
3.3. Hyperinsulinemic-euglycemic clamp induces inflammation of
AT but not liver
We next examined whether hypersulinemia could enhance AT
inflammation independent of obesity. To address this question we
performed a hyperinsulinemic-euglycemic clamp on wild type 6e7
week old lean male mice. In these experiments, mice were infused
with saline or insulin for up to 2 h, while remaining euglycemic.
Following the clamp, tissues were harvested and the expression levels
of pro-inflammatory genes in AT in response to high the dose of insulin
analyzed. As shown in Figure 6A, CCL2, IL6 and IL1b mRNA expression

levels in AT were upregulated 2e3 fold by the hyperinsulinemic
condition, independent of insulin receptor levels (Supplementary
Figure 3). Thus, this data indicates that increasing circulating levels
of insulin enhances AT inflammation, independent of obesity.

3.4. Chronic insulin treatment requires Erk but not Akt to induce
CCL2 expression in cultured adipocytes
The results illustrated in Figures 3e5 suggest that the chronic
hyperinsulinemia observed in obesity contributes to increased
inflammation-associated gene expression in the AT. This could be due
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Figure 4: Diazoxide treatment ameliorates hyperinsulinemia and AT inflammation in diet-induced obese mice. 8-week-old WT C57BL/6J mice were fed a 60% HFD for 4
weeks, containing 1.125 mg/kg diazoxide or not. (A) c-Peptide, (B) insulin and (C) glucose serum levels were measured in chow, HFD and HFD-containing diazoxide fed mice. (D)
Body weight was measured, along with (E) subcutaneous and (F) epididymal fat mass expressed as percentage of body weight. (G) H&E staining of AT sections, depicting crown-
like structures from control chow, HFD and HFD with diazoxide fed mice. Images are representative of 6e8 mice per group. (H) Relative expression levels of indicated pro-
inflammatory genes in AT from chow, HFD or HFD with diazoxide-treated mice. Graphs show the mean � SEM. N ¼ 5e6 per group, compared with chow controls, by Stu-
dent’s t test. *P < 0.05; **P < 0.01; ***P < 0.001.
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to the increased numbers of macrophages or to increased cytokine
expression levels, either in the immune cells or in the adipocytes
themselves. To further investigate whether chronic insulin treatment
can stimulate CCL2 expression in adipocytes, we performed a time
course of high insulin treatment in mature, differentiated 3T3-L1 ad-
ipocytes. Treatment with 1 mM insulin led to a 10-fold increase in CCL2
mRNA levels within 6 h (Figure 6C). Similar results were obtained when
mature adipocytes were treated with 100 nM insulin, although this
concentration is still above physiological levels (Supplementary
Figure S2A).
Insulin activates the mitogenic MAPK/ERK protein kinases and the
metabolic PI3k-Akt pathways. To determine which downstream
signaling pathway mediates the insulin-induced expression of

inflammatory genes in adipocytes, we pre-treated cells with either an
ERK or Akt inhibitor. Strikingly, pre-treatment of 3T3-L1 adipocytes
with the ERK inhibitor PD98059 ablated the insulin-induced increase in
inflammatory gene expression (Figure 6B). In contrast, specific inhi-
bition of Akt activation with the inhibitor MK2206 had no effect on
inflammatory gene expression (data not shown). These results indicate
that chronically elevated insulin promotes CCL2 expression in mature
adipocytes in an ERK-dependent manner.
Interestingly, the transcription factor Mlxipl (ChREBP), known to
regulate AT-DNL [23], was also strongly suppressed by chronic insulin
treatment of mature 3T3-L1 adipocytes (Supplementary Figure S2).
Furthermore, Slc2a4 (GLUT4) and other lipogenic enzymes, such as
Pdk4, and Pck1, were all significantly downregulated in mature
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Figure 5: Reduction of hyperinsulinemia improves insulin sensitivity in ob/ob mice and restores AT DNL. (A) Insulin tolerance test (ITT) was performed by i.p injecting 1 U/
kg insulin in pair fed ob/ob mice treated or not with streptozotocin. The area under the curve was also calculated. (B) AT explants from WT and ob/ob mice treated or not with the
indicated doses of streptozotocin were stimulated with insulin for 30 min. Tissue lysates were then immunobloted for insulin receptor (IR), Akt, phospho-Akt (pAkt) and actin as a
loading control. RT-PCR analysis to determine the relative levels of mRNA of indicated lipogenic genes in adipose (C) or liver (E) tissue from C57BL/6J WT and ob/ob mice treated or
not with indicated doses of streptozotocin. (D) Insulin-stimulated [14C]-glucose conversion into TG-fatty acids was measured in subcutaneous AT explants from ob/ob mice treated
or not with indicated doses of streptozotocin. Graphs show the mean � SEM. N ¼ 6e9 per group, compared with ob/ob controls, by Student’s t test. *P < 0.05; **P < 0.01.
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adipocytes exposed to chronically elevated insulin levels
(Supplementary Figure S2). Altogether, these data indicate that adi-
pocytes, when chronically exposed to high doses of insulin, increase
expression of the inflammatory gene CCL2, while reducing the
expression of lipogenic genes.

4. DISCUSSION

The major finding of this study is that the extent of AT inflammation,
including increased macrophage expansion and expression of cyto-
kines, is significantly promoted by high circulating insulin in both lean
and obese mice. We found that the high levels of cytokine expression
in gonadal AT of both diet-induced and genetically obese mice are
alleviated by lowering the hyperinsulinemia (Figures 3 and 4) and can
be induced even in lean mice by insulin infusion (Figure 6). Previous
studies from our laboratory and others have demonstrated major ef-
fects of AT inflammation, both deleterious [15] and beneficial
[16,17,54,55], on AT metabolism and whole body insulin sensitivity
and glucose tolerance. Thus, these present findings showing insulin

induces AT inflammation combined with the well-known high inci-
dence of hyperinsulinemia in obesity suggest that this effect of insulin
is of high physiological significance. Importantly, our results indicate
that reducing circulating insulin levels in both genetic and diet-induced
obese mice protects against AT dysfunction and improves systemic
insulin sensitivity (Figures 3e5). While AT inflammation and
dysfunction are well known to be associated with obesity and systemic
insulin resistance, the factor(s) that initiate and drive AT inflammation
and disrupt adipocyte function have not been resolved. Taken together,
these data indicate that insulin itself is a major contributing factor in
driving AT inflammation in genetic and HFD induced obesity in mice.
The data presented here on the relationship between hyperinsulinemia
and AT inflammation using obese mice reinforce similar suggestive
experiments that have been performed on human subjects. For
instance, a recent study by Jansen et al. demonstrated that insulin
therapy in type 2 diabetic patients was associated with enhanced
cytokine production [44]. Furthermore, hyperinsulinemic-euglycemic
clamp studies performed in humans have demonstrated an exacer-
bated inflammatory response following insulin infusion in insulin-
resistant patients [41,43]. The findings reported here are in agree-
ment with these previous studies and further support a role for
hyperinsulinemia as an important pro-inflammatory factor that pro-
motes chronic AT inflammation and adipose dysfunction, both in obese
humans and mice.
The contribution of insulin itself in promoting increased adiposity and
exacerbating the insulin resistance linked to obesity has been previ-
ously proposed [56e60]. These earlier data suggested that insulin
directly downregulates insulin receptor expression and interferes with
its own signaling [58e61]. However, the cellular mechanism for
hyperinsulinemia-induced AT dysfunction through increased inflam-
mation revealed in our present study had not been addressed.
Importantly, it has recently been shown that mice with deletions of
insulin gene alleles are resistant to diet-induced obesity, which would
be expected to decrease AT inflammation [56]. Moreover, reducing
insulin levels with the K-ATP channel agonist diazoxide reduces
adiposity in humans [62]. Additionally, it has been demonstrated that
diazoxide-induced insulin deficiency enhances insulin sensitivity [63]
and AT b3-adrenergic receptor expression and activity in mice [64],
although these studies did not address whether the reduction in insulin
levels also improves the chronic inflammation in AT. Our studies thus
establish AT inflammation as a novel pathway of insulin action in vivo
that acts in addition to the cell autonomous mechanism whereby its
signaling pathway is downregulated in response to loss of cell surface
insulin receptors.
Plasma insulin levels strongly correlated with inflammatory gene ex-
pressions in AT from obese humans and mice (Figure 1A and B).
Consistent with these results, we [13] and others [65] have reported
that inflammation of the omental AT is strongly associated with insulin
resistance in human obesity, even in subjects with similar body mass
index [13]. In addition, hyperinsulinemia correlates with increased AT
inflammation in clinical settings, including following insulin therapy in
type 2 diabetic subjects [44] and hyperinsulinemic-euglycemic clamps
in insulin resistant subjects [41,43]. Our present results show that
elevated insulin levels, independent of changes in body weight, pro-
mote AT inflammation, even in lean healthy mice following a
hyperinsulinemic-euglycemic clamp (Figure 6A). In addition, insulin
treatment induced a robust upregulation of CCL2 in cultured adipocytes
(Figure 6B). Importantly, we recently reported that CCL2 increases AT
immune cell content not only by recruiting macrophages into AT but
also by inducing local macrophage proliferation [66]. This increased
macrophage content and AT cytokine production likely further
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Figure 6: Hyperinsulinemic-euglycemic clamp enhances AT pro-inflammatory
gene expressions in lean mice. Six week-old WT mice were fasted overnight and
subjected to a 2 h hyperinsulinemic-euglycemic clamp. Tissues were harvested for
total RNA extraction and qRT-PCR analysis. Shown are the relative mRNA expression
levels of different inflammatory markers in subcutaneous AT (A) or liver (B) from saline
and insulin-infused mice following a hyperinsulinemic-euglycemic clamp. (C) Chronic
insulin treatment induces CCL2 gene expression in cultured adipocytes. Mature 3T3-L1
adipocytes were pretreated for 30 min with vehicle (DMSO) or ERK inhibitor PD98059
(50 mM). Cells were then treated with or without 1 uM insulin for the indicated period of
time. After treatments, total RNA was extracted and relative mRNA levels measured by
qRT-PCR analysis. Graphs show the mean � SEM. N ¼ 4 replicates per group. F.C is
fold change.
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exacerbates the inflammatory response in vivo. Together, these data
suggest that hyperinsulinemia itself directly drives increased AT
inflammation, perhaps in part by enhancing macrophage proliferation.
Many studies have demonstrated that the DNL pathway is suppressed
in AT of long-term obese humans and rodents [24,25,27,30,31]. In our
studies, the reduction in AT inflammation upon decreasing circulating
insulin levels was associated with enhancing adipose DNL, insulin
signaling and systemic insulin sensitivity (Figures 3e5). It is known
that treatment of cultured adipocytes with pro-inflammatory cytokines
such as TNFa induces insulin resistance and inhibits adipocyte tran-
scription factors such as PPARg that control DNL enzymes
[32,33,35,36]. It is therefore tempting to hypothesize that reducing the
level of insulin in obese mice restores the attenuated AT-DNL in obesity
as a consequence of the reduced AT inflammation. In turn, the
improved AT-DNL pathway may further act to enhance systemic insulin
sensitivity, potentially through the biosynthesis of AT lipokines
[21,22,67]. Interestingly, the results depicted in Figures 3e5 indicate
that only a moderate decrease in circulating insulin levels reduces AT
inflammation and improves both AT insulin action on DNL and systemic
insulin sensitivity in pair fed obese mice. Moreover, stimulation of AT-
DNL through either AT specific overexpression of GLUT4 in mice or
deletion of the AT lipid chaperone aP2, improves glucose tolerance and
insulin sensitivity [22,23]. These studies are in agreement with our
data and support the concept that whole body insulin sensitivity and
adipocyte DNL are highly correlated. Although it has been shown that
dietary lipid oversupply can block AT-DNL, whether this is a direct
effect or secondary to enhanced lipid-induced insulin secretion is
unclear. Therefore, lowering insulin levels in obese humans may not
completely restore AT-DNL. Our data from humans and mice, however,
suggest that lowering of circulating insulin levels can reduce low-grade
chronic AT inflammation in obesity.
An acute anti-inflammatory effect of insulin was proposed via the
PI3K pathway in hepatocytes, while pro-inflammatory actions of in-
sulin may require ERK and JNK kinases [68]. In agreement with such
a pro-inflammatory effect of prolonged insulin exposure, we found
that treatment of cultured adipocytes with high insulin concentrations
upregulated the expression of inflammatory chemokines such as
CCL2 (Figure 6B). Moreover, we show that this insulin-stimulated
expression of CCL2 is blunted by ERK inhibition. Thus, a sustained
rise in plasma insulin, often seen in obese subjects, may induce
chemokine and cytokine production through hyper-activation of ERK
signaling. It has been proposed that Egr1, acting downstream of ERK,
may promote the inflammatory actions of insulin, while also inhibiting
the metabolic actions of insulin through PTEN mediated inhibition of
Akt activation [69]. Moreover, whole body deletion of Egr1 results in a
metabolically favorable phenotype, exhibiting enhanced energy
expenditure and reduced inflammation [70]. These mouse models
together with the data presented here suggest that chronic insulin
exposure may drive AT inflammation by initiating direct actions upon
adipocytes through ERK activation. Future studies will be required to
determine whether AT inflammation under hyperinsulinemic condi-
tions is caused by such direct effects of insulin on adipocytes versus
other non-adipose cell types present in AT, such as macrophages [71]
and T cells [72].
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