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in many developed
countries, including the United States. It induces marked insulin resistance and increases the risk of developing type 2
diabetes mellitus (T2DM) and other diseases (cardiovascular
disease, some cancers, and asthma). One feature of obesity is a
low-grade inflammation that likely originates in the expanding
adipose tissue, and it is associated with infiltration of immune
cells, including macrophages, lymphocytes, and leukocytes
(22, 95, 131). The cytokines released from the inflammatory
tissue affect the metabolic functions of several organs, including the liver, heart, muscle, and brain (46, 122). Proinflammatory cytokines released by the activated immune cells can
impair insulin signaling in insulin-responsive organs and cause
systemic insulin resistance, which increases the risk of developing hyperglycemia and T2DM. Insulin sensitizers such as
thiazolidinediones (TZDs) have anti-inflammatory activity,
which provides an additional rationale to pursue clinical stud-
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ies to evaluate the efficacy of targeted anti-inflammatory therapeutics on T2DM (46, 95). In fact, anti-inflammatory therapies have been tested in many clinical trials to improve insulin
sensitivity and restore glucose homeostasis.
However, the anti-inflammation therapies (anti-TNF, antiIL-1, anti-IL-6, and salsalate) that will be discussed below have
shown very limited efficacy with regard to improving insulin
action and glucose homeostasis. While there could be many
explanations (such as less efficacious than standard diabetes
therapy, off-target effects, wrong patient population, etc.) for
the limited benefit of anti-inflammatory therapies, one possibility is that our assumption that inflammation has only negative effects on insulin action and glucose homeostasis may not
be correct. There might be some beneficial effects of inflammation in obesity. For example, inflammation plays an essential role in maintaining healthy adipose tissue through stimulating tissue remodeling (101). Inflammation increases energy
expenditure and suppresses food intake, which would favor
insulin sensitivity by limiting obesity (discussed below). Thus,
the net outcomes of anti-inflammatory therapy on insulin
sensitivity could depend on the extent to which the benefits
outweigh the negatives in a given individual. In this review, we
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Chronic inflammation is a characteristic of obesity and is associated with accompanying insulin resistance, a hallmark of type 2 diabetes mellitus (T2DM). Although proinflammatory cytokines are known for their detrimental effects on
adipose tissue function and insulin sensitivity, their beneficial effects in the
regulation of metabolism have not drawn sufficient attention. In obesity, inflammation is initiated by a local hypoxia to augment angiogenesis and improve adipose
tissue blood supply. A growing body of evidence suggests that macrophages and
proinflammatory cytokines are essential for adipose remodeling and adipocyte
differentiation. Phenotypes of multiple lines of transgenic mice consistently suggest
that proinflammatory cytokines increase energy expenditure and act to prevent
obesity. Removal of proinflammatory cytokines by gene knockout decreases energy
expenditure and induces adult-onset obesity. In contrast, elevation of proinflammatory cytokines augments energy expenditure and decreases the risk for obesity.
Anti-inflammatory therapies have been tested in more than a dozen clinical trials to
improve insulin sensitivity and glucose homeostasis in patients with T2DM, and the
results are not encouraging. One possible explanation is that anti-inflammatory
therapies also attenuate the beneficial effects of inflammation in stimulating energy
expenditure, which may have limited the efficacy of the treatment by promoting
energy accumulation. Thus, the positive effects of proinflammatory events should
be considered in evaluating the impact of inflammation in obesity and type 2
diabetes.
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discuss the role of inflammation in adipose tissue remodeling
and its impact on energy balance. We will use the beneficial
effects of inflammation to explain the mixed results of the
anti-inflammatory clinical trials that have been reported.
Why Does Obesity Increase Inflammation in Adipose Tissue?

stitial oxygen was first observed in adipose tissue of obese
mice (147) and then confirmed in human and mouse obesity
models (104, 146). In growing tissues, a transient hypoxia is a
common signal in the stimulation of new blood vessel formation (angiogenesis). If the angiogenic response is insufficient to
resolve the hypoxia, a chronic inflammatory response will be
activated (146). Inflammation is one of a number of alterations
that have been found in adipose tissue in obesity (Fig. 1). The
others include endoplasmic reticulum (ER) stress, decreased
adiponectin, elevated leptin, increased lipolysis, decreased adipogenesis, adipocyte death, and insulin resistance. There is no
unifying mechanism for all of these alterations. Adipose hypoxia may explain most, if not all, of the alterations in the
adipose tissue (Fig. 1). Insufficient blood supply is the underlying mechanism for the adipose hypoxia (see review in Ref.
145).
Hypoxia alters the balance between pro- and anti-inflammatory activities in adipose tissue. In cells, hypoxia induces
expression of proinflammatory cytokines by activating transcription factors such as NF-B (nuclear factor-B) and
HIF-1␣ (hypoxia-inducible factor 1␣) in adipocytes and resident macrophages (147). Additionally, the local hypoxia may
promote M2/M1 macrophage switching and induce leptin expression or adipocyte death to enhance the inflammatory response. M2 macrophages suppress the inflammatory response
by secreting IL-10 and stimulate angiogenesis by producing
angiogenic factors (37). In obesity, the differentiation of M2
into M1 macrophages is considered a major event that sustains
chronic inflammation (76). In addition to the hypoxia hypothesis, there are other hypotheses for the origin of the inflammation in the adipose tissue (130). Yet, irrespective of the mechanism, most studies suggest that certain levels of inflammation
are required for the maintenance of adipose tissue function by
regulating extracellular matrix remodeling and adipocyte differentiation.
Inflammation: Impact on Energy Expenditure and Glucose
Homeostasis
The primary cause of adiposity is a mismatch between
energy intake and energy expenditure. Leptin and insulin play
central roles in the regulation of energy balance in the body.
Leptin induces satiety and augments energy expenditure to
limit weight gain. In opposition, insulin induces energy accu-

Fig. 1. Hypoxia as a common root for various changes
in adipose tissue in obesity. ER, endoplasmic reticulum.
Hypoxia can induce complex changes in the endocrine
and metabolic phenotype of the adipose tissue.
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White adipose tissue is a primary site of chronic inflammation in obesity and is characterized by expression of proinflammatory cytokines and infiltration of a variety of immune cells,
including macrophages, T lymphocytes, B lymphocytes, natural killer cells, and neutrophils. (22, 95, 131). These immune
cells, together with adipocytes and stromal vascular cells,
constitute a cellular network that produces both proinflammatory and anti-inflammatory cytokines (40, 101, 132). While the
proinflammatory cytokines are well known to impair insulin
action in adipocytes, they are required for maintenance of
angiogenesis, extracellular matrix remodeling, and clearance of
dead cells in adipose tissue (15, 18, 40, 101, 129). These
activities of inflammation are required to maintain a “healthy”
microenvironment to sustain adipose tissue expansion. Angiogenesis is required for adipocyte differentiation and adipocyte
function (17, 41). Inhibition of angiogenesis leads to suppression of adipose tissue growth, which has been shown to prevent
obesity in mice (14). Recent studies suggest that proangiogenic
factor (VEGF, vascular endothelial growth factor) and antiangiogenic factor (PEDF, pigment epithelium-derived factor) are
elevated in plasma of obese humans and mice (20, 43, 116). In
transgenic mice, adipocyte-specific overexpression of VEGF
enhanced angiogenesis in adipose tissue and stimulated energy
expenditure through fat “browning,” which is associated with
improved insulin sensitivity (128). In contrast, infusion of
PEDF inhibited angiogenesis and impaired insulin sensitivity
in mice, whereas neutralizing PEDF improved insulin action
(20). Macrophages, the major inflammatory cells in adipose
tissue, have been reported to facilitate adipocyte differentiation
(90), control lipolysis (65), and augment brown fat function in
adipose tissue in mice (88). In obesity, adipocyte expansion in
size disrupts the interaction between adipocytes and the extracellular matrix in adipose tissue. Inflammation facilitates restoration of the balance by stimulating adipocyte lipolysis to
attenuate cell expansion.
Adipose tissue hypoxia is considered the initiator of chronic
inflammation in obese states (134, 146). A reduction in inter-
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on the surface, has overlapping metabolic features with inflammation. Moreover, a number of clinical trials have tested the
impact of anti-inflammatory therapy on mortality in septic
individuals. Although the patient population of endotoxemia is
significantly different from individuals with T2DM, similar
strategies have been used to test the role of inflammation.
There is rich literature regarding the acute impact of endotoxin (LPS) on inflammation and metabolism. The inflammatory response to LPS includes expression of many cytokines
that are also upregulated by obesity, although the kinetics and
origin of the cytokines are different. Following LPS exposure,
the primary source of circulating cytokines is resident macrophages in the liver and other highly vascular tissues. LPS is a
potent activator of the hypothalamo-pituitary-adrenal axis and
is known to induce leptin secretion (even in the absence of
obesity). The glucose response to LPS is dependent on the dose
and duration of exposure to LPS and the species involved (80,
126). In general, high doses of LPS cause profound hypoglycemia and insulin resistance; low doses of LPS generally cause
hyperglycemia and insulin resistance. At first, a combination of
hypoglycemia and insulin resistance seems like a contradiction. However, the hypoglycemia is a result of impaired hormone-stimulated hepatic glucose production and increased
insulin-independent glucose uptake in multiple tissues in both
humans and rodents (2, 80, 81, 144). The insulin resistance is
related to impaired insulin action in the liver or muscle through
both direct and indirect effects of LPS. Proinflammatory cytokines are believed to impair insulin signaling directly in multiple tissues. The indirect effects include low blood flow in
insulin-sensitive tissues (85, 135), increased glucocorticoid
secretion (2, 81), and concomitant activation of the autonomic
nervous system. LPS inhibits food intake and increases energy
expenditure. However, in rodents, energy expenditure may
decrease and hypothermia can develop if the animal is not in a
thermoneutral environment or in response to a high dose of
LPS (67).
Endotoxin concentrations can transiently rise after a normal
meal, and high-fat diets can induce a low-grade endotoxemia

Fig. 2. Impact of proinflammation and anti-inflammation events in adipose tissue on glucose homeostasis in
peripheral tissues. Obesity and adipose tissue expansion
and remodeling activate both proinflammation and antiinflammation events. Expression of proinflammatory
cytokines (leptin, IL-1, TNF-␣, IL-6, IL-18, etc.) is
enhanced in adipocytes, macrophages, and lymphocytes. To control chronic inflammation, the anti-inflammation molecules (ADPN, IL-1Ra, IL-10, etc.) are activated to balance the inflammatory impact. Both the
pro- and anti-inflammatory events occurring in adipose
tissue spill over onto peripheral tissues to alter insulin
resistance and energy expenditure. The anti-inflammatory molecules tend to promote energy (fat and glucose)
storage and improve insulin action, whereas the proinflammatory activities facilitate weight loss yet impair
insulin action. A: on balance, the impact of glucose
homeostasis is an integration of the pro- and antiinflammatory activities. B: upon removal of proinflammation, the balance of homeostasis can be compromised
due to loss of the beneficial increase in energy expenditure.
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mulation and promotes weight gain. Yet, despite the marked
increase in leptin in obesity, animals gain weight, presumably
from central leptin resistance that is responsible for impaired
control of food intake and energy expenditure. The energy
surplus or weight gain is a major risk factor for insulin
resistance, which triggers hyperinsulinemia. Adipose tissue
inflammation is generally believed to contribute to the pathogenesis of insulin resistance through proinflammatory cytokines (see reviews, Refs. 46, 95, 122). However, the same
cytokines stimulate energy expenditure and induce satiety and
thus limit adiposity and improve glucose homeostasis. A role
of inflammation in the control of energy expenditure will be
discussed below.
We will examine the evidence from genetic and pharmacological studies in which both proinflammatory and anti-inflammatory cytokines have been tested in the regulation of energy
balance. We recognize that the regulation of energy expenditure is complex and involves central and peripheral tissues
(133). The proinflammatory cytokines to be discussed are
interleukin-1 (IL-1), IL-6, tumor necrosis factor-␣ (TNF-␣),
leptin, and IL-18. The anti-inflammatory cytokines and signaling molecules are IL-1 receptor antagonist (IL-1Ra), mitogenactivated protein kinase phosphatase-1 (MPK1), adiponectin,
and IL-10. In addition, we will discuss the studies in which
inflammatory signaling pathways (NF-B and JNK) have been
manipulated. The major points about inflammation in energy
balance are outlined in Fig. 2. Since the negative effects of
proinflammatory cytokines on insulin action and adipose tissue
function have been extensively documented in several outstanding review articles (46, 95, 122), we will not reiterate the
negative effects in this article.
Before discussing the cytokines, or signaling molecules, we
will briefly discuss the impact of endotoxemia on glucose
homeostasis. Recent studies suggest that endotoxemia, secondarily to increased gut permeability and dietary-induced alterations of the intestinal microbiome, may contribute to the
chronic inflammation associated with obesity (12, 56). As in
obesity, endotoxemia induces similar inflammatory events and,
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insulin signaling through activation of several serine kinases
including JNK (c-JUN NH2-terminal kinase), IKK, S6K (ribosomal protein S6 kinase 1), etc. (32, 115, 150). In adipose
tissue, TNF-␣ is primarily produced by resident macrophages.
The metabolic activity of TNF-␣ is complex, as indicated by
comparing the phenotype of global TNF-␣ KO and TNFreceptor KO mice. While both mice have little or no phenotype
on a chow diet, on a high-fat diet (HFD) TNF-␣ KO mice have
normal weight gain. In contrast, the TNF receptor KO mice
have a blunted weight gain when the receptor 2 (R2) but not R1
receptor is removed (120, 143). Diet-induced hyperinsulinemia
was exacerbated when both receptors were removed. This
suggests that TNF-␣ may maintain, rather than aggravate,
insulin action in vivo. A more careful analysis of the TNF
receptor KO mice (100) using littermate controls revealed that
they are prone to obesity and have a low metabolic rate.
Interestingly, when TNF-␣ is reconstituted only in the adipose
tissue using the aP2 promoter in TNF-␣ KO mice, the transgenic mice exhibit less adiposity at 20 wk of age (142),
suggesting a role for TNF-␣ in the maintenance of energy
balance. Although ex vivo insulin action was impaired in
adipose tissue, systemic insulin sensitivity was improved in the
mice, as indicated by a low level of fasting insulin. In a more
severe insulin resistance model, such as the db/db mouse, loss
of TNF-␣ receptor has no phenotype (120). In summary,
TNF-␣ has profound effects on adipose tissue biology and
insulin signaling in adipocytes, but its contribution to systemic
insulin resistance during obesity is limited.
IL-1. The IL-1 superfamily includes more than 30 members.
Of these, IL-1␣, IL-1␤, and IL-1 receptor antagonist (IL-1Ra)
have been reported to regulate energy metabolism and glucose
homeostasis. IL-1␣ and IL-1␤ share the same cell membrane
receptor (type I receptor) and trigger similar intracellular signaling pathways. IL-1 activity is regulated both transcriptionally and posttranscriptionally. The latter occurs via proteolytic
cleavage of pro-IL-1␤ by the inflammasome (55). In addition,
IL-1 competes for receptor occupancy with the receptor antagonist IL-1Ra.
IL-1 modulates glucose homeostasis by impairing insulin
signaling, modulating insulin secretion, augmenting insulinindependent glucose uptake, increasing energy expenditure,
and stimulating autonomic nervous system activity (58, 70, 97,
107). Depending on the dose, IL-1 can induce hypoglycemia or
hyperglycemia (70, 138). Moreover, IL-1␤ can inhibit insulin
secretion in ␤-cells and induce islet failure (4). Thus, even
though IL-1 can directly impair insulin action in vivo, an
assortment of responses can be manifested, some of which
actually improve rather than aggravate glucose homeostasis.
IL-1 also can limit obesity by augmenting energy expenditure
(78, 83). When superphysiological doses of IL-1 (IL-1␣ or
IL-1␤) are given directly (intracerebroventricularly) into the
central nervous system, energy expenditure and body temperature increase, and food intake decreases (83), inducing a
negative energy balance. IL-1 administration activates the
hypothalamic-pituitary-adrenal axis, increasing plasma corticosterone and adrenocorticotropin, and decreases spontaneous
physical activity in rats. Continuous injection of IL-1 into the
central nervous system for 5 days reduces body weight secondarily to anorexia and an increase in energy expenditure
(83). Although those observations were made with nonphysiological levels of IL-1, the studies consistently support the
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(12, 56), which is proposed as a risk factor for the chronic
inflammation in obesity. The impact of chronic low-grade
endotoxemia on metabolism has been reported in two studies.
Chronic (28 days) treatment with a low dose of LPS (300
g·kg⫺1·day⫺1) induced obesity in mice (12). The adiposity
was observed in the absence of detectable changes in energy
intake. Energy expenditure (and/or core body temperature) was
not assessed in the study but was likely reduced by LPS.
Interestingly, despite the presence of obesity and inflammation
in LPS-treated mice, there was no systemic insulin resistance.
In a cat study, LPS was infused for 10 days (96). Initially LPS
induced insulin resistance (increased basal insulin). However,
by day 10, despite evidence of persistent inflammation, insulin
concentration returned to normal. Thus the effects of sustained
LPS delivery on hepatic and peripheral glucose metabolism
can differ markedly from the acute effect of LPS. The mechanism of weight gain in the two LPS models remains to be
identified. The anti-inflammatory response that is triggered by
the chronic proinflammatory response may play a role in the
inhibition of energy expenditure in LPS-treated mice.
Clinical trials of anti-TNF therapies have been conducted
but yielded limited benefit in septic patients. Recently, the only
immunomodulatory drug (drotrecogin-␣) approved specifically
for the treatment of severe sepsis was withdrawn from the
market for its poor efficacy (8, 110 –112). The reason for the
limited efficacy of the drug is unknown. Several factors likely
play a role, such as the timing and duration of therapy, patient
heterogeneity, the therapeutic ability to access the site of
inflammation, and the possibility of beneficial effect of TNF-␣.
Interestingly, timing of intervention is important. In rodents, if
anti-TNF therapy was started before LPS administration, it was
very effective. However, if it was given a few hours after LPS
exposure, the anti-TNF therapy was not effective (7). Thus,
anti-inflammatory approaches have not been very successful in
improving outcomes in sepsis.
What we have learned from studies examining the impact of
targeting inflammatory events in shaping the metabolic response to LPS or sepsis is that the net effect of inflammatory
events on glucose homeostasis are dependent on both the
duration of exposure and the magnitude of the inflammatory
response. Moreover, while inflammatory mediators can impair
insulin action, they also directly reduce blood glucose by
impairing hepatic glucose production and augmenting peripheral glucose disposal independently of insulin. This complex
interaction may explain the very dynamic and time-dependent
effect of chronic inflammation on glucose homeostasis. If one
considers that low-grade endotoxemia may contribute to obesity-associated inflammation, anti-inflammatory therapies
should be able to attenuate the metabolic disorders in obesity.
However, anti-inflammatory therapies have not been very effective. If the beneficial effect of targeting inflammation in
sepsis is offset by the side effects of the therapies or time
window of the intervention, similar challenges will present in
the anti-inflammatory therapies that are designed to improve
glucose homeostasis without negative consequences in obese
and diabetic individuals.
Targeted modulation of pro- and anti-inflammatory cytokines and hormones. TNF-␣. As the first proinflammatory
cytokine reported in adipose tissue, TNF-␣ has been extensively documented as a participant in the pathogenesis of
insulin resistance (47, 48). In cellular models, TNF-␣ inhibits
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(30, 74). Leptin also activates other signaling pathways used by
proinflammatory cytokine receptors, including MAPKs (mitogen-activated protein kinases p38 and ERK) (77, 86), JAK/
STAT3 (6, 136) and phosphatidylinositol 3-kinase (PI3K) (77,
141). Leptin expression is induced by inflammatory mediators
(39, 119, 155). The signaling pathway and expression pattern
suggest that leptin may mediate proinflammatory responses.
The protein structure of leptin is similar to that of other
proinflammatory cytokines including IL-6, IL-11, IL-12, LIF,
G-CSF, etc. (19), which may permit cross-talk of those cytokines with the leptin receptor. Leptin stimulates T cell proliferation and Th1 differentiation (5, 79), controls regulatory T
lymphocytes (Treg) in adipose tissue (24), inhibits anti-inflammatory cytokine expression (IL-4 and IL-10) (79), and promotes Th1-mediated inflammatory responses such as experimental colitis and collagen-induced arthritis (9, 123). These
inflammatory responses are reduced in ob/ob or db/db mice.
This may be due, in part, to the elevated corticosterone secretion in these mice (44). However, leptin is not absolutely
required for the chronic inflammation in adipose tissue in
obesity. ob/ob mice exhibit comparable adipose inflammation
to WT obese mice (147). Low-energy expenditure, hypothermia, and cold intolerance are characteristics of leptin deficiency in ob/ob mice and leptin receptor-deficient (db/db)
mice. Leptin controls food intake and energy expenditure
through its actions in the brain. Leptin also acts on peripheral
tissues (such as pancreatic islets) to regulate energy balance
and feeding behavior. In obesity, leptin resistance in the brain
and islets contributes to sustained weight gain and is involved
in development of hyperleptinemia. A high level of leptin may
promote chronic inflammation by inhibiting expression of
anti-inflammatory cytokines and inducing proinflammatory cytokines in T cells and macrophages. We are unaware of any
study reporting leptin resistance in immune cells in obesity.
IL-18. IL-18 is another member of the IL-1 superfamily. In
obese and T2DM subjects, the plasma concentration and adipose tissue expression of IL-18 are elevated (25). A major
function of IL-18 is to induce IFN␥ expression by T cells;
however, IL-18 also has effects on adipose tissue and brain.
IL-18 suppresses angiogenesis through IFN␥-dependent expression of interferon-␥-inducible protein 10 (IP-10). The specific role of IP-10 in adipose tissue is unclear (13). Global
IL-18 inactivation in mice increases the risk for obesity,
hyperphagia, and insulin resistance (87). Administration of
recombinant IL-18 (rIL-18) intracerebroventricularly inhibited
food intake, reversed hyperglycemia, and corrected T2DM
subjects, IL-18 resistance may be present (154). Thus, elevated
IL-18 may serve a protective role in obesity to limit adiposity.
ADIPONECTIN AND IL-10. Adiponectin is an adipokine that has
anti-inflammatory activity. Adiponectin concentration is reduced in plasma of obese subjects, and the reduction is associated with an elevation in chronic inflammation (23). Adiponectin expression in adipocytes is reduced by hypoxia and
proinflammatory cytokines (146). In ob/ob mice, fat-specific
overexpression of adiponectin makes the transgenic mice more
obese, but the mice are healthy compared with their ob/ob
littermates (61). Adiponectin has been reported to inhibit
lipolysis in adipocytes (109). Despite the exaggerated adiposity
in adiponectin-overexpressing mice, adipose tissue inflammation is not elevated. This is presumably due to the increased
adiponectin expression in the mice (61). In vitro, adiponectin
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body’s physiological response to IL-1. Thus, in conditions such
as obesity, where IL-1 activity is chronically elevated, interventions that inhibit IL-1 activity may, in fact, induce positive
energy balance and aggravate glucose homeostasis.
The importance of IL-1 in regulating energy metabolism is
supported by the phenotype of mice lacking either IL-1Ra or
the IL-1 receptor (33, 78). IL-1Ra is an anti-inflammatory
protein secreted by adipose tissue and other tissues (51).
IL-1Ra acts to block IL-1 interaction with its receptor. Plasma
IL-1Ra is elevated in obesity (82). IL-1Ra KO mice have
enhanced IL-1 activity, and the mice are resistant to obesity
(78). Their energy expenditure (normalized for body weight) is
enhanced, and they are protected from HFD-induced insulin
resistance (124, 125). Given that the IL-1Ra KO mice are
smaller than the wild-type (WT) controls, more advanced
statistical analysis is required to normalize the energy expenditure data (53, 54). Inhibition of IL-1 activity by injection of
recombinant IL-1Ra leads to insulin resistance in mice (124).
In IL-1R KO mice, IL-1 is unable to stimulate energy expenditure, and the mice have increased (1.5- to 2.5-fold) visceral
and subcutaneous fat (33). This was accompanied by hyperglycemia and insulin resistance. Thus, some of the IL-1 activity
seen during obesity may serve to limit adiposity and reduce the
risk of developing T2DM.
IL-6. IL-6 is elevated in plasma and in adipose tissue in
obesity (29, 57). The impact of IL-6 activity on energy and
glucose metabolism is suggested by the phenotypes of both the
IL-6 KO (137) and STAT3 (signal transducer and activator of
transcription 3) KO mice (49). STAT3 is a transcription factor
that is activated by IL-6. Global ablation of IL-6 leads to
adult-onset obesity and insulin resistance (137). In transgenic
mice, IL-6 overexpression in skeletal muscle stimulates energy
expenditure and reduces food intake, which limits adiposity
(28). Exercise is an important lifestyle intervention to control
weight gain. Interestingly, as a myokine, IL-6 is secreted by
contracting muscle and is elevated two- to threefold in the
circulation during exercise (105, 106). The increase in IL-6
may help amplify exercise-induced lipolysis in adipose tissue;
the mobilized fatty acids are then oxidized by the working
muscle (106). The impact of IL-6 on glucose metabolism is
controversial. IL-6 infusion does not reduce insulin sensitivity
in human subjects (68), yet it does so in mice (59, 63, 64). In
mice, suppression of IL-6 signal transduction by liver-specific
STAT3 ablation leads to hepatic insulin resistance (49). Basal
IL-6 may be required in the maintenance of glucose homeostasis by restraining gluconeogenesis. As IL-6 has beneficial
effects on glucose metabolism and on energy balance during
exercise, anti-IL-6 therapy may have unfavorable consequences in obesity and T2DM.
LEPTIN. Leptin secretion increases as adipose tissue expands.
Leptin limits weight gain by reducing food intake and increasing energy expenditure (84). However, obesity is associated
with leptin resistance, which is manifested as hyperleptinemia.
It is unclear whether the resistance is a primary contributing
factor to the obesity and/or is secondary to the higher leptin
tone. Moreover, it is not known whether the leptin resistance
extends to tissues other than the brain. Leptin resistance is
thought to primarily occur in the brain. Leptin can be proinflammatory. Leptin induces the expression of proinflammatory
cytokines in macrophages and T cells (74, 75, 79) and stimulates macrophage phagocytosis and monocyte proliferation
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JNK activator (anisomycin), and osmotic stress (16, 89, 139,
152). The mice exhibit a strong proinflammatory response with
elevations in TNF-␣ and IL-6 (16). As a result, the KO mice
are more susceptible to endotoxin shock. The heightened
inflammatory status in MKP-1 KO mice is associated with
higher energy expenditure and resistance to diet-induced obesity (140). MPK1 induces p38 activation, and this mechanism
may inhibit hepatic glucose production. In obese mice, p38
MAPK is reported to inhibit gluconeogenesis through activation of X-box binding proteins (XBPs) (72). p38 phosphorylates the spliced form of X-box binding protein-1 (XBP-1s),
leading to their nuclear translocation. In the nucleus, XBP-1s
inhibits gluconeogenesis by targeting Forkhead box O1
(FoxO1) (153). Thus, loss of anti-inflammatory signaling molecules results in a net increase in proinflammatory tone that
increases energy expenditure and makes mice resistant to
obesity.
NF-B AND IKK␤. The IKK␤/NF-B signaling pathway controls the expression of the major proinflammatory cytokines. It
is activated by many obesity-associated factors such as inflammation, hypoxia, ER stress, diacylglycerol, ceramide, etc.
(146). This signaling pathway has been investigated in several
studies using transgenic mice to understand the relationship
between inflammation and insulin resistance (3, 10, 11, 113,
149). Those studies suggest that an increase in IKK␤/NF-B
activity may induce systemic insulin resistance or hepatic
insulin resistance. However, the relationship of insulin resistance and energy expenditure was not carefully examined in
the majority of those studies. This issue was addressed in our
studies of two lines of NF-B transgenic mice. We enhanced
NF-B activity by fat-specific overexpression of the NF-B
p65 subunit (aP2-p65 mice) or by (globally) deleting the
NF-B p50 subunit in p50 KO mice (31, 132). In both models,
NF-B tone was enhanced, and inflammation was increased in
the mice on either a regular chow diet or HFD. The resultant
inflammation increased energy expenditure and reduced adiposity in mice on HFD (31, 132, 151). Insulin sensitivity was
not impaired in the mice on a chow diet and was improved in
the mice on HFD. The observations were extended into fatspecific IKK␤-overexpressing mice that have been recently
reported by another group (50). The fat-specific IKK␤ mice
exhibited an increase in energy expenditure and resistance to
diet-induced obesity. Inflammation in adipose tissue failed to
induce systemic insulin resistance in the mice on the regular
chow diet or an HFD. Thus, inflammation in those fat-specific
IKK␤/NF-B mice provides beneficial effects in the control of
adiposity and insulin resistance.
The beneficial activity of inflammation is supported by
studies examining the impact of IKK␤ in knockout mice (3,
38). Insulin sensitivity was assessed using the hyperinsulinemic-euglycemic clamp in mice in which IKK␤ was inactivated
in myeloid cells (including macrophages and myeloid cells)
(3). After 7 wk on an HFD, insulin sensitivity was improved in
KO mice, and the change was associated with low adiposity. In
a later study, the mice were found to have a heightened
inflammatory response with elevated plasma IL-1␤ and greater
lethality in response to endotoxin (38). Thus, IKK␤ inactivation in myeloid cells generates a proinflammatory mouse
model, in which insulin sensitivity was improved. This proinflammatory status might have played a role to attenuate weight
gain. Although not discussed by the authors, the inflammation
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inhibited the inflammatory response in macrophages via increasing anti-inflammatory cytokines such as IL-10 (103). In
cells, adiponectin induces activities of several anti-inflammatory signaling molecules, including SOCS3 (suppressor of
cytokine signaling 3) (27), A20 (TNF-induced protein-3) (27),
and AMPK (AMP-activated protein kinase) (98). These cellular activities likely explain the anti-inflammatory effects of
adiponectin. Thus, the anti-inflammatory activity of adiponectin is closely associated with facilitation of energy accumulation and inhibition of energy expenditure.
IL-10 is a classical anti-inflammatory cytokine that suppresses the signal transduction of proinflammatory cytokines.
The plasma concentration of IL-10 is reduced in obesity (23);
the mechanism is not known. IL-10 expression is induced by
proinflammatory cytokines such as TNF-␣. IL-10 is mainly
produced by M2 macrophages and Th2 lymphocytes. In obese
mice, IL-10 is increased when M2 macrophages are stimulated
by TZD treatment (76, 92). In physiological settings, IL-10 is
required to resolve inflammation. In mice, global inactivation
of IL-10 increases the risk of inflammation; KO mice suffer
from chronic enterocolitis (69). The KO mice have less fat
tissue and lower body weight relative to the control mice (69).
Whether IL-10 alters food intake and/or energy expenditure
has not been evaluated. Interestingly, hematopoietic inactivation of IL-10 did not alter the response of the mice to an HFD
(66), suggesting that the low adiposity of IL-10 KO mice is not
due to loss of IL-10 in blood cells or macrophages. IL-10
infusion improved insulin sensitivity in rodents (59). In transgenic mice, overexpression of IL-10 in skeletal muscle decreased local inflammation and improved insulin sensitivity in
response to an HFD despite similar adiposity (45). In summary,
reduction of plasma IL-10 may contribute to the elevation in
chronic inflammation in obesity. Its impact on glucose homeostasis and energy balance is less clear in obesity where IL-10
is decreased.
Targeted modulation of inflammatory signaling pathways.
The reality is that multiple cytokines or adipokines are altered
in obesity, and metabolic responses to obesity involve more
than one cytokine. The cytokines discussed above do not act in
isolation. One proinflammatory cytokine may induce expression of other cytokines during an inflammatory response. At
the same time, the proinflammatory cytokines induce expression of anti-inflammatory cytokines, which tends to dampen
the overall inflammatory response. Based on the metabolic
phenotypes of the mouse models discussed above, anti-inflammatory cytokines inhibit energy expenditure and promote
weight gain by eliminating the metabolic activities of proinflammatory cytokines. Thus, we propose that, during weight
gain, the anti-inflammatory factors play a dominant role. We
refer to this physiological state as “inflammation resistance”
(148). This condition likely occurs in the early stage of obesity
and limits energy expenditure, thereby facilitating weight gain.
In this section, we focus on intracellular signaling molecules
that integrate pro- and anti-inflammatory cytokine activity to
control energy balance.
MPK1. Mitogen-activated protein kinase-1 (MKP-1) is an
anti-inflammatory intracellular kinase that inhibits MAPK
(p38, JNK, and ERK). In rodents, MKP-1 expression is increased in response to HFD. In global MKP-1 KO mice,
MAPK activation (p38, JNK, and ERK) is amplified in response to various stresses such as LPS, serum growth factors,
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Anti-Inflammatory Therapy in Clinical Trials
The association of inflammation with insulin resistance in
obesity suggests that inflammation may contribute to the patho-

genesis of T2DM. This is supported by the fact that insulin
sensitizer thiazolidinediones (TZDs) have anti-inflammatory
effects, and inflammatory cytokines can induce insulin resistance in cellular and animal models (46, 95). In the past two
decades, anti-inflammatory therapies have been used to improve insulin sensitivity in more than a dozen small clinical
trials (Table 1). Most of the anti-inflammatory drugs are those
that are routinely used in the treatment of rheumatoid arthritis,
such as TNF-␣ antibodies (Etanercept, Infliximab, Humira,
etc.) (62, 73, 93, 114), an IL-1 antibody (XOMA052) or
inhibitor (Anakinra) (71), an IL-6 antibody (Tocilizumab) (94,
121), and an inflammation suppressor (salsalate, a dimer of
salicylic acid) (26, 91). The therapeutics reduced inflammation
in the patients in all of the clinical trials, as indicated by a
decrease in the inflammatory markers C-reactive protein and
IL-6. However, the therapeutic efficacy of improving insulin
sensitivity remains uncertain.
Anti-TNF-␣ therapy was the first among those tested in
clinical trials. There were more than 10 published studies for
anti-TNF-␣ therapies in diabetic patients between 1996 and
2011 (Table 1). The drugs include Infliximab, Etanercept, and
Humira (62, 73, 93, 114). Unfortunately, the therapy never
entered the stage of large, multicenter trials due to inconsistent
or negative results (93, 102). The therapy improved insulin

Table 1. Clinical trials for anti-inflammatory therapy
Target

Drug

Subjects

Treatment

TNF-␣

Antibody
CDP571
Antibody
Ro 45–2081
Etanercept

21

4 wk

No change

7

Once

No change

20

4 wk

No change

No change in FBG
and insulin
No change in FBG
and insulin
CRP2, IL-62

Etanercept

56

4 wk

No change

CRP2, IL-62

Etanercept
Etanercept
Etanercept

56
40
1

4 wk
6 mo
20 mo

No change
No change
No change

ADPN1
FBG2, ADPN1
FBG2

Infliximab

IL-1

IKK␤
JNK
S6K
IKK␤
JNK
HIF-1a
IL-6

Insulin Sensitivity

Major Change

Improved

Infliximab
Infliximab
Humira
Anakinra

45*
27*
9*
69

24 wk
Once
8 wk
13 wk

Improved
Improved
No change
No change

XOMA 052

98

Once

No change

XOMA 052

420

24 wk

No change

Salsalate
Salsalate
Salsalate

16
20
40

2–4 wk
4 wk
1 wk

Improved
No change
No change

Salsalate
Salsalate
Statins

27
17
32,752

14 wk
2 wk
1.9–4.9 yr

Not reported
No change
Diabetes incidence 1

Statins

90,000

Years

Diabetes incidence1

Tocilizumab

11*

12 wk

Improved

Tocilizumab

10*

1–6 mo

Not reported

FBG2, Insulin2
Insulin2
CRP2, IL-62
FBG2, ␤-cell
function 1
Hb A1c2, ␤-cell
function 1

FFA2, ADPN1
FBG2, GTT1
FBG2, GTT1,
␤-cell function 1
Hb A1c 2
11␤-HSD12
Cardiovascular
events2
Cardiovascular
events2
Insulin2, CRP2,
ADPN1,
Hb A1c2

References

93
102
Dominguez H et al. J Vasc Res 42: 517–5525,
2005
Bernstein LE et al. Arch Intern Med 166:
902–908, 2006
73
127
Cheung D et al. J Am Acad Dermatol 60:
1032–1036, 2009
Yazdani-Biuki B et al. Eur J Clin Invest 34:
641–642, 2004
62
36
114
71
Donath MY et al. Diabetologia 51: S7, 2008
http://asweetlife.org/a-sweet-life-staff/in-the-news/
type-2-in-the-news/xoma-type-2-diabetes-drugfails-to-meet-end-point-in-phase-2-trials/14912/
35
26
Koska J et al. Diabetologia 52: 385–393, 2009
34
91
Preiss D et al. JAMA 305: 2556–2564, 2011
108
121
94

FBG, fasting blood glucose; CRP, C-reactive protein; Hb A1c, hemoglobin A1c; FFA, free fatty acid; ADPN, adiponectin; 11␤-HSD1, 11␤-hydroxysteroid
dehydrogenase type 1.
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likely contributed to the improved insulin sensitivity in the
mice on an HFD (3). Thus, the studies suggest that, if a
proinflammatory state is created in vivo, the inflammation may
enhance energy expenditure to protect the animals from dietinduced obesity and insulin resistance.
JNK. The serine kinase JNK1 that is activated by ER stress,
inflammation, and lipotoxicity is believed to contribute to
obesity-induced insulin resistance. JNK1 phosphorylates IRS-1
(Ser307 in rodent and Ser312 in human IRS-1) in cellular
models, and global JNK1 KO mice are more sensitive to
insulin (1, 99). However, a recent study of the liver-specific
JNK KO mice demonstrates that loss of JNK1 impairs hepatic
insulin sensitivity and predisposes the liver to steatosis when
mice are placed on an HFD (117). In a separate study, activation of JNK1 by inactivating XBP1 improves insulin sensitivity
in the liver (52). In contrast, JNK1 activation in other tissues
(adipose tissue, skeletal muscle, and brain) impairs insulin
action (118). These results suggest that JNK-dependent inflammation may regulate insulin sensitivity in a tissue-specific
manner.
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patients (108) who participated in major cardiovascular clinical
trials (Table 1). The analysis reveals that statin therapy is
associated with a 9% increase in the risk for developing
T2DM. Compared with a moderate dose, high-dose statins
exacerbate the risk. In these trials, participants did not have
diabetes prior to therapy. Although statins are not the classical
anti-inflammatory medicines, and the mechanism of statinassociated risk for diabetes is unknown, the anti-inflammatory
activities of statins may contribute to the increased risk of
T2DM in the study.
Our conclusion is that anti-inflammatory therapies are not
very efficacious in improving insulin sensitivity in clinical
trials. The therapies exhibit modest activities in improving
glucose metabolism in some studies. The reason for the low
efficacy is unknown. We propose that accounting for the
beneficial effects of inflammation may be the key to understanding why obesity-associated inflammation is not as bad as
we originally believed.
Conclusion
Many studies suggest that inflammation is a compensatory
response in obesity. It has both positive and negative metabolic
effects that impact energy expenditure, glucose homeostasis,
and insulin action. Theoretically, the metabolic impact of
inflammation is determined by the tissue location, the profiles
of inflammatory mediators, and the cell types involved. Inflammation can increase energy expenditure and limit food intake
as well as improve insulin sensitivity (148). This possibility
has been supported by observations in many animal studies,
which help us to gain a balanced view of inflammation. We
recognize that those animal studies have limitations in terms of
clinical relevance. However, the studies do help us to gain
insight into the nature of obesity-associated inflammation. The
negative impact of inflammation has been well documented in
the regulation of glucose and lipid metabolism in obesity, and
it has been the foundation of rationale for anti-inflammatory
therapies in T2DM patients. Unfortunately, the therapies, in
general, have done little to improve insulin sensitivity and
glucose homeostasis, especially compared with the standard of
care for individuals with diabetes. Currently, there is no consensus as to why the anti-inflammatory therapies have largely
been unsuccessful. We propose that the positive activity of
inflammation may be the key. Although the relative significance of the positive and negative effects of inflammation
remains to be determined in obesity and T2DM, the evidence
does not suggest that inflammation is a good therapeutic target
to improve insulin sensitivity. Currently, the anti-inflammatory
approaches cannot distinguish between the positive and negative effects of inflammation.
Several potential areas have been indicated in this review
concerning future directions in obesity-associated inflammation. These areas deserve to be explored further. If inflammation prevents energy accumulation in obesity, why does obesity
occur in the presence of inflammation? In the course of weight
gain, does the anti-inflammatory activity become a dominant
player in controlling energy balance and glucose homeostasis?
Does the inhibition of islet function by inflammation have
negative or positive effects on energy balance in obesity? As
physical exercise is associated with chronic inflammation (e.g.,
elevated IL-6), should proinflammatory approaches be consid-
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sensitivity in patients with rheumatoid arthritis (36, 62, 114),
but it was ineffective in diabetic patients without rheumatoid
arthritis (73, 93, 114, 127). The discrepancy is likely related to
the cortisone that was used in the management of rheumatoid
arthritis in the diabetic patients. These studies suggest that
TNF-␣ is not a good target in the improvement of insulin
sensitivity or glucose disorder in T2DM patients.
IL-1 inhibitors improved glucose homeostasis in two of three
small trials (Table 1). However, ␤-cell function, but not insulin
action, was improved in the two trials. In the third trial, the IL-1
blocker (MOXA 052) failed to give the expected effects in the
improvement of insulin resistance and glucose disorder (Table 1).
Currently, the IL-1 antibody ACZ885 is being tested in a large
clinical trial (600 subjects, NCT00900146*), and the final results
are not yet known (22).
The impact of an IL-6 signaling inhibitor, Tocilizumab, on
glucose homeostasis was evaluated in rheumatoid arthritis
patients (94, 121). Tocilizumab improved glucose homeostasis
(decreased Hb A1c) in diabetic patients and improved insulin
action (decreased HOMA-IR) in nondiabetic subjects (94,
121). In the studies, the patients were receiving prednisolone
for the management of rheumatoid arthritis. This makes the
data interpretation complex, as prednisolone induces insulin
resistance. The studies are not sufficient to suggest that IL-6 is
a good target in the control of insulin resistance hyperglycemia
in T2DM patients.
Salsalate, a dimer of salicylic acid, is used in the treatment
of rheumatoid arthritis and osteoarthritis. Sodium salicylate
(aspirin) at high doses improves insulin sensitivity in humans
and mice (60, 149). Aspirin inhibits multiple serine kinases that
phosphorylate IRS-1 in the suppression of the insulin signaling
pathway (32). A recent study suggests that salicylate activates
AMPK (AMP-activated protein kinase) through a direct interaction with AMPK protein, which is observed in the control of
blood lipids (42). Aspirin also inhibits the expression of multiple inflammatory cytokines including IL-1 and TNF-␣. The
therapeutic value of aspirin is limited by the increased bleeding
risk at the high dosages required to generate the metabolic
effects. To overcome this weakness, salsalate (related to aspirin
in structure) was chosen in diabetic clinical trials for its safety
record in the treatment of rheumatoid arthritis (26, 34, 91).
There have been reports from five small clinical trials using
salsalate (Table 1). Insulin sensitivity (35) and glucose control
(34) were improved in two small studies in T2DM subjects.
Insulin concentration also was improved in young, obese,
nondiabetic subjects (26). Glucose homeostasis was not evaluated in another study (91). A large trial for salsalate (284
subjects, NCT00799643*) is ongoing, but the preliminary
results presented at a recent national meeting (American Diabetes Association) were that salsalate improved Hb A1c but did
not change insulin sensitivity as assessed by fasting insulin and
glucose. The improved Hb A1c was associated with an elevation in plasma insulin in the subjects. The results do not
provide support to the role of inflammation in the pathogenesis
of insulin resistance.
Statins are widely used in the control of blood cholesterol. In
addition to the reduction of cholesterol, they also downregulate
activities of several transcription factors, including NF-B,
AP-1, and HIF-1␣, in the inflammatory pathway (21). The
impact of statins on glucose metabolism and insulin sensitivity
has been examined in a meta-analysis of more than 90,000
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ered a part of the antiobesity strategy? Answers to these
questions may lead to development of new approaches in the
treatment of obesity and T2DM.
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