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REVIEW

Pleiotropic Actions of Insulin
Resistance and Inflammation in
Metabolic Homeostasis
Justin I. Odegaard1 and Ajay Chawla1,2,3*

Metabolism and immunity are inextricably linked both to each other and to organism-wide function,
allowing mammals to adapt to changes in their internal and external environments. In the modern
context of obesogenic diets and lifestyles, however, these adaptive responses can have deleterious
consequences. In this Review, we discuss the pleiotropic actions of inflammation and insulin
resistance in metabolic homeostasis and disease. An appreciation of the adaptive context in which
these responses arose is useful for understanding their pathogenic actions in disease.

Humans have evolutionarily confronted
three primary killers: starvation, infection,
and predation. Through modern agricul-

ture, hygiene, and our relatively recent elevation
to top predator status, we have made remarkable
progress in mitigating these, only to find new,
evolutionarily novel threats taking their place—
principally, cardiovascular disease, diabetes, and
cancer. Unmasked by our successes against more
ancient challenges, these modern diseases repre-
sent a rapidly increasing share of human morbidity
and mortality in both relative and absolute terms
and threaten the gains in life expectancy already
achieved. In recent years, obesity has emerged as
the driving force behind these disturbing trends.

From 1980 to 2008 alone, the number of over-
weight individuals worldwide doubled to more
than half a billion people, eclipsing the number
of underweight individuals for the first time in
history and driving the obesity-attributable death
rate to ~3 million per year (1). More poignantly,
even a spare handful of extra pounds in midlife is
associated with a 20 to 40% increase in all-cause
mortality, obesity with an ~100% increase, and
morbid obesity with an ~300% increase (2). De-
spite such chilling numbers, the true effect of
obesity is still likely to be understated.

Notwithstanding its catastrophic consequences,
obesity’s importance went long unappreciated
because it acts less by overt effect than by
promoting/exacerbating cardiovascular disease,
diabetes, and cancer, among other diseases. In-
deed, the mechanistic links between obesity and
better-established pathologies have been hotly
investigated over the past two decades. This Re-
view primarily explores the cellular and molecular
connections between chronic low-grade inflam-
mation, insulin resistance, and obesity-induced
metabolic disease. We begin by summarizing our
current mechanistic understanding of obesity-
induced insulin resistance and then discuss the
importance of the histologic and evolutionary
context within which it arises. Specifically, we
present the argument that key mediators of
obesity-induced metabolic disease, such as insu-
lin resistance and inflammation, are evolution-
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arily conserved adaptive traits with maladaptive
effects in the modern obesogenic environment.

Obesity-Induced Insulin Resistance
The fundamental characteristic of obesity is chron-
ic imbalance between caloric intake and energy
expenditure, resulting in the storage of excess
nutrients in white adipose tissue (WAT) (3). In
lean individuals, professional metabolic tissues
such as WAT, liver, and skeletal muscle readily
buffer excess nutrients by storing them as triglyc-
erides and glycogen. With chronic over-nutrition,
however, the storage capacity of professional
metabolic tissues is eventually exceeded. This
causes intracellular buffering mechanisms within
dedicated nutrient-storing cells to break down
and excess nutrients to overflow into physio-
logic compartments that are ill equipped for
substrate handling. Consequently, both profes-
sional metabolic and bystander tissues are ex-
posed to super-physiologic levels of metabolic
substrates, resulting in cell-intrinsic and -extrinsic
dysfunction (4, 5). The primary
cell-intrinsic dysfunctions include
lipid dysregulation (for exam-
ple, accumulation of intracellu-
lar diacylglycerols, saturated fatty
acids, and ceramides), abnormal
intracellular protein modifica-
tion, mitochondrial dysfunction/
oxidative stress, and endoplasmic
reticulum/membrane stress. Ec-
topic lipid deposition, abnormal
extracellular protein modification
(such as hemoglobin A1c and
advanced glycation end-products),
and adipokine dysregulation rep-
resent the major cell-extrinsic
pathways (Fig. 1).With persistent
imbalance between energy in-
take and expenditure, these pro-
cesses escalate and eventually
lead to adipocyte death, as is
observed in obese WAT (6).

Obesity-induced cellular dys-
function activates a diverse range
of stress-responsive and counter-
regulatory signaling pathways,
including activation of Jun N-
terminal kinases (JNK), inhib-
itor of nuclear factor kB (IkB)
kinase b (IKKb), endoplasmic
reticulum-to-nucleus signaling 1
(IRE-1), mammalian target of
rapamycin (mTOR), extracellular
signal–regulated kinases (ERKs), protein kinase
Cq (PKCq), suppressor of cytokine signaling
(SOCS) proteins, and RNA-activated protein
kinase (PKR) (4, 5, 7–11). Although a detailed
discussion is beyond the scope of this Review,
these pathways collaborate to produce two meta-
bolically important effects. First, each pathway
converges on and inhibits insulin signaling path-

ways, primarily through serine phosphorylation
of IRS (insulin receptor substrate) proteins, which
blunts insulin action in stressed target tissues and
stems the influx of nutrients into already over-
whelmed cells (Fig. 1). Second, these signals
converge on two main inflammatory signaling
pathways, JNK and IKKb, to initiate, support,
and augment an inflammatory response within
metabolic tissues (Figs. 1 and 2). In parallel with
these actions, dysregulated nutrient intake can
also bypass cellular stress responses entirely and
trigger inflammatory activation through a vari-
ety of mechanisms, including triggering of innate
immune receptors (for example, saturated fatty
acids–fetuinA ligation of Toll-like receptor 4) (12),
increased gut-derived lipopolysaccharide (LPS)
translocation, and intestinal dysbiosis (13).

Despite using similar pathways and media-
tors, the inflammatory response in obesity differs
substantially in duration and intensity from that
observed in the more familiar setting of infection.
For instance, infectious inflammation involves

short-lived, high-amplitude responses, whereas
metabolic inflammation, like other chronic in-
flammatory conditions, smolders at low levels for
years to decades. Although the underlying mech-
anisms contributing to these differences are not
entirely clear, it seems likely that hormonal or
epigenetic programming may permanently re-
assign certain systemic and tissue-specific pa-

rameters, such as body weight and leukocyte
activation, in obesity (14).

Inflammation: A Link
Inflammatory activation within metabolic tissues
potentiates insulin resistance and metabolic dis-
ease by three principal means (Fig. 2) (15). First,
inflammatory signaling pathways, such as cellu-
lar stress–induced and counter-regulatory cascades,
inhibit insulin signaling through direct inhibi-
tory serine phosphorylation of IRS proteins by
JNK and IKKb (9). Second, secreted inflam-
matory mediators [such as the chemokine (C-C
motif) ligand 2 (Ccl2), Ccl5, and Ccl8, which
are produced by lipid-engorged adipocytes] recruit
circulating leukocytes (such as Ly6CHi mono-
cytes) to stressed tissue to augment the inflam-
matory signaling and tissue remodeling capacity
of tissue-resident cells (15). Third, secreted in-
flammatory mediators communicate insulin re-
sistance systemically as well as locally to recruited
leukocytes, biasing them toward an inflammatory

phenotype (11, 15). Although the
first effect involves professional
nutrient handling cells, such as
adipocytes, hepatocytes, and skel-
etal myocytes, the latter two es-
tablish a stable, feed-forward
signaling loop in which tissue-
resident and recruited leuko-
cytes sustain and augment both
local and systemic inflammation
and insulin resistance.

As might be expected, acti-
vation of this inflammatory cir-
cuit is accompanied by shifts
in leukocyte populations and ac-
tivation status that have profound
effects on systemic metabolic
parameters. In obesity, for ex-
ample, macrophages increase
from ~10% of all adipose tissue
cells to over 50%, shift from an
even to a clustered topographic
distribution (primarily because of
the appearance of necrotic ad-
ipocytes), and swap an immu-
noregulatory M2 phenotype
(CD206+, Arg1+, and CD301+)
for a proinflammatory, M1 bias
[CD11c+, nitric oxide synthase
2+ (NOS2+), and tumor necro-
sis factor–a+ (TNF-a+)] (16–19)
(Box1).Adipose tissue–associated
lymphocytes undergo a similar

reorganization with the small T helper 2 (TH2)/
regulatory T cell (Treg cell)–dominated reper-
toire associated with lean individuals giving
way to a much larger and more inflammatory
TH1/CD8–dominated population in the obese
(20–22). Furthermore, interleukin-4 (IL-4)–ex-
pressing eosinophils resident in lean WAT are
displaced by waves of ingressing neutrophils,

Saturated fatty acids
Inflammation

Necrotic debris

Insulin
Hyperlipidemia
Hyperglycemia

IKKb

Mitochondrial dysfunction
Oxidative stress

Membrane/ER stress

CytoCytosolsol

Insulin action

Nucleus

Inflammation and insulin resistanceInflammation and insulin resistanceInflammation and insulin resistanceIIIInInInfInfInfInfIInfInfInfnfnfnfnfffllamlamlamlamlamlamlamlamla ttmatmatmatmatmatmatmatmatatationioniononionionionionionionionionioi  a a a a an an anananananand iiid id id id id id id id id idd nsunsunsunsunsunsunsususun lilinlinnlinlinlinlinlinlinlinlinlinlili  r rr r re rerererereeeee iiiiisississississississississttttantantantantantantantantant ceeeeececececececeIIIIIIInfInfInfInfInfnfnfnflllamlamlamlamlamlamla ttmatmatmatmatmatata ioniionionionionionionionionioi aa a anananananannd id iid id id id id id id idd insunsnsunsunsunsunsusulinlinlinlinnlinlinlinlinlinlin rrrrrrrerereeee iiiisissississississistttantantantantantantantanceeeecececececeeIIInfInfInfInfnfnffflamlamlamlamlamlamla tmatmatmatmatatatationionionionionioni  a ananananana d iid id id id id insunsunsunsusulinlinnlinlinlinlinlili r rerereeee iisississississississttantantantantantanceecececeeIIInfInfInfInfnfnffflamlamlamlamlamlamla tmatmatmatmatatatationionionionionioni  a ananananana d iid id id id id insunsunsunsusulinlinnlinlinlinlinlili r rerereeee iisississississississttantantantantantanceecececeeInflammation and insulin resistance

JNK IRS1

IRS2

AP1 NF!B

Fig. 1. Inflammatory signaling pathways link nutrient excess to insulin resist-
ance. Insulin’s presence at the cell surface is transduced to cytoplasmic and
nuclear responses by tyrosine phosphorylation of IRS-1 and IRS-2. Serine phos-
phorylation of these same proteins by JNK and IKKb, however, potently inhibits
insulin signaling. Many diverse cell-intrinsic and -extrinsic sequelae of chronic
nutrient excess activate these signaling pathways, directly linking overfeeding to
insulin resistance. Furthermore, JNK and IKKb activation triggers inflammatory
cytokine production, further activating JNK/IKKb in an autocrine and paracrine
manner and reinforcing insulin resistance. ER, endoplasmic reticulum; AP 1, ac-
tivator protein 1.
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mast cells, and B cells in obese individuals
(23–25).

The marked shift in leukocyte population
represents a key mechanistic link in the pro-
gression from overfeeding-related cellular stress
to metabolic dysregulation to frank disease (26).
In lean mice, alternative M2 macrophages (Box 1),
Treg cells, eosinophils, and invariant natural
killer T cells collaborate to maintain an insulin-
sensitive, tolerogenic immune environment (Fig. 3)
(17, 20, 23, 27–31). Functional depletion of any
of these leukocyte lineages disrupts this collab-
orative effort, destabilizing the anti-inflammatory
environment, negatively affecting adipocyte in-
sulin signaling, and exacerbating the deleterious
effects of high-fat diets. Supplementation of any
one of these cellular constituents has the opposite
effect. Through the mechanisms discussed above,
obesity reorganizes the leukocyte landscape into
an insulin resistant, pro-inflammatory milieu in
which the tolerogenic leukocyte network is dis-
rupted and replaced with inflammatory M1 macro-
phages (Box 1), CD8+ T cells, and TH1 cells (Fig.
3). Functional depletion of any one of these lineages
weakens this inflammatory influence, lessening the
effects of obesogenic diets, whereas their supple-
mentation exacerbates inflammation and disease
(21, 22, 32). Furthermore, even interventions that
prevent or augment recruitment of new leukocytes
toWATwithout influencing the existing leukocyte
populations (for example, abrogation or ampli-
fication of the Ccl2-Ccr2 chemotactic axis) can
dramatically modulate obesity-associated insulin
resistance (33, 34).

Although WAT, the most structurally dynam-
ic nutrient-storing tissue, demonstrates dramatic
alterations in obesity, similar leukocyte shifts
take place in other metabolically important
organs as well. For example, obesity precedes
restructuring of pancreas- and liver-associated
leukocyte populations (although the latter occurs
without substantial change in macrophage num-
ber) (28, 35, 36), whereas brain and skeletal mus-
cle acquire inflammatory microenvironments
without substantial numeric alterations in leuko-
cyte complements (37, 38). Coincident with this
shift, the major tissue targets of insulin action
begin to advertise the hallmarks of insulin resist-
ance: increased triglyceride lipolysis in WAT;
increased insulin production in pancreatic islets;
elevated gluconeogenesis, glycogenolysis, and lipo-
genesis in the liver; decreased insulin-stimulated
glucose disposal in skeletal muscle; and decreased
satiety signaling in the brain. Shifts in the leuko-
cyte populations occurring in these organs have
systemic importance similar in scope to those
occurring in adipose tissue. For example, liver-
selective abrogation of alternative M2 macro-
phage activation results in increased obesity and
systemic metabolic disease in response to high-
fat diet (27, 28), a phenotype similar to that seen
in whole-animal abrogation of the alternative M2
program (17, 29, 30, 39). These data support an

integral role for resident leukocytes in local,
tissue-specific manifestations of metabolic dis-
ease and indicate that leukocyte dysregulation in
even one tissue bed increases systemic suscepti-
bility to metabolic disease.

Although obesity-induced metabolic disease
promotes and exacerbates pathology through nu-
merous disease-specific mechanisms, most pathol-
ogy ultimately arises from obesity’s characteristic
milieu of chronic low-grade inflammation and
insulin resistance. For example, obesity has been
recognized for decades as an important risk fac-
tor for cardiovascular disease; however, only
recently has that risk been mechanistically under-
stood as a result of obesity’s accompanying in-
flammation and insulin resistance (40). Similarly,
hyperlipidemia—another well-described contrib-
utor to cardiovascular disease—arises as a conse-
quence of inflammatory insulin resistance through
increased adipose tissue lipolysis and hepatic
lipogenesis. Even the biomechanical dynamics
of cardiovascular disease—atherosclerotic plaque
formation, remodeling, and rupture—are influ-
enced by the inflammatory milieu (40). Indeed,
the efficacy of some anti-hyperlipidemic thera-
pies correlates with their immunomodulatory
potency as much as with their lipid-lowering
capacity (such as statins and salicylates) (41).

Given the shared pathophysiology, it is not sur-
prising that individuals with one cardiovascular
disease risk factor often havemultiple others—an
observation that forms the basis for metabolic
syndrome.

Insulin Resistance as an Adaptive Trait
Because inflammatory insulin resistance under-
pins much of the overt pathology associated
with obesity and excess caloric intake, we have
adopted a biased view of this physiology as a
maladaptive response to overfeeding. Although
the clinical consequences of obesity are undoubt-
edly grim, three lines of evidence call into ques-
tion the current view of insulin resistance as an
injurious response to mounting adiposity. First,
numerous examples exist in which obesity and
insulin resistance are divorced, including both
lean, insulin-resistant [such as lipodystrophy and
mice in which caveolin-1 has been knocked out
(42)] and obese, insulin-sensitive states [such as
mice in which Fabp4 has been knocked out (43)
and cold-adapted mammals (44)]. Indeed, the
relationship between insulin resistance and obe-
sity in humans is similarly disjointed (45), with
many obese individuals exhibiting better insu-
lin sensitivity than expected for their adiposity
(46). Moreover, many of the most widely used

Excess nutrient intake

Physiologic storage
(e.g. adipopcyte hypertrophy)

Continued excess intake

Cellular stress

Increased serum glucose

Frank metabolic disease

Clinical consequences
(Cardiovascular disease, diabetes, cancer, etc.)
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Innate immune 
receptor activation
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Fig. 2. Inflammation and insulin resistance are central to obesity-induced metabolic disease. Under
conditions of acute intake-expenditure imbalance, metabolic tissues store excess nutrients for future
use. With chronic imbalance, physiologic storage capacity is exceeded, activating cellular stress
signaling pathways that attempt to stem further nutrient influx by inhibiting insulin signaling and
promoting inflammation. In adaptive obesity, such as is seen in hibernators, nutrient excess is time-
limited, with eventual resumption of physiologic normality before tissue damage can occur. In obesity-
induced metabolic disease, however, continued nutrient imbalance drives this process forward, leading to
chronic inflammation and insulin resistance and, ultimately, to diabetes, cardiovascular disease, and
other overtly pathologic consequences.
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insulin-sensitizing pharmaceuticals are associated
with an increase in adiposity rather than a decrease
[for example, thiazolidinedione treatment (47)].

Second, insulin resistance develops as an evo-
lutionarily conserved adaptive response in specif-
ic physiologic contexts unassociated with obesity.
For example, both infection and pregnancy re-
quire organisms to reserve priority nutrient access
for an emerging metabolic requirement—immune
system activation and fetal development, re-
spectively, in this instance. Organisms meet these
requirements by decreasing systemic insulin sen-
sitivity (developing insulin resistance), decreasing
nutrient uptake by nonpriority tissues and re-
serving glucose for priority cells. Indeed, the re-
sulting adaptive physiology in both situations
closely resembles that which develops in the
context of obesity (15, 48).

Lastly, extreme diet-induced obesity, com-
plete with systemic insulin resistance, hyper-
insulinemia, and hyperlipidemia, is observed as

an evolutionarily conserved, adaptive, and entire-
ly pathology-free response in mammalian hiber-
nators (44). These animals circannually engage
in post-reproduction periods of overfeeding and
rapidly eat themselves into what in humans would
be morbid obesity; some Zapus species, for ex-
ample, enter hibernation with fat comprising more
than 80% of their body weight (for comparison,
the threshold for human obesity is ~25% inmales
and ~32% in females) (49). For most hibernators,
autumnal obesity is accompanied by physiologic
hallmarks of type 2 diabetes and metabolic syn-
drome, including decreased insulin sensitivity in
primary target tissues and substantial elevations
in serum insulin, triglyceride, and both total and
LDL cholesterol levels (44, 50). Although its exact
role is unclear, insulin resistance may function in
this context as both a sensor of nutrient stores and
as an instructive signal for tissues to switch from
glucose to fatty-acid metabolism in preparation
for hibernation.

Despite meeting clinical criteria for type 2
diabetes and metabolic syndrome, hibernators
demonstrate no pathologic consequences of their
brief bout with obesity; after shedding their extra
fat during the winter fast, animals are able to im-
mediately enter into the reproductive cycle. Nor
are the ill effects of circannual obesity transient;
in one Swedish study, atherosclerotic lesions were
entirely absent from the major vessels of obese,
insulin-resistant hibernators despite marked hy-
perlipidemia (50). Similarly, obese hibernators
fail to develop the smoldering inflammation that
characterizes human obesity despite similar me-
tabolic parameters (44, 51). The absence of pa-
thology despite remarkably similar metabolic
states suggests that transient obesity and insulin
resistance are not necessarily pathologic and may
in fact be part of an adaptive, evolutionarily con-
served response to excess nutrient storage.

Pregnancy-, sepsis-, and hibernation-associated
insulin resistance demonstrate that transient in-
hibition of insulin signaling can be advantageous
in certain contexts. Furthermore, the conservation
of these adaptations between organisms as di-
verse as flies and humans demonstrates that the
capacity for insulin resistance is sufficiently ad-
vantageous to be conserved through millions of
years of evolutionary divergence. This obser-
vation, however, is hardly surprising given the
evolutionary primacy of infection, starvation,
predation, and, above all, reproduction. Indeed,
insulin resistance confers evolutionary advantages
and enhances organismal fitness in each of these
categories: fueling immune function to combat
infection, switching hibernator metabolic sub-
strate preference from glucose to lipids to avoid
starvation, and reserving metabolic resources for
fetal development to optimize reproduction. In-
sulin resistance is even likely advantageous in
predation-driven selection because the “fight-or-
flight” response involves antagonism of insulin
signaling by the stress-responsive hormones, cat-
echolamines and glucocorticoids (52). In this con-
text, acute inhibition of insulin’s anabolic actions
mobilizes stored nutrients to fuel a heightened
state of arousal and combat the threat of preda-
tion. The pleiotropy and evolutionary importance
of variable insulin sensitivity may then explain
the diversity of metabolic, inflammatory, hormo-
nal, dietary, and behavioral pathways that influ-
ence insulin signaling (Fig. 1).

Many of these conserved and evolutionarily
important pathways are active in obesity-induced
metabolic disease, and although much of the re-
sulting physiology appears pathologic, insulin re-
sistance’s full effect remains unclear. For example,
one of the consequences of insulin resistance in
obesity is to limit further nutrient uptake by over-
loaded cells. Certainly, nutrient toxicity has con-
sequences worth avoiding, which include necrosis
of engorged adipocytes found in obese adipose
tissue (6). Without insulin resistance to limit fur-
ther nutrient uptake, this fate may well extend

A

B

Eosinophils IL-4R!

IL-1", TNF!, IL-6

M2 macrophage

M2 genes

Adiponectin

IL-10

Treg

"
CD8+ T cells
TH1 T cells
Neutrophils
Mast cells

B cells

TLRs
DRRs

M1 macrophage

M1 genes

IL-1", TNF!

Inflammatory cell
recruitment via Ccl2,5,8

Hypertrophic adipocytes
Lipolysis, stress, inflammation

Insulin action
Necrotic

adipocyte

Lean adipocytes
Lipolysis, stress, inflammation

Insulin action

STAT6
PPAR-#, -$

KLF4

Saturated fatty acids

JNK
NF-%B, MR

IRF3

Inflammation

IL-4

Fig. 3. Lean and obese adipose tissues are associated with distinct macrophage phenotypes (Box 1). In
lean adipose tissue (A), eosinophil-derived IL-4 supports alternatively activated M2 macrophages char-
acterized by production of tolerogenic cytokines such as IL-10 and minimal production of inflammatory
mediators. This phenotype establishes a tolerogenic immune environment and directly promotes
adipocyte insulin sensitivity. In turn, lean adipocytes produce adiponectin, which collaborates with IL-4
signaling to enhance alternative M2macrophage activation. In obese adipose tissue (B), inflammatory M1
macrophages, activated by the stigmata of chronic nutrient excess, produce proinflammatory cytokines
and chemokines that exacerbate adipocyte insulin resistance, enhance cellular stress, and recruit
additional leukocytes. Adipocytes, in turn, also secrete inflammatory cytokines and saturated fatty acids
that, along with signals from necrotic cells, reinforce the inflammatory environment. STAT, signal
transducer and activator of transcription; KLF, Kruppel-like factor; TLRs, Toll-like receptors; DRRs, Danger
recognition receptors; MR, mineralocorticoid receptor; IRF, interferon regulatory factor.
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to other adipocytes, decreasing the storage pool
available for excess nutrients and establishing a
vicious cycle in which fewer and fewer cells are
available to shoulder already overwhelming me-
tabolic burdens. After the adipose tissue depots
collapse, skeletal myocyte and hepatocyte de-
pots would similarly fail, followed closely by
nonprofessional nutrient-storage tissues. Orga-
nisms would be able to quite literally eat them-
selves to death.

Appreciation of this possibility has led
some to reconsider the therapeutic potential of
insulin-sensitizing treatments as a core approach
to obesity-associated metabolic disease (53);
targeting a potentially adaptive response to
overfeeding—althoughmoderately effective in re-
ducing its unfortunate long-term consequences—
is unlikely to effectively treat the underlying phys-
iologic defect. Rather, effective therapies are more
likely to target the fundamental energetic imbalance
that underpins the entire state (54).

Adaptive Metabolic Leukocyte Activation
Careful study of diet-induced obesity has iden-
tified chronic leukocyte-mediated low-grade in-
flammation within professional metabolic tissues
as the characteristic pathophysiology of meta-
bolic syndrome (11, 15). This focus on obesity,
however, has limited our understanding of leuko-
cyte activation to its role in promoting metabolic
disease. Nonetheless, leukocytes are normally
present in metabolic tissues, where they perform
nonredundant, supportive functions (26). In lean
WAT, for example, eosinophil-derived IL-4 drives
production of IL-10 and other mediators by mac-
rophages (Fig. 3). This phenotype is critical for
maintenance of both adipocyte insulin sensitivity
[IL-10 directly potentiates insulin signaling in ad-
ipocytes (16)] and the general anti-inflammatory
timbre of the WAT microenvironment (both
directly and through support of adipose tissue
resident Treg cells) (15). Congruent with these
observations, disruption of IL-4 production or
signaling in adipose tissue macrophages results
in adipocyte dysfunction, insulin resistance, and
metabolic disease (17, 23, 27–29). In contrast, aug-
mentation of IL-4 signaling blunts the deleterious
effects of high-fat-diet challenge (23, 55).

Alternatively activated M2 macrophages are
also an indispensable component of the non-
shivering thermogenic response of brown adi-
pose tissue (BAT), the sole dedicated thermogenic
tissue in mammals (56). Cold exposure elicits this
response via hypothalamic stimulation of BAT-
innervating efferents of the sympathetic nervous
system that, in turn, activate brown adipocytes by
releasing catecholamines. Once activated, brown
adipocytes oxidize fatty acids and dissipate the
resulting mitochondrial proton gradient via un-
coupling protein-1, liberating heat (56). Alternative
M2 macrophages form an indispensable compo-
nent of this adrenergic synapse, accounting for
~50% of the total catecholamine content of cold-

stimulated brown and white adipose tissues (56).
In response to cold exposure, alternativeM2macro-
phages produce catecholamines, which together
with sympathetic efferents induce the thermogenic
program in brown adipocytes while simultaneous-
ly inducing lipolysis in white adipocytes (56).
Animals lacking alternativeM2macrophages are
thus unable to mount an effective thermogenic
response or mobilize the fatty acids necessary to
support it.

Even within the context of obesity-induced
metabolic disease, leukocyte activation can be
adaptive. For example, WAT infiltration by in-
flammatory M1 macrophages is a well-known,
necessary component of metabolic disease; how-
ever, augmentation of this leukocyte population
might be necessary for certain adaptive roles as
well. Infiltration of Ly6cHi monocytes/M1-biased
macrophages in early obesity seems to be driven
by the necrosis/apoptosis of hypertrophic adipo-
cytes (6). Although surrounding parenchymal
cells can clear apoptotic debris in most organs,
adipocyte death yields large lipid droplets, whose
uncontrolled lipolysis can be toxic to neighboring
cells. Thus, in obese WAT, newly recruited M1
macrophages would encapsulate and sequester
the lipid droplet and eventually eliminate it (6).
Without professional phagocyte intervention, these
adipocyte corpses would presumably persist, re-
leasing necrotic cellular debris and free lipids
to the detriment of surrounding tissue.

Although their intervention is undoubtedly
necessary, these phagocytic macrophages dem-
onstrate a M1 bias—presumably in response to
necrotic debris—and are thought to be a major
source of inflammatory cytokines in obese adi-
pose tissue (16). Disposal of apoptotic cell corpses,
however, is not necessarily associated with an
inflammatory phenotype (57). Indeed, clearance
of apoptotic cells potently suppresses macro-
phage activation and is strongly associated with a
regulatory phenotype not entirely dissimilar from
that of lean adipose tissue–associatedmacrophages.
Therapeutic manipulation of themanner in which
macrophages dispose of dying adipocytesmay thus
remove amajor proinflammatory influence without
compromising necessary function.

Integrating Tissue Architecture with Function
The work in obesity, adipose tissue homeostasis,
and thermogenesis suggests a close, functional
integration of adipocytes and tissue-resident leu-
kocytes in both BAT and WAT. Indeed, the nu-
meric and spatial distribution of these cells within
the tissue suggests that this would be the case
(58). At baseline, adipose tissue–resident leuko-
cyte number and distribution vary little between
individuals and are maintained even across spe-
cies, whereas their depletion results in rapid
and precise restoration of the original leukocyte
complement without changes in representation/
distribution or encroachment by other popula-
tions (26). Some adipose tissue–resident leuko-

cytes even display distinct, tissue-specific features
that distinguish them from cells of similar lineage
present elsewhere in the body. For example,WAT-
resident Treg cells demonstrate a different tran-
scriptional profile characterized by the expression
of genes more characteristically associated with
neighboring adipocytes, including peroxisome
proliferator–activated receptor g (PPARg), the
“master regulator” of adipogenesis (59). These
data suggest that resident leukocytes may ac-
quire specific features in support of functional
roles particular to the tissue in which they reside.

Despite our focus on it thus far, adipose tissue
is not singular in its incorporation of leukocytes.
Most tissues, in fact, demonstrate orderly com-
plements of resident leukocytes, suggesting that
perhaps tissue-resident leukocytes play integrated
roles elsewhere aswell. Indeed, like adipose tissue–
associated macrophages, Kupffer cells of the liver,
sinusoidal macrophages of the spleen, microglia
of the brain, and alveolar macrophages of the lung
are all phenotypically distinct populations with
characteristic gene expression patterns and spa-
tial distributions (60). Although there are well-
described functional specializations underlying
these phenotypic differences in many tissues [for
example, senescent red blood cell clearance by
splenic red pulp macrophages (60) and neural
synapse pruning bymicroglia (61)], the roles of
resident leukocytes remain unexplored in others.

Conclusions
The recognition of obesity as a primary source of
human disease has engendered fierce interest in
metabolic dysfunction and identified inflammatory
insulin resistance as its central pathophysiology.
Our focus in the matter, however, largely has been
on the study of artificial metabolic extremes—
such as high-fat-diet challenge, lipid infusion, and
monogenic models. These approaches and the
simplifications they circumscribe yield valuable
insight into human disease; however, they are
limited in their ability to describe the complex,
nonextreme forms of obesity-induced metabol-
ic disease that dominate the clinical landscape.
For example, a genetically defined caged rodent
fed mounds of sugared milk fat and lard over a
few months—the basic experimental model of
diet-induced obesity—approximates, but will never
faithfully recapitulate, an obese human. Our chal-
lenge then is to place experimental observations
in a more nuanced, relevant context.

First, observations from reductionist disease
models such as high-fat feeding must be com-
pared with the disease itself—with clinical obser-
vation and intervention. For example, identification
of leptin as a potent regulator of feeding behavior
by using the ob/ob mouse was popularly hailed
as an “obesity cure” andwas only placed in proper
context by subsequent clinical characterization
of obesity-related leptin resistance (53). This ar-
gument implies that the current popularity of
genetic intervention (for example, gene knock-
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outs, floxed alleles, and gain- or loss-of-function
mutants) must be tempered by careful search for
similar aberrations in human cohorts, as exempli-
fied by the recent studies on Gpr120 (62). More-
over, this comparison can also be exploited in the
reverse direction. Because of the “trial and error”
approach of much clinical research, both ther-
apeutic successes and failures are often instruc-
tive, as demonstrated by both the relative success
of surgical approaches and failure of pharma-
ceuticals in the treatment of obesity (63).

Second, disease models and clinical observa-
tions must be compared with similar models and
clinical observations of health. For example, leu-
kocyte activation is a central pathophysiology in
diet-induced obesity; however, the protective
effects of WAT- and liver-associated macro-
phages andWAT-associated Tcells in lean, healthy
rodents clearly demonstrate that leukocyte ac-
tivation is context-dependent and explain the
otherwise paradoxical exacerbation of metabolic
pathology that accompanies complete loss of
these lineages. Indeed, these observations have
suggested novel therapeutic avenues, including
pharmacologic skewing of macrophages and lym-
phocytes toward regulatory phenotypes. In addition,
a number of inflammatory pathways that regulate
energy expenditure and insulin resistance—such
as IKKe, PKR, andGpr120—might be suitable for
therapeutic targeting of obesity-associated meta-
bolic disease (10, 62, 64, 65).

Last, diseasemodels and clinical observations
must be compared with physiologically similar
but pathologically distinct situations. The nega-
tive effects of insulin resistance, for instance, are
much less clear in the context of pregnancy and
infection, whereas the pathology-free “metabolic
syndrome” of obese hibernators suggests that our
current understanding of causality in human diet-
induced obesity is incomplete. Although studies
focusing on this particular context are rare,we have
already discussed three biological scenarios—

pregnancy, infection, and hibernation—in which
aspects of obesity-inducedmetabolic diseaseman-
ifest and regress. Careful study of how organisms
reestablish metabolic normality after these events
may provide insight into howwemight reestablish
the same in obesity-induced metabolic disease.

Our current knowledge of metabolic biology
and the basic mechanisms of obesity-induced
metabolic disease is impressive. The remarkable
progress in this field, however, has largely failed
to translate into meaningful therapeutic advances
in our struggle with obesity and metabolic dis-
ease, in part because of a failure to place empiric
studies in the proper clinical, physiological, and
biological context. The challenge going forward,
then, is to provide that context for the wealth of
information available in order to identify root patho-
physiologies and to appropriately target emerging
therapeutics.
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Box 1. Macrophages

Macrophages are innate immune cells resident in every tissue in the body, where they participate in a
variety of homeostatic functions in addition to host defense. These cells exhibit remarkable functional
plasticity and versatility; however, when activated, their phenotypes tend to cluster around two general
activation programs. M1, or classical, activation is an inflammatory phenotype characterized by robust
expression of proinflammatory cytokines (such as TNF-a, IL-1b, and IL-6), type 1–biasing cytokines (such
as IL-12), and reactive nitrogen species (such as nitric oxide). M1 macrophages comprise the primary
source for inflammatory cytokines in obese adipose tissue and coordinate inflammatory insulin
resistance. The IL-4/IL-13–driven M2, or alternative, activation is a tolerogenic phenotype associated with
anti-inflammatory cytokines (such as IL-10 and transforming growth factor–b), anti-parasitic responses (such
as Ym-1, dectin-1, and eotaxin), and anabolic functions (such as angiogenesis, fibrosis, and extracellular
matrix remodeling). In contrast to M1 macrophages, these cells are critical for the maintenance of
adipocyte insulin signaling and anchor the tolerogenic environment of lean adipose tissue. Although all
macrophages generally express F4/80 and CD11b, M1 macrophages in adipose tissue can be
distinguished in vivo by their CD11cHiNos2+TNF-a+ immunophenotype, whereas alternative M2 cells are
CD206+CD301+Arg1+. Although these basic activation programs represent general phenotypic
responses to pathogens, tissue macrophages do not always rigidly adhere to these expression profiles.
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