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A B S T R A C T

Background: Preadipocyte is closely related to obesity-induced inﬂammation. The impairment of autophagic
ﬂux by defective lysosomal function has been observed in adipose tissue from obese mice. While the fatty
acid translocase CD36 is an important immuno-metabolic receptor, it remains unclear whether preadipocyte
CD36 is involved in adipose tissue inﬂammation and whether CD36 regulates lysosomal function.
Methods: Using visceral adipose tissue from obese patients, a high-fat diet (HFD)-induced obese mice model,
primary mouse preadipocytes and 3T3L1 cells we analyzed whether and how preadipocyte CD36 modulates
lysosomal function and adipose tissue inﬂammation.
Findings: CD36 expression in preadipocytes is induced in obese patients and HFD-fed mice, accompanied
with the disruption of lysosome function. CD36 knockout protects primary preadipocytes of HFD-fed mice
from lysosomal impairment. In vitro, CD36 interacts with Fyn to phosphorylate and activate Inositol (1,4,5)trisphosphate receptor 1 (IP3R1), causing excess calcium transport from endoplasmic reticulum (ER) to lysosome, which results in lysosomal impairment and inﬂammation. Moreover, IP3R inhibitor 2-aminoethoxydiphenyl borate (2APB) attenuates lysosomal impairment, inﬂammation and lipid accumulation in CD36overexpressing preadipocytes.
Interpretation: Our data support that the abnormal upregulation of CD36 in preadipocytes may contribute to
the development of adipose tissue inﬂammation. CD36/Fyn/IP3R1-mediated lysosomal calcium overload
leads to lysosomal impairment and inﬂammation in preadipocyte. Thus targeting improving lysosomal calcium homeostasis may represent a novel strategy for treating obesity-induced inﬂammation.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license. (http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction
Obesity is deﬁned as excessive fat accumulation, which is characterized by an increase in the volume and number of adipose cells in
white adipose tissue [1]. In 2015, 107.7 million children and
603.7 million adults were obese [2].
Obesity is often accompanied by low-grade chronic inﬂammation,
which plays a crucial role in the development of obesity-related
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diseases, including type 2 diabetes, hypertension and cardiovascular
diseases [3]. Adipose tissue is the main source of inﬂammatory cytokines in obesity [4]. Numerous studies have demonstrated that
mature adipocytes secret proinﬂammatory cytokines and promote
macrophages recruitment in adipose tissues, contributing to adipose
tissue inﬂammation [5,6]. Preadipocytes are important cellular components of the stromal vascular fraction (SVF) derived from adipose
tissue. In addition to its well-known capacity to differentiation into
mature adipocytes, preadipocytes share numerous phenotypic features with pro-inﬂammatory macrophages [7]. The numbers of preadipocytes is signiﬁcantly increased in adipose tissues from patients
with obesity [8]. In response to fatty acid exposure, undifferentiated
preadipocytes secrete higher levels of inﬂammatory cytokines/
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Research in context
Evidence before this study
Adipose tissue inﬂammation is closely related to obesity and obesity-related diseases. It has been reported that the lysosome plays a
key role in both the priming and assembly phases of the inﬂammasome. The impairment of autophagic ﬂux by defective lysosomal
function has been observed in adipose tissue from obese mice, suggesting that lysosome may be important in obesity-induced adipose tissue inﬂammation. The fatty acid translocase CD36 is a
multifunctional immuno-metabolic receptor. CD36 knockout protects mice from insulin resistance and reduces sterile inﬂammation
via inhibiting JNK/NF-kB/NLRP3 inﬂammasome pathway in adipocytes and macrophages. Studies have shown that in addition to
mature adipocytes, preadipocytes are an important contributor to
proinﬂammatory cytokines secretion as well as macrophage
recruitment in adipose tissue. Although CD36 protein is usually
undetected in preadipocytes, upregulation of CD36 in preadipocytes has been observed in familial combined hyperlipidaemia
patients or 3T3L1 preadipocytes treated with oxidized-LDL. However, it was unclear whether preadipocyte CD36 expression was
altered in obese patients and HFD-fed mice. Prior to this study it
was also not known whether CD36 was involved in the maintenance of lysosomal function as well as the underlying mechanisms.
Added value of this study
We provide ﬁrst evidence supporting that CD36 expression in
preadipocytes was induced in obese patients and HFD-fed
mice, accompanied with lysosomal impairment. CD36 knockout
protected lysosomal impairment in primary preadipocytes
from HFD-fed mice. In vitro, we demonstrated that CD36 interacted with Fyn to phosphorylate and activate IP3R1, causing
excess calcium transport from ER to lysosome, which resulted
in lysosomal impairment and inﬂammation in 3T3L1 preadipocytes. Moreover, IP3R inhibitor 2APB attenuated lysosomal
impairment, inﬂammation and lipid accumulation in CD36overexpressing preadipocytes.
Implications of all the available evidence
Our study opens a novel, expanded view on the pathogenesis of
adipose tissue inﬂammation, suggesting that CD36/Fyn/IP3R1mediated lysosomal calcium overload and lysosomal impairment
in preadipocytes may be a potential new mechanism for obesityinduced inﬂammation. We proposed that improving lysosomal
calcium homeostasis in particular in preadipocytes, as exempliﬁed
by the use of 2APB (IP3R inhibitor), represents a novel strategy for
treating adipose tissue inﬂammation and obesity-related diseases.

adipocytes [15,16]. Although CD36 protein is normally undetected in preadipocytes, its expression is induced during the differentiation of preadipocytes into mature adipocytes. Deﬁciency of CD36 attenuates
adipogenesis in vivo [17]. The upregulation of preadipocytes CD36
expression is also observed in familial combined hyperlipidaemia patients
and 3T3L1 preadipocytes treated with oxidized-LDL [18]. However, it
remains unclear whether preadipocyte CD36 is altered in obese patients
or HFD-fed mice. Prior to this study, it was also not known whether preadipocyte CD36 was involved in obesity-induced inﬂammation.
Accumulating evidence has suggested that lysosomal impairment
is critical in the development of adipose tissue inﬂammation. Weber
et al. found that inﬂammasomes are selectively activated through
lysosome-dependent pathways in macrophages [19]. Impaired lysosomal function, which causes reduced autophagic clearance and
inﬂammasome activation in the early stage of obesity, has also been
observed in adipose tissue of obese mice [20]. The lysosome itself is
an important calcium (Ca2+) reservoir (0.5 0.6 mM Ca2+) [21].
Impaired lysosomal Ca2+ homeostasis causes lysosomal impairment
and lysosomal storage diseases [22].
Inositol (1,4,5)-trisphosphate receptor 1 (IP3R1) is an important
intracellular Ca2+ release channel that plays a critical role in the regulation of endoplasmic reticulum (ER) Ca2+ release [23]. Recent studies
demonstrated that although IP3R not locate at the contact sites
between ER and lysosome, it controls the redistribution of Ca2+ from
the ER to lysosome [23]. Previous studies showed that Fyn phosphorylates IP3R1 at Tyr353 and that this phosphorylation event is required
for IP3-mediated Ca2+ release in both B and T lymphocytes [24]. The
downregulation of Fyn, by glucocorticoid and a selective Fyn inhibitor,
prevents IP3R1 phosphorylation at Tyr353 and attenuates IP3-mediated
Ca2+ release in WEHI 7.2 T cells [25]. We have previously demonstrated
that CD36-bound Fyn phosphorylates LKB1 to hinder AMPK-mediated
b-oxidation in hepatocytes [26]. Thus, we postulated that CD36 interacts with Fyn, promoting Tyr353 phosphorylation of IP3R1, activating
IP3R1-mediated Ca2+ transfer from ER to lysosome, which consequently
causes lysosomal impairment and inﬂammation in preadipocytes.
In this study, we provide several lines of evidence (using 3T3L1
preadipocytes cell lines, primary preadipocytes from mice, HFD-fed
mice, as well as obese patient data) suggesting that obesity induces
CD36 expression and lysosomal impairment in preadipocytes. CD36
deﬁciency alleviated HFD-induced lysosomal dysfunction in preadipocytes. We further showed that IP3R inhibitor 2-aminoethoxydiphenyl borate (2APB) attenuated lysosomal impairment,
inﬂammation and lipid accumulation in CD36-overexpressing preadipocytes. We propose that improving lysosomal Ca2+ homeostasis in
particular in preadipocytes, represents a novel strategy for treating
adipose tissue inﬂammation and obesity-related diseases.
2. Materials and methods
2.1. Study subjects

chemokines (eg. MCP-1, and IL-6) than mature adipocytes [9 11].
Thus, these data suggest that preadipocyte may play an
important role in the pathogenesis of obesity-related adipose tissue
inﬂammation.
The fatty acid translocase CD36 is a widely expressed membrane glycoprotein that is involved in many physiological and pathological processes [12]. Several studies have shown that CD36 plays an important
role in adipose tissue inﬂammation. Compared to wild-type (WT) mice,
CD36 deﬁcient mice with high-fat diet (HFD) exhibits reduced adipose
tissue inﬂammation, as evidenced by decreased pro-inﬂammatory cytokine levels in adipose tissue, less macrophage and T-cell accumulation in
adipose tissue [13,14]. In response to CD36 ligands (eg. ox-LDL and
b-amyloid), CD36 mediates the activation of NF-kB and/or inﬂammasome pathway, boosting sterile inﬂammation in macrophages and

We conducted a cross-sectional analysis of 28035 subjects (15,912
males and 12,123 females) who underwent health examinations at the
Afﬁliated Hospital of Chongqing Medical University (CQMU) from 2014
to 2015. Human visceral adipose tissue samples (7 obese patients and
7 non-obese patients) were obtained from patients who underwent
laparoscopic cholecystectomy in the Afﬁliated Hospital of CQMU. The
study was approved by the Ethics Committees of CQMU, and all subjects provided written informed consent. C57BL/6J mice, WT and CD36
knckout (CD36KO) mice were provided by Maria Febbraio (University
of Alberta). Six-week-old mice were fed a HFD or normal diet (ND) for
14 weeks. All mouse care and experimental procedures were approved
by the Institutional Animal Care and Use Committee of CQMU, and the
investigation conforms with the Guidelines for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH
Publication No. 85-23, revised 1996).
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2.2. Isolation of primary preadipocytes
Visceral adipose tissue from the mice was digested with 2 mg/ml collagenase D (Sigma-Aldrich, COLLD-RO) and 2.4 u/ml dispase II (SigmaAldrich, D4693) for 20 min at 37°C. The digestion reaction was terminated with culture medium before ﬁltration. After centrifugation at
1000 rpm for 10 min, the precipitate was incubated with Alexa FluorÒ
488 anti-mouse CD146 (BD Biosciences Cat# 562229, RRID:
AB_11153320) / Alexa FluorÒ 647 anti-mouse CD34 (BD Biosciences
Cat# 560233, RRID:AB_1645199) for 30 min at 37°C. CD146 /CD34+ cells
were separated by a FACScan ﬂow cytometer (Becton-Dickinson). Then
these CD146 /CD34+ cells were divided into 3 aliquots, which were
respectively incubated with PE-CD36 (BD Biosciences Cat# 562702,
RRID:AB_2737732), Lysotracker (Thermo Fisher Scientiﬁc, L7528) or
Lysosensor Green (Thermo Fisher Scientiﬁc, L7535) for 30 min at 37°C.
Cells incubated without antibody or with ﬂuorescence-labeled isotype
antibody (BD Biosciences Cat# 562141, RRID:AB_10894582) were negative (Neg) control or isotype control. The ﬂuorescence signals were
detected by a FACScan ﬂow cytometer.
2.3. Plasmid and lentivirus production
The mammalian expression plasmid PCI-CD36 encoding fulllength wild-type human CD36 cDNA was kindly provided by Kenneth
J. Linton (University of London). Lentiviral constructs, including
GV341 empty vector (Negative Control, NC), GV341 containing wildtype CD36 (wtCD36 OE), and GV341 containing the AA-SS mutant
(mtΔCD36 OE), were provided by Shanghai GeneChem Company.
2.4. Cell culture
3T3L1 preadipocytes (ATCC Cat# CL-173, RRID:CVCL_0123) were
maintained in Dulbecco's modiﬁed Eagle’s medium (DMEM) supplemented with 10% calf serum. The 3T3L1 preadipocyte lines were
maintained in 10% calf serum supplemented with puromycin (Sangon, A610593).
2.5. Cell viability assay
3T3L1 cells were seeded in 96-well plates at a density of
5000 cells/well and incubated for 24 h. The cells were then subjected
to free fatty acid (FFA, 0.4 mM palmitate (PA)+0.2 mM oleic acid
(OA)) loading for 60 h. The OD values were measured at 450 nm after
incubation with CCK-8 reagent (Beyotime, C0042) for 2 h at 37°C.
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Lysotracker (Thermo Fisher Scientiﬁc, L7528) and BODIPY 493/503
(Thermo Fisher Scientiﬁc, D3922) or incubated with Lysotracker and
Oregon GreenTM488 BAPTA-5N (Thermo Fisher Scientiﬁc, O6812). Then,
images were captured using a Leica confocal microscope.
2.8. Lipid droplet staining
Cells were stained with 400 mM BODIPY 493/503 for 30 min and
were captured by a Zeiss microscope. Cells were stained with 0.5% oil
red O (Sangon, E607319) for 30 min, stained with hematoxylin for 5
min and then visualized with a Zeiss microscope.
2.9. Western blotting and co-immunoprecipitation
Equal amounts of protein were resolved and immunoblotted with
anti-CD36 (Novus Cat# NB400-144, RRID:AB_10003498), anti-actin
(Proteintech Cat# 20536-1-AP, RRID:AB_10700003), anti-NF-kB p65
(Santa Cruz Biotechnology Cat# sc-8008, RRID:AB_628017), anti-Caspase-1 (Proteintech, 22915-1-AP), anti-IL-1b (Proteintech Cat# 168061-AP, RRID:AB_10646432), anti-LaminB1 (Proteintech Cat# 12987-1AP, RRID:AB_2136290), anti-P62 (Abcam Cat# ab109012, RRID:
AB_2810880), anti-IP3R1 (GeneTex, GTX133104), anti-phospho-IP3R1
(Thermo Fisher Scientiﬁc Cat# PA5-64735, RRID:AB_2662549), and
anti-Fyn (Proteintech, 66606-1-lg) primary antibodies. For co-immunoprecipitation (co-IP), equal amounts of lysate proteins were incubated
(4°C) with anti-mouse CD36 (Novus Cat# NB600-1423, RRID:
AB_789115) overnight before protein G magnetic beads were added
(Millipore) (1 3 h). Bound proteins were eluted by boiling for 5 min in
SDS sample buffer, and the cleared supernatants were resolved by SDSPAGE. Detection was performed with the Chemidoc Imaging System
(Bio-Rad) and ECL Plus reagent (Amersham). The band intensity was
analyzed by densitometry software (ImageJ).
2.10. Autophagic ﬂux analysis
Cells were ﬁrst seeded in a confocal dish. After 24 h, cells were
then transduced with mRFP-GFP-LC3 adenoviral vectors, which were
purchased from HanBio Technology (Shanghai, China) according to
the manufacturer’s instructions. The principle of the assay is based
on different pH stability of red and green ﬂuorescent proteins. The
EGFP ﬂuorescent signal could be quenched under the acidic condition
(pH below 5) inside the lysosome, whereas the mRFP ﬂuorescent signal did not change signiﬁcantly in acidic conditions. In red and
green-merged images, autophagosomes are shown as yellow puncta,
while autolysosomes are shown as red puncta.

2.6. Histology and immunohistochemical staining
2.11. Real-time RT-PCR
Parafﬁn-embedded visceral adipose tissue sections were routinely
stained with hematoxylin and eosin (HE). Immunohistochemical staining with anti-mouse F4/80 (Abcam Cat# ab6640, RRID: AB_1140040) or
anti-CD36 (Novus Cat# NB 400-144, RRID:AB_522498) was performed
to visualize the macrophage inﬁltration or the expression and localization of CD36 in adipose tissue. All images were captured using a Zeiss
microscope. Image analysis was performed with ImageJ software.
2.7. Immunoﬂuorescence staining and confocal microscopy
Parafﬁn-embedded visceral adipose tissue sections were incubated
with anti-CD36 (Novus Cat# NB400-144, RRID:AB_10003498) antimouse Pref1 (R&D Systems, AF8277) or anti-human Pref1
(R&D Systems, MAB1144-SP), and then incubated with FITC-conjugated
anti-rabbit IgG (ZSGB-Bio Cat# ZF-0311, RRID:AB_2571576), TRITC-conjugated anti-goat IgG (ZSGB-Bio, Cat# ZF-0317) or TRITC-conjugated
anti-mouse IgG (ZSGB-Bio Cat# ZF-0313, RRID:AB_2571577). Finally,
the sections were stained with DAPI (Boster, ar1176), and images were
captured using a Leica confocal microscope. Cells were incubated with

Total RNA was reversibly transcribed using PrimeScript RT
reagent kit (DRR037A, TaKaRa, Biotech, Japan). Prepared cDNA was
ampliﬁed using the LightCycler 96 system () and analyzed using SYBR
Green PCR Master Mix (TaKaRa, Biotech, Japan). The cycle threshold
(Ct) values were normalized to the ampliﬁcation of mouse 36B4, and
the data were analyzed using the DCt method. The primer sequences
used in this study are shown in Supplementary Table 1. All primers
were purchased from Beijing Genomics institution.
2.12. Transwell assay
THP-1 cells were purchased from Chinese Academy of Sciences
Typical Culture Preservation Committee Cell Bank. THP-1 cells were
added to the upper chambers. After phorbol 12-myristate 13-acetate
(PMA)-induced THP-1 macrophage differentiation for 48 h, the culture supernatant of 3T3L1 preadipocytes was added to the lower
chambers as a chemotactic factor. After incubation for 24 h, the
migrated cells on the lower side of the membrane were ﬁxed with
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Fig. 1. Expression of CD36 in preadipocytes is induced in adipose tissue of obese patients. General health survey data were collected from 28,035 patients who underwent health
examinations at the Afﬁliated Hospital of CQMU. Body mass index (BMI), waistline and serum hs-CRP measurements were divided into quartiles. The ranges of the different quartiles of BMI were <21.55 kg/m2 (1st quartile), 21.55 23.66 kg/m2 (2nd quartile), 23.66-25.81 kg/m2 (3rd quartile) and >25.81 kg/m2 (4th quartile). The ranges of the different quartiles of waist circumference were <76 cm (1st quartile), 76 82 cm (2nd quartile), 82 88 cm (3rd quartile) and 88 cm (4th quartile). The ranges of the different quartiles of hs-CRP
were 0-0.30 mg/L (1st quartile), 0.31 0.60 mg/L (2nd quartile), 0.61 1.25 mg/L (3rd quartile) and >1.25 mg/L (4th quartile). Human visceral adipose tissue samples were obtained
from patients who underwent laparoscopic cholecystectomy. The subjects were subdivided into two groups: non-obese patients (18.5 kg/m2 <BMI<23.9 kg/m2, n = 7) and obese
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ethanol and stained with crystal violet. The number of migrated cells
was counted in ﬁve random ﬁelds under a microscope.
2.13. Detection of intracellular Ca2+ and Ca2+ release from the
endoplasmic reticulum
Cells were incubated for 30 min in the presence of 0.5 mM ﬂuo-4
AM (Beyotime, S1060), a Ca2+ indicator dye, then washed twice with
Hanks’ balanced saline solution and allowed to incubate for 20 min
before detection. The ﬂuorescence intensity of intracellular Ca2+ was
monitored with a microplate reader prior to and following exposure
to 1 mM thapsigargin (Sigma-Aldrich, T9033).
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than in the C57-ND group (Fig. 2a). The Pearson’s correlation and
colocalization rates of CD36 and Pref-1 in the WT-HFD group were
also higher than those in the ND group, which is consistent with the
results from our clinical samples.
Since Pref-1 is a non-speciﬁc marker of preadipocytes, we used
CD146-/CD34+ to isolate preadipocytes from SVF of adipose tissue in
mice with a FACScan ﬂow cytometer [29]. Compared with that in the
C57-ND group, the percentage of preadipocytes in the C57-HFD
group was increased (Fig. 2b). Meanwhile, the percentage of CD36+
preadipocytes was increased, but the percentages of Lysotracker+ and
Lysensor+ preadipocytes were decreased (Fig. 2c-e). Thus, our data
suggested that HFD induces CD36 expression in preadipocytes,
accompanied with lysosomal impairments.

2.14. Statistical analysis
Continuous variables are presented as the mean § standard error of
the mean (SEM). High-sensitivity C-reactive protein (hs-CRP) was divided
into 4 categories according to the quartile. Differences between two
groups were statistically analyzed by Student’s t-test. Differences among
three or more groups were statistically analyzed by analysis of variance
(one-way ANOVA) with Tukey’s multiple comparisons test. A two-tailed
p value of <0.05 was considered statistically signiﬁcant.
3. Results
3.1. Expression of CD36 in preadipocytes is induced in adipose tissue of
obese patients
A total of 28,035 participants (15,912 men and 12,123 women)
were ultimately included in the analyses. The demographic and clinical characteristics of the subjects are summarized in Supplementary
Table 2. As shown in Fig. 1a, the level of high-sensitivity C-reactive
protein (hs-CRP) was positively associated with the BMI and waistline. In addition, the prevalence of dyslipidemia, hyperglycemia and
hypertension, and alanine transaminase (ALT) was also positively
correlated with hs-CRP (Fig. 1b). These ﬁndings suggested a close
relationship between inﬂammation and obesity, as well as obesityrelated metabolic disorders.
Compared with non-obese subjects, obese patients exhibited
hypertrophic adipocytes and hyperplasia of SVF in visceral adipose
tissue (Fig. 1c). Interestingly, we observed that the expression of
CD36 was signiﬁcantly increased in the SVF of visceral adipose tissue
of obese patients (Fig. 1c). Next, we found that the expression of
CD36 and Pref-1 (a marker of preadipocytes and mesenchymal precursors cells) [27,28] was increased in adipose tissue of obese
patients compared with those of non-obese subjects (Fig. 1d and e).
Moreover, the Pearson’s correlation and colocalization rates of CD36
and Pref-1 were higher in obese patients than in non-obese subjects
(Fig. 1e). These ﬁndings indicated that CD36 expression is increased
in Pref-1 positive cells in adipose tissue from obese patients.
3.2. Expression of CD36 in preadipocytes is induced in HFD-fed mice
accompanied with lysosomal impairment
We next investigated the role of CD36 in preadipocytes in obese
mice. Six-week-old C57BL/6J mice were fed a HFD or ND for 14 weeks.
Immunoﬂuorescence results showed that the relative ﬂuorescence
units (RFUs) of CD36 and Pref-1 were higher in the C57-HFD group

3.3. CD36KO protects lysosomal impairment in primary preadipocytes
from HFD-fed mice
We fed WT and CD36KO mice a HFD for 14 weeks and found that
the percentage of preadipocytes was visibly decreased in the
CD36KO-HFD group compared with the WT-HFD group (Fig. 3a).
Interestingly, the percentages of Lysotracker+ and Lysosensor+ preadipocytes were increased in the CD36KO-HFD group compared with
the WT-HFD group (Fig. 3b and c). These data suggested a protective
effect of CD36KO on lysosomal impairment in primary preadipocytes
from HFD-fed mice.
After 14 weeks of a HFD, compared with WT-HFD group, the
CD36KO-HFD group showed no signiﬁcant difference in body weight
and the ratio of adipose tissue weight to body weight (Fig. 3d and e).
Additionally, compared to the WT-HFD group, the CD36KO-HFD group
exhibited increased glucose tolerance and insulin sensitivity (Fig. 3f and
g). The expression of proinﬂammatory cytokines, including TNFa, IL-1b,
IL-6 and MCP-1, was increased in adipose tissue of the WT-HFD group
(Fig. 3h). However, CD36KO decreased the expression of inﬂammatory
cytokines in HFD-fed mice. HE and immunohistochemistry showed that
adipocytes were enlarged and the SVF was hyperplastic in adipose tissue of the WT-HFD group compared with those of the WT-ND group
and that these changes were accompanied by increased expression of
F4/80 (Fig. 3i). However, SVF size and F4/80 expression were observably
decreased in the CD36KO-HFD group. These results proved that
CD36KO attenuates adipose tissue inﬂammation and insulin resistance
(IR) in HFD-fed mice.
3.4. FFA upregulates CD36 expression and induces lysosomal
impairment, lipid accumulation and inﬂammation in 3T3L1
preadipocytes
Next, we used FFA (a mixture of PA and OA) to mimic HFD condition [30]. As shown in Fig. 4a, FFA (0.4 mM PA+0.2 mM OA) exhibited
no obvious toxicity effect on 3T3L1 preadipocytes. We found that FFA
time-dependently increased CD36 expression in 3T3L1 preadipocytes
(Fig. 4b). CD36 expression on the surface of 3T3L1 cells was signiﬁcantly increased after FFA treatment (Fig. 4c). Compared with those
in 3T3L1 preadipocytes without FFA treatment, lysosomal
impairment was induced in 3T3L1 preadipocytes with FFA treatment,
as evidenced by decreased median ﬂuorescence intensity (MFI) of
lysotracker and lysosensor (Fig. 4d). Moreover, 3T3L1 preadipocytes
treated with FFA for 60 h showed more lipid droplets than control
preadipocytes (Fig. 4e). The mRNA expression levels of inﬂammatory

patients (BMI28 kg/m2, n = 7). (a) The serum contents of hs-CRP according to the BMI or waistline quartiles. (b) Prevalence of hypertension (systolic blood pressure140 mmHg or
diastolic blood pressure90 mmHg), abnormal blood glucose (fasting blood glucose6.1 mmol/L) and dyslipidemia (total triglycerides1.7 mmol/L or cholesterol5.7 mmol/L or
high-density lipoprotein<1 mmol/L or low-density lipoprotein3.12 mmol/L) according to hs-CRP quartiles. *p < 0.05, compared with the ﬁrst quartile at the same time point;
#
p < 0.05, compared with the second quartile at the same time point; $p < 0.05, compared with the third quartile at the same time point. (c) HE staining and CD36 immunohistochemical staining of human adipose tissue. (d) Double immunoﬂuorescence staining for CD36 and Pref1 in sections of human adipose tissue. The arrow indicates the colocalization
area. (e) RFUs of CD36 and Pref-1. Pearson’s correlation and colocalization rate of CD36 and Pref1. The data are presented as the mean § SEM. Differences between the two groups
were statistically analyzed by Student’s t test. *p <0.05 compared with the non-obese group.
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Fig. 2. Expression of CD36 in preadipocytes is induced in HFD-fed mice accompanied with lysosomal impairment. C57BL/6J mice were fed a HFD (5 males and 5 females) or normal
diet (ND) (5 males and 5 females) for 14 weeks. (a) Double immunoﬂuorescence staining for CD36 and Pref1 in sections of mouse adipose tissue. The arrow indicates the colocalization area. (b) Preadipocytes (CD146 /CD34+ cells) in mouse adipose tissue were sorted by a FACScan ﬂow cytometer. CD36 expression (c) and lysosome function (d-e) in CD146 /
CD34+ cells were detected by a FACScan ﬂow cytomete. *p <0.05 compared with the C57-ND group.
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Fig. 3. CD36KO protects lysosomal impairment in primary preadipocytes from HFD-fed mice. WT mice were fed a HFD (n = 6) or ND (n = 6) for 14 weeks, and CD36KO mice were fed
a HFD (n = 6) for 14 weeks. (a) Preadipocytes (CD146 /CD34+ cells) in mouse adipose tissue were sorted by a FACScan ﬂow cytometer. (b and c) Lysosome function in CD146 /CD34+
cells were detected by a FACScan ﬂow cytometer. The body weight (d) and the ratio of adipose tissue weight to body weight (e) of WT-ND, WT-HFD and CD36KO-HFD mice after
feeding for 14 weeks. Intravenous glucose tolerance test results (f) and insulin tolerance test results intravenous (g) of WT-ND, WT-HFD and CD36KO-HFD mice after feeding for 14
weeks. (h) Relative mRNA expression of MCP1, TNF a, IL-6 and IL-1b in mouse adipose tissue. (i) Representative pictures of HE staining and F4/80 immunohistochemical staining in
mouse adipose tissue. *p <0.05 compared with the WT-ND group. #p <0.05 compared with the WT-HFD group.
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Fig. 4. FFA upregulates CD36 expression and induces lysosomal impairment, lipid accumulation and inﬂammation in 3T3L1 preadipocytes. (a) Cell viability assay in 3T3L1 preadipocytes treated with FFA for 60 h. (b) The relative protein expression of CD36 in 3T3L1 preadipocytes after treatment with FFA (0.4 mM PA+0.2 mM OA) for 15 h, 30 h and 60 h was
detected by western blotting (n=3). *p <0.05 compared with 0h. (c) CD36 expression in plasma membrane (PM) of 3T3L1 preadipocytes treated with FFA for 0h and 60 h was
detected by a FACScan ﬂow cytometer (n=3). (d) Lysosome function in 3T3L1 preadipocytes treated with FFA for 15 h and 60 h were detected by a FACScan ﬂow cytometer (n=3). (e)
BODIPY staining of 3T3L1 preadipocytes treated with or without FFA (FFA group or control (CTL) group) for 60 h (n=3). (f) Relative mRNA levels of MCP1, TNF a, IL-6 and IL-1b in
3T3L1 preadipocytes treated with FFA for 60 h (n=3). *p <0.05 compared with the CTL group.

cytokines, including MCP-1, IL-1b, IL-6 and TNFa, were also higher in
3T3L1 preadipocytes treated with FFA (Fig. 4f). These data indicated
that FFA upregulates CD36 expression in 3T3L1 preadipocytes and
that this upregulation is accompanied by lysosomal impairment, lipid
accumulation and inﬂammation.

3.5. Forced CD36 upregulation induces lipid accumulation and
inﬂammation in 3T3L1 preadipocytes
To further identify the role of CD36 in preadipocytes, we constructed wtCD36 OE preadipocyte lines and NC preadipocyte lines,
respectively. Activated NF-kB plays a key role in regulating inﬂammatory responses [31]. Compared with those in NC preadipocytes, the
expression levels of NF-kB p65, the ratio of caspase-1 p10 to pro-caspase-1 and the ratio of IL-1b to pro-IL-1b in wtCD36 OE preadipocytes were increased (Fig. 5a and b). Meanwhile, the mRNA
expression levels of inﬂammatory cytokines, including MCP-1, IL-1b,
IL-6 and TNFa were also higher in wtCD36 OE preadipocytes than in
NC preadipocytes (Fig. 5c). These data demonstrated that CD36

overexpression upregulates inﬂammatory response in 3T3L1 preadipocytes by activating NF-kB and the inﬂammasome.
Next, we cocultured THP-1 cells with preadipocytes and found
that the number of migrated THP-1 cells was signiﬁcantly increased
in wtCD36 OE preadipocytes compared with NC preadipocytes
(Fig. 5d), suggesting that wtCD36 OE in preadipocytes promoted cell
migration. Then, Oil Red O and BODIPY staining showed that lipid
accumulation was evident in wtCD36 OE preadipocytes compared
with NC preadipocytes (Fig. 5e). These results further demonstrated
that forced CD36 upregulation induces lipid accumulation and
inﬂammation in 3T3L1 preadipocytes.
3.6. Forced CD36 upregulation impairs lysosomal function and
lipophagy in 3T3L1 preadipocytes
As autophagy plays multiple roles in inﬂammatory responses and
lipid accumulation, we then examined whether forced CD36 upregulation in 3T3L1 preadipocytes can regulate autophagy. We observed
that the expression of P62 was increased in wtCD36 OE preadipocytes compared to NC preadipocytes (Fig. 6a). To further conﬁrm the
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Fig. 5. Forced CD36 upregulation induces lipid accumulation and inﬂammation in 3T3L1 preadipocytes were infected with a recombinant lentivirus containing CD36 cDNA (wtCD36
OE preadipocytes) or empty vector (NC preadipocytes) and these cells were selected with puromycin. (a) Western blot analysis of CD36, NF-kB p65, LaminB1, caspase-1, and IL-1b
in NC and wtCD36 OE preadipocytes (n=3). (b) The quantitative data of protein expression in A. (c) Relative mRNA levels of MCP1, TNF a, IL-6 and IL-1b in NC and wtCD36 OE preadipocytes (n=3). (d) Migration assay. A migration assay was performed by using Transwell migration chambers (8-mm pore size) to assess THP-1 cell migration co-cultured with the
3T3L1 preadipocyte lines (n=3). (e) BODIPY staining and oil red O staining of NC and wtCD36 OE preadipocytes (n=3). *p<0.05 compared with the NC group.

changes of autophagy ﬂux, we transfected 3T3L1 preadipocytes with
mRFP-GFP-LC3 adenoviral vectors. As shown in Fig. 6b, while the
puncta-like LC3 protein was predominantly red in NC preadipocytes,
those in wtCD36 OE preadipocytes tended to be yellow, suggesting
either a lower capacity of lysosomes in the quenching of green ﬂuorescence in lysosomes due to the elevated pH, or a block in the fusion

of autophagosomes with lysosomes (Fig. 6b). Moreover, wtCD36 OE
induced the lysosomal impairment, as evidenced by reduced MFI of
lysotracker and lysosensor in wtCD36 OE preadipocytes (Fig. 6c). We
further detected the location of lipids in lysosomes. There was
weaker colocalization of lysotracker and BODIPY in wtCD36 OE preadipocytes than in NC preadipocytes (Fig. 6d). These ﬁndings showed
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Fig. 6. Forced CD36 upregulation impairs lysosomal function and lipophagy in 3T3L1 preadipocytes. (a) Western blot analysis of P62 in NC and wtCD36 OE preadipocytes (n=3). (b)
Double ﬂuorescent staining of mRFP-GFP-LC3 fusion protein in NC and wtCD36 OE preadipocytes. (c) Lysosome function in NC and wtCD36 OE preadipocytes were detected by a
FACScan ﬂow cytometer (n=3). (d) Representative images showed double immunoﬂuorescence staining for BODIPY and Lysotracker in wtCD36 OE and NC preadipocytes. The arrow
indicates the colocalization area. *p<0.05 compared with the NC group.

that forced CD36 upregulation impairs lysosomal function and lipophagy in 3T3L1 preadipocytes.
3.7. Forced CD36 upregulation promotes IP3R1-mediated Ca2+ transport
from the ER to lysosomes in preadipocytes
Since lysosomal Ca2+ homeostasis plays an important role in the
maintenance of lysosomal function [32], we next investigated the effect
of CD36 on lysosomal Ca2+ homeostasis in preadipocytes. Oregon
GreenÒ 488 BAPTA-5N (OG-BAPTA-5N) is a Ca2+ indicator. We found
that there was a higher Pearson’s correlation coefﬁcient of lysotracker
and OG-BAPTA-5N in wtCD36 OE preadipocytes than in NC

preadipocytes (Fig. 7a). IP3Rs are Ca2+ release channels in the ER, and
Ca2+ released by IP3Rs can be rapidly, reversibly and selectively accumulated in lysosomes [33]. Three IP3R isoforms are expressed in mammals,
but IP3R1 is the most extensively studied isoform. Notably, the activation and phosphorylation (at Tyr353) of IP3R1 were signiﬁcantly
increased in wtCD36 OE preadipocytes compared to NC preadipocytes
(Fig. 7b). The IP3R antagonist 2-aminoethoxydiphenyl borate (2APB)
attenuated the lysosomal impairment induced by wtCD36 OE, as well as
the lipid accumulation and production of downstream mitochondrial
reactive oxygen species (ROS) (Fig. 7c f). Furthermore, 2APB suppressed the increased mRNA expression of inﬂammatory factors (MCP1, IL-1, IL-6, and TNF-a) induced by wtCD36 OE (Fig. 7g). These ﬁndings
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Fig. 7. Forced CD36 upregulation promotes IP3R1-mediated Ca2+ transport from the ER to lysosomes in preadipocytes. (a) Representative images showed double immunoﬂuorescence staining for OG-BAPTA-5N and lysotracker in wtCD36 OE and NC preadipocytes. (b) Western blot analysis of IP3R1 and P-IP3R1 (Tyr353) in wtCD36 OE preadipocytes and NC
preadipocytes (n=3). After wtCD36 OE preadipocytes were treated with or without 2APB (0.5 mM) for 1 h, lysosome function (c-d) were detected by a FACScan ﬂow cytometer
(n=3). (e) BODIPY staining (n=3). (f) Mitochondrial reactive oxygen species assay (n=3). (g) Relative mRNA levels of MCP1, TNF a, IL-6 and IL-1b. *p<0.05 compared with the NC
group (n=3). #p<0.05 compared with the wtCD36 OE group.
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presented evidence that forced CD36 upregulation promotes IP3R1
phosphorylation and activation, thus enhancing Ca2+ transport from ER
to lysosomes in preadipocytes.
3.8. CD36 coordinates with Fyn to phosphorylate IP3R1, inducing
lysosomal Ca2+ overload and inﬂammation in preadipocytes
Since CD36 can interact with Fyn kinase of the Src family, we
mutated the palmitoylation site of CD36 to weaken the binding of
CD36 to Fyn [26]. Co-IP experiments demonstrated that the interaction between CD36 and Fyn was signiﬁcantly reduced in mtΔCD36
OE preadipocytes compared with wtCD36 OE preadipocytes (Fig. 8a).
Moreover, the expression of phosphorylated IP3R1 was decreased in
mtΔCD36 OE preadipocytes compared with wtCD36OE preadipocytes, and this decrease in expression was accompanied by decreased
cytoplasmic basal Ca2+ levels, ER-released Ca2+ levels, and lysosomal
Ca2+ levels (Fig. 8b e). The Fyn inhibitor PP2 also inhibited the
increase in lysosomal Ca2+ levels induced by wtCD36 OE (Fig. 8e). Furthermore, the expression levels of NF-kB and IL-1b were signiﬁcantly
reduced in mtΔCD36 OE preadipocytes compared with wtCD36 OE
preadipocytes (Fig. 8f). These data showed that CD36 coordinates
with Fyn to phosphorylate IP3R1, inducing lysosomal Ca2+ overload
and inﬂammation in preadipocytes.
4. Discussion
Obesity has become a major global public health problem [34]. Previous studies have found that obesity markers, including BMI, waist circumference and percent body fat, are positively associated with hs-CRP.
Yoon K et al. revealed that compared with lower hs-CRP level, relatively
higher hs-CRP levels within the normal range may predict an increase
in the occurrence of metabolic syndrome. Here, we also found that
inﬂammation is associated with both the severity of obesity and the
risk of adverse outcomes in obesity-associated diseases. Together with
previous studies, our data demonstrated that inﬂammation is a common feature of obesity and links obesity to multiple metabolic diseases.
CD36 is a class B scavenger receptor involved in angiogenesis, atherosclerosis, and lipid metabolism [35]. In recent years, CD36 in adipocytes, macrophages and lymphocytes has been found to contribute
to adipose tissue inﬂammation. CD36 deﬁciency reduces inﬂammatory phenotype and improves insulin signaling in primary adipocytes
and macrophages isolated from HFD-fed mice [14]. Hematopoietic
deletion of CD36 reduces macrophage recruitment and inﬂammatory
proﬁle of white adipose tissue [36]. In addition, CD36 expression in
adipose T cells is increased in obese mice [37]. The accumulation of
macrophages and T cells in adipose tissue was decreased in CD36
deﬁcient mice with HFD [13]. In present study, we found that CD36
expression was upregulated in Pref-1 positive cells in adipose tissue
of obese patients and HFD-fed mice, suggesting that CD36 expression
was signiﬁcantly induced in the SVF, but not in mature adipocytes.
One possible explanation is that CD36 expression is already high in
mature adipocytes. Then, we used CD146 and CD34 to characterize
preadipocytes [29]. We found that the number of preadipocytes
(CD146 /CD34+ cells) was increased in HFD-induced obese mice and
that the number of preadipocytes was decreased in CD36KO mice
with HFD. Furthermore, we used FFA to mimic the HFD condition and
found that FFA induced CD36 expression in 3T3L1 preadipocytes in a
time-dependent manner, which may at least partly, due to PAinduced increase of translational efﬁciency of CD36 protein, as we
previously described [38]. Thus, we provide ﬁne evidence supporting
that preadipocytes CD36 is induced under obese conditions.
Our data also showed that HFD induced lysosomal impairment in
primary preadipocytes. Both FFA treatment and the forced upregulation of CD36 caused lysosomal impairment and inﬂammation in
3T3L1 preadipocytes. Interestingly, CD36 deﬁciency protected HFDinduced lysosomal impairment in preadipocytes, accompanied with

improved adipose tissue inﬂammation and IR in vivo. Thus, our data
provide several lines of evidence that the pathological increase of
CD36 in preadipocytes may contribute to the development of obesity-induced lysosomal impairment and inﬂammation. Interestingly,
these events may not occur when CD36 is physiologically upregulated during the process of preadipocytes differentiation into adipocytes [39,40]. Moreover, due to the lack of preadipocyte-speciﬁc
CD36KO mice, we do not observe the direct effects of preadipocytes
CD36 in adipose tissue inﬂammation and obesity-related disorders in
vivo. Further studies are required to achieve a fuller understanding of
the role played by preadipocytes CD36 in the regulation of differentiation and adipose tissue inﬂammation.
The lysosome is a highly membrane-bound organelle that is
important in protein degradation, cell signal transduction and inﬂammation [41]. Mounting evidence has demonstrated the lysosomal
pathway as a key player in regulating the inﬂammatory response
[42]. Lysosomal rupture triggers inﬂammasome activation in macrophages via the TAK1-JNK pathway [43]. Lysosomal destabilization
also activates the inﬂammasome pathway, which promotes the production of IL-6 and IL-8 in an autocrine manner in human umbilical
vein endothelial cells [44]. Moreover, the lysosome acts as an important intracellular Ca2+ reservoir, and Ca2+ homeostasis is important
for the maintenance of lysosomal functions [33].
In this study, we found that the Ca2+ level in lysosomes was signiﬁcantly increased in wtCD36 OE preadipocytes compared with NC preadipocytes. Recent studies have suggested that lysosomes rapidly,
reversibly and selectively accumulate Ca2+ released by IP3Rs, key Ca2+
release channels in the ER [45]. Antagonists of IP3Rs rapidly and
completely block Ca2+ reﬁlling of lysosomes, suggesting that IP3Rmediated ER release serves as a direct and primary source of Ca2+ for
the lysosome [46]. In mammals, there are three IP3R isoforms, namely,
IP3R type 1 (IP3R1), IP3R type 2 (IP3R2), and IP3R type 3 (IP3R3), and
IP3R1 is the most extensively studied isoform. Here, we also demonstrated that CD36 upregulation promoted the expression of phosphorylated IP3R1 and the release of Ca2+ from the ER in preadipocytes. In
addition, 2APB (an IP3R inhibitor) restored lysosomal function, reducing
lipid accumulation and the inﬂammatory response in wtCD36 OE preadipocytes. These results suggested that CD36 activates IP3R1 to promote ER-lysosomal Ca2+ transport, leading to lysosomal impairment.
Moreover, our data supported that improving lysosomal Ca2+ homeostasis, such as the use of 2APB, is a compelling therapeutic approach in
treating obesity-induced inﬂammation and obesity-related diseases.
The conductance of IP3R1 in the ER requires the activity of Src
family kinases, such as Fyn. Although Fyn can probably phosphorylate more than one site on IP3R1, most of the phosphorylation
occurs at a single site, i.e., Tyr353. In this study, we found that CD36
upregulation induced the phosphorylation (Tyr353) and activation
of IP3R1 in preadipocytes. CD36 is crucial for Fyn activation and
downstream signaling. The inhibition of CD36 palmitoylation
decreases the CD36/Fyn complex in HepG2 cells [26]. Here, we
mutated the palmitoylation site of CD36 to obtain a mutant
(mtΔCD36 OE). The interaction of CD36 with Fyn was observably
decreased in the mtΔCD36 group compared with the wtCD36 group.
Interestingly, the phosphorylation and activation of IP3R1 (Tyr353)
were signiﬁcantly decreased in the mtΔCD36 group, resulting in
reduced Ca2+ release from the ER. Consequently, lysosomal Ca2+ was
reduced in the mtΔCD36 group and the wtCD36 group treated with
PP2 (an inhibitor of Fyn). Moreover, the expression levels of inﬂammatory cytokines in the mtΔCD36 group were decreased compared
with those in the respective controls.
In summary, our ﬁndings provide evidence supporting that the
abnormal upregulation of CD36 in preadipocytes may contribute to
the pathogenesis of obesity-induced lysosomal impairment and
inﬂammation. CD36/Fyn/IP3R1-mediated lysosomal Ca2+ overload in
preadipocytes may be a potential new mechanism for obesity-related
inﬂammation. Moreover, IP3R inhibitor 2APB attenuated lysosomal
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Fig. 8. CD36 coordinates with Fyn to phosphorylate IP3R1, inducing lysosomal Ca2+ overload and inﬂammation in preadipocytes. We constructed a lentivirus containing CD36 with
a palmitoylation site mutation and infected the 3T3L1 cells with lentivirus (mtΔCD36 OE preadipocytes). (a) Co-IP for CD36 and Fyn in wtCD36 OE preadipocytes and mtΔCD36 OE
preadipocytes (n=3). (b) Western blot analysis of IP3R1 and P-IP3R1 (Tyr353) in wtCD36 OE preadipocytes and mtΔCD36 OE preadipocytes (n=3). (c) Cells were incubated for 30
min in the presence of 0.5 mM ﬂuo-4 AM, a Ca2+ indicator dye, to detect total intracellular Ca2+ (n=3). (d) ER Ca2+ release assay. Cells were incubated with ﬂuo-4 AM (0.5 mM) for 30
min. Intracellular Ca2+ was monitored prior to and following exposure to 1 mM thapsigargin (n=3). (e) Representative images showed double immunoﬂuorescence staining for OGBAPTA-5N and Lysotracker in NC preadipocytes, wtCD36 OE preadipocytes (treated with or without PP2) and mtΔCD36 OE preadipocytes. (f) Western blot analysis of NF-kB and IL1b in wtCD36 OE preadipocytes and mtΔCD36 OE preadipocytes (n=3). *p<0.05 compared with the NC group. #p<0.05 compared with the wtCD36 OE group.
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impairment, inﬂammation and lipid accumulation in wtCD36 OE preadipocytes. Thus we proposed that improving lysosomal Ca2+ homeostasis in particular in preadipocytes, as exempliﬁed by the use of
2APB, represents a novel strategy for treating adipose tissue inﬂammation and obesity-related diseases.
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