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In response to feeding, insulin promotes the uptake of sugar in peripheral 
tissues and suppresses the production of sugar, a process called gluconeo-
genesis, in the liver. Recent research has shown that chronic inflammation 
promotes insulin resistance, and in turn, chronically high glucose levels 
can drive inflammation. In this issue of the JCI, Stanya et al. investigate the 
connection between inflammation and glucose homeostasis by analyzing 
the effect of the antiinflammatory cytokine IL-13. Their results suggest that 
IL-13 plays an unexpected role in the regulation of glucose homeostasis 
by modulating gluconeogenesis and may be a useful therapeutic target for 
treatment of diabetes and metabolic syndrome.

Obesity and deregulated glucose metabo-
lism are the pandemic of the twenty-first 
century. One-fourth of Americans have 
metabolic syndrome (1), a combination 
of insulin resistance, obesity, dyslipid-
emia, and hypertension that in the liver 
manifests as nonalcoholic fatty liver dis-
ease (NAFLD). The liver is believed to 
play a pivotal role in the pathogenesis of 
metabolic syndrome because postpran-
dial hyperglycemia is one of the earliest 
manifestations of this condition. Unlike 
healthy individuals, those with metabolic 
syndrome fail to downregulate hepatic 
gluconeogenesis appropriately after eat-
ing. The resultant hyperglycemia stimu-
lates the pancreas to increase insulin 
secretion. Recurrent hyperinsulinemia 
results in insulin resistance, and in turn, 
the excessive demand for insulin pro-
duction can ultimately overwhelm pan-
creatic β cell capacity, leading to fasting 
hyperglycemia, i.e., type 2 diabetes mel-
litus (T2DM). Data from the Centers 
for Disease Control show that there has 
been a 160% increase in the prevalence 
of T2DM in the past 20 years, such that 
T2DM now afflicts about 9% of the US 
population (i.e., more than 20 million 
Americans; ref. 2). Despite tremendous 
efforts by the scientific community, the 
mechanisms that deregulate hepatic glu-
cose metabolism in metabolic syndrome 
are not fully understood.

Obesity is a major risk factor for meta-
bolic syndrome; thus, considerable effort 
has focused on identifying mechanisms by 
which adiposity might disrupt hepatic glu-
cose homeostasis. A seminal paper by Hota-
misligil et al. revealed an association among 
obesity, increased adipose-derived TNF-α, 
and insulin resistance (3). Subsequently, it 
was shown that obese mice lacking TNF-α 
had improved insulin sensitivity and glucose 
homeostasis and that exogenous adminis-
tration of TNF-α led to insulin resistance. 
In obese humans, TNF-α is overexpressed 
in muscle and adipose tissue, and agents 
that are used to inhibit TNF-α and other 
proinflammatory (also known as Th1) 
cytokines in patients with chronic inflam-
matory diseases improve insulin sensitiv-
ity (4). Several proinflammatory cytokines, 
including TNF-α, activate JNK, which 
inhibits insulin receptor signaling through 
serine phosphorylation and inactivation of 
its downstream target, IRS-1. A new concept 
emerged of crosstalk between the immune 
system and metabolism, buttressed by 
the concept that integrating nutrient and 
pathogen sensing with immune responses is 
desirable from an evolutionary perspective, 
since mounting an inflammatory response 
is metabolically expensive (5).

A new role for IL-13
The study by Stanya et al. in this issue 
advances our understanding of the intricate 
relationships between the immune system 
and metabolism (6). By studying two differ-
ent strains of mice genetically deficient in 
IL-13, a key cytokine in the antiinflamma-
tory (also known as Th2 or M2) arm of the 

immune system, the authors demonstrated 
that IL-13 is required for normal postpran-
dial suppression of hepatic glucose pro-
duction. In mice on the C57BL/6 genetic 
background, which is skewed toward pro-
inflammatory responses, IL-13 deficiency 
resulted in deregulation of postprandial 
hepatic glucose metabolism at a young 
age in chow-fed animals. This led to post-
prandial hyperglycemia, insulin resistance, 
decreased oxygen consumption, weight 
gain, and increased levels of triglyceride in 
blood and liver, i.e., emergence of metabolic 
syndrome. Notably, deregulated hepatic 
glucose homeostasis occurred without 
an obvious increase in proinflammatory 
cytokines or alterations in liver or adipose 
depot macrophages. Moreover, the defec-
tive liver glucose metabolism antedated 
the slight increase in age-related adiposity 
that accompanied IL-13 deficiency by sev-
eral months. When IL-13 was knocked out 
in BALB/c mice, which are skewed toward 
antiinflammatory responses and are less 
prone to metabolic disease, a high-fat diet 
challenge was required to elicit deregulated 
hepatic glucose homeostasis. In addition, 
IL-13 deficiency led to decreased glucose 
uptake in white adipose tissue.

The authors went on to demonstrate 
that the effects of IL-13 on hepatic glucose 
production are mediated by phosphoryla-
tion of STAT3 (p-STAT3; ref. 6). Previously, 
IL-13 receptor α (IL-13Rα) had been linked 
to p-STAT3 accumulation in immune cells 
(7), and hepatocytes were known to express 
IL-13Rα (8). In the current study, when iso-
lated hepatocytes were treated with recom-
binant IL-13, p-STAT3 accumulated and 
suppressed gluconeogenic gene expression, 
resulting in reduced hepatocyte glucose 
production. The actions of IL-13 were abro-
gated in STAT3-deficient hepatocytes, but 
unaltered in STAT6-deficient cells (6). The 
authors’ results therefore revealed that IL-13 
is one of the master regulators of glucose 
metabolism, acting by directly inhibiting the 
transcription of hepatic genes that encode 
key gluconeogenic enzymes, such as phos-
phoenolpyruvate carboxykinase (PEPCK) 
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and glucose-6-phosphatase (G6P). In mice, 
this action appeared to be relevant mainly 
in the postprandial period, when a sudden 
increase in the availability of glucose could 
lead to a tremendous increase in glycemia.

Although the murine data predict that 
healthy humans will also increase hepatic 
production of IL-13 after eating, this has not 
yet been directly examined. Measurement 
of serum cytokine levels in a small number 
of patients demonstrated higher serum 
levels of both pro- and antiinflammatory 
cytokines (including IL-13) in subjects with 
metabolic syndrome, prompting speculation 
that the antiinflammatory cytokines might 
have been induced to counteract excessive 
proinflammatory signaling (9). Overproduc-
tion of IL-13 might be harmful to the liver, 
however, because IL-13 is known to directly 
activate hepatic stellate cells to a fibrogenic 
phenotype (10). Moreover, strong positive 
correlations between IL-13 and advanced 
stages of NAFLD — specifically, steatohepa-
titis and liver fibrosis — have been reported 
(11, 12). Consistent with that concept, rats 
with diet-induced steatohepatitis that were 
treated with an IL-13 receptor–directed 
cytotoxin showed decreased liver injury and 
fibrosis (11). These findings underscore the 
complexity of immune system/metabolic 
interactions and emphasize the importance 
of mechanisms that function to balance pro- 
and antiinflammatory signaling.

Identifying the source
The liver harbors many types of cells that are 
capable of producing cytokines. To uncover 
the cellular sources of IL-13 in the liver, 
Stanya et al. harvested mononuclear cells 
from the livers of mice with a GFP knockin 
in the IL-13 locus, and used FACS to identify 
IL-13–positive populations. In both fed and 
fasted conditions, NKT cells proved to be the 
main source of hepatic IL-13 (6). This discov-
ery is notable in light of some of the unique 
properties of NKT cells as well as previous 
research that has already linked this type of 
immune cell with insulin resistance.

NKT cells — a distinct lineage of T lym-
phocytes — share features with NK cells, 
acting as a bridge between innate and adap-
tive immunity. Unlike conventional T cells, 
NKT cells recognize exogenous and endog-
enous glycolipids presented by the nonpoly-
morphic class I MHC–like molecule CD1d. 
Interestingly, although NKT cells are not 
abundant in peripheral blood, they are 
highly enriched in adipose tissue and liver. 
NKT cells represent 30% of intrahepatic 
lymphocytes in mice and 10% in humans 

(13). Interestingly, the highest expression of 
CD1d occurs in hepatocytes and adipocytes, 
rather than in classical antigen-presenting 
cells, suggesting a role for NKT cells in 
metabolism regulation (14). Additionally, 
CD1d expression is inducible by PPARγ, a 
major regulator of lipid metabolism that is 
activated by fatty acids and other lipids (15).

A complicated relationship
Earlier research has linked NKT cells with 
obesity and glucose metabolism. For exam-
ple, in humans, the number of adipose tis-
sue resident NKT cells inversely correlates 
with body mass index, fasting glucose, and 
insulin resistance (16). Consistent with that 
observation, a decrease in intrahepatic NKT 
resident cells been documented in humans 
with hepatic steatosis (17). Studies in mice 
with either genetic or diet-induced obesity 
and hepatic steatosis have also consistently 
shown a decrease in hepatic and adipose 
CD4-positive NKT cells (14, 18–23). Several 
mechanisms appear to mediate this reduc-
tion in hepatic NKT cells, including defective 
hepatic homing of NKT cells (18), decreased 
CD1d presentation by hepatocytes and anti-
gen-presenting cells due to lipid-induced 
endoplasmic reticulum stress (20, 21),  
and increased NKT apoptosis mediated by 
local increases in IL-12 (17–19). Such NKT 
cell depletion may contribute to metabolic 
deregulation, because mice defective for 
NKT cells (e.g., CD1d- or Jα18-deficient 
mice) are more vulnerable to diet-induced 
obesity, hepatic steatosis, and insulin resis-
tance than are wild-type mice (14, 23). A 
causal role for liver NKT cell depletion in 
hepatic steatosis and insulin resistance is 
further supported by evidence that stimula-
tion of NKT cells with glucocerebroside, or 
adoptive transfer of NKT cells, improves liver 
steatosis and glucose tolerance in genetically 
obese ob/ob mice (24, 25). Similarly, activa-
tion of NKT cells with α-galactosylceramide 
was shown to improve glucose homeostasis 
in wild-type mice with diet-induced obesity 
(16). That study demonstrated that activat-
ing NKT cells in adipose depots polarized 
local macrophage populations toward an 
antiinflammatory phenotype, and linked 
improvements in adipose insulin sensitiv-
ity to enhanced production of IL-4 and the 
resultant induction of STAT6. Although 
optimal control of glucose utilization in 
adipose depots requires regulatory input 
from NKT cells, in humans (as in mice), 
excessive hepatic accumulation of NKT cells 
increases local production of fibrogenic 
factors, including IL-13. Thus, it is not sur-

prising that excessive accumulation of NKT 
cells has been demonstrated in human livers 
with advanced stages of fatty damage, such 
as steatohepatitis and cirrhosis (26, 27). The 
aggregate data therefore demonstrated that 
adverse outcomes result from either hepatic 
depletion of NKT cells or excessive hepatic 
accumulation of NKT cells.

Unresolved questions
The study by Stanya et al. advances under-
standing about NKT cell–related mecha-
nisms that enhance metabolic control and 
suggest that NKT cells in different insulin 
target tissues, such as fat and liver, nor-
mally collaborate to orchestrate coordi-
nated responses to feeding (6). However, 
although NKT cells are a main source of 
IL-13 in the liver, and it is reasonable to 
presume that feeding-related changes in 
hepatic lipid content might affect their 
activation, NKT cell numbers per se are not 
altered by feeding (5). This suggests that 
other types of IL-13–producing cells might 
also be involved in postprandial regulation 
of hepatic glucose output. Indeed, Stanya et 
al. identified a population of hepatic non-
T, non-NKT cells that upregulates its pro-
duction of IL-13 in response to a meal (6). 
The nature of this population, and the bio-
logical significance of the IL-13 it produces, 
remain to be determined. Further research 
is also needed to delineate the precise con-
tribution of different IL-13–producing cells 
in regulating glucose metabolism.

Conclusions
There is growing evidence that glucose 
homeostasis in metabolically active tis-
sues, such as fat and liver, is regulated by 
immune cells that are embedded within 
them. This process involves cytokine-medi-
ated crosstalk among NKT cells and neigh-
boring cells, including macrophages and 
parenchymal cells. Moreover, recent data 
show that antiinflammatory cytokines, 
such as IL-13 and IL-4, are no less impor-
tant for glucose homeostasis than are pro-
inflammatory cytokines, such as TNF-α, 
that have long been credited as metabolic 
regulators. Indeed, the present work by 
Stanya et al. (6) suggests a completely novel 
paradigm for the pathogenesis of insulin 
resistance and T2DM: that they may result 
from a primary defect in the antiinflamma-
tory arm of the immune system. This defect 
prevents sufficient hepatic production of 
IL-13, an antiinflammatory cytokine that 
is directly required to suppress hepatic glu-
cose production after feeding.
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Thyroid hormone is a well-known regulator of metabolic and cardiovascular 
functions, and signaling through thyroid receptors has differential effects 
on cells depending on the receptor isoform that they express. In this issue 
of the JCI, Mittag et al. provide evidence that thyroid hormone receptors are 
essential for the formation of a population of parvalbuminergic neurons 
in the anterior hypothalamus, linking, for the first time, impaired thyroid 
hormone signaling during development to cellular deficits in the hypothala-
mus. Since this newly discovered cell group is predicted to play a role in reg-
ulating cardiovascular function, these findings suggest that developmental 
hypothyroidism may be the cause of cardiovascular disorders later in life.

Thyroid hormone plays a key role in regu-
lating many developmental, metabolic, and 
cardiovascular processes (1, 2). Congenital 
hypothyroidism, which occurs in 1 in less 

than 3,000 births (3), and other thyroid 
gland disorders are associated with defects 
in the maturation and function of many 
tissues and organ systems. It has been a 
long-standing challenge to decipher the 
mechanisms by which thyroid hormone 
regulates such a wide range of cellular pro-
cesses in so many different tissues. How 
does the same hormone stimulate the dif-
ferentiation of an embryonic neuroblast 
but trigger an entirely different response in 
an adult liver cell? Thyroid hormone acts 
through the intracellular thyroid hormone 
receptor (TR), which belongs to the nuclear 
receptor family and acts as a ligand-regu-
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