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Disrupting phosphatase SHP2 in macrophages protects
mice from high-fat diet-induced hepatic steatosis and
insulin resistance by elevating IL-18 levels
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Chronic low-grade inflammation plays an important role
in the pathogenesis of type 2 diabetes. Src homology 2 do-
main-containing tyrosine phosphatase-2 (SHP2) has been
reported to play diverse roles in different tissues during the
development of metabolic disorders. We previously reported
that SHP2 inhibition in macrophages results in increased
cytokine production. Here, we investigated the association
between SHP2 inhibition in macrophages and the develop-
ment of metabolic diseases. Unexpectedly, we found that
mice with a conditional SHP2 knockout in macrophages
(cSHP2-KO) have ameliorated metabolic disorders. cSHP2-
KO mice fed a high-fat diet (HFD) gained less body weight
and exhibited decreased hepatic steatosis, as well as improved
glucose intolerance and insulin sensitivity, compared with
HFD-fed WT littermates. Further experiments revealed that
SHP2 deficiency leads to hyperactivation of caspase-1 and
subsequent elevation of interleukin 18 (IL-18) levels, both in
vivo and in vitro. Of note, IL-18 neutralization and caspase-1
knockout reversed the amelioration of hepatic steatosis and
insulin resistance observed in the cSHP2-KO mice. Adminis-
tration of two specific SHP2 inhibitors, SHP099 and Phpsl,
improved HFD-induced hepatic steatosis and insulin resist-
ance. Our findings provide detailed insights into the role of
macrophagic SHP2 in metabolic disorders. We conclude that
pharmacological inhibition of SHP2 may represent a thera-
peutic strategy for the management of type 2 diabetes.

The marked increase in the incidence of type 2 diabetes
(T2D) has made this disease one of the major threats to global
health. T2D is caused by several pathophysiologic mechanisms,
but obesity is recognized as a factor that contributes to insulin
resistance, one of the defining clinical features in metabolic
syndrome (1, 2). Obesity gives rise to a state of chronic, low-
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grade inflammation, and recent studies in humans and mice
have shown that obesity and inflammation are highly integrated
processes in the pathogenesis of insulin resistance, T2D, and
nonalcoholic fatty liver disease (NAFLD) (3-5).

Increasing evidence now implicates cytokines in the develop-
ment of metabolic disease, given their roles in the regulation of
energy homeostasis (6). One cytokine, IL-1, is a key mediator of
the inflammatory response and contributes to ectopic fat accu-
mulation in hepatocytes and macrophage infiltration in adipose
tissue (7). Lack of IL-1f or its receptor is protective against the
development of adipose tissue inflammation. In this respect, a
particularly interesting finding is that an IL-1 receptor antago-
nist has shown clinical effectiveness as a treatment for T2D (8,
9). Conversely, another cytokine, IL-18, increases in patients
with obesity and insulin resistance, and the elevated levels
strongly counteract obesity and metabolic syndrome (10-12).

Src homology region 2 domain-containing tyrosine phospha-
tase-2 (SHP2) is a ubiquitously expressed cytoplasmic protein
tyrosine phosphatase encoded by the PTPN11 gene in humans
(13). This protein is expressed in all insulin-responsive tissues,
including muscle (14), liver (15, 16), and adipose (17), as well as
in the neurons that control energy regulation (18, 19). SHP2
was reported to play diverse roles in metabolic syndrome, and
of interest here is the observation that animals with catalytically
inactivating mutations in SHP2 display a strong reduction in
adiposity and a pronounced resistance to diet-induced obesity
and, therefore, have an overall better metabolic profile (20).
Selective deletion of SHP2 in striated muscle results in insulin
resistance, whereas liver-specific SHP2 knockout leads to less
weight gain, decreased liver steatosis, and impeded develop-
ment of insulin resistance in animals fed a high-fat diet (HFD)
(14, 16). However, deletion of SHP2 from adipocytes does not
significantly alter either systemic insulin sensitivity or glucose
homeostasis (17). The expression of a dominant-active mutant
(SHP2-D61A) in forebrain neurons of female transgenic mice
confers resistance to HFD-induced obesity and liver steatosis
and is accompanied by improved insulin sensitivity and glucose
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SHP2 inhibition ameliorates insulin resistance via IL-18

homeostasis (18). However, the role of SHP2 in macrophages is
unclear, particularly concerning HFD-induced obesity, liver
steatosis, and insulin sensitivity.

We previously reported that the knockout of macrophage
SHP2 in mice (cSHP2-KO mice) led to elevated NLRP3 inflam-
masome activation, with increased levels of IL-18 and IL-18
and a resulting aggravation of murine peritonitis (21). However,
in the present study, we observed an unexpected delay in body
weight gain and an improvement in insulin resistance and he-
patic steatosis in these cSHP2-KO mice when fed an HFD. We
hypothesized that these improvements are because of an effect
of IL-18. We confirmed this hypothesis using the following
approaches: (i) use of an anti-IL-18 antibody treatment, which
reversed insulin sensitivity and confirmed the predominant
role of IL-18 in insulin sensitivity in the cSHP2-KO mice; (ii)
generation of SHP2 and caspase-1 double KO (DKO) mice;
these mice presented the same phenotype after HFD feeding as
that observed in WT mice, indicating that the increase in IL-18
level caused by SHP2 knockout depends on caspase-1; and (iii)
use of two SHP2-specific inhibitors, SHP099 and Phps1, which
significantly ameliorated insulin resistance and hepatic steatosis.
Our data provide new insights into the role of macrophagic SHP2
in metabolic disorders and suggest that SHP2 inhibition repre-
sents a new therapeutic strategy for the treatment of NAFLD.

Results

SHP2 deficiency in macrophages protects mice from
HFD-induced obesity and insulin resistance

Obesity and inflammation are key contributors to insulin
resistance and T2D. We investigated the role of macrophagic
SHP2 in metabolism regulation by generating macrophage-
specific conditional SHP2 knockout mice (cSHP2-KO), as
described previously (21). When maintained on a normal
chow diet (NCD), the cSHP2-KO mice did not show any
obvious abnormal phenotype. However, when fed an HED for
16 weeks, the cSHP2-KO mice showed considerably less body
weight gain than WT counterparts (Fig. 1, A and B), although
no significant difference was observed in food intake (Fig.
1C). After consuming the HFD for 14 weeks, all mice were
subjected to metabolic cage studies. Significant enhancement
of oxygen consumption and CO, production was observed in
¢SHP2-KO mice (Fig. 1, D—F), whereas no differences in heat
production were observed between WT and cSHP2-KO mice
in this study, suggesting that the lean phenotype of cSHP2-
KO mice was mainly because of increased energy expendi-
ture. In addition, intraperitoneal glucose tolerance (GTT)
and insulin tolerance (ITT) tests were further performed to
evaluate glucose homeostasis. The WT mice exhibited a much
more severely impaired glucose metabolism and a more pro-
nounced decrease in insulin sensitivity than the cSHP2-KO mice
(Fig. 2, A and B). Because abnormally elevated hepatic gluconeo-
genesis also contributes to the overproduction of glucose in met-
abolic syndrome, we performed a pyruvate tolerance test (PTT)
in mice after 16 weeks of HED by intraperitoneally administering
pyruvate, a precursor in the synthesis of glucose during gluco-
neogenesis. Results indicated that gluconeogenesis was signifi-
cantly repressed in cSHP2-KO mice with HED feeding (Fig. 2C),
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which was further confirmed by decreased mRNA expression of
Pepck and G6Pase in liver (Fig. 2D), suggesting improved hepatic
glucose metabolism. Hyperinsulinemia, suggestive of severe in-
sulin resistance, was observed in the WT mice fed the HFD for
16 weeks. However, this hyperinsulinemia was partly suppressed
by SHP2 knockout in macrophages (Fig. 2E), suggesting amelio-
ration of insulin resistance in the cSHP2-KO mice.

Insulin signaling in the peripheral tissues, including liver, mus-
cle, and fat, was also examined after injection of insulin via the
portal vein. As shown in Fig. 2F, inhibited phosphorylation of
AKT and GSK3p, indicating impaired insulin signaling, was sig-
nificantly reversed in liver of cSHP2-KO mice. However, no sig-
nificant difference in insulin signaling transduction was observed
in muscle and adipose tissue of cSHP2-KO mice (Fig. S1).

SHP2 knockout in macrophages protects mice from
HFD-induced hepatic steatosis

The occurrence of NAFLD in the setting of a high-fat diet
has been well documented in previous studies (22). In our
study, we found that the overall liver size and weight were
noticeably smaller in the cSHP2-KO mice than in WT mice
when both mouse types were fed an HFD (Fig. 3A4). In line with
this observation, hematoxylin and eosin (H&E) staining showed
a significantly reduced accumulation of intrahepatic fat in the
livers of the cSHP2-KO mice (Fig. 3B). The HFD-fed cSHP2-
KO mice also showed a dramatic downregulation in the expres-
sion of caveolin-1, a lipid raft associated with lipid dynamics
that has emerged as a key player in obesity and insulin resist-
ance (23), indicating attenuated hepatic steatosis (Fig. 3C).
Moreover, the serum and liver triglyceride (TG) levels were
lower in the ¢SHP2-KO mice than in the WT mice (Fig. 3D).
Phosphorylation of adenosine monophosphate activated pro-
tein kinase (AMPK) was also significantly increased in the livers
of ¢SHP2-KO mice, indicating improved energy metabolism
(Fig. 3E). To verify whether the amelioration of liver steatosis in
c¢SHP2-KO mice is independent of liver injury, serum ALT and
AST, which indicate liver injury, were detected, and no differ-
ence was observed between HFD-fed WT and cSHP2-KO mice
(Fig. S2A). Moreover, the mRNA levels of hepatic TNFa and
IL-6, two major proinflammatory cytokines, were also eval-
uated, and no difference was found (Fig. S2B).

We further characterized the improvement in the pathoge-
nesis of hepatic steatosis in cSHP2-KO mice by examining the
relative mRNA expression of the fasn, srebplc, ppary, and
ppargcla genes. The expression of srebplc was unaffected in
the cSHP2-KO mice, but the expression of fasn was downregu-
lated, whereas the expression of ppary and ppargcla was up-
regulated in cSHP2-KO mice, indicating suppressed fat synthe-
sis and enhanced energy metabolism (Fig. S3). Taken together,
these findings suggest that the loss of SHP2 in macrophages
results in resistance to HFD-induced metabolic disorders.

Loss of SHP2 in macrophages promotes IL-18 secretion and
caspase-1 activation both in vivo and in vitro

Our previous studies revealed that the ablation of SHP2 in
macrophages caused intensified pro-caspase-1 activation and
led to overproduction of IL-13 and IL-18. In the present study,
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Figure 1. SHP2 deficiency in macrophages protects mice from HFD-induced obesity by promoting energy expenditure. WT and cSHP2-KO mice were
fed on NCD or HFD. A to C, body weight change (A and B) and food intake (C) were recorded. **, p < 0.01 versus corresponding time point from WT-HFD.
Energy expenditure of HFD-fed WT and cSHP2-KO mice were monitored using CLAMS for 24 h. D, the curve of oxygen consumption rate (VO,). E, the carbon
dioxide production rate (VCO,). F, heat production. Data are expressed as mean * S.E, n =6-8.*, p < 0.05.

we also found that treatment with lipopolysaccharide (LPS)
plus palmitic acid (PA) or ceramide (two stimuli that corre-
spond to the status of an HFD) promoted the release of IL-18
and IL-1B and the activation of pro-caspase-1 in SHP2 KO
macrophages compared with that of WT macrophages (Fig. 4,
C-F). However, although elevation of IL-18 and IL-18 was
observed in the serum of mice with HFD feeding, only IL-18
secretion was further elevated in ¢cSHP2-KO mice (Fig. 4A4). It
should be noted that a high expression level of the IL-18 recep-
tor (IL-18R) was observed in the liver tissue (Fig. S4), indicating
that the IL-18/IL-18R pathway contributes to amelioration of
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liver steatosis in cSHP2-KO mice. Moreover, an increase in pro-
caspase-1 activation was detected in peripheral macrophages
(Fig. 4B). These results indicate that SHP2 negatively regulates
pro-caspase-1 activation, and deletion of SHP2 in macrophages
promotes IL-18 secretion both in vitro and in vivo.

IL-18 neutralization reverses the amelioration of
HFD-induced metabolic syndrome in cSHP2-KO mice

Several studies have indicated that IL-18 strongly counter-
acts obesity and its related metabolic syndromes. However,
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Figure 2. Ablation of SHP2 in macrophages protects mice from HFD-induced insulin resistance. WT and cSHP2-KO mice were fed on NCD or HFD. A and
B, glucose tolerance test and insulin tolerance test were performed on mice with 14 weeks of HFD feeding. C, hepatic gluconeogenesis was determined by
PTT assay. *, p < 0.05; **, p < 0.01 versus corresponding time point from WT. D, Pepck and G6Pase mRNA level in liver was determined by qPCR. E, fasting insulin
level in the serum was determined by ELISA. F, insulin signaling in liver was determined by Western blot analysis after 6 h of fasting. Data are expressed as

mean * S.E, n=6-8.% p < 0.05; ns, not significant.

whether IL-18 is responsible for the alleviation of HFD-induced
insulin resistance in cSHP2-KO mice remains unclear. There-
fore, we investigated this hypothesis by conducting an IL-18
neutralization experiment. After being fed the HFD for 14
weeks, the cSHP2-KO mice were intraperitoneally adminis-
tered 2.5 mg/kg anti-IL-18 antibody every other day a total of 5
times (anti-IgG was given as a control). This treatment resulted
in a low circulating concentration of IL-18 (Fig. 5A4). Consistent
with previous data, the improvements in IPGTT and IPITT
results normally observed in cSHP2-KO mice were significantly
reversed by the anti-IL-18 administration (Fig. 5, B and C). Fur-
thermore, the fasting serum insulin levels were markedly ele-
vated in the cSHP2-KO mice administered the anti-IL-18 treat-
ment (Fig. 5D). H&E-stained liver tissues showed considerably
more inflammatory cell infiltration and more severe liver stea-
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tosis in the IL-18-neutralized than in anti-IgG-treated cSHP2-
KO mice (Fig. 5E). Detection of liver insulin signaling also
reflected a reversal of insulin sensitivity by IL-18 neutralization
in ¢SHP2-KO mice, as indicated by a decrease in p-AKT
(Ser473) levels after insulin stimulation (Fig. 5F). Energy metab-
olism was also significantly inhibited in the IL-18-neutralized
¢SHP2-KO mice, as indicated by suppressed p-AMPK expres-
sion (Fig. 5G). Previous studies have also suggested that IL-18
could promote lipid oxidation through AMPK activation in
muscle while opposing lipid accumulation in adipose tissue
(24). In this study, given that the primary phenotype was related
to ameliorative insulin resistance and hepatic steatosis, we fur-
ther evaluated the direct effect of IL-18 on hepatocytes. Results
indicated that IL-18 could improve insulin sensitivity by allevi-
ating the insulin-stimulated phosphorylation of AKT at Ser473,

J. Biol. Chem. (2020) 295(31) 10842-10856 10845
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Figure 3. SHP2 deficiency in macrophages protects mice from HFD-induced hepatic steatosis. A, macroscopic appearance (left) and weight (right) of liver
from WT and cSHP2-KO mice fed on NCD or HFD. B and C, H&E stain (left) and clinical score (right) (B) and caveolin-1 staining (C) of liver from WT and cSHP2-KO
mice fed on HFD. D, TG in serum and liver from mice were measured. E, the expression of p-AMPK and p-ACC in liver of HFD mice was determined by Western
blotting. Data are expressed as mean = S.E.in panels A, B,and D, n =8-12.%,p < 0.05.

which was inhibited by PA treatment (Fig. S5A). IL-18 also pro-
moted the expression of p-AMPK and p-ACC in HepG2 cells
treated with BSA or PA, reflecting improved energy metabo-
lism (Fig. S5B). In our HFD-induced insulin resistance animal
model, IL-18 was significantly elevated, whereas the increase in
IL-1B in ¢SHP2-KO mice was not significant. We then won-
dered whether IL-18 opposes IL-1’s effect on insulin sensitiv-
ity. Thus, we assessed the role of IL-18 in IL-1B-induced insulin
resistance and lipid generation using a liver cell model to
address this question. We stimulated LPS-primed shRNA-Ctrl
or shRNA-SHP2 THP-1 cells with palmitate and collected the
supernatant (stimulated medium). Treatment of HepG2 cells
with medium generated by shRNA-Ctrl THP-1 cells signifi-

10846 . Biol. Chem. (2020) 295(31) 10842-10856

cantly inhibited insulin-induced AKT and GSK38 phosphoryl-
ation. However, shRNA-SHP2-stimulated medium significantly
promoted insulin-induced AKT and GSK3f phosphorylation
compared with shRNA-Ctrl-stimulated medium, reflecting an
improvement in insulin sensitivity (Fig. S6A). PA treatment
induced lipid accumulation and lipid synthesis-related gene
expression in HepG2 cells, whereas IL-13 coordinated the effect
of PA. IL-18 inhibited both PA and twice the level of IL-13 plus
PA-induced lipid accumulation, TG generation, and the expres-
sion of FASN, SREBPIA, and SREBPIC (Fig. S6, B—D). There-
fore, the effect of IL-18 on liver may at least partly contribute to
the improved metabolic homeostasis observed in ¢cSHP2-KO
mice.
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Figure 4. Loss of SHP2 in macrophages promotes elevated IL-18 secretion and caspase-1 activation both in vivo and in vitro. A and B, after feeding on
NCD or HFD for 16 weeks, mice were sacrificed. The levels of IL-18 and IL-18 in the serum were determined by ELISA (A), and caspase-1 (CASP1) activation in
peripheral macrophages from mice was determined by Western blotting (B). C-F, Peritoneal macrophages obtained from WT and cSHP2-KO mice were stimu-
lated with 100 ng/ml LPS in the presence of ceramide (0.1 mm) or palmitic acid (PA, 200 um). The level of IL-18 in the supernatant was determined by ELISA (C
and E); CASP1 activation was determined by Western blotting (D and F). Data are expressed as mean = S.E.in panels A-E,n=6inAandn=3inC, E.* p < 0.05;

* p <001,

Caspase-1 deficiency blocks the amelioration of HFD-induced
insulin resistance and hepatic steatosis in cSHP2-KO mice

IL-18 is transcribed as a zymogen that requires cleavage.
This is performed by caspase-1 to form the mature, active cyto-
kine. Therefore, we also generated cSHP2 and caspase-1 double
KO (DKO) mice by crossing cSHP2-KO mice with caspase-1
KO mice (Fig. S7). In these mice, both IL-18 and IL-18 genera-
tion was blocked by caspase-1 knockout (Fig. S8). The caspase-
1 deficiency almost completely reversed the suppression of
body weight increases in the cSHP2-KO mice (Fig. 6A). The
GTT and ITT results were considerably worse from the DKO
mice than from WT mice, suggesting a much greater impair-
ment in glucose metabolism and a more pronounced decrease
in insulin sensitivity (Fig. 6, B and C). Consistent with this, cas-
pase-1 knockout significantly blocked the decrease of fasting
insulin in the serum of ¢cSHP2-KO mice (Fig. 6D). The basal
phosphorylation of AKT and of IR in the liver was markedly
higher in the DKO mice than in the cSHP2-KO mice, and no
significant change was observed in the phosphorylation of AKT
after insulin stimulation in the DKO mice (Fig. 6E). These data
indicate severe impaired insulin signaling exists in DKO mice.

The amelioration of HFD-induced NAFLD by SHP2 deletion
was also reversed by knockout of caspase-1. In particular, cas-
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pase-1 KO restored the macroscopic size, weight, and clinical
scores of the livers of cSHP2-KO mice to levels similar to those
of WT mice (Fig. 7, A and B). Notably, liver steatosis, as
revealed by H&E and caveolin-1 staining, showed the same se-
verity in both DKO and WT mice (Fig. 7, B and C). Further
analysis of the serum and liver TG (Fig. 7D), low-density lipo-
protein (LDL), and high-density lipoprotein (HDL) levels (Fig.
S9, A and B) revealed a reversal of liver steatosis in the cSHP2-
KO mice following caspase-1 knockout. The relative mRNA
expression of Fasn, Ppary, and Ppargcla also indicated a rever-
sal of fat synthesis and energy metabolism in the DKO mice
(Fig. S90).

SHP2 inhibitors ameliorate metabolic disorders in HFD mice

We examined the relative expression of p-SHP2 in PA-
treated murine bone marrow-derived macrophage (BMDM)
and found that the SHP2 phosphorylation level was time-
dependently enhanced with the treatment of PA (Fig. S10A).
Moreover, we also collected peripheral blood mononuclear
cells (PBMC) from healthy donors and diabetic patients. SHP2
phosphatase activity assay showed that SHP2 activity in PBMC
from diabetic patients was significantly increased compared
with healthy control (Fig. S10B). To further figure out whether
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Figure 5. IL-18 neutralization reverses the amelioration of HFD-induced hepatic steatosis in cSHP2-KO mice. After feeding on HFD for 14 weeks,
cSHP2-KO mice were intraperitoneally given 2.5 mg/kg anti-IL-18 every other day for 5 times (anti-lgG was given as control). A, IL-18 in serum of mice was
determined by ELISA. B and C, glucose tolerance and insulin tolerance were determined by GTT and ITT assay. D, fasting insulin level in the serum was deter-
mined by ELISA. E, H&E stain (left) and clinical score (right) of liver from anti-lgG- or anti-IL-18-treated mice. Scale bar, 50 um. F, insulin signaling in liver was
determined by Western blotting after 6 h fasting. G, the expression of p-AMPK and p-ACC in liver were determined by Western blotting. Data are expressed as
mean = S.E.in panels A-E,n =6.*, p < 0.05 versus WT; #, P < 0.05 versus cSHP2-KO+anti-lgG group in panels A, B, and C or as indicated in panels E, F, and G. ns,

not significant.

macrophagic SHP2 is a potential drug target for controlling
metabolic disorders, we treated HFD-fed WT male mice with
two specific SHP2 inhibitors, SHP099 (25) and Phps1 (26). The
mice were fed an HFD for 14 weeks and then given 2.5 and 5
mg/kg SHP099 i.p. for 16 days (5% DMSO was given as a con-
trol). As shown in Fig. 84, no bodyweight changes occurred in
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response to the SHP099 treatment, but insulin sensitivity sig-
nificantly improved after SHP099 treatment (Fig. 8B and C).
The level of serum fasting insulin was significantly lower in the
SHP099-treated mice than in the control mice (Fig. 8D).

The SHP099-induced improvements in insulin sensitivity
may also be because of the promotion of IL-18 level (Fig. 8E).

SASBMB



SHP2 inhibition ameliorates insulin resistance via IL-18

>
w

GTT C ITT D

2507 & wr g 2 R 15, R % *
e @ CcSHP2-KO # 2 @ CcSHP2-KO ® cSHP2-KO s
2 ® DKO g 401 DKO - 3
S 2001 3 - 3 0] * DO s 52 _x 3
-5 E 159 §, < ° °
5 % 10 . g . £l
T 150 JONE 3 § T § 54 g 14 o0
; O 5 o m
S %
A 0 0 * ol
0246 810121416 0 15 30 60 120 0 15 30 60 120 W 4O
Week Time post glucose injection (min) Time post insulin injection (min) 05\89
E g
WT1 WT2 - - DKO1
Insulin - + - + - + - + _ + _ F KDa El WT [l cSHP2-KO -nDsKO
p-AKT l— — e A — -— -..--Lss 1.5+ ns 069 _ NS
AKT I.........--- L55 o 0.4
4
le‘ _— ~= L —I*——-— —_— -L170 _6_02_
IR [ - ——— a— —— a—c— —————| ﬂ H
! t
. R O«O T T
Actm‘ ol --.l- R -l e S SRS -po P T L ML . m LA AL L}

Figure 6. SHP2 deficiency-caused increase of insulin sensitivity is almost blocked by caspase-1 deletion. WT, cSHP2-KO, and SHP2/caspase-1 double
knockout (DKO) mice were fed on HFD for 16 weeks. A, body weight change was recorded. B and C, GTT and ITT assays were carried out after mice were on
HFD for 14 weeks. D, fasting insulin level in the serum of mice was determined by ELISA. E, insulin signaling in liver was determined by Western blotting after 6
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Figure 7. Caspase-1 deficiency reverses the amelioration of HFD-induced hepatic steatosis and insulin resistance in cSHP2-KO mice. After feeding on
HFD for 16 weeks, mice were sacrificed. A, macroscopic appearance (left) and weight (right) of liver from mice. B and C, H&E stain (left), clinical score (right) (B)
and caveolin-1 staining of liver from mice (C). D, TG in serum and liver were measured. E, the expression of p-AMPK and p-ACC in liver was determined by West-
ern blotting. Data are expressed as mean = S.E.in panels A, B,and D, n = 6.*, p < 0.05 versus indicated values.
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Figure 8. The SHP2 inhibitor SHP099 improved hepatic steatosis and insulin resistance in HFD mice. C57BL/6 mice were fed on HFD for 16 weeks. After
that, mice were i.p. treated with 2.5 and 5 mg/kg SHP099 for 16 days. A, change of body weight was recorded. B and C, GTT and ITT assays were performed. D
and E, fasting level of insulin and IL-18 in serum was examined by ELISA. F and G, weight (F) and H&E staining (G) of liver from SHP099-treated and control
mice. Scale bar, 50 um. H, the expression of p-AMPK and p-ACC in liver of SHP099-treated and control mice was determined by Western blotting. /, insulin sig-
naling in liver was determined by Western blotting after 6 h of fasting. Data are expressed as mean = S.E,, n = 6. *, p < 0.05; **, p < 0.01 versus HFD or as

indicated.

Upon sacrificing the mice, we observed an improvement in
fatty liver in SHP099-treated mice compared with that of the
control HFD-fed mice. The weight of the liver was significantly
lower in the SHP099-treated mice (Fig. 8F), and H&E and cav-
eolin-1 staining of the liver tissue showed an amelioration of
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HFD-induced liver steatosis by SHP099 treatment (Fig. 8G and
Fig. S11). Liver insulin signaling detection suggested a reversal
of insulin sensitivity by the SHP099 treatment, as indicated by
an increment in p-AKT (Ser473) following insulin stimulation
(Fig. 8H). Energy metabolism was also significantly improved,
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as indicated by elevated expression of p-AMPK and p-ACC in
liver tissue (Fig. 81).

The other SHP2 inhibitor, Phps1, was administered at 2 mg/kg
i.p. for 16 days (5%0 DMSO was given as a control). Bodyweight
and glucose metabolism were not influenced by Phps1 treatment,
but insulin sensitivity was improved in the Phpsl-treated mice
(Fig. 9, A—C). The level of fasting insulin in the serum was signifi-
cantly lower in the Phpsl-treated mice than in the control mice
(Fig. 9D). Phpsl treatment also increased the level of IL-18,
whereas IL-13 was not affected (Fig. 9E and Fig. S124). H&E and
caveolin-1 staining of liver tissue showed an amelioration of
HEFD-induced liver steatosis by Phpsl treatment (Fig. 9, F-H).
Phpsl1 treatment also promoted p-AMPK and p-ACC expression
in liver tissue (Fig. 91), reflecting an improved glucose metabo-
lism. Additionally, Phps1 treatment caused a marked decrease in
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Figure 9. The SHP2 inhibitor Phps1 ameliorated hepatic steatosis and insulin resistance in HFD mice. C57BL/6 mice were fed on HFD for 16 weeks. After
that, mice were i.p. treated with 2 mg/kg Phps1 for 16 days. A, change of body weight was recorded. Band C, GTT and ITT assays were performed. D and E, fast-
ing level of insulin and IL-18 in serum was examined by ELISA. F and G, macroscopic appearance (left) and weight (right) (F) and H&E staining (left) and clinical
score (right) (G) of liver from Phps1-treated and control mice. Scale bar, 50 um. H, caveolin-1 expression in liver was determined by immunofluorescence stain.
I, the expression of p-AMPK and p-ACC in liver of Phps1-treated and control mice were determined by Western blotting. Data are expressed as mean * S.E,,
n=6.% p <0.05 versus HFD or as indicated.
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LDL level in both serum and liver; however, Phpsl treatment did
not influence HDL expression (Fig. S12, Band C).

Discussion

Inflammation arising from the release of proinflammatory
cytokines from infiltrating macrophages serves as an important
contributor to the development of insulin resistance and related
metabolic syndromes (3). The cytokines of the IL-1 family form
one of the most important groups of inflammatory mediators. IL-
18 is the most thoroughly studied member of this family and has
been implicated in the pathogenesis of insulin action or secretion
(7). In contrast, IL-18, another member of the same family, has
been reported to counteract obesity and metabolic syndrome
(10). Our previous study revealed that the ablation of SHP2 in
macrophages caused an intensified NLRP3 activation and
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Figure 10. The graphic illustration for the mechanism of SHP2 regulating HFD-induced obesity and insulin resistance. Knockout of SHP2 in macro-
phage significantly ameliorates HFD-induced obesity and insulin resistance in mice through promoting caspase-1-dependent overproduction of IL-18. IL-18
promotes lipolysis in target tissues and alleviates the whole-body lipid accumulation as well as insulin resistance. More importantly, SHP2-specific inhibitor
SHP099 and Phps1 significantly ameliorates HFD-induced insulin resistance and fat liver, indicating a potential drug target for treatment of insulin resistance.

overproduction of the proinflammatory IL-183 and IL-18. In the
current study, we evaluated the effect of SHP2 deletion in macro-
phages on the development of metabolic syndrome (Fig. 10).

The release of IL-18 is triggered by NLRP3 inflammasome
activation, a process that is believed to contribute to the devel-
opment of both type 1 and type 2 diabetes (27). NLRP3 inflam-
masome-mediated IL-13 secretion has also been reported to
contribute to adipose inflammation and insulin resistance (28,
29). Blocking of IL-1f signaling by an IL-18 receptor antago-
nist, by IL-1B receptor knockout, or by IL-18 neutralization
may be effective strategies for the treatment of metabolic dis-
eases, such as steatohepatitis and T2D (8).

Similarly, studies in mice on the loss of the NLRP3 inflamma-
some complex, NLRP3, ASC, and caspase-1, have also shown
that NLRP3~/~, ASC™/~, and caspase-1~'" mice are resistant
to HFD-induced obesity and exhibit high insulin sensitivity
(30). Inhibition of NLRP3 inflammasome activation by several
drugs also improves HFD-induced obesity and insulin resist-
ance (31). Thus, inhibition of NLRP3 inflammasome activation
is a potential avenue for the treatment of T2D.

However, IL-18 is also a product of NLRP3 inflammasome
activation, and it plays a role opposite that of IL-13 with respect
to obesity and insulin resistance. IL-18 receptor knockout mice
show metabolic disorder, inflammation, and insulin resistance
arising from mechanisms involving the activation of adenosine
monophosphate activated protein kinase (AMPK) in skeletal
muscle (24). Similarly, IL-18 knockout leads to obesity and in-
sulin resistance (12, 32). Moreover, IL-18 may promote hepatic
cell proliferation in rat liver regeneration (33). Mice lacking
NLRP1 have defective lipolysis, which leads to metabolic syn-
drome, and these mice become obese because of IL-18 defi-
ciency (11).

Our research here points out, for the first time, that mice
lacking SHP2 in macrophages show resistance to obesity and
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improved insulin sensitivity, as well as reduced hepatic steato-
sis, and that these effects are dependent on IL-18 production,
as indicated by the following evidence. The ablation of caspase-
1 in ¢SHP2-KO mice completely reversed insulin sensitivity
and reduced the extent of fatty liver, whereas IL-18 neutraliza-
tion in ¢cSHP2-KO mice showed the same effect as caspase-1
knockout. IL-18 could directly promote insulin sensitivity and
AMPK activation in HepG2 cells. The SHP2 inhibitors SHP099
and Phpsl both ameliorated HFD-induced insulin resistance
and hepatic steatosis.

Combined with our previous report that SHP2 is a negative
regulator of NLRP3, we consider that SHP2 deletion resulted in
IL-18 overproduction and that this response is partly caused by
NLRP3 hyperactivation. However, this conclusion seems para-
doxical in light of previous studies. This discrepancy may be
partly caused by the difference in the expression of pro-IL-1f3
and pro-IL-18 under HFD treatment in vivo. Although IL-13
and IL-18 were both elevated after treatment with LPS plus PA
in vitro, only the level of IL-18 in serum was higher in the
¢SHP2-KO mice (HFD fed) than in WT mice (HFD fed). The
level of IL-13 was comparable between these two groups,
although the levels in both groups were elevated compared
with those in the NCD group. Unlike IL-1, a cellular pool for
IL-18 already exists before an inflammatory stimulus and is
ready to be activated and released by the inflammasome (34).
Another study also reported that IL-18 expression was in-
creased and sustained after stimulation of TLRs, whereas IL-13
was induced but not sustained after chronic treatment (35).
This may partly explain why the hyperactivation of the NLRP3
inflammasome in HFD mice after SHP2 knockout resulted in a
higher increase in the level of IL-18.

Therapies that neutralize IL-1B3, the major downstream
product of inflammasome activation, have been tried as treat-
ments for a number of metabolic diseases (36). However,
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clinical experiments indicate that IL-183 plays a more promi-
nent role in certain other diseases, such as gout and cardiovas-
cular disease, than in obesity and T2D (37). An IL-1f3 receptor
antagonist may also cause side effects, such as local injection
site reactions and reduction in host defense against infection
(9, 38). Thus, additional therapeutic treatments for obesity and
T2D need to be explored. By discounting the usual view of the
relationship between the NLRP3 inflammasome and T2D, our
results imply that activating the NLRP3 inflammasome and
selectively promoting IL-18 production is a new strategy for
treatment of HFD-induced obesity and insulin resistance.
However, because of the dual role of SHP2 in metabolic disease
and insulin resistance in different tissues, the possibility of
using SHP2 as a drug target remains to be determined. Two
SHP2 inhibitors, Phpsl and SHP099, which act by different
mechanisms, were employed in our study. Phpsl selectively
inhibited SHP2 via binding the catalytic site of SHP2 (PTP do-
main) (26), whereas SHP099 inhibits SHP2 catalytic activity
through allosteric stabilization of the inactive conformation of
the enzyme (25, 39). Nevertheless, the findings reported here
for Phps1 and SHP099 indicate that this strategy could promote
insulin sensitivity and suppress hepatic steatosis in HFD mice.

Taken together, our findings reveal a novel association
between SHP2 activation and insulin resistance and suggest
that the selective promotion of IL-18 production through SHP2
inhibition is a promising avenue for attaining resistance to obe-
sity and better insulin sensitivity.

Materials and methods
Chemicals, reagents, and antibodies

Sodium palmitate (PA), fatty acid-free BSA, phorbol myristate
acetate (PMA), DAPI (RRID:AB_2629482), lipopolysaccharide
(LPS), ceramide, and glucose were purchased from Sigma-
Aldrich (St. Louis, MO). The SHP2 inhibitor PHPS1 was pur-
chased from Calbiochem (La Jolla, CA). SHP099 hydrochloride
(purity, >99%) was synthesized by Prof. Xiangbao Meng
(School of Pharmaceutical Sciences, Peking University, Bei-
jing, China) as previously described (40). Anti-p-Akt (4060,
RRID:AB_10805010), anti-p-AMPK (2537), anti-p-IRB (3024,
RRID:AB_331253), anti-AMPK (5831, RRID:AB_10622186),
anti-IR (3025, RRID:AB_2280448), and anti-caveolin-1 (3267,
RRID:AB_2072166) were purchased from Cell Signaling Tech-
nology (Beverly, MA). Anti-CASP1 (ab108362, RRID:AB_
10858984) and anti-p-SHP2 (ab62322, RRID:AB_945452) were
purchased from Abcam (Cambridge UK). Anti-Akt (sc-8312,
RRID:AB_671714) and anti-SHP2 (sc-7384, RRID:AB_628252)
were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Anti-actin was purchased from Abmart (Shanghai, China).
Anti-p-SHP2-PE (MA5-28045, RRID:AB_2745050) and Alexa
Fluor 488 goat anti-rabbit IgG (A11008, RRID:AB_143165)
were purchased from Invitrogen (Carlsbad, CA). High-fat diets
(60 kcal% fat; no. 12492) were purchased from Research Diets
(NJ, USA). RPMI 1640, fetal bovine serum (FBS), DMEM, and
low-glucose DMEM were purchased from Life Technology
(Carlsbad, CA). Human insulin (Novolin) for in vivo treatment
was purchased from Novo Nordisk. All other chemicals were
purchased from Sigma-Aldrich.
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Mice

c¢SHP2-KO mice were generated by crossing Shp
mice with lyz2-cre transgenic mice, as described previously
(21). DKO mice were generated by crossing cSHP2-KO mice
with caspase-1 KO mice. SHP2*/° Jittermates were used as
control mice (WT mice). C57BL/6 mice (male, 10-12 weeks
old, 23-25 g) were purchased from the Model Animal Research
Center of Nanjing University (Nanjing, China). The animals
were housed, five per cage with food and water ad libitum, on a
1-h light/dark cycle with lights on at 6:00 a.m. and controlled
(22-23°C) temperature. Animal welfare and experimental pro-
cedures were carried out in strict accordance with the Guide
for the Care and Use of Laboratory Animals (National Institutes
of Health, USA) (41) and the related ethical regulations of our
university. All efforts were made to minimize animals’ suffering
and to reduce the number of animals used. All studies involving
animals are reported in accordance with the ARRIVE guide-
lines for reporting experiments involving animals (42, 43).

2ﬂ0x/ flox

Cell culture

Bone marrow cells were isolated from C57BL/6 mice and
cultured with DMEM supplemented with 10% fetal bovine
serum (Invitrogen) and 20 ng/ml macrophage colony-stimulat-
ing factor (PeproTech, Rocky Hill, NJ). Culture fluid was
exchanged for fresh culture medium every 3 days. Under these
conditions, an adherent macrophage monolayer was obtained
at day 7. Cells were seeded on 24-well plates. After culture for 6
h without macrophage colony-stimulating factor, the cells were
used for the experiments as bone marrow-derived macro-
phages (BMDM). Peritoneal macrophages were harvested from
C57BL/6 mouse peritoneal cavity and purified by adherence to
tissue culture plasticc. Human HepG2 cells were purchased
from the Shanghai Institute of Cell Biology (Shanghai, China)
and maintained in MEM supplemented with 100 units/ml of
penicillin, 100 mg/ml of streptomycin, and 10% fetal calf serum
under a humidified 5% (v/v) CO, atmosphere at 37 °C. 50 mm
sodium palmitate was solubilized in PBS at 60 °C and then con-
jugated with 10% fatty acid-free BSA to achieve a final palmitate
concentration of 5 mm. The conjugation was performed to
increase the cell uptake of palmitate. The vehicle was 10% fatty
acid-free BSA in medium.

ELISA analysis

Serum from mice in each group was taken, and the levels of
insulin and cytokine were subjected to ELISA analysis by a
commercial kit (IL-18 and IL-18 kits from Raybiotech and in-
sulin kit from ALPCO).

Real-time PCR

Real-time PCR was performed as follows. RNA samples were
reverse transcribed to cDNA and subjected to quantitative
PCR, which was performed with the Bio-Rad CEX96 Touch™
real-time PCR detection system (Bio-Rad, Hercules, CA) using
iQTM SYBR® Green supermix (Bio-Rad), and threshold cycle
numbers were obtained using Bio-Rad CFX Manager software.
The program for amplification was 1 cycle of 95°C for 2 min,
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followed by 40 cycles of 95°C for 10 s, 60 °C for 30 s, and 95°C
for 10 s. The primer sequences used were the following: mouse
IL-1B, forward, 5'-CCAAGCTTCCTTGTGCAAGTA-3’; re-
verse, 5'-AAGCCCAAAGTCCATCAGTGG-3'; mouse IL-18,
forward, 5'-TGGTTCCATGCTTTCTGGACTCCT-3'; reverse,
5-TTCCTGGGCCAAGAGGAAGTGATT-3'; mouse IL-6,
forward, 5'-CTGCAAGAGACTTCCATCCAGTT-3'; reverse,
5'-GAAGTAGGGAAGGCCGTGG-3'; mouse TNFa«, forward,
5'-CTGTAGCCCACGTCG TAGC-3, reverse, 5'-TTGAGA-
TCCATGCCGTTG-3’; mouse fasn, forward, 5'-TCCTGGA-
ACGAGAACACGATCT-3'; reverse, 5'-GAGACGTGTCAC-
TCCTGGACTTG-3'; mouse srebplc, forward, 5'-CACGGAG-
CCATGGATTGC-3'; reverse, 5'-CCCGGGAAGTCACTGTC-
TTG-3'; mouse ppary forward, 5'-CACGATGCTGTCCTCCT-
TGA-3'; reverse, 5'-GTGTGATAAAGCCATTGCCGT-3’;
mouse ppargcle, forward, 5'-ATACCGCAAAGAGCAC-
GAAGAAG-3'; reverse, 5'-CTCAAGAGCAGCGAAAGC-
GTCACAG-3’; mouse actin, forward, 5'-GGCAAATTCA-
ACGGCACA-3'; reverse, 5'-GTTAGTGGGGTCTCGCT-
CTG-3’; human fasn, forward, 5'-AGGTTTGATGCCTCC-
TTCTTCGGA-3'; reverse, 5'-TGGCTTCATAGGTGAC-
TTCCAGCA-3'; human srebpla, forward, 5'-TCAGCGAG-
GCGGCTTTGGAGCAG-3'; reverse, 5'-CATGTCTTCGA-
TGTCGGTCAG-3'; human srebplc, forward, 5'-GGAG-
GGGTAGGGCCAACGGCCT-3'; reverse, 5'-CATGTCTT-
CGAAAGTGCAATCC-3’; human actin, forward, 5'-CTG-
GAACGGTGAAGGTGACA-3'; reverse, 5'-AAGGGACT-
TCCTGTAACAATGCA-3'".

Western blotting

The protein lysates were separated by 10% SDS-PAGE and
subsequently electrotransferred onto a polyvinylidene difluo-
ride membrane (Millipore, Bedford, MA). The membrane was
blocked with 5% nonfat milk for 1 h at room temperature. The
blocked membrane was incubated with the indicated primary
Abs and then with a horseradish peroxidase-conjugated sec-
ondary Ab. Protein bands were visualized using the Western
blot detection system according to the manufacturer’s instruc-
tions (Cell Signaling Technology, MA).

Metabolic studies

Male mice were fed either lean diet or an HFD (60% fat calo-
ries) for 14 weeks and had free access to water and food. Glu-
cose tolerance test (GTT), insulin tolerance test (ITT), and py-
ruvate tolerance test (PTT) were conducted after mice were fed
an HED for 14 weeks. For GT'T, the mice were fasted overnight
(~12 h). The next morning, mice were injected intraperitone-
ally with glucose solution at a dosage of 1 g/kg body weight. For
ITT, the mice were fasted for 4 h, and then mice were injected
intraperitoneally with insulin solution at a dosage of 1 IU/kg.
For PTT, mice were fasted for 6 h during the daytime, followed
by i.p. injection of sodium pyruvate (2 g/kg). Blood glucose lev-
els were measured using a FreeStyle Lite glucometer. For the
metabolizable cage study, male mice fed with an HFD for 14
weeks were acclimatized in clams (Columbus Instruments) for
1 day, and VO,, VCO,, heat production, and feed were exam-
ined in the next 48 h.
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Statistical analysis

Data are expressed as mean = S.E. One-way analysis of var-
iance (ANOVA) with Tukey post hoc test and two-way ANOVA
was used for statistical evaluation. All statistical analyses were
conducted using GraphPad Prism software, version 7.0 (Graph-
Pad Software Inc., La Jolla, CA, RRID:SCR_002798). P values
of <0.05 were considered statistically significant.

Study approval

All of the animal studies were approved by the Animal Ethi-
cal and Welfare Committee of Nanjing University. All human
studies were approved by the ethics committee of Jiangsu Prov-
ince Hospital. T2D patients were recruited by Jiangsu Province
Hospital under protocol 2014-SR-003. Written informed con-
sent was obtained from all subjects. The studies abide by the
Declaration of Helsinki principles.
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