Loss of CD36 impairs hepatic insulin signaling by enhancing
the interaction of PTP1B with IR
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ABSTRACT: A contradictory role of CD36 in insulin resistance was found to be
related to the nutrient state. Here, we examined the physiological functions of CD36
in insulin signal transduction in mice fed a low-fat diet. CD36 deficiency led to
hepatic insulin resistance and decreased insulin-stimulated tyrosine phosphorylation
of insulin receptor β (IRβ) in mice fed a low-fat diet. The ability of insulin to bind
with IR did not differ between WT and CD36-deficient hepatocytes. CD36 formed a
complex with IRβ, and dissociation of CD36/Fyn complex or inhibition of Fyn only
partially reversed the effects of CD36 on hepatic insulin signaling. Furthermore, we
found that CD36 deficiency led to abnormally increased hepatic protein
-tyrosine phosphatase 1B (PTP1B) expression and enhanced PTP1B and IR
interactions, which contributed to the decreased insulin signaling and disordered
glucose metabolism. In addition, increased endoplasmic reticulum (ER) stress was
found in the livers of the CD36-deficient mice, while inhibited ER stress normalized
the PTP1B expression and restored insulin signaling in the CD36-deficient mice. Our
findings suggest that loss of CD36 impairs hepatic insulin signaling by enhancing the
PTP1B/IR interaction that is induced by ER stress, indicating a possible critical step
in the progression of hepatic insulin resistance.
KEY WORDS: CD36 • ER stress • insulin sensitivity • IR • PTP1B
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INTRODUCTION
Fatty acid translocase (FAT/CD36) is a transmembrane glycoprotein that facilitates
the uptake of long-chain fatty acids (LCFAs) and is widely expressed on adipocytes,
macrophages, muscle cells and hepatocytes. The protein also transduces signaling to
mediate its role in inflammation, lipid metabolism and insulin responsiveness,
contributing to the pathogenesis of metabolic diseases, such as obesity, atherosclerosis,
nonalcoholic fatty liver disease and type 2 diabetes (1-5). Insulin resistance is the
central component of metabolic syndrome and an important pathophysiological factor
in the initiation and development of metabolic diseases. Recently, the role of CD36 in
the etiology of insulin resistance has been increasingly studied.
The highly expressed CD36 is regarded as positively correlated with metabolic
disease and insulin resistance (6, 7). Interestingly, CD36 deficiency paradoxically
promotes the development of insulin resistance. In the clinic, patients with genetic
CD36 deficiency, which is relatively frequent in Asian and African populations, have
been reported to exhibit insulin resistance, hyperlipidemia, and a propensity to
develop symptoms of metabolic syndrome (8-11). A large cohort study also revealed
that low genetic CD36 expression is associated with insulin resistance and an
increased risk of type 2 diabetes (12). In rodents, the impact of CD36 deficiency on
insulin resistance is complicated. Some studies found that the absence of CD36
protects mice from high-fat diet-induced obesity, hyperglycemia and insulin
resistance (13-16). However, other studies showed conflicting results. Mice with
CD36-depleted

muscle

have

attenuated

insulin

signaling

and

suppressed

insulin-induced glucose utilization (12). Silencing CD36 in adipose tissue
macrophages promotes systemic glucose intolerance and higher hepatic glucose
production in obese mice (17). The enigmatic discrepancy between CD36 expression
that protects from and predisposes mice to insulin resistance may be explained by
extremely complex causes, including the nutrient state and cell specificity (18, 19).
Despite controversial involvement in insulin resistance, CD36 is emerging as a
biomarker of patients with type 2 diabetes and related complications (20-22).
Understanding CD36 in regulating the insulin signal transduction pathway is of
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clinical importance for insulin resistance and type 2 diabetes treatment. Classic insulin
signaling that involves the insulin receptor (IR), insulin receptor substrates (IRS),
phosphatidyl inositol-3-kinase (PI3K) and protein kinase AKT plays a central role in
the metabolic actions of insulin in many types of cells and tissues. It has been well
established that dysregulation of the phosphorylation of proteins that induces insulin
signaling is a major contributor to insulin resistance; however, the precise cellular
mechanism has not yet been fully elucidated. Emerging evidence supports the
importance of CD36-mediated modulation of the insulin signaling pathway (15, 23).
A recent study revealed that CD36 regulates insulin signaling by promoting tyrosine
phosphorylation of IRβ by Fyn kinase in the muscle (12), suggesting that modulation
of IRβ phosphorylation is a key mechanism for CD36-mediated insulin signal
transduction. However, the underlying mechanism by which CD36 regulates insulin
action remains largely unknown.
In this study, we found that loss of CD36 protected mice fed a high-fat diet (HFD)
from developing insulin resistance but resulted in suppressed insulin signal
transduction in mice fed a low-fat diet (LFD). We then focused on the physiological
regulation of insulin signaling by CD36 in mice fed an LFD. CD36-deficiency
decreased insulin-stimulated tyrosine phosphorylation of IRβ in the mouse liver. The
ubiquitously expressed protein tyrosine phosphatase (PTP1B) is an important protein
in the regulation of insulin signaling via the dephosphorylation of IR and the
suppression of IR signaling. Our results demonstrate an interesting function of CD36
in the regulation of IRβ tyrosine phosphorylation through the PTP1B pathway. This
work has revealed, for the first time, the molecular mechanisms involved in the
CD36-mediated modulation of insulin signal transduction by PTP1B, a finding that
could be used to acquire novel targets for the prevention and treatment of insulin
resistance and type 2 diabetes.

MATERIALS AND METHODS
Animals
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CD36-/- mice created on a C57BL/6J background were kindly provided by Dr Maria
Febbraio (Lerner Research Institute, U.S.). Age-matched (6- to 8-week-old) male,
wild-type (WT) C57BL/6 and CD36-/- mice received either a low-fat diet (LFD,
D12450B, Research Diets, New Brunswick, NJ, USA) containing 10 kcal% fat or a
high-fat diet (HFD, D12492, Research Diets, New Brunswick, NJ, USA) containing 60
kcal% fat for 14 weeks (n=12). Mice were maintained under a constant 12-light/dark
cycle with unrestricted access to diet and water. For the analysis of insulin signaling,
one set of mice in each group was fasted overnight and intraperitoneal (i.p.) injected
with insulin (5 units/kg body weight) for 10 min before the liver, skeletal muscle, and
adipose tissues were harvested.
To examine the effects of PTP1B on insulin signaling, some mice were i.p. injected
with claramine (CLA, SML1545, Sigma-Aldrich, MO, USA, 2 mg/kg body weight), a
potent inhibitor of PTP1B, once daily for 2 days (n=5). To examine the effects of
endoplasmic reticulum (ER) stress on insulin signaling, some mice were i.p. injected
with tauroursodeoxycholic acid (TUDCA, DC17830, D-Chem, Shanghai, China) at a
dose of 250 mg/kg body weight twice daily for 14 days (n=5). All protocols were
approved by the Institutional Animal Care and Use Committee of Chongqing Medical
University.
Glucose tolerance tests (GTTs) and insulin tolerance tests (ITTs)
For the GTTs, the mice were fasted for 12 h and then i.p. injected with 1 g/kg body
weight of D-glucose. For the ITTs, the mice were fasted for 4 h, and those on the LFD
were i.p. injected with 0.7 units/kg body weight of insulin and those on the HFD were
i.p. injected with 1 units/kg of insulin. Blood glucose levels were measured at 0, 15,
30, 60 and 120 min from tail vein blood with an ACCU-CHEK Advantage glucometer
(Roche Diagnostics).
Serum biochemistry analysis
The levels of non-esterified free fatty acid (NEFA), triglycerides (TG), total
cholesterol

(TC),

glucose,

aspartate

aminotransferase

(AST)

and

alanine

aminotransferase (ALT) in the serum samples were analyzed by an automatic
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biochemistry analyzer. Serum insulin and leptin levels were analyzed separately with
an insulin kit (CK-20353m, Dingguochangsheng, Beijing, China) and a leptin kit
(bsk00101, Bioss, Bijing, China), according to the manufacturers’ protocols.
Reverse transcriptase PCR
Total RNA was isolated using RNAiso Plus (9108, TaKaRa, Biotech, Japan)
according to the manufacturer’s protocols. cDNA was obtained by a PrimeScript® RT
reagent kit (DRR037A, TaKaRa, Biotech, Japan) according to the manufacturer’s
protocols. Real-time quantitative PCR (Q-PCR) was performed by using a SYBR
Green PCR Mix kit (TaKaRa, Biotech, Japan) and a CFX connect real-time system
(Bio-Rad, USA). Gene expression levels were normalized to β-actin, and relative
levels were compared to control samples using the 2-ΔΔCt method.
Western blot analysis
Proteins from tissue and cell lysates were extracted with RIPA buffer. A total of
20-50 μg of protein was used for western blot. The following primary antibodies were
used: anti-CD36 (NB400-144) from Novus Biologicals (CO, USA); anti-AKT
(4691S), anti-phospho-AKT (Ser473) (4060S), anti-IRβ (3025s), anti-IRS2 (4502),
and

anti-PERK

(3912)

from

CST

(MA,

USA);

anti-IRS1

(04-784),

anti-phospho-tyrosine (05-321X), and anti-FOXO1 (05-1075) from Millipore (MA,
USA); anti-PTP1B (P11334-I-AP) from ProteinTech Group (Wuhan, China);
anti-β-actin (bs-0061R), anti-IRE1 (bs-16696R), anti-phospho-IRE1 (Ser724)
(bs-16698R),

and

anti-GRP78

(bs-1219R)

from

Bioss

(Beijing,

China);

anti-phospho-PERK (Thr980) (AP328) from Beyotime ( Jiangsu, China); anti-EIF2α
(sc-133227), anti-phospho-EIF2α (Ser52) (sc-101670), anti-PEPCK (sc-32879), and
anti-G6Pase (sc-167939) from Santa Cruz (CA, USA). The primary antibody was
used at a 1:2000 dilution. Antibodies were pre-validated by molecular mass using
positive control samples.
Histology and immunohistochemistry (IHC) analysis
H&E staining and IHC analysis have been described previously (24). The primary
antibodies used were anti-FOXO1 (05-1075, diluted 1:100) from Millipore (MA,
7

USA) and anti-PTP1B (P11334-I-AP, diluted 1:100) from ProteinTech Group
(Wuhan, China).
Co-immunoprecipitation (Co-IP) and immunofluorescence
For Co-IP, equal amounts of lysate proteins were incubated (4°C) with antibodies
overnight before protein G magnetic beads (LSKMAGG02, Millipore, MA, USA)
were added and incubated for 2 h. After three washes with cold lysis buffer, the bound
proteins were eluted by boiling for 5 min in SDS sample buffer. The supernatants
were analyzed by SDS-PAGE and immunoblotted with the respective antibodies.
For immunoﬂuorescence, cells grown on coverslips were ﬁxed with ice-cold
methanol for 10 min at -20°C, blocked in normal goat serum for 1 h at room
temperature, and incubated overnight with primary antibodies against IRβ/AF488
(bs-0290R-AF488, Bioss, Beijing, China) and PTP1B/Cy3 (bs-0182R-Cy3, Bioss,
Beijing, China). The sections were then stained with DAPI, and images were captured
using a Leica TCS SP8 confocal laser scanning microscope (Leica, Germany).
Primary hepatocyte isolation and culture
Primary mouse hepatocytes were obtained using a modification on the two-step
collagenase perfusion method (25, 26). In brief, the abdominal cavity was opened, and
the inferior vena cava (IVC) was cannulated with a catheter. The chest was then
opened, and the IVC was ligated just below the heart. After starting the peristaltic
pump, the portal vein was incised to permit sufﬁcient outﬂow. The liver was perfused
at a rate of 10-12 ml/min, first with buffer A (2.5 mM EGTA, 0.1% glucose, and 2%
penicillin/streptomycin (PS)) for 2-3 min, and then with buffer B (5 mM CaCl2 and
0.5 mg/ml IV collagenase) for 5-10 min. Following perfusion, the liver was
transferred to a sterile Petri dish and shaken gently to disperse the hepatocytes. The
isolated hepatocytes were filtered on 100 μm nylon mesh (352360, BD Falcon) and
recovered by centrifugation (200 rpm, 5 min, two times). Hepatocytes were plated at a
density of 5×105/ml, incubated with adherence DMEM (10% FBS, 1% PS, 100 nM
Dexamethasone, and 100 nM Insulin) for 4 h, and then cultured in basal DMEM (10%
FBS with 1% PS) before treatment.
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Glucose output and consumption
For the glucose output assay, the primary hepatocytes were incubated with serum-free
low-glucose DMEM for 12 h and then incubated either in phenol red-free,
glucose-free DMEM or supplemented with gluconeogenic substrates (glucose
production buffer (GPB): 20 mM lactate and 1 mM pyruvate) for 8 h. After treatment
with or without insulin (100 nM) for 30 min, the medium was removed and the
glucose concentration was measured using a glucose assay kit (Rongsheng Biotech,
Shanghai, China).
For the glucose consumption assay, the primary hepatocytes were serum starved for
12 h and then incubated in serum-free DMEM with or without insulin (100 nM) for
24 h. The medium was removed before and after the 24-h culture to measure the
glucose concentration levels.
Insulin binding assay
Primary hepatocytes were incubated in serum-free basal medium for 6 h and then
treated with or without 30 nM FITC-insulin (Sigma-Aldrich, MO, USA) for 30 min at
4°C. The cells were then washed with PBS, and the fluorescence intensity was
measured at ex/em=492/520 nm.
Statistical analysis
Statistical analysis was performed by unpaired two-way Student’s t-tests or one-way
analysis of variance with Tukey's multiple comparison tests as necessary. P<0.05 was
considered statistically significant. Values are reported as the mean ± SEM.

RESULTS
CD36 deficiency results in peripheral insulin resistance in mice fed the LFD
To address whether the impacts of CD36 on insulin resistance depend on the nutrient
state, the WT and CD36-/- mice were fed either the LFD (10% kcal from fat) or the
HFD (60% kcal from fat) for 14 weeks. ITTs were conducted to assess insulin
sensitivity. Strikingly, CD36 differentially regulated the insulin response during the
9

ITTs between the mice fed LFD and HFD. Systemic insulin sensitivity was impaired
in the CD36-/- mice fed the LFD compared with that of their WT counterparts (Fig.
1A). In contrast, the CD36-/- mice fed the HFD showed an increased insulin response
compared to HFD-fed WT mice (Fig. 1B), a finding consistent with previous reports
(15). Herein, we focused on the physiological role of CD36 in the regulation of
insulin signaling in mice fed the LFD. Bodyweight, food intake and liver weight were
comparable in the LFD-fed WT and the CD36-/- mice (Table 1). The levels of serum
NEFA, TG, and TC were significantly elevated in the CD36-/- mice (Table 1), a
finding following previous studies (14). In addition, serum insulin and leptin
concentrations, as well as the HOMA-IR index, were all increased in CD36-/- mice
(Table 1).
Insulin-induced phosphorylation of AKT was largely decreased in the liver, skeletal
muscle and epididymal adipose tissue of the CD36-/- mice fed the LFD compared with
the phosphorylation levels found in the LFD-fed WT mice (Fig. 1C-E). Feeding the
HFD markedly inhibited insulin-induced AKT phosphorylation in the WT mice but
not in the CD36-/- mice (Fig. 1C-E).
CD36 is essential for maintaining hepatic glucose and lipid metabolism
The levels of serum activities of AST and ALT, markers of liver damage, were higher
in the CD36-/- mice than those in the WT mice (Table 1), suggesting that liver function
had been impaired in CD36-/- mice. We next investigated the metabolic phenotype of
the livers from the lean CD36-/- mice. Histological examination of the livers from the
CD36-/- mice showed slight lipid deposition even in the mice fed an LFD (Fig. 2A), as
reported in our previous study (27). PAS staining revealed a decrease in hepatic
glycogen in the CD36-/- mice compared with that in the WT mice (Fig. 2B). We then
analyzed the expression of genes related to glucose metabolism. The mRNA levels of
the gluconeogenic gene Pepck, G6pase and Foxo1, and glucose transporter gene
Glut2 were all increased in the livers of the CD36-/- mice (Fig. 2C). The glycogen
synthase gene Gys2, was decreased in the CD36-/- mice (Fig. 2C), a finding consistent
with that showing the decreased glycogen content. Western blot analysis showed
higher levels of FOXO1, PEPCK and G6PASE in the livers of the CD36-/- mice (Fig.
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2D). Furthermore, liver sections from the CD36-/- mice displayed increased FOXO1
staining in both the cytoplasm and nucleus (Fig. 2E). These data suggest the
disturbance of lipid and glucose metabolism in the livers of the CD36-/- mice fed the
LFD.
CD36 deficiency decreases the insulin-induced tyrosine phosphorylation of IR in
the liver
Insulin is a critical regulator of hepatic lipid and glucose metabolism. IR, acting
through IRS1/2, mediates a significant part of the metabolic action of insulin in target
tissues. First, we examined whether there were differences in the expression of IR,
IRS1, and IRS2 between WT and CD36-/- mice. The hepatic mRNA levels of Ir and
Irs1 and the protein levels of IR, IRS1 and IRS2 were similar between genotypes (Fig.
3A, B). Second, because the insulin signaling pathway is activated by a cascade of
protein tyrosine phosphorylation initiated by IR, we analyzed the tyrosine
phosphorylation of proteins in response to insulin. According to the Western blot
bands observed, lower levels of tyrosine-phosphorylated protein in response to insulin
were found in the CD36-/- mice, especially the 95-KD protein, which may represent
the IRβ subunit (Fig. 3C). Furthermore, immunoprecipitates of IRβ also showed
increased tyrosine phosphorylation in response to insulin that was lower in the
CD36-/- mice compared with that in the WT mice (Fig. 3D, F). In addition,
phosphorylation of IRβ at Tyr1162/1163 was also reduced in the livers of CD36-/- mice
(Fig. 3E, F).
CD36 deficiency impairs insulin signaling and glucose metabolism in primary
mouse hepatocytes
We then examined whether the effects of CD36 on glucose metabolism and insulin
signaling can be recapitulated in primary hepatocytes. Isolated hepatocytes from the
livers of the CD36-/- mice produced more glucose than those of the livers from the
WT mice and exhibited resistance to the insulin-mediated inhibition of glucose
production (Fig. 4A). In addition, glucose consumption was induced in the presence
of insulin, but there was an attenuated increase observed in CD36-/- hepatocytes (Fig.
4B). Glucose production is regulated by the transcription of Pepck and G6pase that is
11

controlled by the transcription factor FOXO1. There was a marked increase in the
mRNA levels of Pepck, G6pase and Foxo1 in the CD36-/- hepatocytes compared with
those in the control hepatocytes (Fig. 4C-E). Furthermore, CD36-/- hepatocytes
showed resistance to the downregulation of gluconeogenic genes in response to
insulin (Fig. 4C-E). In accordance with the in vivo data, in the primary hepatocytes
from the livers of the CD36-/- mice, there was about 2-fold decrease of the
phosphorylation of IRβ and AKT in the presence of insulin than in those from WT
hepatocytes (Fig. 4F-G). These data confirm the role of CD36 in insulin action and
glucose homeostasis.
Regulation of PTP1B/IR interaction by CD36 deficiency
Next, we investigated the possible mechanism by which CD36 deficiency impairs
hepatic insulin signal transduction in mouse liver. IRβ phosphorylation is initiated by
insulin binding to the α-subunit of IR. We first determined whether CD36 influenced
the capability of insulin to bind with its receptor, IR. FITC-labeled insulin was added
to the primary hepatocytes, and then, the bound insulin was then quantified. The
results showed that there was no significant difference in the insulin binding
capability between hepatocytes from the WT and the CD36-/- livers (Fig. 5A).
In human myotubes, CD36 interacts with IR and enhances its tyrosine
phosphorylation through recruiting Fyn (12). We then investigated whether CD36
interacts with IR in mouse liver and its possible contribution to insulin signaling.
CD36 was highly expressed in skeletal muscle, but its expression in the liver was low
(data not shown). Immunoprecipitated IRβ from the skeletal muscle pulled down
large amounts of CD36, but the CD36/IR complex was much lower in the livers (Fig.
5B). Saturated fatty acids, which dissociate CD36 from Fyn, completely blocked the
effect of CD36 on the insulin signaling in the myotubes (12). Interestingly, our data
showed that either saturated fatty acids or Fyn inhibitor partially reversed the effects
of CD36 on insulin-induced AKT phosphorylation in mouse hepatocytes (Fig. 5C).
Our results suggested that, beside the involvement of Fyn, CD36 may also act on
other targets to regulate insulin signaling in the liver.
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PTP1B is the most characterized tyrosine phosphatase and acts as a critical negative
regulator of insulin signaling cascades by directly modulating IR dephosphorylation.
We found that hepatic mRNA and protein expression of PTP1B was significantly
higher in the CD36-/- mice than in the WT mice (Fig. 5D-F), suggesting that PTP1B
may be involved in the effects of CD36 on IR phosphorylation. Insulin stimulated the
formation of the PTP1B-IRβ complex, which was significantly increased in the
CD36-/- livers compared with that in the WT livers (Fig. 5G). In vitro, colocalization
of PTP1B and IRβ induced by insulin could be visualized with a confocal microscope
by the occurrence of yellow spots at the cell border (Fig. 5H). In addition, the
formation of fluorescent spots attached to the plasma membrane was more evident in
the hepatocytes from CD36-/- mice. The above data suggest that the PTP1B pathway
may be a candidate mechanism that contributes to CD36-mediated IR phosphorylation
in the liver.
PTP1B suppression blocks the effects of CD36 deficiency on insulin signaling
Pharmacological inhibition of PTP1B by CLA effectively prevented insulin
intolerance in the CD36-/- mice without any change in glucose tolerance in the CD36-/mice (Fig. 6A). Then, the effects of the CLA on PTP1B expression and downstream
insulin signaling were detected. PTP1B expression in the CD36-/- mice was
significantly higher than that in the WT mice, but it was decreased to the same level
as the WT mice when treated with CLA (Fig. 6B, D). Consistently, the CD36-/- mice
treated with CLA showed restored insulin-induced p-IR and p-AKT levels to nearly
the same degree as the control mice (Fig. 6C). Additionally, the CLA treatment
abolished the resistance to insulin-stimulated glucose utilization of the primary
hepatocytes from the CD36-/- mice (Fig. 6E). These results indicate a critical role for
PTP1B in the downregulation of insulin signaling in the CD36-deficient mice.
ER stress upregulates PTP1B and impairs downstream signaling in the livers of
the CD36-/- mice
PTP1B is localized on the ER membrane, and its function is closely associated with
ER homeostasis (28). In the muscle of mice, PTP1B is shown to be activated by
HFD-induced chronic ER stress (29). Consistently, HFD feeding induced the
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expression of unfolded protein response (UPR)-related genes in the livers, which was
accompanied by the upregulation of PTP1B (Fig. 7A), suggesting a positive
correlation between PTP1B and ER stress. The livers of the CD36-/- mice showed
elevated ER stress levels, as indicated by the increased mRNA expression of most
UPR genes, increased protein expression of GRP78, and the activation of the PERK
and IRE1 pathways (Fig. 7B, C). To determine the role of ER stress in insulin
resistance, the WT and CD36-/- mice were treated with the ER-stress inhibitor
TUDCA. In the TUDCA-treated CD36-/- mice, the insulin resistance was markedly
improved in comparison with that of the vehicle-treated CD36-/- mice and was
comparable to that of the TUDCA-treated WT controls (Fig. 7D). The activation of
the IRE1 and PERK pathways and the expression of PTP1B were similar between
TUDCA-treated WT and the CD36-/- mice (Fig. 7E). Consistent with these results,
there was no difference in the phosphorylation of IR or AKT between the WT and the
CD36-/- mice after TUDCA treatment (Fig. 7E). These results suggest that ER stress is
involved in CD36-mediated PTP1B expression and downstream insulin signal
transduction.

DISCUSSION
The function of CD36 in fatty acid metabolism is well documented, and numerous
studies have revealed its association with metabolic diseases. There has been growing
interest in the possible role of CD36 in insulin resistance and type 2 diabetes
treatment. Although some studies have suggested a favorable effect of CD36
deficiency on obesity-induced insulin resistance, other studies showed a different
result (12-17, 30, 31). These conflicting findings may be partly explained by the
nutrient state or tissue specificity (18, 19). In the present study, we examined the
impact of CD36 on insulin signaling and found a contradictory role of CD36 in mice
fed with different diets. Mice with CD36 deficiency were protected from developing
insulin resistance induced by HFD (Fig. 1), which might be due to decreased fatty
acid uptake and utilization. In contrast, without the dietary fat loading, loss of CD36
resulted in the suppression of insulin signaling in insulin-sensitive tissues (Fig. 1),

14

suggesting its fundamental role in regulating insulin action. This study aimed to
elucidate how CD36 regulates insulin signaling in mice fed an LFD. Future studies
are necessary to explain the discrepancy in CD36-mediate insulin resistance
phenotypes between different diets. The diverse role of CD36 indicates that it is
important for energy sensing and maintaining metabolic homeostasis.
We showed that CD36 deficiency decreases insulin action and induces glucose and
lipid metabolism disorders in the livers of LFD-fed mice. Despite not being a major
regulator of fatty acid uptake in the liver, CD36 maintains balanced lipid metabolism.
Even 5-month-old CD36-/- mice fed the LFD displayed hepatic lipid deposition (Fig.
2A), which may have been due to increased fatty acid incorporation into TGs or
decreased VLDL secretion, as previously reported (30, 32). In addition, we found a
decrease in hepatic glycogen content and an increase in hepatic gluconeogenesis in
the CD36-/- mice, which reflects increased hepatic glucose output (Fig. 2C-E, Fig.
3A-E). This glucose output may provide energy for the heart and muscle tissues when
fatty acid utilization is obviously insufficient (33). It has been reported that in the
skeletal muscle of CD36-/- mice fed a chow diet, glut4 membrane translocation and
glucose oxidation were increased, suggesting increased glucose utilization in the
muscle (34). This finding suggests the reason that, despite being associated with
impaired insulin signaling and increased hepatic gluconeogenesis, the blood glucose
was not increased in the CD36-/- mice (Table 1). Recently, using a mouse model with
conditional CD36 depletion in hepatocytes, we found that CD36 also regulated insulin
action and the metabolism of glucose and lipid (data not shown). It can be seen that
CD36 is essential for controlling the metabolic balance in the liver.
Defects in the insulin signaling pathway are responsible for insulin resistance and
metabolic disorders. CD36, as facilitators both of LCFA transport and inflammatory
response, is suggested to be associated with insulin resistance, yet the underlying
mechanism remains largely unknown. The effect of CD36 on insulin action in a
low-fat state suggested that CD36 may act directly on the insulin signaling pathway
(Fig. 1). Because we found decreased tyrosine phosphorylation of IR in the livers of
the CD36-/- mice, a finding consistent with a recent study showing a similar decrease
in skeletal muscle (12), we then examined the reason for this CD36 effect on IR
15

phosphorylation. First, the capability for insulin binding with IR showed no
differences in the CD36-/- and the WT hepatocytes (Fig. 5A). Second, CD36 forms a
complex with IR, and dissociation of CD36/Fyn complex by saturated fatty acids or
inhibition of Fyn only partially reversed the effects of CD36 on insulin signaling (Fig.
5B, C). Third, PTP1B expression and the interaction of PTP1B with IR were
increased in the livers of the CD36-/- mice (Fig. 5D-H). Furthermore, PTP1B inhibitor
mostly blocked the effects of the CD36 deficiency on insulin signaling (Fig. 6). In
addition, it has been reported that CD36, by modulating the JNK/IRS1 pathway and
insulin-induced IRS1 degradation, is involved in the feedback inhibition of the insulin
signaling cascade (15, 23). Here, we showed a novel role of CD36 in regulating the
expression of PTP1B in the liver, which may be critical for CD36-mediated IR
phosphorylation and downstream insulin signaling activation.
In the last decade, ER stress has emerged as a critical player in the onset of insulin
resistance (35). PTP1B, an intriguing resident of the ER membrane, is an essential
negative regulator of insulin signaling and has become a new therapeutic target for the
treatment of type 2 diabetes. Recently, multiple lines of evidence have revealed a
close relationship between ER stress and PTP1B (36). PTP1B expression is
upregulated in response to acute and chronic ER stress, suggesting that PTP1B may
be a molecular link between ER stress and insulin signaling (29, 37, 38). Several
pathways have been suggested to be implicated in regulating PTP1B by ER stress (38),
including the activation of UPR-associated ATF6, induction of NFkB, and binding of
the transcription factor YB-1 to the Ptp1b promoter. In this study, PTP1B expression
was induced simultaneously with chronic ER stress in the livers of the obese mice,
indicating positive regulation. Furthermore, in the livers of the CD36-/- mice with
higher PTP1B expression, increased ER stress was found. In addition, inhibition of
ER stress decreased PTP1B expression and restored insulin signaling in the CD36-/mice (Fig. 7). These results suggest that ER stress is involved in CD36-mediated
PTP1B expression and downstream insulin signaling. How does CD36 deficiency
increase ER stress in the liver? ER is an essential subcellular compartment responsible
for the synthesis and folding of proteins and plays a crucial role in the biosynthesis of
cholesterol, TGs, and other lipids (39). Any physiological and pathological
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perturbations that interfere with its function can trigger ER stress. CD36 is essential
for maintaining hepatic lipid metabolism, while CD36 deficiency disturbs intracellular
lipid metabolism by increasing fatty acid synthesis or decreasing VLDL secretion (30,
32), thus enhancing hepatic lipid deposition (Fig. 2) and ultimately leading to ER
stress in the liver.
In conclusion, our findings demonstrate that 1) the impacts of CD36 deficiency on
insulin resistance are varied in different dietary states; 2) CD36 is essential for
maintaining physiological insulin signal transduction in mice fed a low-fat diet, and
its regulatory mechanism is related to PTP1B-mediated IR tyrosine dephosphorylation;
and 3) CD36 deficiency disturbs lipid metabolism in the liver and induces ER stress,
which is involved in the upregulation of PTP1B and the suppression of the insulin
signaling pathway. The proposed model of CD36 deficiency-mediated insulin
signaling is shown in Supplementary Fig. 1.
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FIGURE LEGENDS
Figure 1. Effects of CD36 deficiency on insulin sensitivity in mice fed the LFD or
the HFD. WT and CD36-/- mice were fed either the LFD or HFD for 14 weeks. n = 5.
(A, B) The ITTs were measured for the WT and CD36-/- mice. The area under the
curve (AUC) was used to quantify the ITT results. *P<0.05 compared with the WT
mice. (C-E) Insulin-stimulated AKT phosphorylation in the liver, skeletal muscle and
adipose tissue was measured by Western blot. The densitometric quantiﬁcation of the
blots with insulin stimulation are shown on the right. n=3, *P<0.05 compared with the
WT group, and †P<0.05 compared with the LFD group.
Figure 2. Dysregulated glucose and lipid metabolism in the livers of the CD36-/mice. The livers from LFD-fed mice were used for further study. (A) Representative
HE-stained liver sections from the WT and CD36-/- mice. Arrows indicate lipid
deposition. (B) Representative PAS-stained liver sections from the WT and CD36-/mice. (C) The hepatic expression levels of the genes involved in glucose metabolism
were measured by Q-PCR. n=3, *P<0.05 compared with the WT mice. (D) The
protein levels of FOXO1, PEPCK and G6Pase in the livers from the WT and CD36-/mice were measured by Western blot. The densitometric quantiﬁcation of the blots are
shown on the right. n=3, *P<0.05 compared with the WT mice. (E) IHC staining of
FOXO1 in the liver sections from the WT and CD36-/- mice along with the
quantification. Representative images are shown at 400× magnification. *P<0.05
compared with the WT mice.
Figure 3. Decreased insulin-stimulated tyrosine phosphorylation of IRβ in the
livers of the CD36-/- mice. (A) The hepatic mRNA expression of Ir, Irs1 and Irs2 in
the WT and CD36-/- mice. n=4, *P<0.05 compared with the WT mice. (B) The hepatic
protein levels of IR, IRS1 and IRS2 in the WT and CD36-/- mice. The densitometric
quantification of the blots are shown on the right. N=3, *P<0.05 compared with the
WT mice. (C) Insulin-stimulated protein tyrosine phosphorylation in the livers was
measured by Western blot. The densitometric quantification of the blots are shown in
the lower panel. (D) Equal amounts of lysate protein from the WT and CD36-/- mice
were used for IP with anti-IRβ and immunoblotted to determine the levels of tyrosine
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phosphorylation of IRβ. (E) The hepatic protein expression of IRβ and p-IRβ
(Tyr1162/1163) in the LFD-fed mice. (F) The densitometric quantifications of the blots in
(D) and (E) are shown. n=3, *P<0.05 compared with the WT mice.
Figure 4. Glucose metabolism and insulin sensitivity in the primary hepatocytes.
(A) Glucose production of the WT and CD36-/- primary hepatocytes. n=4, *P<0.05
compared with the WT group, †P<0.05 compared with the control group, and ‡P<0.05
compared with the GPB group. (B) Basal and insulin-stimulated glucose consumption
of the WT and CD36-/- primary hepatocytes. n=5, *P<0.05 compared with the WT
group, and †P<0.05 compared with the control group. (C-E) The mRNA expression of
G6pase, Pepck and Foxo1 in (A). (F) The protein levels of IR, p-IR, AKT and p-AKT
in the primary hepatocytes were measured by Western blot. (G) The densitometric
analysis of the p-IR/IR and p-AKT/AKT ratio were performed by ImageJ. n=3,
*P<0.05 compared with the WT group, and †P<0.05 compared with the group without
insulin.
Figure 5. Increased PTP1B expression and PTP1B/IR interaction in the CD36-/mice. (A) Insulin binding assay was performed for the WT and CD36-/- primary
hepatocytes. n=4, *P<0.05 compared with the WT group, †P<0.05 compared with the
group without insulin. (B) The Co-IP of IRβ and CD36 in mouse skeletal muscle and
liver lysates. IP was performed with anti-IRβ, and immunoblotting was used to detect
CD36 and IRβ. (C) Primary hepatocytes from the WT or CD36-/- mice were
preincubated with PA (200 µM, 2:1 BSA, 15 min) or SU6656 (a Src family inhibitor,
5µM, 60 min) and then with insulin (100 nM, 5 min), and the lysates were
immunoblotted to determine the levels of AKT and p-AKT. (D) The hepatic mRNA
expression of Ptp1b in LFD-fed mice. n=4, *P<0.05 compared with the WT group. (E)
The IHC staining and quantification of PTP1B in the liver sections from the WT and
CD36-/- mice. Representative images are shown at 400× magnification. (F) Protein
levels of PTP1B in the livers were measured by Western blot. n=4, *P<0.05 compared
with the WT group. (G) The Co-IP of IRβ and PTP1B in the liver lysates. IP was
performed with anti-IRβ, and immunoblotting was used to detect PTP1B and IRβ. (H)
Primary hepatocytes from the WT or CD36-/- mice were treated with insulin and then
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fixed, and imaged for PTP1B and IRβ. Images show the overlay of IRβ (green) and
PTP1B (red). Yellow punctate structures indicate IRβ-PTP1B colocalization.
Figure 6. Inhibition of PTP1B restored insulin signaling in the CD36-/- mice. WT
and CD36-/- mice were i.p. injected with the PTP1B inhibitor CLA or the vehicle and
examined after 48 h. (A) ITTs and GTTs were performed after 12 h of treatment. n=4,
*P<0.05 compared with the vehicle-treated group. The hepatic protein levels of
PTP1B (B), and IR, p-IR, AKT and p-AKT (C) in mice with or without CLA
treatment were measured by Western blot. The densitometric quantiﬁcation of the
blots are shown on the right. n=3, *P<0.05 compared with the WT group, and
†P<0.05 compared with the vehicle-treated group. (D) The hepatic mRNA expression
of Ptp1b is shown. n=4, *P<0.05 compared with the WT group, and †P<0.05
compared with the vehicle-treated group. (E) Basal and insulin-stimulated glucose
consumption in the WT and CD36-/- primary hepatocytes with or without CLA
treatment. n=5, *P<0.05 compared with the WT group, †P<0.05 compared with the
group without insulin, and ‡P<0.05 compared with the insulin-treated group.
Figure 7. ER stress is involved in PTP1B upregulation and insulin resistance in
the CD36-/- mice. (A) The hepatic expression of the genes involved in ER stress and
Ptp1b in the HFD-fed mice. n=5, *P<0.05 compared with the LFD-fed mice. (B) The
hepatic expression of the genes involved in ER stress in the LFD-fed WT and CD36-/mice. n=4, *P<0.05 compared with the WT mice. (C) The protein levels of IRE1,
p-IRE1, PERK, p-PERK, GRP78, EIF2α and p-EIF2α in the livers from the WT and
CD36-/- mice. The densitometric quantification of the blots are shown on the right.
n=3, *P<0.05 compared with the WT mice. WT and CD36-/- mice were i.p. injected
with the ER stress inhibitor TUDCA or the vehicle for 14 days. (D) ITTs were
performed in the WT and CD36-/- mice treated with TUDCA for 7 days. The AUC
was used to quantify the ITT results. n=4, *P<0.05 compared with the WT group, and
†P<0.05 compared with the control group. (E) ER stress and insulin signaling were
detected by Western blot in the livers from the WT and CD36-/- mice treated with
TUDCA. The densitometric quantification of the blots are shown on the right. n=3,
*P<0.05 compared with the WT mice treated with TUDCA.
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Table 1 Serum biochemical index in mice
WT LFD

CD36-/- LFD

Body weight (g)

26.86 ±1.34

27.61 ± 2.09

Food intake (g/d)

2.74 ± 0.25

2.73 ± 0.24

Liver weight (g)

0.99 ± 0.04

1.03 ± 0.05

TG (mmol/L)

0.96 ± 0.24

1.87 ± 0.97*

TC (mmol/)

2.44 ± 0.34

3.90 ± 0.20*

NEFA (mmol/L)

0.78 ± 0.11

1.51 ± 0.4*

Glucose (mmol/L)

4.39 ± 0.39

4.62 ± 0.36

Insulin (mIU/L)

34.55 ± 0.25

41.19 ± 0.92*

Leptin (pg/ml)

327.43 ± 77.96

1103.68 ± 162.42*

HOMA-IR

6.42 ± 0.45

9.24 ± 1.25*

ALT (U/L)

16.29 ± 6.17

29.57 ± 8.35*

AST (U/L)

84.64 ±19.36

189.29±48.2*

WT mice vs CD36-/- mice were fed with LFD for 14 weeks. Serum biochemical index
represents mean ± SEM.*P<0.05 WT mice vs CD36-/- mice.
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