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Abstract

The cJun NHy-terminal kinase (JNK) signaling pathway contributes to inflammation and plays a
key role in the metabolic response to obesity, including insulin resistance. Macrophages are
implicated in this process. To test the role of INK, we established mice with selective INK-
deficiency in macrophages. We report that feeding a high fat diet to control and JNK-deficient
mice caused similar obesity, but only mice with JNK-deficient macrophages remained insulin
sensitive. The protection of mice with macrophage-specific JNK-deficiency against insulin
resistance was associated with reduced tissue infiltration by macrophages. Immunophenotyping
demonstrated that JNK was required for pro-inflammatory macrophage polarization. These studies
demonstrate that JNK in macrophages is required for the establishment of obesity-induced insulin
resistance and inflammation.

Obesity is an important public health problem that is associated with inflammation,
cardiovascular disease, metabolic syndrome, and type 2 diabetes (1). Tissue infiltration by
macrophages is a major contributor to inflammation and insulin resistance (2). Tissue
macrophages comprise multiple populations (3); however, there are two well known
subtypes that are capable of dynamic inter-conversion (4). Classically activated
macrophages (M1) induced by interferon (IFN)-y or endotoxin promote interleukin (IL)-12-
mediated T helper 1 (Th1) immune responses. Alternatively activated macrophages induced
by IL4 or IL13 (M2a), immune complexes (M2b), and the anti-inflammatory cytokines 1L10
or transforming growth factor-p (M2c) can promote Th2 immune responses and mediate
wound healing, tissue repair, and the resolution of inflammation. Obesity increases tissue
infiltration by macrophages (5) and polarization to the pro-inflammatory M1 state (6, 7) (fig.
S1). Indeed, the inflammation associated with M1 polarized tissue macrophages is
implicated in the development of obesity-related insulin resistance (8-11).

Signal transduction pathways in macrophages that are responsive to obesity represent
possible targets for therapeutic intervention in obese patients. One example is the stress-
responsive cJun NH,-terminal kinase (JNK) signal transduction pathway that is activated by
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obesity and is required for obesity-induced insulin resistance (12). Two genes (JnkZ and
Jnk2) encode JNK proteins in peripheral insulin-responsive tissues. JINK1 plays a critical
role in adipose tissue and muscle (but not liver) during the development of insulin resistance
(12). JINK1 in the hypothalamus is also required for high fat diet (HFD)-induced obesity
(12). Whether JNK plays a role in macrophages is unclear, with evidence both for and
against having been reported (13-15). For instance, JNK1-specific deficiency in
macrophages (14) and JNK2-deficiency (16) causes no defect in obesity-induced insulin
resistance, which suggests that JINK expression in macrophages may play no role.
Alternatively, INK1 and JNK2 may function redundantly. Studies of the effect of compound
deficiency of INK1 plus JINK2 in macrophages are required to distinguish between these
possibilities.

To test the role of macrophage JNK, we established control (Lyz2-Cre*JnkI** Jnk2"*) mice
and mice with a macrophage-specific ablation of INK (Lyz2-

Cre* nk1LOXF/LOXP jpjc ol oxP/LoXPy (fig. S2). Genotype analysis demonstrated specific
disruption of the JnkZ and Jnk2 genes in macrophages isolated from JNK-deficient (®X©)
mice, but not control (®WT) mice (fig. S2). This conclusion was confirmed by immunoblot
analysis of JNK expression in macrophages isolated from ®WT and ®KO mice (fig. S3A).
Impaired phosphorylation of the canonical JNK substrate cJun (17) in ®XO macrophages
confirmed that JNK signaling was disrupted in these cells (fig. S3B,C).

Comparison of ®WT and ®KO mice demonstrated that these animals exhibited similar
obesity when fed a HFD, although a slight reduction in lean mass was detected in ®X© mice
compared with ®WT mice fed a normal chow diet (fig. S4). Chow-fed ®WT and ®KO mice
displayed similar insulin and glucose tolerance, and blood concentrations of glucose and
insulin (Fig. 1A-E). Feeding a HFD to ®WT mice caused hyperglycemia, hyperinsulinemia,
and intolerance to both glucose and insulin (Fig. LA-E). In contrast, ®XO mice were
protected against these effects of a HFD. Specifically, macrophage-specific INK-deficiency
prevented HFD-induced hyperglycemia and hyperinsulinemia, and also improved both
insulin and glucose tolerance compared with HFD-fed ®WT mice (Fig. LA-E). In contrast,
the blood concentration of glycerol and free fatty acids in HFD-fed ®WT and ®KO mice was
similar (fig. S5), suggesting that macrophage-specific JNK-deficiency may not prevent
obesity-associated lipolysis. Together, these data demonstrate similar diet-induced obesity
phenotypes of ®WT and ®KO mice; however, the HFD-fed ®O mice remained insulin
sensitive compared with HFD-fed ®WT mice.

We performed hyperinsulinemic-euglycemic clamp studies to directly assess insulin
sensitivity of ®WT and ®XO mice /n vivo (Fig. 1F-J). This analysis demonstrated that KO
mice exhibited increased whole body insulin sensitivity because of significant improvements
in glucose infusion rates during the clamps (Fig. 1F), hepatic insulin action (Fig. 1G),
hepatic glucose production (Fig. 1H), insulin-stimulated whole body glucose turnover (Fig.
11), and whole body glycogen plus lipid synthesis (Fig. 1J) compared with ®WT mice. We
also performed biochemical studies to investigate insulin-stimulated AKT activation in ®WT
and ®XO mice (Fig. 1K). Feeding a HFD suppressed insulin-stimulated AKT activation in
liver, adipose tissue, and muscle of ®WT mice but not X mice (Fig. 1K). Together, these
data demonstrate that HFD-fed ®XO© mice exhibit improved insulin sensitivity compared
with HFD-fed ®WT mice.

Pancreatic islets in chow-fed ®WT and ®KO mice were morphologically similar. Feeding a
HFD to ®WT mice, but not ®KO mice, caused P cell proliferation, islet hypertrophy, and
suppression of glucose-stimulated insulin secretion /n vivoand in vitro (Fig. 2A-F). These
data are consistent with the observation that HFD-fed ®O mice exhibit improved

Science. Author manuscript; available in PMC 2013 November 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Han et al.

Page 3

hyperglycemia, hyperinsulinemia, and insulin sensitivity compared with HFD-fed ®WT
mice.

We examined adipose tissue macrophages (ATM) in ®WT and ®KO mice fed a chow or a
HFD. No differences in the number of ATM were detected in ®WT and ®KO mice fed a
chow diet, whereas feeding a HFD caused an increase in the number of ATM in ®WT mice,
but not ®KO mice (Figs. 3A, S4, S6). These data indicate that JNK in macrophages promotes
HFD-induced accumulation of ATM. In contrast, we observed no significant differences in
the number of infiltrating eosinophils or neutrophils (figs. S7, S8).

M1 polarized tissue macrophages are implicated in the development of insulin resistance (6—
10). We therefore performed immunophenotyping to examine the populations of ATM in
®WT and ®KO mice. Macrophage-specific JNK-deficiency prevented the accumulation of
ATM expressing surface markers (F4/80* CD11c* CD2067) associated with M1
polarization in adipose tissue of HFD-fed mice (Figs. 3B, S6). In contrast, no significant
difference in the accumulation of ATM expressing surface markers (F4/80* CD11c™
CD206") associated with M2 polarization between HFD-fed ®WT and ®XO mice was
detected (Figs. 3C, S6). These data indicate that INK expression by macrophages promotes
the accumulation of M1 polarized ATM in HFD-fed mice.

To confirm whether JNK influences the accumulation and polarization of ATM, we
examined adipose tissue gene expression (Fig. 3D). This analysis demonstrated that
macrophage-specific JINK-deficiency decreased the expression of ATM marker genes
(Cd68, F4/80) in adipose tissue of HFD-fed ®XO mice compared with HFD-fed ®WT mice.
Moreover, gene expression associated with M1 polarization (CdZ1c, /118, 116, Nos2, Tnfx)
and M2 polarization (ArgZ, 1110, Mgl1 (Cd301), Mgl2, Mrc1 (Cd206), Mrc2) demonstrated
that macrophage-specific INK-deficiency decreased the expression of genes associated with
M1 polarization and increased those associated with M2 polarization in ATM in HFD-fed
mice (Fig. 3D). These data confirm that INK expression in macrophages promotes both
ATM accumulation and M1 polarization in HFD-fed mice.

To further test the role of JNK in the polarization of tissue macrophages, we examined the
liver of ®WT and ®XO mice (fig. S9). Macrophage-specific JNK-deficiency resulted in a
decrease in the hepatic expression of tissue macrophage marker genes and genes associated
with M1 polarization, whereas expression of genes associated with M2 polarization were
increased in HFD-fed ®KO mice compared with HFD-fed ®WT mice (fig. S9C). These data
demonstrate that JNK expression by macrophages is required for tissue macrophage
accumulation in the liver and polarization to the activated M1 state in HFD-fed mice. The
decreased accumulation of M1 tissue macrophages in the liver of HFD-fed ®XO mice was
associated with a marked reduction in hepatic inflammation and gluconeogenesis compared
with HFD-fed ®WT mice (figs. S9C,D).

The chemokine signaling network is implicated in tissue macrophage function (18). Mice
deficient in the chemokine receptors CCR2 or CCR5 have defects in HFD-induced ATM
accumulation (7, 19). Immunophenotyping suggests preferential loss of M1 ATM in Ccr57-
mice (19) and M2 ATM in Ccr2™'~ mice (7). Expression of CCR2 ligands (CCL2, CCL7,
CCL8) and CCRS ligands (CCL3, CCL4, CCL5, CCL8) was increased when ®WT mice
were fed a HFD (figs. S10A, S11, S12). In contrast, HFD-induced chemokine expression
was largely suppressed in HFD-fed ®KO mice (figs. S10A, S11, S12). Moreover, JNK-
deficiency reduced chemokine expression by macrophages /n vitro under a variety of
stimulation conditions (figs. S10B, S13, S14, S15). Because tissue chemokine expression is
mediated by both parenchymal cells and macrophages, it is likely that the reduced
chemokine expression detected in HFD-fed ®KO mice is a consequence of both a primary
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macrophage defect and a secondary response to improved glycemia. Collectively, these data
indicate that reduced chemokine signaling may contribute to the decreased accumulation of
ATM in ®XO mice. However, no selective defect in the expression of CCR2 or CCR5
receptors or ligands was detected in ®¥O mice compared with ®WT mice. The loss of M1
ATM in ®KO mice may therefore represent an intrinsic defect in M1 polarization rather than
inefficient M1 ATM recruitment.

To test the requirement of JINK for M1 macrophage function /in vitro, we isolated bone
marrow-derived macrophages (BMDM) from ®WT and ®XO mice (Fig. 4). Treatment with
IFN-y causes M1 differentiation (3) and expression of the cell surface marker CD11c (20).
Macrophage-specific JINK-deficiency caused reduced M1 differentiation compared to
control mice (Fig. 4A). Furthermore, INK-deficiency caused decreased expression of M1
marker genes (Ccr7, Cd11c), chemokines (Ccl2, Ccl5), and cytokine genes (//1B, /16, 1112,
Tnfx) in IFN-y stimulated macrophages (Figs. 4B, S14). Similar defects were detected in
lipopolysaccharide (LPS)-stimulated macrophages (fig. S15). Moreover, the blood
concentration of M1-associated cytokines and chemokines was significantly reduced in
LPS-treated ®KO mice compared with ®WT mice /n vivo (Fig. 4C). Together, these data
demonstrate that JNK-deficiency suppresses M1 polarization. In contrast, no significant
difference in M2 differentiation between BMDM isolated from ®WT and ®XO mice was
detected (figs. S16, S17, S18).

The observation that JINK is required for the differentiation of pro-inflammatory
macrophages provides an explanation, in part, for previous findings that have implicated
JNK in inflammatory responses (17), including the promotion of Th1 immune responses
(21-23). INK-dependent inflammatory macrophages in the liver may account for the
requirement of JNK for the development of fulminant hepatitis in mouse models (24). JNK-
dependent tissue macrophages may also contribute to the inflammation associated with
insulin resistance caused by obesity. Indeed, JNK in macrophages is required for the
accumulation of inflammatory tissue macrophages and insulin resistance caused by diet-
induced obesity. Drug-mediated targeting of macrophage-expressed JNK therefore
represents a potential therapeutic approach to suppress inflammation that may be applicable
to the treatment of inflammatory disorders.
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Fig. 1.

Macrophage JNK promotes the establishment of obesity-induced insulin resistance. (A)
Insulin tolerance tests (ITT) were performed on chow diet and HFD-fed ®WT and ®XO mice
(4 wk.) by intraperitoneal (i.p.) injection of insulin (0.75 U/kg) and measurement of blood
glucose concentration (mean £ S.E.M.; 7= 7 ~ 10 mice). (B) Glucose tolerance tests (GTT)
were performed by i.p. injection of glucose (1 g/kg) and measurement of blood glucose
concentration (mean £ S.E.M.; n=7 ~ 10 mice). (C—E) The blood concentration of glucose
and insulin in overnight fasted mice and the blood glucose concentration in fed mice were
measured (mean £ S.E.M.; 7= 10 mice). (F-J) Insulin sensitivity was measured using a
hyperinsulinemic-euglycemic clamp in conscious mice. The steady-state glucose infusion
rate (GIR), hepatic insulin action (HIA), clamp hepatic glucose production (HGP), whole
body glucose turnover, and whole body glycogen plus lipid synthesis are presented (mean +
S.E.M.; n=8~ 10 mice). (K) Chow-fed (ND) and HFD-fed mice (4 wk.) were fasted
overnight and then treated by i.p. injection with 1 U/kg insulin (15 min). Multiplexed ELISA
was used to detect AKT and activated (pSer’3) AKT in the liver, epididymal adipose tissue
(WAT), and gastrocnemius muscle (mean + S.E.M.; n= 3 ~ 5 mice). Representative tissue
samples were also examined by immunoblot analysis by probing with antibodies to
phospho-AKT, AKT, and aTubulin (Tub.). Data (A-E) are representative of three
experiments. Data were pooled from (F-J) eight to ten and (K) three to five experiments. *P
<0.05, **P<0.01, ***P< 0.001 as determined by Student's ftest (A,B) or ANOVA with
Bonferroni's posttest correction for multiple comparisons (C-K).
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Fig. 2.

Macrophage JNK promotes pancreatic islet dysfunction. (A,B) The morphology of
pancreatic islets was examined using chow-fed (ND) and HFD-fed mice (4 wk.) fasted
overnight. Sections were stained with antibodies to insulin, glucagon, or F4/80. DNA was
stained with DAPI (blue). Scale bar, 75 pm. No significant differences between ®WT and
KO jslet infiltration by F4/80" macrophages were detected (fig. S19). (C) The islet area per
section is presented (mean = S.E.M.; n=7 ~ 10 mice). (D) The number of f cells per islet
that stained with an antibody to the proliferation marker PCNA is presented (mean = S.E.M;
n =5~ 7 mice). (E) Glucose-induced insulin release measurements were performed by i.p.
injection of glucose (2 g/kg) and measurement of blood insulin concentration (mean =
S.E.M.; n=8~ 10 mice). (F) Glucose-induced insulin secretion /n vitro. Isolated islets were
incubated (1 hr) with low glucose (3.3 mM) or high glucose (16.7 mM). Insulin secretion
was measured (mean + S.E.M.; n=5 mice). Data (A,B) are representative of (A,B) five to
ten, (E) three, and (F) two experiments. Data (C,D) were pooled from five to ten
experiments. *P< 0.05, **P< 0.01, ***P < 0.001 as determined by Student's ¢test (E) or
ANOVA with Bonferroni's posttest correction for multiple comparisons (C,D,F).
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Fig. 3.

JNK promotes M1 polarization of adipose tissue macrophages. (A—C) The stromal vascular
fraction (SVF) of epididymal adipose tissue was isolated from chow-fed and HFD-fed (4
wk.) mice and examined by flow cytomtery to detect the total number of F4/80* adipose
tissue macrophages (ATM), the number of F4/80* CD11¢* CD206~ (M1 ATM), and the
number of F4/80* CD11¢c™ CD206* (M2 ATM) (mean + S.E.M.; 7= 5 mice). (D) Total
RNA was isolated from epididymal adipose tissue from chow-fed and HFD-fed ®WT and
KO mice. The relative expression of mRNA associated with M1-polarized macrophages
and M2-polarized macrophages was measured by quantitative RT-PCR assays (mean +
S.E.M.; n=8~ 10 mice). Data (A-C) are representative of three experiments. Data (D) were
pooled from eight to ten experiments. *P< 0.05, **P< 0.01, ***P < 0.001 as determined by
ANOVA with Bonferroni's posttest correction for multiple comparisons.
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Fig. 4.

JNK promotes M1 polarization of macrophages /n vitro. (A) Bone marrow-derived
macrophages (BMDM) from ®WT and ®XO mice were incubated without or with 100 ng/ml
IFN-y (36 hr). F4/80* cells were stained with an antibody to the M1 marker CD11c and
examined by flow cytometry (mean relative fluorescence intensity = S.E.M.; n=3). (B)
Total RNA was isolated from BMDM incubated (8 hr) with 100 ng/ml IFN-y. The relative
expression of the indicated M1 marker genes was measured by quantitative RT-PCR assays
(mean £ S.E.M.; 7= 5 mice). (C) Chow-fed ®WT and ®XO mice were fasted overnight.
Blood was collected from the mice 2.5 hr after i.p. injection of LPS (20 mg/kg) or solvent
(Control). The blood concentration of CCL2, CCL5, IL1p, IL6, and TNFa was measured
(mean £ S.E.M.; n= 10 mice). Data are representative of (A) three and (C) two experiments.
Data (B) were pooled from five experiments. *£< 0.05, **P< 0.01, ***P< 0.001 as
determined by ANOVA with Bonferroni's posttest correction for multiple comparisons.
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