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Celastrol induces lipophagy via the LXRα/ABCA1 pathway in
clear cell renal cell carcinoma
Chan-juan Zhang1, Neng Zhu2, Jia Long1, Hong-tao Wu3, Yu-xiang Wang1, Bi-yuan Liu4, Duan-fang Liao1 and Li Qin1

Celastrol is a triterpene derived from the traditional Chinese medicine Tripterygium wilfordii Hook f, which displays potential
anticancer activity. In the present study, we investigated the anticancer effects of celastrol against clear cell renal cell carcinoma
(ccRCC) and the underlying mechanisms. Using Cancer Genome Atlas (TCGA) database and genotype-tissue expression (GTEx)
database we conducted a bioinformatics analysis, which showed that the mRNA levels of liver-X receptors α (LXRα) and ATP-
binding cassette transporter A1 (ABCA1) in ccRCC tissues were significantly lower than those in adjacent normal tissues. This result
was confirmed by immunoblotting analysis of 4 ccRCC clinical specimens, which showed that the protein expression of LXRα and
ABCA1 was downregulated. Similar results were obtained in a panel of ccRCC cell lines (786-O, A498, SN12C, and OS-RC-2). In 786-O
and SN12C cells, treatment with celastrol (0.25–2.0 μM) concentration-dependently inhibited the cell proliferation, migration, and
invasion as well as the epithelial-mesenchymal transition (EMT) process. Furthermore, we demonstrated that celastrol inhibited the
invasion of 786-O cells through reducing lipid accumulation; celastrol concentration-dependently promoted autophagy to reduce
lipid storage. Moreover, we revealed that celastrol dramatically activated LXRα signaling, and degraded lipid droplets by inducing
lipophagy in 786-O cells. Finally, celastrol promoted cholesterol efflux from 786-O cells via ABCA1. In high-fat diet-promoted ccRCC
cell line 786-O xenograft model, administration of celastrol (0.25, 0.5, 1.0 mg·kg−1·d−1, for 4 weeks, i.p.) dose-dependently inhibited
the tumor growth with upregulated LXRα and ABCA1 protein in tumor tissue. In conclusion, this study reveals that celastrol triggers
lipophagy in ccRCC by activating LXRα, promotes ABCA1-mediated cholesterol efflux, suppresses EMT progress, and ultimately
inhibits cell proliferation, migration, and invasion as well as tumor growth. Thus, our study provides evidence that celastrol can be
used as a lipid metabolism-based anticancer therapeutic approach.
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INTRODUCTION
As the most commonly occurring form of primary renal tumor,
renal cell carcinoma (RCC) is a malignancy with a high mortality
rate [1]. Clear cell renal cell carcinoma (ccRCC) is the most
prevalent histological subtype of RCC, accounting for ~75% of
RCCs [2]. Nearly 35% of ccRCC patients who have local invasion or
distant metastasis after nephrectomy need further chemotherapy
or radiotherapy. Unfortunately, ccRCC is not sensitive to current
chemotherapy and radiotherapy modalities [3]. Therefore, it is
critical to recognize the underlying pathogenesis of ccRCC, as this
understanding can facilitate the development of reliable biomar-
kers and more effective therapeutic strategies.
Our previous study revealed that abnormal lipid metabolism

promoted carcinogenesis, invasion, and metastasis [4]. A defining
morphological hallmark of ccRCC is abnormal cytoplasmic
accumulation of lipids, including cholesterol, cholesterol esters,
and neutral lipids, a characteristic leading to the name “clear cell”
[5]. Excess lipids in cancer cells are stored in lipid droplets (LDs),
and high levels of LDs are considered a hallmark of cancer

aggressiveness [6, 7]. Thus, targeting lipid metabolism may play a
significant role in ccRCC. Accumulating evidence indicates that
lipid metabolism is also an important regulator of epithelial-
mesenchymal transition (EMT) [8]. Moreover, inhibition of
autophagy promotes EMT and alters the metabolic phenotype
of gastric cancer cells [9]. “Lipophagy” is a type of autophagy in
which LDs are selectively delivered for lysosomal degradation
[10]. The regulatory and functional similarities between autop-
hagy and lipolysis, along with the capability of lysosomes to
degrade lipids, indicate that autophagy may contribute to LD
degradation.
Liver-X receptor α (LXRα, also called NR1H3) has been shown to

be an important regulator in several cancers, including breast
cancer and prostate cancer, through inhibition of tumorigenic
phenotypes such as proliferation and survival [11–13]. LXRα is a
member of the nuclear hormone receptor family of transcription
factors. LXRα plays a critical role in maintaining lipid homeostasis
through regulation of the expression of various target genes
involved in lipid uptake, storage, catabolism, and transport [14]. In
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particular, LXRα activates the expression of ATP-binding cassette
transporter A1 (ABCA1), which accelerates lipid efflux [13, 15, 16].
Ouimet et al. clarified that autophagy-mediated lipid efflux is
closely linked to ABCA1, and ABCA1 is linked to endosomal/
lysosomal cholesterol pools [17].
In recent years, the triterpene celastrol, an active ingredient

initially isolated from the roots of the traditional Chinese herb
Tripterygium wilfordii Hook f., has attracted widespread atten-
tion, especially for its potential antitumor properties in various
cancers, including gastric carcinoma, nasopharyngeal carci-
noma, and hepatocellular carcinoma [18–20]. Celastrol has been
identified as a leptin sensitizer and potential novel treatment for
obesity [21]. Celastrol-treated mice exhibit a decrease in liver
weight due to reduced triglyceride (TG) accumulation [16].
However, whether LXRα and ABCA1 mediate the effects of
celastrol on lipophagy and EMT in ccRCC remains elusive. In the
present study, we investigated the role of celastrol in EMT
process of ccRCC and reported that celastrol promoted
lipophagy via the LXRα/ABCA1 pathway, thereby inhibiting
tumor growth of ccRCC.

MATERIALS AND METHODS
Drugs and chemicals
Celastrol (No. C0869), atorvastatin (No. PZ0001), β-cyclodextrin (β-
CD; No. C4767), and 3-methyladenine (3-MA; No. M9281) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Oxidized low-
density lipoprotein (Ox-LDL; No. YB-002-1) was purchased from
Yiyuan Biotechnology (Guangzhou, China). T0901317 (No.
ab142808) was purchased from Abcam (Cambridge, MA, USA).
GSK2033 (No. HY-108688) was purchased from MedChemExpress
LLC (Monmouth Junction, NJ, USA).

Human ccRCC clinical specimens
A total of 4 fresh frozen ccRCC patient samples acquired at the
Second XiangYa Hospital of Central South University between
2017 and 2019 were obtained. The samples included both cancer
tissue and adjacent normal tissue (1 cm away from the margin of
the tumor tissues). No included patient had a history of adjuvant
therapy (chemotherapy or radiotherapy), and informed consent
was obtained prior to surgery. The use of these samples was
ratified by the Declaration of Helsinki and the Ethics Committee of
Hunan University of Chinese Medicine.

Cell culture
Human ccRCC cell lines (786-O, A498, SN12C, and OS-RC-2) and a
renal epithelial cell line (HK-2) were obtained from the Cell Bank of
the Chinese Academy of Sciences (Shanghai, China). ccRCC cells
were cultured in RPMI-1640 medium (Gibco, Grand Island, NY,
USA) supplemented with 10% fetal bovine serum (FBS; Gibco,
Grand Island, NY, USA) and 1% penicillin/streptomycin (Gibco,
Grand Island, NY, USA). Dulbecco’s modified Eagle’s medium
(DMEM; Gibco, Grand Island, NY, USA) containing 10% FBS and 1%
streptomycin-penicillin was used for HK-2 cell culture. All cells
were maintained at 37 °C in a humidified atmosphere with 5%
CO2.

Small interfering RNAs (siRNAs) and transfection
Three double-stranded siRNAs targeting ABCA1 and a negative
control siRNA were designed and synthesized by Sangon Biotech
(Shanghai, China) and transfected into 786-O cells using
Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA, USA) following
the manufacturer’s guidelines.

Immunoblotting analysis
Cell lysates were extracted in radioimmunoprecipitation assay
(RIPA; Cwbiotech, China) buffer containing protease inhibitor
cocktail (Cwbiotech, China). Protein concentrations were

determined with a BCA™ Protein Assay Kit according to the
protocol provided by the manufacturer (Cwbiotech, China).
Proteins (20 μL) loaded in each lane were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and were then
transferred to a polyvinylidene difluoride (PVDF; Merck Millipore,
Billerica, MA, USA) membrane. After blocking with 5% skim milk
for 2 h, the PVDF membranes were incubated first with a primary
antibody overnight at 4 °C and then with a secondary antibody for
1.5 h. Protein bands were detected using an imaging system
(Tanon, China).

Quantitative real-time PCR (qRT-PCR)
Total RNA was extracted using TRIzol reagent (No. 15596018,
Invitrogen, Carlsbad, California, USA) and was then treated with
RNase-free DNase I (No. 10977015 Invitrogen, Carlsbad, California,
USA). Total RNA (0.5 μg) was reverse transcribed using an RNA LA
PCR Kit (Thermo Fisher Scientific, Waltham, MA, USA), and qPCR
was performed in an ABI 7500 Real-Time fluorescence quantitative
PCR instrument (ABI, Waltham, MA, USA). GAPDH was used as the
internal control.

Cell Counting kit-8 assay (CCK-8)
Cell viability was evaluated using the CCK-8 kit (Beyotime, China)
according to the manufacturer’s instructions. Cells were seeded in
96-well flat bottom microtiter plates at a density of 5 × 103 cells
per well. The absorbance was measured on a microplate reader
(Synergy HT, Bio-Tek, Biotek Winooski, Vermont, USA) at 450 nm.

Wound healing assay
A wound was created in the center of the cell monolayer with a
sterile plastic pipette tip after treatment for 24 h. The migration
ability of ccRCC cells was assessed by comparing several marked
points along the wounded area in the 0, 6, 12, and 24 h
micrographs. The percentage of healed wound area was
calculated by dividing the healed area after 0, 6, 12, or 24 h by
the initial wound area at time zero.

Transwell invasion assay
The transwell invasion assay was performed using transwell inserts
containing a polycarbonate membrane (Corning Incorporated,
Corning, NY, USA) coated with Matrigel (BD, Franklin Lakes, NJ,
USA). A total of 2 × 105 cells were placed in the upper chamber
with RPMI-1640 containing 1% FBS, while the lower chamber was
filled with RPMI-1640 containing 10% FBS. The cells that passed
through the membrane were fixed with methanol and stained
with hematoxylin (Solarbio, China). The invaded area was
measured in 5 randomly selected fields using Image Pro Plus
6.0 software (Media Cybernetics, USA).

Oil Red O staining
Oil Red O staining was used to evaluate the cholesterol content.
Fresh tumor tissues harvested from mice after sacrifice were
immediately fixed with 4% paraformaldehyde (PFA) and were then
mounted in OCT compound (Tissue-Tek, Torrance, CA, USA) and
frozen at −20 °C. Cryosections (8 µm thick) were then cut and
mounted on glass slides for Oil Red O staining (Solarbio, China). In
brief, frozen sections were placed in 60% isopropanol for 5 min
and were then stained with Oil Red O solution for 20 min. Sections
were then rinsed with PBS and counterstained with hematoxylin.
Images were acquired with an inverted phase contrast microscope
(Olympus DP73, TH4-200, Tokyo, Japan). The cholesterol content
was quantified with Image Pro Plus 6.0 software (Media
Cybernetics, USA).
To evaluate the cholesterol content in 786-O cells, cells were

first fixed with 4% PFA and then stained with Oil Red O solution
for 20 min. Hematoxylin was used as a counterstaining dye, and
cells were imaged with an inverted phase contrast microscope
(Olympus DP73, TH4-200, Tokyo, Japan).
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DiI-ox-LDL staining assay
786-O cells were subjected to the same conditions as described
above prior to treatment with 5 µg/mL DiI-ox-LDL for 4 h. Slides
were stained with 4’,6’-diamidino-2-phenylindole dihydrochloride
(DAPI). After incubation, accumulation of DiI-ox-LDL in cells was
determined by measuring the fluorescence intensity with a
fluorescence microscope, and images were acquired with an
inverted phase contrast microscope (Olympus DP73, TH4-200,
Tokyo, Japan). The fluorescence intensity was quantified in at least
3 random fields per slide.

Lipid analysis by high-performance liquid chromatography (HPLC)
Cells were placed in 0.9% NaCl solution on ice and homogenized
by sonication for 10 s. Subsequently, an equal volume of freshly
prepared cold (−20 °C) potassium hydroxide in ethanol (150 g/L)
was added to the supernatant of each cell lysate. The mixture was
vortexed until a clear solution was obtained. Then, an equal
volume of solvent (hexane/isopropanol of 3:2, v/v) was added, and
the mixture was first vortexed for 5 min and then centrifuged at
800 × g for 5 min. The organic phases were collected and dried in
a SpeedVac. Each organic phase was then dissolved in 100 μL of
isopropanol/acetonitrile (20:80, v/v) and placed in an ultrasonic
water bath at 25 °C for 5 min. Finally, the samples were subjected
to HPLC analysis (Agilent 1100; Agilent Technologies, Santa Clara,
CA, USA). HPLC was performed using a Hypersil C18 column with
isopropanol/acetonitrile (20:80, v/v) as the eluent at a flow rate of
1 mL/min.

BODIPY-cholesterol assay
We examined cholesterol efflux using BODIPY-cholesterol (No.
GC42964, Glpbio, Montclair, CA, USA). Cells were cultured in
serum-free medium containing 0.1 mL of labeling medium for 1 h.
Cells were washed twice with MEM-HEPES and were then cultured
in serum-free medium containing treatment factors for 24 h. After
centrifugation at 12,000 × g for 10 min, the liquid supernatant was
collected, and the fluorescence intensity value, which represented
the total cholesterol (TC) efflux, was recorded using a fluorescence
photometer (excitation 482 nm, emission 515 nm).

Autophagic flux analysis
786-O cells were transiently transfected with monomeric red
fluorescent protein (mRFP)-green fluorescent protein (GFP)-LC3
adenovirus to examine the formation of fluorescent puncta
indicating autophagosomes. Cells were cultured in 24-well plates
and transfected with 0.8 μg/well mRFP-EGFP-LC3 adenovirus using
LipofectamineTM 2000 (Invitrogen, Carlsbad, California, USA). After
transfection, cells were treated with or without 1.0 μM celastrol for
24 h and were then incubated with DAPI for 15 min. Image
acquisition was performed using a confocal laser scanning
microscope (Leica, Wetzlar, Germany).

Transmission electron microscopy (TEM)
786-O cells were fixed with 1.6% glutaraldehyde prior to
postfixation in osmium tetroxide and uranyl acetate en bloc
staining. Samples were processed and embedded in Spurr’s epoxy
resin, thin sectioned, and counterstained with lead citrate. Digital
images were acquired with a Hitachi HT7700 TEM (Hitachi, Tokyo,
Japan).

Subcutaneous xenograft experiment
Animal experiments were approved by the Animal Care and Use
Committee at Hunan University of Chinese Medicine. The two
main defects of BALB/c nude mice are failure of hair growth and
hypoplasia of the thymic epithelium due to developmental failure
of the thymic anlage. BALB/c nude mice also have a poor response
to thymus-dependent antigens because of a defect in helper T-cell
activity. Male BALB/c nude mice (Slac, SCXK(Xiang)2014-0002,

4 weeks old) were injected subcutaneously with 5 × 106 786-O
cells. Cells were resuspended in ice-cold PBS in a final per-injection
volume of 200 μL. Tumor volumes were recorded at the indicated
time points by measuring the tumors with calipers and calculating
the volumes with the formula L×W2/2 (L is the length of the longer
axis and W is the length of the shorter axis). BALB/c nude mice
(n= 4) were randomly assigned to the control, high-fat diet (HFD),
celastrol (0.25, 0.5, 1.0 mg/kg, i.p.) or atorvastatin (1.5 mg/kg, i.g.)
group. Mice in the control group were fed a normal diet. The HFD
and treatment groups were fed an HFD (1.0% cholesterol, 0.4%
hyocholic acid, 10.0% lard, and 87.6% common feed). After
4 weeks of treatment with the corresponding medicine, tumors
were harvested for further analyses.

Plasma biochemical analysis
Blood was collected after 4 weeks of treatment with the
corresponding medicine into heparinized tubes. Biochemical
parameters, including plasma TC, TG, LDL, and very low density
lipoprotein (VLDL) levels, were measured using an autoanalyzer
(Beckman Coulter, Miami, FL, USA).

Histology and immunohistochemistry analysis
Tissues were fixed with 4% PFA and processed for histologic
examination by steps including embedding in paraffin, sectioning,
and staining with hematoxylin and eosin (H&E). The samples were
then observed under an optical microscope (40×) (Olympus,
Tokyo, Japan).
Four-micrometer sections from selected paraffin blocks of each

specimen were used for immunohistochemical analysis. Sections
were first incubated overnight at 4 °С with each primary antibody
and then incubated for 1 h at room temperature with secondary
antibodies. Proteins were visualized using EnVision Detection
Systems (Dako Japan, Tokyo, Japan). Immunochemical results
were evaluated by an experienced pathologist with a semiquanti-
tative approach assigning an H-score (or “Histoscore”) to the
tumor sample. The percentage of tumor cells was determined for
each different nuclear staining intensity (0/+/++/+++), and the
sum of the individual H-scores for each intensity level was then
calculated using the following equation: H-score = 1 × (% of cells
with an intensity of 1+ ) + 2 × (% of cells with an intensity of 2+ )
+ 3 × (% of cells with an intensity of 3+ ).

Statistical analysis
All values are expressed as means ± SDs. All experiments were
performed at least three times. Single comparisons and multiple
comparisons were performed by Student’s t test and one-way
ANOVA, respectively. P < 0.05 was considered to indicate a
significant difference. GraphPad Prism (Version 6.0; La Jolla, CA,
USA) was used for statistical analysis.

RESULTS
LXRα and ABCA1 expression was decreased in ccRCC
The mRNA expression levels of LXRα and ABCA1 in primary ccRCC
tumors and normal tissues were obtained from the TCGA_KIRC
and GTEx_KIRC datasets. Bioinformatic analysis indicated that the
mRNA expression levels of both LXRα and ABCA1 in ccRCC tissues
were lower than those in adjacent normal tissues (Fig. 1a). To
verify LXRα and ABCA1 expression levels in ccRCC tissues and
matched adjacent normal tissues, we extracted protein for
immunoblotting. Our results indicated that the protein expression
levels of LXRα and ABCA1 were decreased in ccRCC tissues
(Fig. 1b, c). We further examined the expression of LXRα and
ABCA1 in a panel of ccRCC cell lines (786-O, A498, SN12C, and OS-
RC-2) relative to HK-2 cells. The results showed that compared
with those in HK-2 cells, the mRNA and protein levels of LXRα and
ABCA1 in ccRCC cells were reduced (Fig. 1d, e). These findings
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revealed that the expression of LXRα and ABCA1 was decreased in
ccRCC tissues and cell lines; these molecules could be potential
biomarkers for ccRCC diagnosis and treatment.

Celastrol inhibited the invasion and migration of ccRCC cells
To investigate the anti-proliferative activity and cytotoxicity of
celastrol in ccRCC cells, 786-O and SN12C cells were treated with
celastrol (0, 0.25, 0.5, 1.0, 1.5, and 2.0 μM) for 12 h, 24 h and 48 h.
Celastrol inhibited the growth of ccRCC cells in time- and dose-
dependent manners (Fig. 2a, Supplementary Fig. S1a). We found
that celastrol dose-dependently inhibited cell migration and
invasion (Fig. 2b–d, Supplementary Fig. S2b-d), and this result
was also confirmed by the increased E-cadherin (E-cad) and
decreased vimentin (Vim) and matrix metalloproteinase 2 (MMP-2)
expression levels in 786-O and SN12C cells (Fig. 2e, Supplementary

Fig. S1e). Based on these findings, 1.0 μM celastrol was selected for
subsequent experiments.

Celastrol inhibited the invasion of ccRCC cells by reducing lipid
accumulation
Accumulation of lipids is crucial for cancer cells to support their
highly proliferative growth [22]. Next, we examined alterations in
lipid metabolism by using Oil Red O staining and HPLC. The results
showed that celastrol inhibited lipid accumulation (Fig. 3a) and
reduced the TC, TG and CE levels in 786-O cells (Fig. 3b).
Furthermore, we found that celastrol upregulated the protein and
mRNA expression of LXRα and ABCA1 (Fig. 3c, Supplementary
Fig. S2a).
To verify whether celastrol inhibited the invasion of ccRCC cells

by regulating lipid metabolism, 786-O cells were treated with

Fig. 1 The expression of LXRα and ABCA1 was upregulated in ccRCC. a The mRNA levels of LXRα and ABCA1 in ccRCC samples were
obtained from the Cancer Genome Atlas (TCGA)_KIRC and Genotype-Tissue Expression (GTEx)_KIRC datasets. b Protein expression levels and
(c) statistical analysis of LXRα and ABCA1 in ccRCC tissues and adjacent normal tissues. *P < 0.05, **P < 0.01 vs. control. d, e The mRNA and
protein expression levels of LXRα and ABCA1 in HK-2 and ccRCC cell lines (786-O, A498, SN12C, and OS-RC-2) were measured by qRT-PCR and
Western blotting, respectively. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the internal control. *P < 0.05, **P < 0.01,
***P < 0.001 vs. control.
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Fig. 2 Celastrol (CeT) reduced the migratory and invasive capacities of ccRCC cells. a 786-O cells were pretreated with celastrol (0, 0.25, 0.5,
1.0, 1.5, and 2.0 μM) for different times (12, 24, and 48 h). Cell viability was measured by a CCK-8 assay in cells treated at various concentrations
and different times. 24 h: ***P < 0.001 vs. control. 48 h: ###P < 0.001 vs. control. b Representative images of the wound area at 0, 6, 12, and 24 h
after wounding and (c) quantification of the effect of celastrol (0, 0.25, 0.5, and 1.0 μM) or atorvastatin (ATV, 5.0 μM) on 786-O cell motility. Scale
bars: 50 μm. 24 h: *P < 0.05, **P < 0.01 vs. control. 48 h: ##P < 0.01, ###P < 0.001 vs. control. d The invasive ability of 786-O cells treated with
celastrol for 24 h was evaluated by a transwell assay. Scale bars: 50 μm. **P < 0.01, ***P < 0.001 vs. control. e 786-O cells were treated with
celastrol for 24 h. The expression levels of EMT-associated proteins (E-cad, Vim, MMP-2) were analyzed by Western blotting. GAPDH was used as
the internal control. *P < 0.05, **P < 0.01 vs. control.
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Fig. 3 Celastrol inhibited lipid accumulation in ccRCC cells and regulated lipid metabolism-related gene expression. a Representative
images of 786-O cells treated with celastrol (0, 0.25, 0.5, 1.0 μM) and ATV stained with Oil Red O and counterstained with hematoxylin to
visualize nuclei. Scale bar: 100 μm. b The TC, FC, and CE contents in 786-O cells treated with celastrol (0, 0.25, 0.5, 1.0 μM) were determined by
HPLC. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control. c The protein levels of LXRα and ABCA1 were analyzed by Western blotting. 786-O cells were
pretreated with celastrol (0, 0.25, 0.5, 1.0 μM) for 24h. GAPDH was used as the internal control. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control. (d)
Oil Red O staining of 786-O cells after treatment with celastrol (1.0 μM) and ox-LDL (100 μg/mL) for 24 h. *P < 0.05 vs. control. ##P < 0.01 vs. ox-
LDL. e DiI-ox-LDL staining in 786-O cells was assessed in the presence of celastrol and ox-LDL, and the DiI fluorescence intensity was
quantified with Image Pro Plus. *P < 0.05 vs. control. #P < 0.05 vs. ox-LDL. f The protein expression levels of ABCA1, LXRα, E-cad, Vim and MMP-2
were evaluated by Western blot analysis. 786-O cells were pretreated with celastrol and ox-LDL. GAPDH was used as the internal control. *P <
0.05, **P < 0.01, ***P < 0.001 vs. control. #P < 0.05, ##P < 0.01 vs. ox-LDL.
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celastrol (1.0 μM) or β-CD (10 μM) for 24 h. The results showed that
both celastrol and β-CD reduced lipid accumulation (Supplemen-
tary Fig. S2b). In addition, both celastrol and β-CD upregulated the
protein expression of LXRα, ABCA1 and E-cad and downregulated
the expression of Vim and MMP-2 (Supplementary Fig. S2c).
Conversely, we used ox-LDL (100 μg/mL) to establish a lipid-
loaded model. Celastrol significantly abolished lipid accumulation
and reduced the DiI-derived fluorescence intensity induced by ox-
LDL (Fig. 3d, e). Moreover, ox-LDL reduced the levels of LXRα,
ABCA1, and E-cad and elevated the levels of Vim and MMP-2,
whereas celastrol produced the opposite effects (Fig. 3f). Taken
together, these results indicated that celastrol inhibited the
invasion of ccRCC cells by reducing lipid accumulation.

Celastrol triggered autophagy to reduce lipid storage
It has been reported that autophagy is a potential cell survival
mechanism in ccRCC cells [23]. We then determined whether
celastrol could contribute to the induction of autophagy. Western
blot analysis revealed that celastrol significantly induced LC3-I to
LC3-II conversion (a marker for autophagy) and reduced the level
of p62 (an autophagic degradation protein) and the p-mTOR/
mTOR ratio (indicating inhibition of autophagy) (Fig. 4a). When
786-O cells were exposed to ox-LDL for 12 h, they responded with
an increased LC3-II/I ratio along with a decreased p62 level and p-
mTOR/mTOR ratio (Fig. 4b). However, after 786-O cells were
exposed to ox-LDL for 24 h, the level of LC3-I to LC3-II conversion
was decreased, while the p62 level was increased (Fig. 4b). 3-
Methyladenine (3-MA), an autophagy inhibitor, significantly
increases lipid storage. As expected, 3-MA (2 mM) promoted lipid
accumulation, and this promotion was inhibited by celastrol
(Fig. 4c, d). 3-MA also increased the TC, FC, and CE contents, and
this effect was reversed by celastrol (Supplementary Fig. S3a).
Subsequently, we monitored autophagic flux using mRFP-GFP-LC3
adenovirus. Because GFP is sensitive to acidic conditions, GFP
fluorescence is quenched when autophagosomes fuse with
lysosomes, and only red fluorescence can be detected [24]. The
simultaneous appearance of GFP and mRFP fluorescence indi-
cated that the autophagosomes were not bound to lysosomes.
Ox-LDL and 3-MA significantly impaired the formation of
autophagosomes (yellow puncta in merged images). Celastrol
enhanced autophagosome formation (Fig. 4e). Next, cells were
incubated with rapamycin (Rap, a general inducer of autophagy).
Rap restored autophagic flux after ox-LDL treatment by enhancing
autophagosome formation, as indicated by the increase in yellow
puncta (Fig. 4e). In addition, we observed increases in the ABCA1
and E-cad levels and the LC3-II/I ratio, as well as reductions in the
Vim and p62 levels and the p-mTOR/mTOR ratio following
exposure to celastrol and 3-MA (Supplementary Fig. S3b). There-
fore, these results showed that the induction of autophagy by
celastrol contributed to reducing lipid storage.

Celastrol induced lipophagy through activation of LXRα signaling
An LXRα agonist (T0901317) and an LXRα antagonist (GSK2033)
were used to determine whether celastrol induces lipophagy via
LXRα signaling. Although treatment with T0901317 (500 nM) alone
had no effect, its combination with celastrol resulted in a
reduction in lipid storage (Supplementary Fig. S4a). We further
measured the levels of downstream targets of LXRα, such as
ABCA1, ABCG1 and SREBP-1c. Interestingly, celastrol dramatically
upregulated LXRα, ABCA1 and ABCG1 but had little effect on
SREBP-1c (Fig. 5a). The LXRα activator maximally increased the
levels of LXRα, ABCA1, E-cad, and LC3-II/I but reduced the levels of
Vim, MMP-2, and p62, consistent with the effects of celastrol
(Fig. 5a). In addition, inhibition of LXRα with GSK2033 (50 nM) was
inefficient at reducing lipid accumulation, whereas celastrol
significantly reduced lipid accumulation (Supplementary Fig. S3b).
Relative to control treatment, GSK2033 obviously downregulated
the expression of LXRα, ABCA1, and E-cad and upregulated the

expression of Vim and MMP-2, while celastrol abolished these
effects (Fig. 5b). However, the expression of ABCG1 and sterol
regulatory element-binding protein 1c (SREBP-1c) was not
affected by treatment with GSK2033 and celastrol (Fig. 5b). To
better understand the lipophagy process, we performed TEM to
clarify that autophagosomes enveloped LDs and found double-
membrane vesicles analogous to autophagosomes around LDs
and degradative structures enriched in LDs. LDs were easily
identified as round, light-density structures, not enclosed with a
bilayer lipid membrane. Our results showed that both celastrol
and T0901317 induced autophagy very strongly, as indicated by
the formation of autophagosomes and autophagolysosomes.
Similar to T0901317, celastrol resulted in packed degradative
structures enriched in LDs (Fig. 5c). Conversely, GSK2033 resulted
in the formation of a decreased number of autophagolysosomes,
autophagosomes and lipophagic vesicle-like structures, while
these alterations were significantly reversed by celastrol (Fig. 5d).
Therefore, celastrol triggered lipophagy by activating LXRα
signaling.

ABCA1 was required for celastrol-promoted cholesterol efflux
Previous studies also confirmed that autophagy increases
cholesterol efflux in macrophage-derived foam cells via lysosomal
acid lipase [10]. We then tested the hypothesis that ABCA1 was
sufficient for cholesterol efflux. We silenced ABCA1 expression
using specific siRNAs. The knockdown efficiency of siABCA1 was
confirmed by Western blot analysis. The results showed a stronger
reduction in ABCA1-Homo 6779 expression in three cell lines
(Supplementary Fig. S5a). Transient transfection with si-NC did not
alter ABCA1 expression (Supplementary Fig. S5a). To investigate
whether ABCA1 triggered cholesterol efflux, we examined lipid
deposition and measured cholesterol efflux. Oil Red O staining
indicated that knockdown of ABCA1 significantly increased lipid
storage in 786-O cells, an effect that was reversed by celastrol
(Fig. 6a). We utilized DiI-labeled ox-LDL to trace ox-LDL uptake and
found that silencing ABCA1 enhanced red fluorescence, whereas
celastrol attenuated this effect (Fig. 6b). BODIPY 493/503 is
commonly used to fluorescently label neutral lipids. The results
showed that knockdown of ABCA1 promoted lipid storage, while
celastrol reduced intracellular lipid accumulation (Fig. 6c). Further-
more, knockdown of ABCA1 dramatically suppressed cholesterol
efflux, whereas celastrol produced the opposite effect (Fig. 6c).
Consistent with the Oil Red O staining and BODIPY-cholesterol
assay results, celastrol decreased the alterations in TC, FC, and CE
levels caused by silencing of ABCA1 (Supplementary Fig. S5b).
These results suggested that celastrol promoted cholesterol efflux
from 786-O cells via ABCA1. Furthermore, we found that celastrol
reversed the ABCA1 silencing-induced inhibition of autophagy
and EMT, based on the increases in the E-cad level, LC3-II/I ratio,
and p-mTOR/mTOR ratio and the reductions in Vim, MMP-2, and
p62 levels (Supplementary Fig. S5c). Electron microscopy was used
to further elucidate the mechanism of LD degradation by
autophagic vesicles. Knockdown of ABCA1 significantly decreased
autophagosome and autophagolysosome formation and reduced
the number of degradative structures enriched in LDs (Fig. 6d). In
contrast, induction of autophagy by celastrol increased autopha-
gosome and autolysosome formation, as well as lipolysis (Fig. 6d).
Thus, celastrol reduced lipid accumulation through activation of
autophagy, and cholesterol efflux was mediated by autophagy
predominantly in an ABCA1-dependent manner.

Celastrol inhibited HFD-induced tumor growth in vivo
We then determined the effect of celastrol in vivo. An HFD-
induced xenograft model of ccRCC was established by injection of
786-O cells. As shown in Fig. 7a, the celastrol (1.0 mg/kg) groups
showed significant inhibition of tumor growth compared to the
HFD group. In agreement with recent results [16], administration
of celastrol significantly reduced body weight (Supplementary
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Fig. 4 Celastrol induced autophagy to reduce lipid accumulation. The expression levels of autophagy-related proteins in 786-O cells treated
with celastrol (a) and ox-LDL (b) were measured by Western blot analysis. α-Tubulin was used as the internal control. *P < 0.05, **P < 0.01 vs.
control. (c) Photomicrographs of Oil Red O-stained 786-O cells with 3-MA (2 mM) and celastrol treatment. Scale bar: 50 μm. *P < 0.05, **P < 0.01
vs. control. d A DiI-ox-LDL staining assay was performed to evaluate the intracellular lipid content. Scale bar: 50 μm. *P < 0.05, **P < 0.01 vs.
control, ###P < 0.001 vs. ox-LDL. e Autophagic flux in 786-O cells was evaluated by mRFP-GFP-LC3 double immunofluorescence labeling. The
mean number of yellow puncta, indicating autophagosomes, and the mean number of red puncta, indicating autolysosomes, are plotted.
Scale bar: 25 μm. mRFP: *P < 0.05 vs. control. GFP/mRFP: #P < 0.05, ##P < 0.01 vs. control.
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Fig. 5 Celastrol induced lipophagy in an LXRα-dependent manner. a The expression of EMT-associated proteins, autophagy-related
proteins, and lipid metabolism proteins in 786-O cells treated with celastrol and T0901317 (500 nM) was evaluated by Western blot analysis.
*P < 0.05, **P < 0.01, ***P < 0.001 vs. control. (b) Western blot analysis was used to evaluate the expression of EMT-associated proteins,
autophagy-related proteins, and lipid metabolism proteins in 786-O cells treated with celastrol and GSK2033 (50 nM). GAPDH was used as the
internal control. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control. #P < 0.05, ##P < 0.01 vs. GSK2033. c 786-O cells were treated with and without
celastrol or T0901317 and then processed for TEM. Scale bar: 2 μm. d Transmission electron micrographs of 786-O cells treated with celastrol
or GSK2033. Scale bar: 2 μm. AP autophagosomes, red arrows; AL autophagolysosomes, yellow arrows; LD lipid droplets and degradative
structures enriched in lipid droplets, green arrows.
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Fig. 6 Celastrol promoted cholesterol efflux via ABCA1. a Photomicrographs of Oil Red O-stained 786-O cells with ABCA1 knockdown. Scale
bar: 50 μm. b The evaluation of lipid accumulation by DiI-ox-LDL internalization assays. Scale bar: 50 μm. *P < 0.05 vs. control, #P < 0.05 vs.
siABCA1. c The BODIPY fluorescence intensity that remained in 786-O cells was observed using fluorescence microscopy. Scale bar: 20μm. The
BODIPY fluorescence intensity in the supernatants was measured by fluorescence photometry. *P < 0.05, **P < 0.01 vs. control, #P < 0.05, ###P <
0.001 vs. siABCA1. d TEM was used to detect lipophagy of 786-O cells transfected with siABCA1 and further treated with celastrol. AP:
autophagosomes, red arrows; AL autophagolysosomes, yellow arrows; LD lipid droplets and degradative structures enriched in lipid droplets,
green arrows. Scale bar: 5 μm. *P < 0.05, **P < 0.01 vs. control, #P < 0.05, ##P < 0.01 vs. siABCA1.
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Fig. 7 Celastrol inhibited ccRCC tumor growth in HFD-induced nude mice. a Nude mice were subcutaneously injected with 786-O cells.
Tumors were weighed after celastrol treatment for 4 weeks. #P < 0.05 vs. the HFD group. b Histological evaluation of xenografts was performed
by H&E staining. (c and d) Representative images of lipid deposition areas, which were quantified with Oil Red O staining and Image Pro Plus
6.0 software. **P < 0.01 vs. the control group, #P < 0.05, ##P < 0.01 vs. the HFD group. e The biochemical analysis of plasma TC, TG, LDL, and VLDL
concentrations. **P < 0.01 vs. the control group, #P < 0.05, ##P < 0.01, ###P < 0.001 vs. the HFD group. f LXRα, ABCA1, E-cad, Vim, MMP-2, LC3-II/I,
and p62 expression in xenografts was analyzed by immunohistochemistry. Scale bars: 20 µm. Bar graph showing the quantification of
immunostaining-positive areas as determined by using Image Pro Plus 6.0 software. *P < 0.05, **P < 0.01 vs. the control group, #P < 0.05, ##P <
0.01, ###P < 0.001 vs. the HFD group.
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Fig. S6a). To further evaluate tumor formation, we performed H&E
staining of tumor tissues. In the HFD group, we observed certain
tumor characteristics, such as significantly increased cell density,
distinct nuclear atypia, and common mitotic figures (Fig. 7b).
These results suggested the successful establishment of the
model. Interestingly, we observed greater lipid droplet formation
in the HFD group than in the control group, and this effect was
clearly reduced by celastrol treatment (Fig. 7c, d). Biochemical
analysis revealed that celastrol also reduced plasma TC, TG, LDL
and VLDL concentrations in nude mice fed a HFD (Fig. 7e).
Immunohistochemical results demonstrated that celastrol-treated
tumor tissues exhibited significantly increased levels of ABCA1
and E-cad, as well as a slightly increased level of LC3; however, the
levels of Vim, MMP-2, and p62 were decreased (Fig. 7f). Celastrol
also upregulated the protein expression of ABCA1, LXRα, and E-
cad, increased the LC3-II/I ratio, and downregulated the expres-
sion of Vim, MMP-2, and p62 (Supplementary Fig. S6b). Therefore,
celastrol alleviated HFD-promoted lipid deposition and exhibited
potential antitumor activity in vivo via a mechanism similar to that
observed in vitro.

DISCUSSION
Abnormal lipid metabolism is closely associated with tumorigen-
esis. Specifically, it contributes to invasion and metastasis [25, 26].
Although ccRCC can be characterized as a “lipid metabolic
disease,” it remains incompletely understood, because lipid
metabolic targets are therapeutically tractable [27]. Accumulating
evidence has shown that LXRα plays distinct roles in cancer. LXRα
promotes RCC cell metastasis by regulating the NOD-like receptor
protein 3 inflammasome [28]. In contrast, LXRα suppresses the
proliferation of human oral cancer cells by promoting cholesterol
efflux through upregulation of ABCA1 expression [29]. Moreover,
the anticancer activity of ABCA1 is compromised following
inhibition of ABCA1 gene expression by oncogenic mutations or
cancer-specific ABCA1 loss-of-function mutations [30]. According
to our bioinformatic analysis, clinical sample analysis and in vitro
results, the expression levels of LXRα and ABCA1 are decreased in
ccRCC. We concluded that LXRα and ABCA1 might play an
important role in the development of ccRCC. Despite these
observations, little evidence exists about the effect of LXRα/ABCA1
on lipophagy during ccRCC progression.
Previous studies have shown that celastrol inhibits the growth

of gastric carcinoma and nasopharyngeal carcinoma cells via
suppression of inflammation and induction of cell cycle arrest and
apoptosis [18, 19]. Our study provides evidence that celastrol
inhibits migration, invasion, and tumor growth in ccRCC. EMT,
during which cancer cells acquire migratory and invasive
phenotypes by activating several specific signaling pathways
and their downstream transcription factors, has long been
considered to play an essential role in cancer metastasis [31, 32].
Loss of epithelial markers such as E-cad and gain of mesenchymal
markers such as Vim and MMP-2 are the most common hallmarks
of EMT [33]. We showed that celastrol obviously suppressed EMT
progression to inhibit the migration and invasion of ccRCC cells. A
recent study reported that celastrol not only inhibited adipocyte
differentiation (as assessed by lipid accumulation and the TC
content) but also increased lipolysis (as assessed by glycerol
release and free fatty acid release) in 3T3-L1 adipocytes [34].
Consistent with these results, our study demonstrated that
celastrol inhibited intracellular lipid accumulation. ox-LDL, an
important marker for atherosclerosis, has been assumed to be
involved in cancer progression since multiple studies reported
elevated levels of serum ox-LDL in colon, breast, and ovarian
cancers [35]. Our study demonstrated that celastrol inhibited lipid
storage in cells with lipid loading induced by ox-LDL. Interestingly,
this reduction in intracellular lipid accumulation significantly
suppressed EMT following upregulation of LXRα and ABCA1

expression. As mentioned previously, celastrol has been reported
to inhibit the xenograft growth in models of ovarian cancer,
prostate cancer, glioma, and other cancers [36–38]. Our in vivo
findings also confirmed that celastrol inhibited tumor growth in
HFD-promoted mice. Thus, celastrol might inhibit EMT by
reducing lipid accumulation. ccRCC cells possess high metabolic
plasticity in their use of metabolic pathways, which is also
dependent on the dynamically changing tumor microenviron-
ment. Normal tissues also depend on the same metabolic
pathways for survival and proliferation. These characteristics
constitute a major challenge for the therapeutic targeting of lipid
metabolism.
As a modulator of pathogenesis, autophagy has been widely

studied as a promising, novel therapeutic target in multiple
diseases [39]. In general, autophagic flux can be assessed by
simultaneously analyzing the levels of LC3-II and LC3-I, which label
autophagosome membranes, and measuring the level of p62, a
protein cleared through autophagic degradation. The combina-
tion of an increased LC3-II/I ratio and a decreased p62 level is
consistent with an overall increase in autophagic flux. In the
present study, we found that celastrol triggered autophagy,
increased the synthesis of autophagy-related membranes and
partially promoted autophagic flux. Therefore, celastrol might
inhibit the function of lysosomes to some extent. Moreover, an
inverse relationship existed between abnormal lipid accumulation
and autophagy. Interestingly, when we used 3-MA to limit the
formation of autophagosomes, intracellular lipids accumulated
significantly. Celastrol reversed the effects of 3-MA on autophagy
and lipid accumulation. We further revealed that celastrol-
triggered autophagy inhibited EMT. Although moderate lipid
exposure was shown to decrease autophagic flux, the fusogenic
ability of the autophagic/lysosomal compartments was reinforced
under exposure to Rap. The significant decreases in the expression
levels of LXRα and its target gene ABCA1 induced by 3-MA
showed that autophagy was associated with LXRα and ABCA1. It
was also clear that the effects of celastrol on autophagy were
LXRα-dependent, as inhibition of LXRα attenuated autophagy
marker expression induced by celastrol.
A previous study demonstrated a close relationship between

autophagy and lipid metabolism [10]. Fusion of autophagosomes
with lysosomes during the autophagic process is a vital step that
leads to degradation of LDs. Activation of LXRα by an LXRα agonist
and/or celastrol triggered autophagy to promote LD degradation.
Loss of autophagy mediated by an LXRα antagonist attenuated LD
degradation. Although the mechanism of LD sequestration/
degradation through autophagy needs clarification in future
studies, our data indicated that autophagy might contribute to
LD degradation. In addition, the autophagic degradation of
organelles, including LDs, releases free fatty acids and cholesterol,
which need to be handled appropriately to prevent lipotoxicity.
Lipophagy has been reported in various tissues and cells, such as
3T3-L1 adipocytes, macrophages, and glial cells [17, 40, 41].
Despite these findings, much remains to be elucidated about
lipophagy. First, the mechanism and extent of selectivity by which
LDs are degraded by autophagy are unclear. Unlike those for other
autophagic pathways targeting specific organelles, the ligands
and receptors for lipophagy have not yet been defined [42].
Second, engulfment of LDs by the isolation membrane has not
been definitively observed. LC3, the most reliable marker of the
isolation membrane/autophagosome, also exists in LDs and may
be involved in LD formation [43, 44].
On the one hand, the LXRα agonist T0901317 is a potent

inducer of ABC transporters [45]. ABCA1 and ABCG1 are major
transporters that have crucial roles in mediating cholesterol efflux
[46, 47]. On the other hand, LXRα activates lipid synthesis by
inducing SREBP-1c [48]. Intriguingly, we found that activation of
LXRα by celastrol increased ABCA1 expression but did not
significantly alter the expression of ABCG1 and SREBP-1c, implying
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that cholesterol efflux might be predominantly mediated by
ABCA1. ABCA1, as a cell cholesterol exporter, can mediate the
transport of cholesterol across cellular membranes, providing an
efficient pathway for cells to unload excess cholesterol [49]. To
initiate reverse cholesterol transport, phospholipids and choles-
terol are exported by ABCA1 and subsequently loaded onto lipid-
free apolipoprotein A-I (ApoA-I) to form nascent high-density
lipoprotein particles. ABCA1-mediated lipid export to ApoA-I is the
rate-limiting step in high-density lipoprotein biogenesis [38].
When induced by cellular cholesterol loading, ABCA1 constitu-
tively generates exovesiculated membrane domains, even in the
absence of apolipoproteins [50]. Our previous study reported that
the high amount of cholesterol accumulation in atherosclerotic
plaques could be attributed to inhibition of ABCA1 expression
[51]. Here, we observed that celastrol reduced lipid accumulation
and promoted ABCA1-mediated cholesterol efflux in 786-O cells.
Moreover, we found that celastrol triggered autophagy, enhanced
ABCA1 expression, and blocked the EMT process, while knock-
down of ABCA1 led to the opposite effects. ABCA1 has been
implicated in the initiation of autophagy-centric LD degradation
by mediating the docking of autophagosomes and lysosomes to
LDs during lipophagy. Here, we clearly established that autophagy
triggered by celastrol can mediate cholesterol efflux, which is
primarily ABCA1-dependent. The interconnections between LXRα/
ABCA1 and EMT were also evident in ccRCC cells: (I) treatment
with the LXRα agonist T0901317, an agent that directly activates
LXRα, inhibited EMT; (II) suppression of LXRα with GSK2033
obviously promoted EMT; and (III) knockdown of ABCA1 was
sufficient to induce EMT despite the presence of celastrol.
In conclusion, the present study suggested that the anticancer

effects of celastrol in ccRCC were caused by the triggering of
autophagy and degradation of LDs via the activation of LXRα
signaling, which then promoted ABCA1-mediated cholesterol
efflux and impaired EMT progression, ultimately inhibiting the
migration and invasion of ccRCC cells (Fig. 8). In addition, this
study identified a critical function of lipophagy that could have
important implications for cancers with disorders of lipid
metabolism. Taken together, these results indicate that therapeu-
tic strategies to enhance autophagy may constitute a potential
approach to prevent lipid metabolism diseases and related
pathologies. In-depth and rigorous molecular analyses of tradi-
tional Chinese medicines may reveal new strategies for the
prevention or treatment of cancer. Clinical studies are required to
evaluate the efficacy and safety of traditional medicines.

Integration of traditional medicine into conventional treatment
regimens may be an alternative approach to ccRCC therapy in the
future. Therefore, collectively, these findings provide insight into
the anticancer activities of celastrol associated with lipophagy.
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