyte, these cells were
viewed originally merely as lipid storage cells. However, it is
now known that adipose tissue acts as an endocrine organ
regulating a variety of physiological functions, placing the
study of adipokines, or adipose tissue-derived secretory prod-
ucts, at the forefront of research in the field of adipose tissue
biology.

ADIPOSE TISSUE AND ADIPOKINES: AN OVERVIEW

Adipose tissue endocrine function was first appreciated in
1989 with the report that the serine protease adipsin is secreted
by the 3T3-L1 adipocytes (26). Since this initial report several
additional adipokines have been discovered, including adi-
ponectin (Adn) (115), leptin (141), resistin (121), serum amy-
loid A3 (SAA3) (70), omentin (139), visfatin (39), and RBP4
(138). These adipokines contribute to the regulation of energy
homeostasis through effects on both central and peripheral
tissues. Several of these adipokines also contribute to non-
metabolic processes in the body, emphasizing the fact that
adipokines participate in the coordination of multiple physio-
logical functions in a variety of tissues. Adn is the only adipo-
kine produced exclusively by the adipocyte. All other known
adipokines can also be synthesized by tissues in addition to
adipose tissue and/or by cells other than adipocytes.

ADIPOSE TISSUE AND THE INNATE IMMUNE SYSTEM

The cellular composition of adipose tissue is not homoge-
neous. Indeed, adipose tissue contains many different cell types
in addition to the adipocyte, including pericytes, monocytes,
macrophages, and cells of the endothelium (endothelial and
vascular smooth muscle cells). These additional cell types are
collectively referred to as the stromal vascular fraction (SVF)
of adipose tissue. Since several populations of cells within the
SVF of adipose tissue are cells of the immune system, adipose
tissue also plays a critical role in the immune response.

The mechanisms by which adipose tissue contributes to the
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immune response may be through direct effects of resident
immune cells within adipose tissue or through indirect effects
whereby adipocytes modulate immune cell function in an en-
docrine and/or paracrine fashion. Most likely, adipose tissue
contributes to the immune response through both of these
modalities. However, more data are required to determine the
importance of either mechanism during an immune challenge
or whether the relative importance varies with the source and
type of the challenge.

Immune cells are functionally active within adipose tissue,
where they exert potent effects on adipocyte metabolism and
endocrine function. In the obese state, there is an increase in
macrophage accumulation in adipose tissue which correlates
with increased expression of cytokines and chemokines includ-
ing tumor necrosis factor alpha (TNF-a), interleukin-18 (IL-
1B), IL-6, IL-8, monocyte chemoattractant protein 1, and
IL-18 (132, 136). The increased expression of inflammatory
cytokine in adipose tissue has been implicated in the decreased
insulin sensitivity (50), increased lipolysis (38), increased leptin
production (125), and decreased Adn secretion by adipocytes
(77). The increase in adipose tissue cytokine expression, to-
gether with the changes in adipose tissue metabolism and en-
docrine function, contributes significantly to the pathogenesis
of the metabolic syndrome associated with obesity. Thus, im-
mune cells within adipose tissue and the inflammatory cyto-
kines that they produce are active and can significantly alter
adipose tissue metabolism and endocrine function. In addition,
increases in adipose tissue inflammatory cytokine levels may
affect nonadipose tissues either directly or indirectly. Some
adipose tissue-derived inflammatory cytokines such as TNF-a
are not secreted into the circulation to any significant extent
and are only elevated locally; however, increases in adipose
tissue expression of TNF-a contribute to changes in whole-
body metabolism and the in vivo hormonal milieu (127). A
likely explanation for this finding is that the effects of TNF-a
on nonadipose tissue are likely mediated by changes in the
expression of adipokines such as leptin and Adn. In contrast,
cytokines such as IL-6 are secreted by adipose tissue into the
circulation. Interestingly, a highly significant fraction of circu-
lating IL-6 is adipose tissue derived (85, 100). Therefore, the
production of inflammatory cytokines within adipose tissue
and the contribution of adipose tissue-derived cytokines to
circulating levels may play a significant role in host defense
mechanisms during immune challenges. These observations
underscore the potential relationship between adipose tissue-
derived immune cells and their contribution to an immune
response and how adipocytes contribute to immune cell-stim-
ulated changes in peripheral tissues through the secretion of
adipokines. However, the teleological reasons why such a tight
connection between the immune system and energy stores ex-
ists are unknown. Why are immune cells within adipose tissue
and how does the presence of adipose tissue modulate immune
cell function during an acute immune challenge? Several lab-
oratories are starting to explore these questions. Recent evi-
dence derived from coculture experiments demonstrates the
relationships between adipocytes and macrophages whereby
secretory products from adipocytes amplify macrophage in-
flammatory cytokine expression in vitro (13). Similar findings
are reported in vivo, where inducible ablation of adipocytes
blunts the lipopolysaccharide (LPS)-stimulated rise in systemic
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levels of IL-6 in mice (100). The factors secreted by adipocytes
capable of stimulating or amplifying inflammatory cytokine
production by resident macrophages within adipose tissue may
include acute-phase reactants such as SAA3 (70). Treatment of
monocyte cell lines in addition to cultured SVF cells with
SAAS3 results in a marked induction of inflammatory mediators
such as IL-6, IL-8, and TNF-a. It is possible that the acute-
phase reactants synthesized by adipocytes may contribute to
the synergy observed between adipocytes and the immune cells
(70). Additional acute phase reactants are produced by adipo-
cytes that include o1 acid glycoprotein, the CRP relative pen-
traxin-3, and a number of lipocalins such as 24p3 and retinol-
binding protein 4 (Rbp4).

OBESITY AND SEPSIS

It is well established that obesity is associated with increased
risks of morbidity and mortality (1, 12, 80). Obesity results in
increased admissions into hospital critical care units. Interest-
ingly, the mortality after blunt trauma is increased eightfold in
morbidly obese patients (80). Intubated patients who are obese
have an increased risk of aspiration pneumonia than nonobese
patients. This may be due to several factors, such as higher
intra-abdominal pressures and an increased incidence of gas-
tric reflux and higher volumes of gastric fluid with lower pH in
obese individuals (80). Moreover, a larger number of skin
punctures is often required to gain vascular access in obese
patients, thus increasing the risks of catheter-related infections
and thromboses (18). Postoperatively, the risk of developing a
surgical wound infection is greatly increased in obese patients,
especially with abdominal surgery, which independently carries
an increased risk of postoperative infections (1, 67).

In view of the role of adipose tissue as an endocrine organ
and its huge potential to secrete several pro- and anti-inflam-
matory mediators such as cytokines, hormones, and peptides, it
is likely that under conditions when adipose tissue can contrib-
ute between 30 and 50% of total body weight, the increase in
morbidity and mortality in septic obese patients could be at-
tributed to this excess adipose tissue. Adipocytes express many
of the known Toll-like receptors (TLRs). In fact, we found that
that adipocytes are highly responsive to endotoxin due to the
high-level expression of TLR-4 (69) and respond by inducing
high levels of proinflammatory cytokines at concentrations of
endotoxin that reflect a sensitivity to these bacterial cell wall
components comparable to or higher than what can be ob-
served in macrophages. In the same study, we reported the
induction of TLR-2 in adipocytes, which confers a high degree
of sensitivity to fungal cell wall components.

The role of adipose tissue in the pathogenesis of infection
was underscored by our recent observations when we gener-
ated an inducible “fatless” model system, the FAT-ATTAC
(for fat apoptosis through targeted activation of caspase 8)
mouse (100). In this model, adipocytes can be inactivated in a
triggered fashion. This allows the assessment of a complete
absence of functional adipocytes prior to the onset of conven-
tionally observed secondary effects associated with chronic
lipodystrophy. In the absence of adipocytes, the “septic re-
sponse” to LPS injections was dramatically reduced as judged
by a decrease in the systemic IL-6 and SAA3 levels.

Somatostatin, a neuroendocrine secretory product, has been
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described in immune cells after activation by the inflammatory
process and is induced by administration of IL-18 and TNF-«
(113, 114). Somatostatin inhibits the secretion of several hor-
mones in the gastrointestinal tract, including insulin and glu-
cagon (101). Cytokines and LPS induce somatostatin transcrip-
tion in human adipose tissue (116). Increased somatostatin
transcription also occurs when adipose tissue is cocultured
with Escherichia coli or activated macrophages. In patients
with severe bacterial infections, the increase in somatostatin
mRNA and protein expression is observed in visceral fat
depots but not in subcutaneous fat nor in depots from un-
infected patients. This increase is inhibited in the presence
of dexamethasone (116).

Adipose tissue is also an important extrathyroidal source of
inflammation- or sepsis-induced calcitonin and calcitonin pre-
cursors. During sepsis there is a thousandfold increase in the
expression of calcitonin and procalcitonin that can be attrib-
uted to adipose tissue (71-73). This increase directly correlates
with disease severity and mortality and occurs both in subcu-
taneous and in omental fat depots. The addition of endotoxin
to cultured human adipose tissue, as well as the administration
of IL-1B and TNF-q, causes an increase in calcitonin and its
precursors; the effects of IL-1B are reversible after treatment
with IFN-y (71). These data demonstrate a possible role for
calcitonin in the increased morbidity and mortality observed in
morbidly obese patients in the critical care setting. In this
regard supraphysiologic doses of procalcitonin increased mor-
tality (94), and peak levels during infection can serve as early
markers of sepsis and an indicator of mortality (120, 133). In
addition, procalcitonin has been shown to stimulate inducible
nitric oxide synthase (iNOS) transcription in vascular smooth
muscle cells (48). Interestingly, anti-procalcitonin serum re-
versed the deleterious effects and increases survival in sepsis
(94). During sepsis, adipose tissue also modulates the in-
creased secretion of adrenomedullin and of the calcitonin
gene-related peptide, both of which are potent vasodilators
and modulators of nitric oxide production. Notably, these pro-
teins induce insulin resistance during sepsis (72, 73).

In patients with septic shock due to fulminate cellulitis,
there was a compartmentalization of increased iNOS activ-
ity and IL-1p to inflamed regions of fat, muscle, and arteries
that did not occur in skin, the primary site of infection.
Interestingly, the increase in TNF-a expression was not al-
tered in fat tissue in those cases (5). The expression of iNOS
was inversely related to mean arterial pressure and to sys-
temic vascular resistance, suggesting a role in cardiovascular
failure in septic shock (5).

Sepsis has also been associated with disturbances in lipid
metabolism resulting in hypertriglyceridemia and lipid accu-
mulation in the liver. In animal models, it was demonstrated
that E. coli-induced sepsis resulted in a significant decrease in
lipoprotein lipase (LPL), leading to a marked decrease in
clearance of triglycerides and free fatty acids in cardiac tissue,
adipose tissue, and muscle (64, 65). This was associated with an
increase in de novo hepatic lipogenesis (65, 131). The admin-
istration of LPS and many cytokines to animals rapidly in-
creased serum triglyceride levels which persisted (65). The
alterations in lipoprotein metabolism differed depending on
the amount of endotoxin used (58). At low doses of LPS or
cytokines, there was an increase in de novo hepatic fatty acid
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synthesis, particularly short-chain fatty acids (131), lipolysis of
adipose tissue, and suppression of fatty acid oxidation. Higher
doses of LPS induced a decrease in LPL activity in muscle and
adipose tissue, thereby decreasing the clearance of very-low-
density lipoproteins. LPS and cytokines cause a decrease in
apoE mRNA; apoE is believed to be critical in the clearance of
triglyceride-rich lipoproteins (58). LPS decreased fatty acid
uptake in cardiac and skeletal muscle and adipose tissue (84),
and IL-4 reversed some of the actions of these cytokines and of
LPS. Interestingly, the response to LPS and cytokines was
significantly higher in subcutaneous adipose tissue than in vis-
ceral adipose tissue.

Bacterial infection induces fatty acid synthesis, increases li-
polysis, generates fatty acids from adipose tissue, and reduces
fatty acid oxidation and ketogenesis in the liver. The increased
fatty acids are re-esterified in the liver a process mediated by
liver acyl-coenzyme A synthetase (ACS) activity. ACS is essen-
tial in the regulation of fatty acid metabolism. It allows the
catalysis of long-chain fatty acid to acyl-CoA esters, which can
be utilized in the synthesis of cellular lipids or in B-oxidation
(84). ACS is located in the microsomes, mitochondria, and
peroxisomes of the liver, as well as in microsomes of adipose
tissue and mitochondria of heart and muscle. The administra-
tion of LPS and cytokines caused a marked decrease in the
transcription of ACS in the liver, adipose tissue, and cardiac
and skeletal muscle tissue (84). In the liver, although mito-
chondrial activity was reduced, there was an increase in the
microsomal activity (84). Mitochondrial ACS regulates activa-
tion of fatty acids for oxidation and ketone body production as
sources of energy, and microsomal ACS is believed to regulate
the re-esterification of fatty acids for triglyceride synthesis (59).
Importantly, the administration of insulin reversed the de-
crease in LPL observed in sepsis. In rats infected with E. coli,
isolated adipocytes demonstrated a sustained decrease in LPL
activity. However, after overnight treatment with insulin, there
was a significant increase in LPL synthesis and activity. Hence,
the sepsis-induced decrease in adipose LPL is not a direct
consequence of insulin resistance; rather, insulin stimulates
LPL synthesis in septic rats (103).

INSULIN RESISTANCE AND GLUCOSE
METABOLISM IN SEPSIS

Glucose metabolism is markedly altered during bacterial
sepsis, and hyperglycemia in the face of hyperinsulinemia is
well documented in situations of stress such as during systemic
infection and shock. The diabetic state worsens during infec-
tion, and this is believed to be due, in part to the increase in
certain hormones, such as cortisol, which occur during stress,
but the mechanism for this apparent resistance to insulin is
largely unknown. During sepsis, there is an alteration of insulin
receptors both in quantity and in affinity (51). In a study of
induced sepsis in rats, no difference was demonstrated in in-
sulin binding in septic versus control rats despite a significant
increase of plasma glucose levels. This observation suggests no
change in quantity or affinity of insulin receptors in that model.
There was, however, a marked difference in the uptake of
glucose by adipocytes in the presence of insulin in a dose-
dependent manner, demonstrating a significant decrease in
responsiveness to insulin (51). The study by Igarashi et al. (51)
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demonstrated that in the rat sepsis model, hyperglycemia in
sepsis may be partly due to postreceptor defects in insulin-
mediated glucose transport by adipocytes. High levels of cir-
culating glucose may be proinflammatory since they can lead to
leukocyte rolling and adherence and can be associated with the
production of free oxygen radicals in aortic endothelial cells
(91, 92), as well as induce potent proinflammatory responses in
adipocytes (68). Importantly, in critically ill patients the ad-
ministration of exogenous insulin has a significant effect on
survival (129). Thus, the systemic anti-inflammatory effects of
insulin during sepsis are increasingly appreciated and are now
used in septic patients. Beyond its effects contributing to a
reversal of sepsis-induced alterations in lipid metabolism and
hyperglycemia, insulin may in addition suppress the expression
of NF-kB, thereby reducing the production of cytokines such
as TNF-a (91). A more detailed view of the anti-inflammatory
properties of insulin has been discussed by Dandona et al. (27).

OBESITY AND ANTIBIOTIC PHARMACOKINETICS

The physiologic changes associated with obesity also influ-
ence the distribution, clearance, and metabolism of drugs. Un-
derlying sepsis may also complicate the pharmacokinetics of
drugs, including antibiotics (20, 54, 80, 112, 140). The in-
creased levels of lipoproteins, cholesterol, and free fatty acids
that competitively bind serum albumin may inhibit the protein
binding of certain drugs; furthermore, the lipophilicity of drugs
largely determines their volume of distribution (80). In septic
shock, there have been several reports of impaired penetration
of B-lactam antibiotics at sites of infection (54, 140). The levels
of these antibiotics in subcutaneous adipose tissue were signif-
icantly less than the levels found in plasma (20, 54, 112). Since
infections are usually localized to the interstitial fluid of tissues
rather than in plasma, the decrease in penetration may con-
tribute in part to therapeutic failures during septic shock in the
face of inhibitory plasma concentrations (54). This phenome-
non was recently observed with the antibiotic linezolid, where
patients with septic shock had lower concentrations of the drug
than healthy volunteers (20). The fluoroquinolone levofloxacin
was found to achieve similar concentrations in inflamed and
healthy subcutaneous adipose tissue; thus, not all antibiotics
are affected by inflammation caused by infection (10). In sum-
mary, the available data indicate a large variability of drug
concentration in inflamed tissue from individual to individual
during septic conditions and poses a major challenge in deter-
mining the appropriate treatment doses.

ADIPOKINES LEPTIN AND ADIPONECTIN: CRITICAL
MEDIATORS IN THE INFLAMMATORY
RESPONSE DURING INFECTION?

Leptin and Adn are two adipokines important in the mod-
ulation of the host response to infection. Leptin, the 16-kDa
nonglycosylated protein product of the obese (0b) gene (141),
is a pleiotropic hormone-cytokine synthesized mainly in adi-
pocytes (78). Leptin and leptin receptors have been identified
in a variety of tissues and organs (7, 19, 47, 82). The biological
activities of leptin are mediated through the interaction with its
specific membrane receptor (Ob-R), which has sequence ho-
mology to members of the class I cytokine receptor (gpl130)
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superfamily (124). Leptin is released into circulation, and its
levels correlate with total body fat mass (2). During malnutri-
tion or starvation, circulating leptin levels decline and serve as
a signal to the host to conserve energy by reducing energy
metabolism (3). Although leptin has been more strongly asso-
ciated with an increase in metabolic rate and reduction of
adipose mass by suppressing appetite and stimulating the sym-
pathetic nervous system (16, 17, 22, 23), it is also implicated in
negative feedback of the hypothalamic-pituitary-adrenal axis.
Leptin receptors are found in the central nervous system and in
peripheral tissues. Accordingly, the physiological role of leptin
is not solely restricted to the regulation of food intake and
energy expenditure. Leptin plays a role in hematopoietic dif-
ferentiation, including lymphoid cells of the immune system,
and can be an inducer of the host inflammatory response (11,
40, 74, 75, 81, 99, 107, 108).

Obese leptin-deficient ob/ob mice and db/db mice display
immune dysfunction and lymphoid organ atrophy, and thus
they have reduced levels of T and B cells (75). Missense mu-
tations in humans leading to leptin deficiency also result in
immune system dysfunction (99). Leptin induces the prolifer-
ation, differentiation, and functional activation of hematopoi-
etic cells. Hence, bone marrow adipocytes may play an impor-
tant role in this process. Leptin modulates the proliferation
and activation of peripheral T lymphocytes in mice and in
humans (75, 81) and can enhance the production of cytokines
(18, 19). In addition, leptin modulates monocyte-macrophage
function and regulates proinflammatory responses (40, 107).
Leptin increases Thl-dependent immunostimulation and au-
toimmune diseases such as experimental autoimmune enceph-
alomyelitis in SJL mice. The deficiency of leptin signaling
decreases both humoral and cellular immune responses in ar-
thritis (21). It also modulates T-cell mediated inflammation,
enhances proliferation, and IL-2 production of native T cells
and promotes the Thl phenotype by increasing IFN-y and
inhibiting IL-4 production from CD4 cells (75). Leptin en-
hances the synthesis of proinflammatory cytokines by cultured
macrophages after treatment with LPS (74), and similar ob-
servations have been made in vivo in rodents. Therefore, the
involvement of leptin in the upregulation of the inflammatory
response provides a common pathogenic mechanism for sev-
eral of the major complications of obesity.

Leptin-deficient mice have an impaired host defense in a
bacterial pneumonia model that may be due to a defect in
alveolar macrophage phagocytosis and leukotriene synthesis
(79). The role of leptin in the host defense against gram-
negative pneumonia was studied by comparing the responses
of wild-type and leptin-deficient mice to an intratracheal chal-
lenge with Klebsiella pneumoniae. In this model, there was an
increase in systemic and pulmonary leptin levels that was
deemed critical for host defense. The absence of leptin trig-
gered greater mortality and reduced bacterial clearance from
the lungs of the leptin-deficient mice compared to wild-type
mice. Interestingly, no differences were observed between
wild-type and leptin-deficient mice in lung homogenates with
respect to TNF-q, IL-12, or macrophage inflammatory protein
2 levels after infection; however, there was a reduction in
leukotriene production in leptin-deficient mice. These data
strongly suggested that leukotrienes are important mediators
of leptin effects on macrophage phagocytosis in mice. The
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absence of leptin generated marked impairment of polymor-
phonuclear neutrophil phagocytosis of bacteria (86). This phe-
nomenon was reversible by leptin replacement in the leptin-
deficient mice. Recent studies also indicate that leptin has a
role in the early immune response during pulmonary infection
caused by Mycobacterium tuberculosis in mice by mediating an
effective IFN-y-driven Th1 response with adequate lymphocyte
trafficking and granuloma formation (135). Bleau et al. (14)
reported that an isolate of Lactobacillus acidophilus decreased
both leptin production and leptin-mediated immunostimula-
tion, leading to a lower Thl response by SJIL adipocytes, and
suggested that this was the mechanism by which this strain of
Lactobacillus had a protective role in intestinal inflammatory
diseases in their model.

The downstream effects from the leptin receptor in immune
cells are mediated by activation of the JAK-STAT signaling
pathway in peripheral blood mononuclear cells (106). After
leptin stimulation, JAK activity was increased and STAT-3 is
tyrosine phosphorylated, dimerized, and translocated to the
nucleus to activate gene expression. STAT-3 was also associ-
ated with tyrosine-phosphorylated src substrate Sam68 in re-
sponse to leptin. Martin-Romero et al. (81) demonstrated that
leptin stimulation of peripheral blood mononuclear cells pro-
motes the tyrosine phosphorylation of the intracellular domain
of the leptin receptor, IRS-1, and Sam68 via JAK activation.
The substrates IRS-1 and Sam68 associate with p85, providing
a molecular mechanism for phosphatidylinositol 3-kinase acti-
vation. Leptin also activates various mitogen-activated protein
kinase pathways (57, 122).

Plasma levels of leptin are elevated during inflammation or
infection (22). Induced peritonitis in rodents leads to an in-
crease in plasma leptin concentrations and in transcription of
leptin in adipocytes (17, 22). In patients that had been septic
for =14 days, there was no correlation between sepsis and
serum leptin concentrations (22). However, during acute bac-
terial sepsis, there appeared to be a significant increase in
plasma leptin levels associated with a marked increase in cor-
tisol level and IL-6. In these patients there was a complete
blunting of the circadian pattern of leptin release. Interest-
ingly, the pattern was reversed with lower levels of leptin at
night and higher levels during the day (17). These observations
suggest that leptin may contribute to the anorexia observed
during sepsis. In addition, leptin can directly suppress adrenal
function, thus providing interesting implications for the mech-
anism of adrenal insufficiency observed during sepsis. In the
present study, patients with higher levels of circulating leptin
had a better survival rate compared to nonsurvivors, suggesting
that leptin could serve as a marker for acute stress-mediated
response. Although leptin administration in vivo plays a pro-
tective role in murine pulmonary antibacterial host defense
(79), in humans the role of leptin and microbial infection
remains unclear. However, recent developments suggest that
studies exploring the role of leptin as both a diagnostic marker
and a therapeutic agent to augment the immune response
during sepsis are warranted.

Adn is a secretory protein synthesized exclusively by adipo-
cytes. It serves as an anti-inflammatory cytokine and antago-
nizes the effects of TNF-a. When the plasma levels of Adn
were measured in an animal model of polymicrobial sepsis,
there was a gradual decrease in Adn levels to ~50% at 24 h.
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Moreover, there was an inverse relationship with levels of
circulating TNF-a (126). Adn was also demonstrated to affect
LPS activity in vitro. When Adn was incubated with LPS, there
was a significant dose-dependent decrease in the activity of
LPS. Western blot analysis demonstrated evidence of binding
of Adn to LPS, suggesting that Adn may have a neutralizing
effect on LPS, although this has not been proven in vivo. It is
not clear whether Adn itself has anti-inflammatory properties
or whether indirect mechanisms are at work. However, Adn
production by adipose tissue can be inhibited by systemic in-
flammation, at least under some circumstances. Adn produc-
tion by cultured adipocytes was demonstrated to be inhibited
by inflammatory cytokines (37, 105), and this inhibition may be
mediated in part by NF-«kB signaling. In cultured adipocytes
and in obese diabetic mice, inhibition of adipocyte inflamma-
tory NF-«kB signaling by an IkB kinase inhibitor resulted in a
reduction of cytokine levels and increased plasma levels of Adn
(55). Thus, IkB kinase inhibition leads to increased plasma
Adn levels and an improvement in systemic insulin sensitivity.
In contrast, Keller et al. did not observe an effect on Adn levels
after LPS administration to humans (56).

The anti-inflammatory action of Adn may be mediated by
one of its principal signaling targets, the AMP-activated pro-
tein kinase (AMPK) (137). There is evidence that the trun-
cated bacterial form of an Adn has anti-inflammatory effects
on endothelium via AMPK-mediated modulation of NF-«B
and Akt/PKB (95, 97, 98). However, whether such a trimeric
globular form exists in vivo in not clear, thus making the in-
terpretation of these results for an in vivo situation difficult.
Some of the proven antiatheromatous effects of Adn may be
mediated by anti-inflammatory activities acting directly on the
vasculature.

Adn has an important role in protecting against cardiac
hypertrophy in cardiac overload states such as hypertension,
hypertrophic cardiomyopathy, and ischemic heart disease. In
mice, this has been supported by data demonstrating that Adn
protects against overload-induced and adrenergically induced
cardiac myocyte hypertrophy by inhibiting hypertrophic signals
via AMPK (117). Interestingly, Adn may represent the link
between obesity (associated with decreased Adn levels) and
cardiac risk by protecting against inflammation-induced car-
diovascular insufficiency and direct myocardial insults.

HIV INFECTION AND ADIPOCYTES

Patients infected with human immunodeficiency virus
(HIV)/AIDS undergo many metabolic abnormalities, includ-
ing dyslipidemia, insulin resistance, fat loss, or lipoatrophy and
fat accumulation. Adipocytes play an important role in HIV
infection since significant changes in adipose tissue morphol-
ogy and metabolism are observed in HIV-infected individuals.
While many authors demonstrate that HIV lipodystrophy is
associated with peripheral adipose tissue loss with a concom-
itant increase in visceral adiposity (43), others have demon-
strated that both subcutaneous and central depots are affected
and undergo reduction (6). The underlying mechanisms for
this phenomenon remain poorly understood. This lipodystro-
phy syndrome particularly prevalent in patients on highly ac-
tive antiretroviral therapies is associated with other metabolic
complications, including insulin resistance, dyslipidemia, cho-
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lesterol, and fat redistribution (90). Most studies have sug-
gested that the lipodystrophy is associated with the use of two
major classes of antiretroviral drugs, nucleoside reverse tran-
scriptase inhibitors (NRTIs) and protease inhibitors (PIs) (45).
Subcutaneous fat cell biopsies of HIV-infected patients treated
with PIs demonstrated increased adipocyte cell death in the
subcutaneous fat compartments (34), whereas others have
found little evidence for apoptosis (88).

Adipocytes could be a direct target for HIV infection. Hazan
et al. (46) demonstrated the receptors for HIV entry, such as
CD4, CXCR4, and CCRS, were expressed in vitro on preadi-
pocytes and adipocytes by reverse transcription-PCR and im-
munocytochemical experiments. In vivo expression of these
receptors was also demonstrated on sections of human white
adipose tissue by immunohistochemistry. However, these au-
thors concluded that in vitro infection of adipose tissue with
the virus was not achievable because the level of expression
of these HIV receptors did not permit entry into adipose
cells in the biopsies tested (87). Nevertheless, Maurin et al.
demonstrated HIV receptor expression in freshly isolated
preadipocytes and in mature adipocytes from subcutaneous fat
depots (83). These authors also demonstrated HIV infection of
fat cells by observing HIV-1 transcriptional activity in the fat
cells and provided evidence for adipocyte infection with HIV
by showing significantly increased Gag p24 antigen expression
upon stimulation of these cells with proinflammatory cyto-
kines, such as TNF-a or IL-1B. The results of that study indi-
cate that HIV-1 indeed infects human adipose cells in vitro and
further suggest that the initial infection may be overcome by
treatment with proinflammatory cytokine stimulation.

Altered fat differentiation and morphology has been de-
scribed in HIV patients (52), as well as increased levels of
collagen fibers and vessel density. Leptin levels were signifi-
cantly higher in HIV-infected patients with lipodystrophy, and
these levels were negatively correlated with insulin resistance
(61). Adn levels were reported to be lower in HIV-infected
patients with lipodystrophy and positively correlated with in-
sulin resistance (89). Increased levels of TNF-« and IL-6 dur-
ing HIV infection may directly affect the insulin signaling path-
ways and induce insulin resistance. Moreover, the lipolytic
effects of these cytokines may increase free fatty acids and may
also cause insulin resistance through lipotoxic effects in muscle
and liver (119). The impact of PIs and NRTIs on adipose cell
functions and adipokine production in vivo and in vitro has
been reviewed elsewhere (62).

Adipocyte differentiation involves the sequential activation
of transcription factors which regulate the expression of adi-
pocyte specific markers. CCAAT-enhancer binding protein
B (C/EBPB), peroxisome proliferator activated receptor vy
(PPARY), and C/EBPa are major transcription factors that
become activated during the differentiation of adipocytes. Dif-
ferentiation is enhanced by the transcription factor sterol reg-
ulatory element binding protein 1 (SREBP1), which activates
PPARYy (36, 104). Bastard et al. demonstrated reduced mRNA
expression of the adipogenic differentiation factors C/EBPB
and C/EBPa, PPARY, as well as the 1c isoform of SREBP1, in
the subcutaneous fat of individuals with HIV lipodystrophy
treated with PIs compared to healthy subjects (9). PPARYy
activates C/EBPa which, in turn, enhances and maintains
PPARY expression, allowing the expression of adipocyte spe-
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cific genes and cell differentiation in central fat depots, in
which SREBP-1 protein levels are also increased (9). PI-in-
duced alterations of SREBP-1 expression may contribute to
the changes in fat distribution in HIV-infected individuals,
similar to the changes that can be seen in mice with altered
SREBPIc levels (118). PIs (i.e., nelfinavir, ritonavir, and lopi-
navir) and some NRTIs (i.e., stavudine and zidovudine) induce
the expression and secretion of IL-6 and IL-18 in 3T3-L1 cell
lines, suggesting that these drugs can modulate the comple-
ment of secretory proteins regardless of the differentiation
status (62). This includes altered expression of TNF-«, IL-6,
Adn, and leptin, which has also been observed in the adipose
tissue of HIV-infected patients, leading to increased serum
levels of TNF-a and IL-6 levels in lipodystrophic HIV patients
(9, 52, 53, 93).

INFECTIOUS ETIOLOGY OF OBESITY

Although the etiology of obesity is multifactorial, there has
been an increasing interest in the fascinating possibility that
infection with specific pathogens may lead to increased ad-
iposity (28-30, 42). Scrapie, a prion neurodegenerative dis-
ease of goats and sheep with a prolonged incubation, was
also reported to cause obesity in mice. The ability of scrapie
to cause obesity appears to be strain specific. The observa-
tions of Kim et al. (60) suggest that the mechanism is an
alteration of the hypothalamic-pituitary-adrenal axis while
others have suggested that alterations in the glucose trans-
porter (GLUT-1) may be important in the pathogenesis of
obesity in this model (130).

An underlying viral basis was first suggested by Lyons et al.
in 1982 (76), who reported that canine distemper virus (CDV)
caused obesity in mice. CDV causes respiratory, gastrointesti-
nal, and central nervous system (CNS) diseases in dogs and
other mammals. This virus invades the CNS replicating in
neurons and glial cells of the white matter and causes an
encephalomyelitis. Mice infected with CDV experience an in-
crease in body weight, fat cell size, and fat cell number. The
mechanism for this observation was believed to be the result of
virus-induced hypothalamic damage. However, it has also been
suggested that that the virus-induced downregulation of leptin
receptor expression in the hypothalamus of CDV-infected
obese mice may be the cause of the obesity. Another virus,
Rous-associated virus-7 (RAV-7), an avian retrovirus was re-
ported to cause stunted growth, obesity and hyperlipidemia in
chickens. The infected chickens develop fatty enlarged livers,
anemia and immunodepression. Carter et al. (24) suggested
that a reduction in thyroid hormone level in RAV-7-infected
chickens was the cause of the obesity and hyperlipidemia.

Borna disease virus (BDV) which was also reported to cause
obesity infects many birds and mammals and persists in the
nervous system. BDV antibodies were detected in horses in
many parts of the world. Gosztonyi and Ludwig demonstrated
that this virus caused obesity in rats and that this was associ-
ated with inflammation of the hypothalamus, pancreatic hy-
perplasia, and elevated levels of triglycerides and glucose (41).
Viral antigen expression was noted in several areas of the brain
including the hypothalamus. Thus, infection with BDV could
result in neuro-endocrine dysregulation leading to obesity.
Interestingly, BDV-specific antigens and BDV-RNA have
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been demonstrated in human brain. This virus has also been
demonstrated to be associated with a variety of psychiatric
disorders.

The first virus that was reported to be associated with human
obesity was the avian adenovirus SMAM-1. Dhurandhar et al.
found antibodies to this avian adenovirus in obese individuals
in India (32). However, since this virus was not thought to
infect humans, the observation suggested cross-reactivity to an
antigenically similar human virus. The same authors first re-
ported that Ad-36 caused obesity in animals (31). In small
animal studies, they demonstrated the presence Ad-36 DNA in
adipose tissue of Ad-36-induced obese animals. Furthermore,
these authors demonstrated the potential of Ad-36 in promot-
ing obesity in nonhuman primates (33).

Human adenoviruses commonly cause infections of the res-
piratory and intestinal tract and the eye. Thus, antibody titers
to adenoviruses are common in the population. There are 50
adenoviruses that are placed into six major subgroups (A to F)
with specific serotypes. Ad-36, implicated in human obesity is
part of group D, serotype 36. Ad-36 does not ordinarily cross-
react with antibodies to other human adenoviruses. It has an
unusual affinity for adipose tissue, and the amount of Ad-36
DNA in visceral adipose tissue correlates with the fat depot
weight. Approximately 30% of the obese and 11% of the non-
obese individuals demonstrated antibodies to Ad-36 (30). Al-
though the precise mechanism by which this virus promotes
obesity is unclear, it has been reported that Ad-36 upregulates
preadipocyte differentiation in culture. The demonstration that
adipocyte differentiation, leptin production, and glucose me-
tabolism is modulated by Ad-36 is of interest, but it remains to
be conclusively proven that this virus is adipogenic in humans.
For example, the recent report by Whigham et al. (134) dem-
onstrated that Ad-31 caused increased differentiation of
3T3-L1 cells, but this did not correlate with obesity in chickens.
Furthermore, there was no correlation between the develop-
ment of obesity in chickens induced by Ad-37 and human
obesity. The association of adenoviral infection with obesity is
highly specific for Ad-36, which is at this time the only human
adenovirus implicated with human obesity.

Finally, recent reports suggest an association of Chlamydia
pneumoniae infection with human obesity (30). This is of in-
terest in view of the many reports suggesting that this organism
might be associated with the pathogenesis of arteriosclerosis
and coronary heart disease. Research into the relationship
between obesity and infection has only begun to be investi-
gated and more data are needed to establish definite cause and
effect relationships.

TRYPANOSOMA CRUZI INFECTION AND
ADIPOSE TISSUE

Parasitic diseases, caused by both nematodes and protozoa,
have been reported to be associated with nutritional deficien-
cies, wasting, and diabetes. Chagas’ disease, caused by the
parasite Trypanosoma cruzi is endemic in Latin America. In
recent years, the influx of immigrants from these countries into
North America and Europe has led to an increase in the
diagnosis of clinical Chagas’ disease in the United States, as
well as the recognition of blood transfusion-induced Chagas’
disease in areas where this disease is not endemic (66). Reac-
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tivation of Chagas’ disease may present as an opportunistic
infection in individuals with AIDS/HIV (128) and in those
undergoing immunosuppressive therapy for malignancies and
in organ transplantation (8). When individuals with chronic
and/or asymptomatic T. cruzi infection acquire HIV infection
the reactivation of this infection (111) may present as a necro-
tizing encephalitis and/or acute myocarditis (63, 102, 109, 110).
Acute chagasic myocarditis may be the sole manifestation of
reactivation, or it may accompany encephalitis.

For many years an association between human 7. cruzi in-
fection and obesity and diabetes has been suspected, and there
has been general belief that the incidence of diabetes is greater
in the chagasic population. Indeed, in recent years there have
been several reports indicating that diabetes is more common
in this population (35, 44, 96). One such study demonstrated a
significant reduction in insulin among chronically infected in-
dividuals (44). Interestingly, previous studies from our labora-
tory demonstrated that when mice with chemical-induced dia-
betes or diabetic db/db mice were infected with T. cruzi, they
had a higher parasitemia and mortality (123). The underlying
mechanisms of these observations remain unknown. Interest-
ingly, chemically induced diabetic mice infected with the caus-
ative agent of African trypanosomiasis, 7. brucei developed
higher parasitemia and increased mortality compared to in-
fected nondiabetic mice (4).

As noted above, the adipocyte has been identified as an
important contributor in the pathogenesis of diabetes, obesity,
and the metabolic syndrome, but its relationship to the patho-
genesis of 7. cruzi infection has only recently been explored. It
has been suggested that adipose tissue in Chagas’ disease may
serve as one of the reservoirs for the parasite from which
recrudescence may occur during immune suppression. How-
ever, since no systematic approach has been undertaken to
more precisely define the role of the adipocyte in the normal
and diabetic state during infection with 7. cruzi, we examined
the direct effects of 7. cruzi infection on adipocytes in vitro and
in vivo.

Mice were infected with the trypomastigotes of 7. cruzi. To
determine the metabolic consequences of infection, basal glu-
cose levels as well as insulin sensitivity were monitored by
means of an oral glucose tolerance test prior to infection,
during the acute phase of infection, as well as during the
chronic stage. We observed that acute infection was often
associated with severe hypoglycemia which correlated with
mortality (25), an observation made by others as well (49). As
noted above, the metabolic response to bacterial sepsis usually
includes hyperglycemia with insulin resistance, profound neg-
ative nitrogen balance, and diversion of protein from skeletal
muscle to splanchnic tissues. The response to 7. cruzi infection,
however, differs from that observed in most studies of bacterial
sepsis. One possible mechanism is an effect on glucose metab-
olism due to invasion of the liver by the parasite. However, the
precise underlying reasons for hypoglycemia during acute 7.
cruzi infection are not known. Surprisingly, during acute infec-
tion, glucose levels in the infected mice at all stages remained
below the levels measured for the control animals. Even
though the baseline glucose levels in the infected animals were
lower, the oral glucose tolerance test indicated relatively nor-
mal ability to clear the ingested glucose despite the high
degree of inflammation associated with this infection. The
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FIG. 1. Schematic overview of the major infectious agents reported to target the adipocyte and the key adipokines release by adipocytes in

response to local and systemic infection.

fasting glucose levels and survival rates of infected mice and
uninfected mice were compared, and a strong correlation
between the relative reduction in glucose levels and mortal-
ity was observed (25).

The level of Adn, the adipokine that was discussed above, is
significantly decreased during 7. cruzi infection in mice. De-
creased levels of Adn are usually associated with insulin resis-
tance, hyperglycemia, and obesity. In addition, decreased lev-
els of Adn are observed with increased systemic inflammation
associated with cardiovascular disease. However, acute inflam-
mation triggered by endotoxemia does not have an effect on
Adn levels (56). Adn levels were reduced during acute 7. cruzi
infection, suggesting that the proinflammatory component of
the infection is the main driving force for the expression of
Adn. The hypoglycemia cannot be readily explained by
changes in Adn. This is an example of a physiologically rele-
vant condition that combines hypoglycemia and normal glu-
cose tolerance with significantly reduced Adn levels. It is note-
worthy that individuals with malaria infection have increased
levels of Adn (15).

The decreased insulin levels observed 30 days postinfection
in the mouse model of T. cruzi infection are consistent with a
physiological response to the very low glucose levels during
that time. It is unlikely that this is a reflection of pathological

changes at the level of the pancreatic § cells, since the mor-
phology is normal at day 30 postinfection and insulin levels
revert to normal levels at later stages. In addition, leptin levels
were significantly reduced in infected mice compared to con-
trols. Resistin levels, another fat cell-specific secretory factor
with insulin-desensitizing properties, were not affected by in-
fection. Levels of plasminogen activator inhibitor 1, which is
also prominently expressed in adipocytes, are completely un-
affected by infection. In contrast, proinflammatory markers
such as IL-6, MCP-1, and TNF-a were markedly elevated in
infected mice in response to the high parasite load on day
during the acute infection. The significant decrease in leptin
levels was initially surprising since the infected mice gained
more weight than the control mice. However, magnetic reso-
nance imaging studies revealed that there were significantly
reduced levels of adipose tissue during the acute phase of the
infection. Interestingly, the decrease in adipose tissue persisted
even at later stages during chronic infection and was primarily
caused by a decrease in abdominal adipose tissue. Mice that
had marked right ventricular dilation had an even greater loss
of fat depots. The weight gain in infected mice appeared to be
related to edema, which may have been the consequence of
right-sided heart failure (25).

Since the plasma levels of Adn were reduced as a result of 7.
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FIG. 2. Representative electron micrograph of an uninfected 3T3-L1 adipocyte (A) and a cell 48 h after infection with trypomastigotes of 7.

cruzi. The arrows point to the amastigotes. (Reprinted from Combs et al. [25] with the permission of the publisher.)

cruzi infection, we wanted to determine whether the parasite
has the potential to actually invade adipocytes in vivo. Real-
time PCR data demonstrated that adipose tissue is a relevant
target tissue, harboring large numbers of parasites. Particularly
noteworthy is that at 300 days postinfection, a comparable
number of parasites were present in adipose and heart tissue,
indicating that adipose tissue is a reservoir tissue for these
parasites. We observed that adipocytes were readily infected in
vivo. Since there were numerous parasites in adipose tissue, we
suspected that the massive local parasite count should be re-
sponsible for a considerable influx of macrophages. We wanted
to determine whether the high propensity to harbor and prop-
agate 7. cruzi in adipocytes also has an effect on macrophage
levels. Therefore, white adipose tissue was isolated from two
different fat depots of infected mice. As judged by an immu-
nohistological stain for the macrophage-specific marker F4/80,
there was a marked increase of F4/80-positive cells in white
adipose tissue during the acute infection. Even more pro-

nounced changes were observed in brown adipose tissue. This
persisted even at 300 days postinfection. The parasites were
located within the adipocytes of brown fat, which is character-
ized by multiple smaller intracellular lipid droplets compared
to the densely packed white adipocytes that contain a single
large lipid droplet. During the chronic stage of infection, there
was a reduction in the number of macrophages compared to
the acute infection (25).

The reduced levels of Adn in plasma in 7. cruzi infection
(25) suggest that infection of adipocytes may also have conse-
quences on other proteins synthesized in adipose tissue. There-
fore, immunoblot analysis was performed for a number of
proteins that are expressed in adipose tissue. Consistent with
the reduction of plasma Adn, the levels of Adn in adipose
tissue were also reduced during acute infection in a number of
fat pads, particularly in perirenal and visceral adipose pads,
both of which are important systemic sources of Adn, whereas
the levels in brown adipose tissue were not affected. We ex-

TABLE 1. Pathogens implicated in obesity

Pathogen” Animal model

Possible mechanism(s)

Human adenovirus-36* Chickens, mice, nonhuman primates

Upregulation of preadipocyte differentiation

Human adenovirus-37* Chickens Unknown

SMAM-1 adenovirus* Chickens Unknown

Borna disease virus* Rats Hypothalamic damage

Chlamydia pneumoniae* No animal model, associated with wt gain in humans Unknown

Scrapie agent Mice Hypothalamic-pituitary adrenal axis damage

Canine distemper virus Mice Hypothalamic damage, reduced
hypothalamic leptin receptor expression

Rous-associated virus-7 Chickens Reduced thyroid hormone levels

¢ * Human pathogens and/or associated with human obesity. Adapted from Dhurandhar et al. (30) with the permission of the publisher.
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tended the analysis of protein expression on brown and peri-
renal adipose tissue 30 days postinfection to a number of
additional inflammatory markers. The acute-phase reactants
a-1 acid glycoprotein and SAA3, which are expressed in adi-
pocytes, were upregulated. The expression of TNF-a, IFN-y,
and IL-1p that were also increased acutely, and these changes
persistent even to 90 days postinfection. The 3T3-L1 cells,
widely used as a model for primary adipocytes, were infected
with T. cruzi. Infection triggered a reduction of Adn levels,
while the levels of Toll-like receptor 2 (TLR-2), TNF-a, IFN-y,
and IL-1-B were increased. In summary, this parasite infects
and replicates within adipocytes both in vitro and in vivo. Thus,
we believe that adipocytes are an important target of parasite
invasion. Chagas’ disease is therefore an excellent model to
study the contributions of adipose tissue in parasitic infections.

CONCLUDING REMARKS

This has been a targeted review, and clearly we have not
performed an exhaustive review of every microorganism. For
example, we have neither dealt with other parasites nor with
the fungi nor with HIV/AIDS in detail. This review of the
recent contributions from several laboratories, including our
own, indicates that the adipose tissue and the adipocyte in
particular contribute significantly to the systemic interaction
with infectious agents. The adipocyte can be a direct target for
a number of infectious agents and their products. These inter-
actions have the potential to significantly impact the innate
immune response. Adipose tissue plays a major role in inflam-
mation and therefore is a major player in the pathogenesis of
infectious diseases.
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