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Abstract

Aims/hypothesis High-energy diets are among the main
causes of the global epidemic of metabolic disorders, includ-
ing obesity and type 2 diabetes. The mechanisms of high-
energy-diet-induced metabolic disorders are complex and
largely unknown. The non-receptor tyrosine kinase c-Abl
plays an important role in adipogenesis in vitro but its role
in vivo in the regulation of metabolism is still elusive. Hence,
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we sought to address the role of c-Abl in diet-induced obesity
and obesity-associated insulin resistance.

Methods The expression of c-Abl in different fat tissues
from obese humans or mice fed a high-fat diet (HFD)
were first analysed by western blotting and quantitative
PCR. We employed conditional deletion of the c-Abl gene
(also known as AblI) in adipose tissue using Fabp4-Cre
and 6-week-old mice were fed with either a chow diet
(CD) or an HFD. Age-matched wild-type mice were treat-
ed with the c-Abl inhibitor nilotinib or with vehicle and
exposed to either CD or HFD, followed by analysis of
body mass, fat mass, glucose and insulin tolerance.
Histological staining, ELISA and biochemical analysis
were used to clarify details of changes in physiology
and molecular signalling.

Results c-Abl was highly expressed in subcutaneous fat
from obese humans and HFD-induced obese mice.
Conditional knockout of c-Abl in adipose tissue im-
proved insulin sensitivity and mitigated HFD-induced
body mass gain, hyperglycaecmia and hyperinsulinaemia.
Consistently, treatment with nilotinib significantly re-
duced fat mass and improved insulin sensitivity in
HFD-fed mice. Further biochemical analyses suggested
that c-Abl inhibition improved whole-body insulin sen-
sitivity by reducing HFD-triggered insulin resistance and
increasing adiponectin in subcutaneous fat.
Conclusions/interpretation Our findings define a new biolog-
ical role for c-Abl in the regulation of diet-induced obesity
through improving insulin sensitivity of subcutaneous fat.
This suggests it may become a novel therapeutic target in
the treatment of metabolic disorders.

Keywords Adiponectin - c-Abl - Insulin resistance -
Nilotinib - Obesity
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Abbreviations

BAT Brown adipose tissue

CD Chow diet

cKO Conditional knockout

CML Chronic myelogenous leukaemia
ER Endoplasmic reticulum

eWAT Epidymal white adipose tissue
GLM General linear model
HFD High-fat diet

ITT Insulin tolerance test

INK c-Jun amino-terminal kinase

PDGFR Platelet-derived growth factor receptor
PI3K Phosphatidylinositol 3-kinase

RBP4  Retinol-binding protein 4

sWAT Subcutaneous white adipose tissue

WT Wild-type

Introduction

Obesity and type 2 diabetes have become a global pandemic
and are among the main causes of morbidity and mortality [1,
2]. Energy-dense food and a sedentary western lifestyle result
in a surplus of energy stored in the adipose tissue, leading to
the development of obesity and metabolic disorders [3]. In
these metabolic disorders, tissues such as muscle, liver and
fat become less responsive or even resistant to insulin [4].

Insulin resistance is a fundamental pathogenic factor shared
by a myriad of metabolic disorders including obesity and type
2 diabetes [5]. Upon consumption of a high-fat diet (HFD),
multiple factors contribute to insulin resistance, including
NEFA, hormones and inflammation [6]. The distribution of
body fat is also a critical determinant of insulin sensitivity.
Lean individuals with a mainly subcutaneous distribution of
fat are more insulin sensitive than lean individuals who have
more visceral fat [7]. Differences in the characteristics of ad-
ipose tissue from these two depots might explain in part why
the metabolic effects are different in visceral and subcutane-
ous fat. Visceral fat expresses more genes encoding secretory
proteins, such as resistin and retinol-binding protein 4 (RBP-
4), which are responsible for insulin resistance. Subcutaneous
fat releases more adiponectin than visceral fat [8].

The non-receptor tyrosine kinase c-Abl is ubiquitously
expressed and mediates multiple signalling cascades
governing the cell cycle and cell adhesion, proliferation and
apoptosis [9-12]. Various c-Abl inhibitors have been used to
treat chronic myelogenous leukaemia (CML) [13]. One such
drug, imatinib, was used to control CML through targeting the
Ber—Abl fusion protein [14—16]. Interestingly, imatinib treat-
ment induced a significant regression in type 2 diabetes in
CML patients [17]. Consistently, two recent studies showed
that imatinib improved insulin sensitivity in the peripheral
tissues via increasing plasm adiponectin levels [18, 19]. In

addition, imatinib was also found to increase the survival of
insulin-producing beta cells via induction of phos-
phatidylinositol 3-kinase signalling or promotion of NKX2.2
(also known as NKX2-2) and GLUT-2 (also known as
SLC2A2) gene expression [20, 21]. A recent study indicated
that imatinib regulates insulin homeostasis through inhibiting
the platelet-derived growth factor receptor (PDGFR), which is
also a target of imatinib [22].

A proteomic analysis revealed that c-Abl was a potential
key regulator of adipogenesis via regulation of the expression
and activity of peroxisome proliferator—activator receptor y 2
(PPARY2), the master adipogenic regulator controlling adipo-
genesis [23, 24]. These findings indicate that c-Abl partici-
pates in adipocytes metabolism regulation in vitro. However,
the in vivo role of c-Abl in adipose tissue and whether c-Abl
inhibition can improve obesity-associated insulin sensitivity
remains to be further explored.

Studies based on genetic models and/or specific c-Abl ki-
nase inhibitors are urgently needed to confirm the role of c-Abl
in insulin homeostasis. In this study, we employed a conditional
ablation of c-Abl in adipose tissue and a specific inhibitor to
test our hypothesis that c-Abl plays an important role in diet-
induced obesity and obesity-associated insulin resistance.

Methods

Animals All mice used had C57BL/6J background. Mice
were housed at 22-24°C under a 12 h light-dark cycle and
had free access to water. All mice were maintained in the
Animal Care Facility at the Institute of Biophysics, Chinese
Academy of Sciences, Beijing. Six-week-old mice were
randomised to feeding with chow diet (CD) or HFD (60% of
total energy from fat). All the experiments were blind to group
assignment and outcome assessment.

All experiments involving animals were approved by and
conformed to the guidelines of the institutional animal care
and ethics committee at the Institute of Biophysics of the
Chinese Academy of Sciences (Beijing, China).

Generation of mice with a conditional knockout of c-Ab/ in
adipose tissue c-Ab/""* mice (a gift from Y. Cang, Zhejiang
University, Hanzhou, China; ¢-Abl/ is also known as Abll) were
crossed with Fabp4-Cre mice (a gift from W. Jin, Institute of
Zoology, Chinese Academy of Sciences, Beijing, China). The
offspring male c-AbI™1°%::Fabp4-Cre™"™ (c-Abl conditional
knockout [cKO]) mice and c-AbI¥1* (wild-type [WT]) mice
were used in the experiments.

GTTs and insulin tolerance tests After being fasted for 16 h
and 4 h, respectively, mice were subjected to GTTs and insulin
tolerance tests (ITTs) (see ESM Methods for details).
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Energy intake, expenditure and activity measurements
See ESM Methods for details of metabolic measurements
made in mice.

Nilotinib treatment Six-week-old C57BL/6J male mice upon
CD or HFD were randomised to receive orally administered
nilotinib (75 mg/kg) or vehicle at 48 h intervals for 16 weeks.

Histological analysis Mice were fasted for 16 h, anaesthetised
with ether and then killed before blood and tissue collection.
Metabolism-related tissues were stained with haematoxylin
and eosin (see ESM Methods for details).

ELISA Serum insulin and adipokines were measured by
ELISA (see ESM Methods for details).

Real-time quantitative RT-PCR Real-time quantitative
RT-PCR was used to determine relative gene expression
levels. After treatments, tissues, including adipose tissue, liver
and muscle, were dissected and total RNA was extracted. For
further details, see ESM Methods. 7hp was used as a house-
keeping gene used for input normalisation. Detected genes
and their primers are shown in ESM Table 1.

Immunoblotting Tissues were dissected, lysed in lysis buffer
and subjected to western blotting and protein quantification. The
proteins were detected with antibodies against c-Abl, phospho-c-
Abl, Akt, phospho-Akt, c-Jun amino-terminal kinase (JNK),
phospho-INK, Grp78, GAPDH and (3-tubulin. For details, see
ESM Methods. The intensity of the western blot bands was
determined using ImageJ software (NIH, Bethesda, MD, USA).

Human study Visceral and subcutaneous fat was obtained
from patients at Ruijin Hospital, Shanghai Jiao Tong
University School of Medicine, for determination of c-Abl
protein levels in adipose tissue. The adipose tissues from
obese individuals (BMI>30 kg/m?) were obtained from
hospitalised individuals undergoing weight-loss surgery. The
control adipose tissues from matched normal-weight individ-
uals (BMI<30 kg/m?) were obtained from hospitalised pa-
tients undergoing surgery for gallstones or hernia, without
fever and other critical conditions. All individuals were from
the eastern area of China. Details of patients are given in ESM
Table 2. The adipose issues were subjected to immunoblotting
with c-Abl antibody. This study was approved by the
Institutional Review Board of the Ruijin Hospital, Shanghai
Jiao Tong University School of Medicine, and was in accor-
dance with the principle of the Helsinki Declaration I1. Written
informed consent was obtained from each participant.

Statistical analysis Statistical analyses were performed by

ANOVA followed by Tukey’s post hoc test or by a two-tailed
Student’s ¢ test. All values are expressed as means+ SEM.
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*p<0.05, **¥p<0.01 and ***p<0.001 denote the significance
thresholds. There was no exclusion of any data, samples or
animals.

Results

c-Abl expression is increased in subcutaneous white adipose
tissue from obese humans and HFD-induced obese mice
Despite previous studies showing that c-Abl was activated
during adipogenesis, the expression of c-Abl in obese human
and mouse adipose tissue has never been investigated. Here,
we found that the protein levels of c-Abl were markedly in-
creased in subcutaneous fat from obese humans. However,
there was no significant difference in visceral fat (Fig. 1a,b).
Interestingly, the protein levels of c-Abl in subcutaneous fat
were positively related to BMI (Fig. 1c and ESM Tablel).
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Fig. 1 c-Abl expression is increased in sSWAT from obese humans and
HFD-induced obese mice. (a, b) Representative immunoblots of lysates
of visceral (Vis) and subcutaneous (Sub) fat from normal or obese
humans with the antibodies indicated (a) and the level of c-Abl normal-
ised to (3-tubulin (b). Data are means += SEM (normal n =6, obese n=7).
White bars, normal; black bars, obese. *p <0.05 vs normal (Student’s #
test). (¢) The relative protein levels of c-Abl in human subcutaneous fat
were positively related to BMI. (d) The mRNA levels of c-Ab/ in different
tissues from mice fed with CD or HED (n = 6 per group). White bars, CD;
black bars, HFD. *p < 0.05 vs CD (Student’s ¢ test). (e, f) Representative
immunoblots of lysates of eWAT and sWAT from CD-fed mice and HFD-
induced obese mice with the antibodies indicated (e) and the levels of c-
ADbl normalised to (3-tubulin (f). Data are expressed as means + SEM
(n=6 per group). White bars, CD; black bars, HFD. *p<0.05 vs CD
(Student’s ¢ test)



Diabetologia (2017) 60:900-910

903

Similar findings were observed in HFD-induced obese mice.
The mRNA levels of ¢-Abl increased in subcutaneous white
adipose tissue (SWAT) (Fig. 1d). Immunoblotting also showed
an increased c-Abl protein level in sWAT but no significant
difference in epidymal white adipose tissue (eWAT)
(Fig. 1e,f). Together, these results indicated that subcutaneous
c-Abl protein levels are co-related with obesity.

c¢KO of c-Abl in adipose tissue protects against HFD-induced
obesity Our finding that c-Abl was selectively increased in
obese human and mouse subcutaneous fat led us to examine
whether cKO of ¢-Ab/ in adipose tissue protects against HFD-
induced obesity. Fabp4-Cre has been widely used to target
adipose tissue [25, 26]. We crossed c-AbI™1°% mice with
Fabp4-Cre mice to generate offspring. c-Abl cKO mice
(c-AbI"1%:: Fabp4-Cre*”) and WT mice (c-AbI"¥1°%) were
fed with HFD or CD. Interestingly, Fabp4-Cre-mediated c-Ab!
deletion in adipose tissue significantly decreased c-Abl protein
level only in sWAT and not in other adipose tissues (ESM
Fig. 1a—). Therefore, Fabp4-Cre mediated c-Ab/ deletion pro-
vides an ideal model for studying the role of c-Abl in subcuta-
neous fat. We found that Fabp4-Cre mediated c-Abl cKO
remarkably reduced HFD-induced body mass gain, while no
change was observed in mice on CD (Fig. 2a). MRI analysis
showed that a HFD significantly induced lean and fat mass gain
in mice, while c-Ab! cKO significantly reduced these gains
(Fig. 2b,c). Interestingly, c-Ab/ cKO had no effect on the lean
or fat mass in CD-fed mice, indicating that Fabp4-Cre mediat-
ed c-Abl inactivation did not cause developmental defects
(Fig. 2b,c). Similarly, specific c-Abl deletion in adipose tissue
reduced the mass of SWAT, brown adipose tissue (BAT) and
liver, but not eWAT, under HFD feeding conditions (Fig. 2d—g);
there was no significant change under CD (Fig. 2d—g).
Histological analysis revealed that c-Ab/ conditional deletion
in adipose tissue markedly attenuated HFD-induced adipocyte
hypertrophy and hepatosteatosis (Fig. 2h). Interestingly, there
was no significant change in the size of adipocytes from eWAT
when comparing WT and c-Abl ¢cKO mice under HFD
(Fig. 2h). Taken together, these results indicate that specific
deletion of c-Abl in adipose tissue protects against HFD-
induced obesity.

Since the specific c-Abl deletion in adipose tissue significantly
reduced lipid accumulation in BAT (Fig. 2h), we wondered
whether cKO of ¢-Ab/ could protect mice against HFD-
induced obesity through upregulation of energy expenditure.
Activated BAT increases the consumption of fatty acids and
glucose, which leads to increased energy expenditure [27].
However, we found that there was no significant difference in
BAT levels of thermogenesis-related gene Ucp! and fatty acid
oxidation-related genes between WT and KO mice (Fig. 3a).
Additionally, there were no significant changes in oxygen con-
sumption relative to lean mass under either CD or HFD condi-
tion (Fig. 3b—d). According to the standard protocol of energy
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Fig. 2 Conditional deletion of c-Ab/ in adipose tissue protects against
HFD-induced obesity in mice. (a) Body mass of WT and c-AbI"
flox.. Fabp4-Cre (cKO) male mice fed with CD or HFD. WT+CD,
n=21; cKO+CD, n=17; WT+HFD, n=26; cKO+HFD, n=20. (b, ¢)
Lean and fat mass measured by MRI. WT+CD, n=10; cKO+CD, n=9;
WT+HFD, n = 10; cKO+HFD, n=9. (d-g) Mass of eWAT (d), sWAT (e),
BAT (f) and liver (g). WT+CD, n=15; cKO+CD, n=9; WT+HFD,
n=17; cKO+HFD, n=10. In graphs, data are means + SEM. Black bars
and diamonds, WT+CD; blue bars and triangles, cKO+CD; green bars
and squares, WT+HFD; red bars and circles, cKO+HFD. *p <0.05,
**p<0.01 and ***p<0.001 for indicated comparisons (ANOVA). (h)
Haematoxylin and eosin staining of eWAT, sWAT, BAT and liver. Scale
bar, 100 um (eWAT, sWAT, liver) or 50 um (BAT)

expenditure analysis between groups with different body mass
[28, 29], we performed a stringent statistical test (general linear
model [GLM] and ANCOVA). We found that c-Abl cKO in
adipocytes also had no significant effect on energy expenditure
under either HFD or CD condition (Fig. 3e,f). Furthermore, there
was no phenotypic difference in locomotive ability between
these mice (Fig. 3g). We next sought to determine whether spe-
cific deletion of c-Abl in adipose tissue reduced food intake.
Interestingly, c-Abl cKO had no effect on food intake under
CD but slightly increased the food intake relative to body mass
under HFD condition (Fig. 3h). Furthermore, under HFD treat-
ment, the serum leptin level was significantly higher in WT mice
and this level was reduced by c-Ab/ cKO (Fig. 3i). Taken
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Fig. 3 Adipose-specific deletion of c-Ab/ has no effect on energy bal-
ance in obese mice. (a) Relative gene expression in BAT from indicated
groups (n=5 per group). (b—d) Oxygen consumption of WT
and c-Abl cKO male mice fed with CD (b) or HFD (c¢) and average
oxygen consumption during light and dark period (d). WT+CD,
n=10; cKO+CD, n=9; WT+HFD, n=10; cKO+HFD, n=9. (e, f)
Statistical analysis by GLM and ANCOVA of the energy expenditure
(EE) of ¢-Abl ¢cKO and WT mice fed with CD (e) or HFD (f). (g)
Locomotive activity of c-Abl cKO and WT mice fed with CD or HFD.

together, specific deletion of c-Ab/ in adipose tissue protects
against HFD-induced obesity and this does not occur through
reduction of energy intake.

Deletion of c-Abl in adipocytes protects against HFD-
induced insulin resistance To define the relationship between
whole-body insulin sensitivity and the development of obe-
sity, we performed GTTs and ITTs at different time points
after dietary intervention. As expected, the HFD led to glu-
cose intolerance and insulin resistance in WT mice at
15 weeks old (Fig. 4a,c), and both glucose intolerance and
insulin resistance were progressively exacerbated in WT
mice following HFD treatment (Fig. 4b,d). At week 24
following HFD treatment, the WT mice developed hyper-
glycaemia, hyperinsulinaemia and compensatory hyper-
trophy of pancreatic islets (Fig. 4e—g). Compared with
WT mice, c-Abl cKO mice showed significant mitigation
of the HFD-induced phenotypes and improved insulin sen-
sitivity during HFD (Fig. 4a—f). In addition, HFD-induced
pancreatic hypertrophy was also markedly ameliorated in
c-Abl cKO mice (Fig. 4g).

@ Springer

WT+CD, n=11; cKO+CD, n=9; WT+HFD, n=12; cKO+HFD, n=12.
(h) Daily food intake in absolute values and normalised by body mass.
WT+CD, n=10; cKO+CD, n=9; WT+HFD, n=10; cKO+HFD, n=9.
(i) Leptin levels in serum from the indicated group of mice. WT+CD,
n=6; cKO+CD, n=4; WT+HFD, n=16; cKO+HFD, n=10. For
graphs, data are means=+SEM, except for (e) and (f). Black bars and
diamonds, WT+CD; blue bars and triangles, cKO+CD; green bars and
squares, WT+HFD; red bars and circles, cKO++HFD. *p <0.05 and
*#%p < 0.001 for indicated comparisons (ANOVA)

Insulin sensitivity has been reported to be closely related to
phosphatidylinositol 3-kinase (PI3K)—Akt signalling. Upon
insulin stimulation, the intrinsic tyrosine kinase of the insulin
receptor leads to receptor autophosphorylation at multiple ty-
rosine residues and the phosphorylation of the insulin receptor
substrates (IRS1/2) leads to the activation of PI3K—Akt sig-
nalling pathway and regulation of glucose homeostasis [4].
Hence, we further explored whether c-Ab/ conditional deletion
altered the levels of phosphorylated Akt in adipose tissue.
Immunoblotting analysis revealed that insulin treatment obvi-
ously increased Akt phosphorylation in adipose tissue and that
HFD treatment significantly reduced the Akt phosphorylation
(Fig. 4h). Interestingly, we found that Fabp4-Cre mediated c-
Abl deletion reduced c-Abl expression and rescued Akt phos-
phorylation in sWAT but not in eWAT or BAT (Fig. 4h and
ESM Fig. la—c). Collectively, cKO of ¢-Ab/ in adipocytes
protects mice against HFD-induced insulin resistance.

Nilotinib, a specific c-Abl inhibitor, protects against HFD-
induced obesity We wanted to test whether the above effect of
c-Abl in obesity development was dependent on its kinase
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Fig. 4 cKO of ¢-Abl improves
whole-body insulin sensitivity. (a,
b) GTT results for WT and

c-Abl cKO mice fed with CD or
HFD at 15 weeks (a) and

24 weeks (b) of age (n=6-8 per
group). The AUC for the GTT is
also shown. (¢, d) ITT results for
WT and ¢-Abl cKO mice fed with
CD or HFD at 16 weeks (¢) and
25 weeks (d) of age (n=6-8 per
group). The AUC for the ITT is
also shown. (e, f) Blood glucose
(e, n=8) and insulin levels (f,
n=>5-9), in the fasted state, of
WT and ¢-Abl ¢cKO mice fed with
CD or HFD for 24 weeks. (g)
Haematoxylin and eosin staining
of pancreases from WT and c-Abl
¢KO mice fed with CD or HFD
for 24 weeks. Scale bar, 200 um.
(h) Immunoblot of lysates from
indicated tissues with the
antibodies indicated.
Quantification of phosphorylated
Akt in the indicated tissues is
shown. For graphs, data are
means + SEM. Black bars and
diamonds, WT+CD; blue bars
and triangles, cKO+CD; green
bars and squares, WT+HFD; red
bars and circles, cKO+HFD. h
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activity and to gauge the potential therapeutic effect of c-Abl
inhibition on metabolic disorders. To do this, we administered
nilotinib, a c-Abl kinase inhibitor, orally at 48 h intervals to
HFD-induced obese mice. We found that nilotinib treatment
significantly reduced HFD-induced body mass gain (Fig. 5a).
MRI analysis showed that nilotinib treatment decreased fat
mass in both CD- and HFD-fed mice (Fig. 5c), while it has
no effect on the lean mass (Fig. 5b). Further examination
showed that nilotinib treatment led to a remarkable decrease
in the mass of all fat tissues including eWAT, sWAT and BAT
(Fig. 5d—g). Histological analysis revealed that lipid droplets
in eWAT, sWAT, BAT and liver from nilotinib-treated mice
were smaller than those in tissues from control mice under
HFD treatment (Fig. 5h). As with c-Abl cKO, nilotinib

treatment failed to alter oxygen consumption and energy ex-
penditure in either HFD- or CD-fed mice (Fig. 5i-1).
Interestingly, nilotinib treatment reduced the body mass
(Fig. 5a) despite an increase in food intake under the HFD
condition (Fig. 5m). Nilotinib treatment also reduced serum
leptin levels in CD- and HFD-fed mice (Fig. 5n).
Summarising these findings, nilotinib reduces nutrient storage
and protects against HFD-induced obesity.

Nilotinib improves whole-body insulin sensitivity We per-
formed GTTs and ITTs to assess whether nilotinib treatment
improves insulin sensitivity. When mice were aged 16 weeks,
the HFD caused glucose intolerance, while nilotinib treatment
improved the phenotype (Fig. 6a). In line with the GTT results,
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Fig. 5 Nilotinib protects against HFD-induced obesity. (a) Body mass
of mice treated with nilotinib (75 mg/kg) or vehicle plus CD or HFD.
CD+vehicle, n=11; CD+nilotinib, n=12; HFD+vehicle, n=12; HFD+
nilotinib, n=12. (b, ¢) Body lean (b) and fat (¢) mass measured by MRI
(n=9 per group). (d—g) Mass of eWAT (d), sWAT (e), BAT (f) and liver
(g). CD++vehicle, n=11; CD+nilotinib, n=12; HFD+vehicle, n=11;
HFD+nilotinib, n=11. (h) Haematoxylin and eosin staining of eWAT,
SWAT, BAT and liver. Scale bar, 100 um for eWAT, sWAT and liver or
50 um for BAT. (i, j) Oxygen consumption of indicated group of mice (i)
and average oxygen consumption during light and dark period (j) (n=9
per group). (k, 1) Statistical analysis of energy expenditure (EE) by GLM

ITT analysis revealed increased insulin sensitivity after
nilotinib treatment under the HFD condition; no significant
difference was found under the CD condition (Fig. 6b).
Notably, after 16 weeks of HFD, there was no significant
change in pancreatic morphology between control and nilotinib
treatment (Fig. 6¢). Further biochemical analysis showed that
nilotinib treatment rescued HFD-reduced Akt phosphorylation
only in sWAT and not in other tissues (Fig. 6d). This data
indicates that c-Abl plays an important role in the regulation
of subcutaneous fat insulin sensitivity under HFD challenge.
Together, c-Abl kinase inhibition in subcutaneous fat could
improve insulin sensitivity and contribute to weight reduction.

c-Abl inhibition improves insulin sensitivity by increasing

adiponectin levels Multiple factors contribute to high-energy
diet-induced insulin resistance, including inflammation,
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circles, HFD+nilotinib. *p <0.05, **p <0.01 and ***p <0.001 for indi-
cated comparisons (ANOVA, unless indicated otherwise). In the line
graphs in (a), p values are for red circles vs green squares at the indicated
time points

endoplasmic reticulum (ER) stress and adipokines [6, 30,
31]. To decipher the mechanism underlying the role of c-Abl
in insulin resistance, we first studied whether c-Abl inhibition
affected the inflammation in adipose tissues. Different types
of adipose tissue confer different inflammation capability (e.g.
there is a relatively higher immunological response in eWAT
than in sSWAT or BAT [8, 32, 33]). We found that the expres-
sion levels of F'4/80 (also known as Adgrel), Mcpl and Pai-1
(also known as Serpinel) were markedly increased in eWAT
under HFD challenge (ESM Fig. 2a—f). Compared with c-Ab/
cKO (ESM Fig. 2a—c), nilotinib could significantly reduce the
expression of F4/80, Mcpl and Pai-1 in eWAT, but not in
SWAT or BAT, under the HFD condition (ESM Fig. 2d-f).
The failure of c-Abl cKO (when compared with nilotinib) to
inhibit HFD-induced inflammation might be due to low dele-
tion efficiency of c-Ab/ in eWAT when using the Fabp4-Cre
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Fig. 6 c-Abl inhibition improves insulin sensitivity in vivo. (a) GTT
analysis of nilotinib- (75 mg/kg) or vehicle-treated 16-week-old mice
fed with CD or HFD. The AUC for the GTT is also shown (n=7 or 8
per group). (b) ITT results for nilotinib- (75 mg/kg) or vehicle-treated
mice fed with CD or HFD. The AUC for the ITT is also shown (n=8
per group). (¢) Haematoxylin and eosin staining of pancreases from mice
treated with nilotinib (75 mg/kg) or vehicle plus CD or HFD for 16 weeks.
Scale bar, 100 pm. (d) Immunoblot of lysates from indicated tissues with

promoter (ESM Fig. 2a—c,g). The analysis of inflammation in
different tissues suggests that the effect of Fabp4-Cre-mediat-
ed c-Abl deletion might be independent of inflammation.

JNK is the putative target kinase of inflammation factors and
its phosphorylation/activation plays an important role in the
development of inflammation-induced insulin resistance [34,
35]. We therefore examined the phosphorylation of JNK in
adipose tissues from different models under HFD challenge.
We found that HFD increased JNK phosphorylation in both
eWAT and sWAT and that c-Ab/ conditional deletion marginally
inhibited JNK phosphorylation in sWAT but not in eWAT,
which might be due to the lower efficiency of c-Ab/ deletion
in eWAT compared with sWAT (ESM Fig. 2g). Consistently,
nilotinib significantly inhibited JNK1/2 phosphorylation in
both sWAT and eWAT under the HFD condition (ESM
Fig. 2h). However, our previous data show that both c-Ab/
cKO and treatment with nilotinib improve insulin sensitivity
in subcutaneous fat but not in eWAT or BAT (Figs 4h and 6d).
Hence, we argue that the improvement in insulin sensitivity
brought about by ¢-Abl cKO or inhibition might not be due to
reduction in HFD-induced inflammation.

Recently, ER stress has emerged as a new player in obesity
and type 2 diabetes and a considerable number of studies have
highlighted its role in insulin resistance [36]. However, there
was no significant difference in expression of Grp78, an ER
stress marker, between controls and either c-Ab! cKO mice or
nilotinib-treated mice under either CD or HFD challenge

the antibodies indicated. Quantification of phosphorylated Akt in the
indicated tissues is shown. For graphs, data are means = SEM. Black bars
and diamonds, CD+vehicle; blue bars and triangles, CD+nilotinib; green
bars and squares, HFD+vehicle; red bars and circles, HFD+nilotinib.
*p<0.05, **p<0.01 and ***p<0.001 for indicated comparisons
(ANOVA). In the line graphs in (a) and (b), p values are for red circles
vs green squares at the indicated time points

(ESM Fig. 2g,h). These data indicated that ER stress does
not contribute to c-Abl-induced insulin resistance.

Adipose tissues also secrete multiple adipokines, such as
adiponectin and resistin, to regulate insulin sensitivity. For ex-
ample, adiponectin increases insulin sensitivity and is mainly
secreted from subcutaneous fat [37-39]. Two recent studies
found that imatinib improves insulin sensitivity in the peripheral
tissues via increasing plasma adiponectin levels [18, 19].
Consistent with this, we found that c-Ab/ cKO or c-Abl inhibi-
tion significantly rescued HFD-induced adiponectin reduction
(Fig. 7a,b). Resistin, mainly secreted from visceral fat, is associ-
ated with the development of insulin resistance and type 2 dia-
betes mellitus, [40, 41]. We observed that HFD increased plasma
resistin levels but that c-Ab! cKO or nilotinib treatment failed to
reduce its levels (Fig. 7c,d). Taken together, we argued that c-Abl
inhibition might improve insulin sensitivity mainly through pro-
moting adiponectin secretion from subcutaneous adipose tissue
under HFD treatment (Fig. 7¢). However, the detailed mecha-
nism of c-Abl-regulated adiponectin needs further studied.

Discussion
In this work, we revealed a critical role for c-Abl in obesity
through its regulation of insulin response. Genetic deletion

of c-Abl in adipose tissue or pharmacological inhibition of c-
Abl by nilotinib markedly attenuated HFD-induced obesity
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n=10. (b, d) Adiponectin (b) and resistin (d) levels in serum from
nilotinib- (75 mg/kg) or vehicle-treated mice fed with CD or HFD. Black
bars, CD+vehicle, n=11; blue bars, CD+nilotinib, n=12; green bars,

and insulin resistance in vivo. Interestingly, we observed that
both c-Abl specific deletion and nilotinib treatment reduced
HFD-induced insulin resistance in subcutaneous fat through
restoring the adiponectin level. Thus, our findings argue that
subcutaneous c-Abl is important for whole-body insulin sen-
sitivity and suggest c-Abl as a therapeutic target in the treat-
ment of metabolic disorders.

White adipose tissue is distributed throughout the body and
is divided into two major types: visceral fat and subcutaneous
fat, each possessing unique cell-autonomous properties [8]. In
contrast to visceral white adipose tissue, which is detrimental to
metabolic homeostasis, SWAT is beneficial for metabolism by
improving insulin sensitivity [8]. The expression levels of
resistin and RBP-4 are high and there is a high distribution of
macrophages, T cells and natural killer cells in visceral white
adipose tissue [32, 40, 42]. Interestingly, there is a high expres-
sion level of adiponectin in subcutaneous fat [37-39]. In addi-
tion, it has been reported that the antilipolytic effect of insulin is
greater in subcutaneous adipose tissue than in visceral adipose
tissue [43], implying that subcutaneous adipose tissue might
play a profound role in the regulation of insulin sensitivity
and obesity. Interestingly, we found that c-Abl inhibition selec-
tively increased the secretion of adiponectin in subcutaneous
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fat. This provides new evidence for the critical role of subcuta-
neous fat in maintaining whole-body insulin sensitivity.

The non-receptor tyrosine kinase c-Abl is activated by
cellular stress, such as oxidative stress and DNA damage
[44]. There is evidence showing that c-Abl plays a central
role in CML and neurodegenerative diseases [12, 45].
Recently, extensive studies have linked c-Abl to islet beta
cell survival and adipogenesis [20, 21, 23, 24]. By utilising
genetic ablation and pharmacological inhibition, we found a
new role for c-Abl in regulating diet-induced obesity and
insulin resistance in vivo.

To study the role of c-Abl in adipose tissue, Fabp4-Cre was
used to create adipose-specific deletion in vivo. Fabp4-Cre has
been extensively used to target adipose tissue [25, 26].
However, recent studies showed that Fabp4-Cre lines lack tis-
sue specificity [26, 46]. We carefully examined the expression
levels of c-Abl in metabolism-related tissues, including adipose
tissue, liver, skeletal muscle and pancreas. We observed that
Fabp4-Cre-mediated c-Abl cKO indeed had low deletion effi-
ciency in eWAT, sWAT, BAT and liver at the mRNA level, but
at the protein level significant reduction of c-Abl was only
observed in sSWAT (ESM Fig.1). In addition, ¢c-Ab/ cKO could
not block HFD-induced eWAT mass gain and adipocyte size
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(Fig. 2d-h). Hence, Fabp4-Cre mediated c-Ab! specific dele-
tion might provide an ideal model with which to study the role
of c-Abl in subcutaneous fat.

Notably, despite Fabp4-Cre having a low efficiency for
deletion of c-Ab/ in BAT, both genetic deletion of c-Abl and
pharmacological inhibition of c-Abl markedly reduced lipid
accumulation in BAT (Figs 2h, 5h). We examined features
relating to BAT activation, including energy expenditure and
Ucpl expression. Unexpectedly, neither genetic deletion nor
nilotinib treatment had any effect on these functions (Figs 3a—f
and 5i-1). Hence, we argued that the reduced adipocyte size
might be due to whole-body insulin sensitivity.

Last, we explored the mechanism by which c-Ab/ deletion or
c-Abl inhibition improves insulin sensitivity. HFD is known to
induce low-grade inflammation in adipose tissue [47] and c-
ADl inhibition has been shown to decrease the pro-
inflammatory response in macrophages [48]. However, we
found that c-Ab! specific deletion did not block HFD-induced
inflammation in adipose tissue (ESM Fig. 2a—c), indicating that
inflammation might not be the major factor involved in c-Abl-
mediated insulin resistance. We then sought to determine
whether adipokines play a role in c-Abl-mediated insulin resis-
tance. Interestingly, we found that adiponectin, mainly secreted
from subcutaneous adipose tissue [37-39], was significantly
increased by c-Abl specific deletion or c-Abl inhibition under
HFD challenge. However, there was no significant change in
the level of resistin, which is mainly secreted from visceral fat
[40, 41]. Collectively, we propose that c-Abl promotes insulin
resistance and obesity by regulating adiponectin secretion in
subcutaneous fat in the presence of HFD challenge (Fig. 7e).

Taken together, our study highlights the important role of c-
Abl in obesity-associated insulin resistance. Inhibiting the ac-
tivation of c-Abl or specifically reducing its expression in
subcutaneous fat might be a promising therapeutic option for
the treatment of obesity and related metabolic disorders.
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