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Celastrol Reverses Palmitic Acid-Induced Insulin Resistance in HepG2
Cells via Restoring the miR-223 and GLUT4 Pathway
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Key Messages

• Celastrol reversed palmitic acid-induced insulin resistance.
• Celastrol attenuated palmitic acid-induced insulin resistance-related alterations in GLUT4 and IRS-1.
• Palmitic acid caused alterations in 9 microRNAs reportedly related to insulin sensitivity, 6 of which were reversed by celastrol.
• MiR-223 is crucial to celastrol’s anti-insulin resistance effects.
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a b s t r a c t

Objectives: The natural triterpenoid compound celastrol ameliorates insulin resistance (IR) in animal models,
but the underlying molecular mechanism is unclear. In this study, we investigated how celastrol regu-
lates IR.
Methods: The HepG2 cellular IR model was initially established with palmitic acid (PA). The expression
and activity of glucose transporter 4 (GLUT4), insulin receptor substrate-1 (IRS1) and 9 microRNAs (miRNAs)
(miR-7, -34a, -96, -113, -126, -145, -150, -223 and -370) were detected before and after celastrol treat-
ment using the PA-induced HepG2 IR model.
Results: The results showed that 250 μM PA for ≥2 days was optimal for inducing IR in HepG2 cells; 600 nM
celastrol significantly attenuated the PA-induced IR in HepG2 cells. The PA-induced GLUT4 and IRS1
downregulation and Ser307 phosphorylation on IRS1 was reversed by subsequent treatment with 600 nM
celastrol for 6 h. We next investigated which IR-related miRNAs were possible upstream regulators of
celastrol-mediated reversal of PA-induced HepG2 IR. Two miRNAs, miR-150 and -223, were signifi-
cantly downregulated by PA and were re-raised by subsequent celastrol treatment; and miR-223 was
upstream of miR-150. Moreover, knocking down miR-223 abolished celastrol’s anti-IR effects in the
PA-induced model.
Conclusions: Collectively, our results demonstrated that celastrol reverses PA-induced IR-related altera-
tions, in part via miR-223 in HepG2 cells. Further investigation is warranted for establishing the clinical
potential of celastrol in treating IR-related disorders.

© 2019 Canadian Diabetes Association.
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r é s u m é

Objectifs : Le célastrol, un composé triterpénoïde naturel, améliore la résistance à l’insuline (RI) chez les
modèles animaux, mais on ignore le mécanisme moléculaire sous-jacent. Dans la présente étude, nous
avons cherché à savoir comment le célastrol régule la RI.
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Méthodes : Le modèle cellulaire HepG2 de RI a initialement été établi par l’acide palmitique (AP). Nous
avons détecté l’expression et l’activité du transporteur de glucose 4 (GLUT4), du substrat 1 du récepteur
de l’insuline 1 (IRS1) et de 9 microARN (miARN) (miR-7, -34a, -96, -113, -126, -145, -150, -223 et -370)
avant et après le traitement par célastrol à l’aide du modèle HepG2 de RI induite par l’AP.
Résultats : Les résultats ont montré qu’une dose de 250 μM d’AP durant 2 jours était optimale pour réduire
la RI dans les cellules HepG2et qu’une dose de 600 nM de célastrol atténuait de manière significative la
RI induite par l’AP dans les cellules HepG2. La régulation à la baisse du GLUT4 et de l’IRS1 induite par
l’AP et la phosphorylation de la Ser307 sur l’IRS1 était annulée par le traitement subséquent par 600 nM
de célastrol durant 6 h. Nous avons ensuite examiné les miARN liés à la RI pour savoir lesquels étaient
des régulateurs possibles en amont de la suppression médiée par le célastrol de la RI des HepG2 induite
par l’AP. Deux miARN, miR-150 et miR-223, ont montré une régulation significative à la baisse par l’AP
et ont montré une réaugmentation après le traitement par célastrol, et le miR-223 était en amont du miR-
150. De plus, le knock-down du miR-223 supprimait les effets anti-RI du célastrol dans le modèle induit
par l’AP.
Conclusions : Ensemble, nos résultats ont démontré que le célastrol annulait les modifications liées à la
RI induite par l’AP, en partie par l’intermédiaire du miR-223 dans les cellules HepG2. D’autres études sont
justifiées pour établir le potentiel clinique du célastrol dans le traitement des troubles liés à la RI.

© 2019 Canadian Diabetes Association.

Introduction

Insulin resistance (IR) is involved in adipose disorders, diabe-
tes and other metabolic diseases. IR greatly affects an individual’s
quality of life and is becoming a major global health problem (1–3).
Thus, there is a need to discover a new and effective anti-IR drug
that has minimal side effects.

Celastrol is a triterpenoid compound that was first extracted from
herbal Tripterygium wilfordii Hook F and has been used to treat rheu-
matic diseases in China for many years (4). Our research team, as
well as others, have shown that celastrol can be used as an anti-
inflammatory and antitumor agent as well as to ameliorate degen-
erative neural diseases (5–9). More recently, celastrol was found to
improve IR. Yu et al (2009) reported that celastrol improved insulin
sensitivity in fructose-induced hypertension in rats (10). Kim et al
(2012) found that celastrol administered for 2 months in db/db mice
significantly lowered fasting plasma glucose, glycated hemoglo-
bin (A1C) and homeostasis model assessment index levels (11). Both
studies proposed that celastrol’s therapeutic effects were medi-
ated by its antioxidant and anti-inflammatory properties. Indeed,
these properties were also demonstrated in other models (4).
However, IR, which might be caused by various pathologic factors,
is ultimately related to changes in insulin-signaling pathways (2).
Stimulation of the insulin receptor by factors that activate insulin
receptor substrate-1 (IRS1) to induce glucose transporter (GLUT)
translocation has been studied intensively (12). However, it remains
unclear whether celastrol can restore IR-related abnormal insulin
signaling.

Hunnicutt et al reported that long-term treatment with pal-
mitic acid (PA) can cause IR (13). PA-induced cells have been widely
used as an IR model in vitro and have shown that typical molecu-
lar alterations, such as IRS1 phosphorylation and GLUT-level altera-
tion, play roles in IR (14). In this study, we investigated the effects
of celastrol on IR-related alterations in the PA-induced HepG2 cel-
lular IR model. MicroRNAs (miRs) are important regulators of insulin
pathways and can contribute to IR (15,16). Therefore, to further
understand the detailed mechanism of celastrol in attenuating IR,
we explored the effects of celastrol on a panel of miRs that have
been reported to regulate GLUTs and IRS1s (17–25).

Methods

Reagents and chemicals

Fetal bovine serum, minimum essential medium (MEM) and
streptomycin/penicillin were purchased from PAA Laboratories (Linz,

Austria). Bovine serum albumin was obtained from Equitech-Bio
(Kerrville, Texas, United States). Dimethyl sulfoxide (DMSO), PA and
celastrol came from Sigma (St. Louis, Missouri, United States). Anti-
IRS1 antibody came from Epitomics (Burlingame, California, United
States). Anti-GLUT4 and anti-IRS1 (Ser307) came from Sigma. The
BCA protein assay reagent kit, antiactin antibody, protein extrac-
tion lysis buffer and Beyo Enhanced Chemiluminescence Plus came
from Beyotime Biotechnology (Jiangsu, China). A total RNA extrac-
tion kit was purchased from Shanghai Fastagen Biotechnology
(Shanghai, China). Rever Tra Ace Q-PCR RT Master Mix and Realtime
PCR Master Mix were purchased from Toyobo (Osaka, Japan). miRNA-
specific reverse transcription primers and real-time kit, anti-
miRNA antagomir for downregulation and miRNA mimetic for
overexpression of miR-150 or miR-223 and their controls and siRNA-
MATE were purchased from GenePharma (Shanghai, China).

PA and celastrol stock solution preparation

According to the method of Cousin et al (26), 100 mmol/L PA stock
solution was prepared in 0.1 mol/L NaOH. The PA stock solution is
stable for 1 to 2 weeks at −20°C or for 3 to 4 weeks at −80°C.

Then, 50 mmol/L celastrol was dissolved in DMSO, stored at −20°C
and used within 3 months after preparation. The stock solution was
then diluted with Roswell Park Memorial Institute (RPMI) 1640
medium to obtain a working concentration immediately before the
cellular proliferation assay.

Cell culture, PA and celastrol treatment

Human hepatocellular carcinoma cell line HepG2 cells pur-
chased from the Shanghai Cell Bank of the National Science Academy
of China (Shanghai, China) were cultured in complete MEM medium
(10% FBS with 100 IU/mL penicillin and 100 μg/mL streptomycin)
in a 37°C incubator with humidified 5% CO2. Cells were seeded in
complete MEM medium in culture flasks overnight, and the medium
was replaced with fresh complete MEM containing 100 μmol/L
PA. After 2 days, the medium was replaced by fresh complete
MEM containing 250 μmol/L PA for another 2 days or 28 days. The
cells cultured with 0.2% BSA (vehicle) MEM medium served as the
PA control. The PA-induced cells were seeded in 6-well culture
plates at 1.5×106 cells per well overnight. Celastrol was added into
the culture medium to reach a final concentration of 600 nmol/L
for 6 h. The cells treated with DMSO (same volume of celastrol)-
containing culture medium served as the controls. Each test was
repeated at least 3 times.
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Cell viability assay

Cell viability was assessed by a 3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyl-tetrazolium bromide (MTT) assay. We seeded 10,000 cells
per well in a 96-well flat-bottomed plate for 24 h; then various con-
centrations of celastrol in medium were added. The cells treated
with DMSO (same volume of celastrol)-containing culture medium
served as the control. At 6 h after incubation, the MTT solution (5 mg/
mL, 20 μL) was added to each well. The relative number of surviv-
ing cells was assessed by measuring the optical density of cell lysates
at 560 nm. All assays were performed in triplicate wells and repeated
at least 3 times.

Glucose uptake measurement

Following the various treatments, the cells were washed with
PBS, and 200 μL of 50 μM 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl)amino)-2-deoxyglucose (2-NBDG)-containing PBS, with or without
insulin at the indicated concentrations, was added to the cells. The
cells were then kept at 37°C in the dark for 15 min before flow
cytometric (FL) detection. The FL1 detector was applied to detect
2-NBDG intensity, and BD CellQuest software (Becton, Dickinson,
Franklin Lakes, New Jersey, United States) was used to analyze the
results.

Extracellular glucose determination

After various treatments, the cells were washed with PBS, and
red phenol-free and serum-free DMEM medium containing 1 mM
glucose was added, with or without insulin, at the indicated con-
centrations. After another 12 h of incubation, the medium was col-
lected. The glucose concentration was determined by the glucose
oxidase method, using a glucose assay kit (Nanjing Jiancheng Bio-
engineering Institute, Nanjing, China) according to the manufac-
turer’s protocols. The glucose level at the starting point of the culture
was set as 1, and levels following culture conditions were mea-
sured proportional to the starting point.

Western blot

The harvested cells were lysed for 30 min at 4°C and centri-
fuged at 13,000×g for 20 min, and the supernatant was used for
analysis. Protein concentrations were detected using a BCA protein
assay kit (Thermo Fisher Scientific, Waltham, Massachusetts, United
States). Then, 40 μg total protein of each sample was loaded on a
sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) gel, transferred to a nitrocellulose membrane and probed with
corresponding antibodies at the manufacturer’s recommended con-
centrations. After reaction with horseradish peroxidase-conjugated
secondary antibody, the probed bands were detected by an enhanced
chemiluminescence system. The target bands were scanned by
G-BOX iChemi XR and quantified by GeneTools software (Syngene,
Cambridge, United Kingdom).

Quantitative real-time polymerase chain reaction

Cellular total RNA was isolated using a total RNA extraction kit
(Fasagen Biotechnology, Shanghai, China), following the manufac-
turer’s instructions. A single μg of total RNA was reverse-transcribed
by the ReverTra Ace qPCR-RT Master Mix kit (Toyobo, Osaka, Japan)
with reverse-transcription primers specific for targeting miRNA. The
miRNA-specific cDNA was then amplified with Real-time PCR Master
Mix (Gene Pharma, Shanghai, China). U6 small nuclear RNA was
employed as an endogenous control. All assays were performed in
triplicate. Expression levels were defined as fold change relative to
the corresponding controls.

Cell transfection

We seeded 1 million HepG2 cells in 6-well plates for 1 day before
transfection. The GLUT4 gene, miRNA-down antagomir, miRNA
mimetic, siRNA or their controls were transfected into the cells by
siRNA-MATE according to the manufacturer’s instructions. (All trans-
fection reagents came from GenePharma, Shanghai, China.)

Statistical analysis

Data are shown as mean ± standard error (SE). Statistical com-
parisons of the samples with differing treatments were analyzed
by the matched t test and repeated at least 3 times. p<0.05 was con-
sidered statistically significant, and p<0.01 was considered very
significant.

Results

Cellular toxicity of celastrol or PA

Cellular toxicity of celastrol and PA on HepG2 cells was detected
using the cellular survival assay method. We found that 600 nM
celastrol administered for 24 h was the maximal dose to maintain
HepG2 cell survival (Figure 1A) (p>0.05 compared to nontreated
cells). The maximal dose for HepG2 cell survival was 250 μM PA
(Figure 1B) (p>0.05 compared to nontreated cells). In addition,
250 μM PA treatment resulted in significantly higher extracellular
glucose (p<0.05 compared to nontreated cells) in either the absence
or the presence of insulin compared to 100 μM PA stimulation
(p>0.05) in HepG2 cells (Figure 1C), indicating that this concentra-
tion impairs insulin drive and glucose control. Therefore, we applied
250 μM PA to establish a HepG2 cellular IR model in the following
experiments and 600 nM celastrol for further detection.

Anti-IR activity of celastrol in the PA-induced HepG2 IR model

Glucose concentration in the culture medium in the cells treated
with 250 μM PA or PA+DMSO remained at a higher level with or
without 100 nM insulin stimulation for 48 h compared to the
untreated cells (p<0.05), indicating that PA impairs the ability to
balance cellular glucose. However, coincubating cells with 600 nM
celastrol for the last 6 h of the 48-h PA treatment successfully
restored the cellular balance (reduced) of the glucose level in the
culture medium (p<0.05) (Figure 1D). Accordingly, 250 μM of PA
decreased 15-min cellular glucose-uptake, regardless of insulin
stimulation. Again, our data indicate that coincubation with celastrol
can correct PA-induced abnormalities (Figure 1E).

Celastrol reversed PA-caused IR-related alterations in GLUT4 and
IRS1; re-raising the GLUT4 level was crucial for celastrol to correct
PA-induced IR in HepG2

To further explore celastrol’s mechanism, we investigated poten-
tial alterations of several IR-regulating molecules. After 2 days of
incubation with 250 μM PA, GLUT4 and IRS1 protein expression were
significantly decreased (p<0.05), while phosphorylation of Ser307
on IRS1 was increased (p<0.05) (Figure 2A). These alterations suggest
that the cells were in an IR state (11). Notably, celastrol treatment
for 6 h reversed these alterations (p<0.05) (Figure 2A). It is worth
noting that the cells did not adapt to long-term PA treatment
(28 days). However, alterations in GLUT4 and IRS1, as well as IRS1
phosphorylation, were significantly reversed by 6-h celastrol treat-
ment after 28 days of PA administration (Figure 2B).

To verify the crucial role of GLUT4 in IR signaling, we knocked
down GLUT4 protein expression with the corresponding siRNA.
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Figure 1. Effects of PA or PA plus celastrol on cellular insulin sensitivity. HepG2 cells were incubated with the indicated dose of celastrol for 1 day (A) or PA for 2 days (B).
The survival rates of HepG2 cells were quantified by MTT. HepG2 cells were treated with 100 or 250 μM PA for 2 days, then deprived of glucose for 6 h, After this basic
treatment, the cells were cultured in serum-free and red phenol-free medium containing 1 nM glucose with or without 100 nM insulin for 12 h before glucose in the medium
was determined by the glucose oxidase method (C). Cells were treated (or not) with PA (250 μM) for 2 days, and for the last 6 h of incubation, celastrol (600 nM), DMSO or
neither was loaded with PA-treated cells. Cells in the various groups were then deprived of glucose for 6 h. After these pretreatments, the cells were used to determine the
abilities to lower glucose in medium (D), using the methods mentioned in (C). After pretreatments, as mentioned in (C), the cells were incubated with 2-NBDG (a fluores-
cent glucose analog)-labeled glucose for 15 min; then, the cellular fluorescent intensities were determined via flow cytometry (E). All data are presented as mean ± SE; the
sample size (n) for each group is at least 3. *p<0.05; **p<0.01, as compared to untreated control or paired comparisons, as indicated. Con, untreated control; Cel, celastrol;
MTT, 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyl-trtrazolium bromide; PA, palmitic acid.

Figure 2. Celastrol attenuates PA-induced GLUT4 and IRS1 depression and IRS1 phosphorylation in a PA-induced HepG2 cellular IR model. GLUT4 silencing decreases the
preventive activity of celastrol on PA-induced HepG2 IR. HepG2 cells were incubated with 250 μM PA for 2 days (A) or 28 days (B) and then treated with or without 600 nM
celastrol for 6 h. GLUT4 and IRS-1 protein expression and IRS1 phosphorylation at Ser307 were detected by Western blot. Extracellular glucose levels were determined
using a glucose oxidase method in the cells treated with nothing (None), PA, DMSO, celastrol, GLUT4-siRNA-silence (siGLUT4)+DMSO, or GLUT4-siRNA-silence+celastrol,
respectively. The representative images show effective activity of GLUT4 siRNA. Statistical data are presented as mean ± SE; the sample size (n) for each group is at least 3.
*p<0.05; **p<0.01 when compared as indicated, or between the treated groups and untreated control. Con, control; Cel, celastrol; PA, palmitic acid; p-IRS1, ser307 phos-
phorylation on IRS-1; siGLUT4, cells transfected with siRNA for GLUT4.
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GLUT4 siRNA clearly reduced celastrol’s insulin-driven glucose-
lowering ability in the PA-treated cells (Figure 2C).

Celastrol reverses PA-induced alterations of insulin-activated
miRNAs

MiRNAs are endogenous RNA silencers that regulate protein
expression at the post-transcription level (27). Others have shown
that a group of miRNAs are involved in IR regulation (15,16) through
controlling insulin activity (18,20,22,25,28). To investigate the pos-
sible molecular mechanism of the anti-IR activity of celastrol, we
examined the expressions of 9 miRNAs that were reportedly related
to IR (17–25) in the PA-induced HepG2 IR system, with or without

600 nM celastrol, for 6 h. The results showed that after PA induc-
tion, expression of miR-7, -34a, -96, -150, -223 and -370 were sig-
nificantly decreased (p<0.05), while miR-133 was significantly
increased (p<0.05) when compared to the negative control cells. The
levels of miR-126 and -145 were not significantly altered in the
PA-induced group (Figure 3A). Interestingly, celastrol treatment sig-
nificantly reversed the PA-induced decrease of miR-34a, -96, -150
and -223 compared to the DMSO control cells. Notably, expres-
sion of miR-150 and -223 were significantly upregulated com-
pared to normal HepG2 cells. The miR-34a and -96 levels were
restored to normal levels (Figure 3A). Celastrol treatment further
increased the miR-133 level in PA pretreated HepG2 cells. The
PA-decreased miR-7 and miR-370 levels were returned to normal

Figure 3. IR-related miRNA levels following celastrol treatment of PA-induced HepG2 cells. HepG2 cells were pretreated with PA at a final concentration of 250 μM for
2 days (A) or 28 days (B) and then stimulated or not with 600 nM celastrol for 6 h. The indicated miRNAs were quantified by Q-PCR. HepG2 cells were transfected with
miR-150 or -223 mimetics or miR-150 or -223 antagomirs for 48 h (C). MiR-150 and miR-223 levels were quantified by Q-PCR. *p<0.05; **p<0.01; ***p<0.001. The sample
size for each group was 3. Cel, celastrol; Con, control; IR, insulin resistance; PA, palmitic acid.; Q-PRC, quantitative polymerase chain reaction.
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levels by celastrol. These alterations were similar to those of the
DMSO treatment. Therefore, upregulation of miR-7 and miR-370
were attributed to DMSO’s effect. DMSO also slightly affected miR-
150 expression (Figure 3A).

In contrast to the cells treated with PA for 2 days, all 9 miRNAs
were decreased in the cells treated for 28 days. In addition, miR-7,
-34a, -96, -150 and -223 expression was severely reduced at 28 days

compared to the 2-day-treated cells (Figure 4B). Celastrol signifi-
cantly elevated miRNA-145, -150 and -223 and restored the miR-7
to normal levels, partially restoring miR-34a, -96, -126 and -133
levels after 28 days of PA (Figure 3B).

Among the 9 miRNAs investigated, miR-150 and miR-223 showed
consistent patterns at both 2 days and 28 days of PA treatment; the
altered patterns were similar to GLUT4, IRS1 and IRS1 Ser307

Figure 4. The role of miR-223 in celastrol-mediated anti-IR signaling. HepG2 cells were transfected with miRNA-223 antagomir for 2 days to downregulate miR-223 (A).
Nonspecific transfection (mock) was used as the control. Cellular miR-223 expression, glucose levels in the culture medium, and GLUT4 and IRS1 protein expression were
detected (B). HepG2 cells were transfected with miR-223 mimetics for 2 days to upregulate miR-223. Nonspecific transfection (mock) was used as the control. Cellular
miR-223 expression, glucose levels in the culture medium, and GLUT4 and IRS1 protein expression were detected (C). The glucose levels were analyzed in the miRNA223
antagomir-transfected HepG2 cells (as in A) treated with DMSO or celastrol. Cells treated with nothing (non), PA, DMSO or celastrol were used as the controls (D). GLUT4
and IRS1 expression were examined in the miRNA223 antagomir-transfected HepG2 cells (as in A) treated with DMSO or celastrol. Cells treated with nothing (non), PA,
DMSO or celastrol were used as the controls. Data are presented as mean ± SE; the sample size (n) for each group was at least 3. *p<0.05; **p<0.01, as compared to the
untreated control or paired comparisons, as indicated. Con, untreated control; Cel, celastrol; IR, insulin resistance; PA, palmitic acid.
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phosphorylation patterns. We therefore investigated any mutual
effects of these 2 miRNAs. Notably, overexpressing or knocking down
miR-150 did not affect miR-223 levels (Figure 3C); yet, overexpressing
and knocking down miR-223 increased and decreased miR-150
levels, respectively (Figure 3C). Thus, miR-223 is likely an upstream
regulator of miR-150 and, thus, important in our IR model.

miR-223 is a crucial factor involved in celastrol’s anti-IR signaling

Next, we investigated the regulatory mechanism of miR-223 on
celastrol’s anti-PA-induced IR. MiR-223 downregulation reduced the
glucose-lowering ability and GLUT4 and IRS1 expression, com-
pared to nonspecific transfection (Figure 4A). In contrast, miR-
223 overexpression prevented a subsequent PA-induced glucose
increase and GLUT4 and IRS1 downregulation compared to the non-
specific transfection (Figure 4B). Strikingly, miR-223 downregulation
abolished celastrol’s anti-IR activity in the PA-induced IR HepG2 cell
model, resulting in increased glucose levels and downregulated
GLUT4 and IRS1 expression (Figure 4C and 4D). These results indi-
cate that miR-223 is a crucial factor in celastrol’s anti-IR signaling.

Discussion

The goal of this study was to investigate the mechanism by which
celastrol ameliorates IR. Specifically, we explored the effects of
celastrol on PA-induced IR-related alterations. The results indi-
cated that celastrol can reverse PA-induced decreases in GLUT4 and
IRS1 expression, as well as hyperphosphorylation of IRS1 at Ser307
in HepG2 cells. Celastrol’s actions were further verified to be medi-
ated through miR-223 upregulation, the manipulation of which could
interfere with GLUT4, IRS1 expression as well as IRS1 Ser307
phosphorylation.

IR induction by PA was established in the 1990s (13), and since
then PA has been widely used to induce IR in various cellular models.
Here, we found that 250 μM PA incubation for 2 days in the hepa-
tocyte cell line, HepG2, resulted in IR-related alterations, includ-
ing decreased expression of GLUT4 and IRS1, as well as
hyperphosphorylation of IRS1 at Ser307. These changes persisted
in cells administered PA for 28 days. Our results agree with the pre-
vious report that incubation of HepG2 cells with 500 μM PA for 24 h
reduced expression of IRS1, phosphatidylinositol-3 kinase and p85
protein and enhanced phosphorylated IRS1 at Ser307 (14). It should
be noted, however, that GLUT4 was not investigated in the previ-
ous study. In the conditions of our experiment, we found that 500 μM
PA reduced the cell survival rate. We also provided evidence that
the optimal concentration and induction time of PA was 250 μM
for 2 days. Nevertheless, our findings, in combination with previ-
ous reports, confirm that PA successfully induces IR-related altera-
tions in HepG2 cells.

Celastrol attenuates IR, which has been attributed to celastrol’s
anti-inflammation and antioxidative properties (10,11). In addi-
tion to these suggested mechanisms, the upregulation of GLUT4 and
IRS1 by celastrol found in this study should be considered as other
important contributing factors in IR amelioration. GLUT4 translo-
cates to the cell membrane to facilitate glucose uptake after insulin
stimulation. GLUT4 downregulation could result in IR (12,29). Tissues
from IR models and humans with diabetes exhibit defects in IRS-
dependent signaling, including altered IRS1 expression and phos-
phorylation, especially at Ser307 (30). The combination of our results
and the findings that celastrol reduces fructose-induced IR in db/db
mice (10,11) suggest that celastrol regulates multiple pathways to
ameliorate IR.

Recent studies have indicated that miRNAs are highly involved
in IR regulation (15,31–33), and many miRNAs, including GLUT4 and
IRS1 (17–25), can regulate insulin metabolic activities. In addition,

celastrol has been reported to regulate some miRNAs (34,35). There-
fore, we further investigated the possible upstream events of
celastrol’s anti-IR activity. Our results suggest that 2 miRNAs (miR-
150 and miR-223) participate in celastrol’s anti-IR activity, because
expression of both miRNAs was downregulated by PA and restored
by celastrol. More interesting, miR-150 overexpression did not inter-
fere with miR-223 levels, whereas miR-223 overexpression increased
miR-150 expression (Figure 3C). The effects of miR-223
overexpression were similar to those of celastrol treatment, indi-
cating that miR-223 might be upstream of miR-150 and a down-
stream regulator of celastrol (Figure 4A, B). In addition,
downregulation of miR-223 totally abolished celastrol’s anti-IR activ-
ity and decreased GLUT4 and IRS1 expression (Figure 4D).
Overexpression of miRNA-223 has been reported to increase GLUT4
protein in cardiomyocytes (22). Combined with this study, a total
of 21 proteins in humans have been confirmed to be regulated by
miR-223. Among them, 6 were verified to be controlled by celastrol,
including GLUT4, IRS1, IKK, PS3, IL6 and HSP90B1 (4,36–38). Eleven
genes were targeted by miR-150, and 4 (Myb, VEGFA, CXCR4 and
FLT3) were reported to be regulated by celastrol (39–42). This study
provides further evidence that celastrol affects miR-223 expression.

Conclusions

Celastrol is effective in reversing PA-impaired insulin sensitiv-
ity, as well as PA-caused IR-related alterations in GLUT4 and IRS-1;
these effects of celastrol are dependent on re-raising PA-decreased
miR-223 levels.
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