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Background: Obesity has become one of the most serious issues threatening the health of humankind, and we conducted this
study to examine whether and how celastrol protects against obesity.

Methods: We fed male Sprague-Dawley rats a high-fat diet and administered celastrol to obese rats for 3 weeks. By recording
body weight (BW) and other measures, we identified the effective dose of celastrol for obesity treatment. Feces were collected to
perform 16S rRNA sequencing, and hypothalami were extracted for transcriptome sequencing. We then treated leptin knockout
rats with celastrol and explored the changes in energy metabolism. Male Institute of Cancer Research (ICR) mice were used to test
the acute toxicity of celastrol.

Results: We observed that celastrol reduced BW and promoted energy expenditure at a dose of 500 ug/kg BW but that food in-
take was not changed after administration. The diversity of the gut microbiota was improved, with an increased ratio of Bacte-
roidetes to Firmicutes, and the gut microbiota played an important role in the anti-obesity effects of celastrol. Hypothalamic tran-
scriptome analysis showed a significant enrichment of the leptin signaling pathway, and we found that celastrol significantly en-
hanced energy expenditure, which was mediated by the leptin signaling pathway. Acute lethal toxicity of celastrol was not ob-
served at doses ranging from 0 to 62.5 mg/kg BW.

Conclusion: Our study revealed that celastrol decreased the BW of obese rats by enhancing energy expenditure but not by sup-
pressing food intake and that this effect was mediated by the improvement of the gut microbiota and the activation of the hypo-
thalamic leptin signaling pathway.
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INTRODUCTION

Obesity is defined as excessive fat accumulation resulting from
a positive energy balance, meaning that the energy ingested
exceeds the energy that is consumed. According to the World
Health Organization, there are approximately 1.9 billion peo-

ple suffering from overweight and obesity around the world,
and this number has nearly tripled over the past 4 decades.
Obesity and its numerous related complications, such as type 2
diabetes mellitus and cardiovascular diseases, are becoming
great risks to global health [1]. Due to the socioeconomic bur-
den of these diseases, effective prevention and treatment strat-
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egies are crucial for halting the obesity epidemic.

Based on the laws of thermodynamics, treatments for obesi-
ty have to reduce energy intake and/or increase energy expen-
diture (EE) [2]. Bariatric surgery, which includes gastric by-
pass, sleeve gastrectomy, and gastric banding, affects digestion
and stimulates the vagus nerve reflex, leading to reduced food
intake as well as improvements in metabolic pathways [3]. In
addition to such direct interventions, the hypothalamic system
is a potential clinical target that plays essential roles in regulat-
ing energy homeostasis [4]. Pro-opiomelanocortin (POMC)-
expressing neurons give rise to multiple peptides, such as
a-melanocyte stimulating hormone (a-MSH), and suppress
appetite via the activation of MC receptors 3 and 4 (MC3r/
MCH4r) [5], while neuropeptide Y and agouti-related peptide
(NPY/AgRP) act as antagonists in coexpressing neurons to
promote hyperphagia [6]. Mounting evidence has established
that leptin, an important adipocyte-secreted hormone, plays
fundamental roles in regulating the hypothalamic nervous sys-
tem and maintaining energy balance. Leptin is known to cross
the blood-brain barrier, inhibit NPY/AgRP and stimulate
POMC neurons, which in turn inhibits food intake [7]. Addi-
tionally, few potent therapeutics that target this network in the
central nervous system and promote weight loss are currently
available. The application of the several drugs currently ap-
proved by the U.S. Food and Drug Administration, e.g., lorca-
serin and naltrexone+bupropion, are limited because of their
potential cardiovascular and gastrointestinal side effects [8].

Natural plant-derived biomolecules are a great source of po-
tential therapeutic candidates, and a number of traditional
Chinese remedies, i.e., Ophiocordyceps sinensis, Antrodia cin-
namomea, and Coptis chinensis, have been reported to exert
anti-obesity effects [9-11]. Celastrol, a triterpenoid quinine
methide isolated from the root of Tripterygium wilfordii (also
known as thunder god vine), is a potent immunosuppressive,
anti-inflammatory, and anticancer agent used in the treatment
of autoimmune and neurodegenerative diseases [12,13]. Re-
cently, celastrol has attracted great attention for its potential
novel ability to treat obesity [14,15]. It is well established that
celastrol regulates EE through the activation of mammalian
heat shock transcription factor (HSF1) to protect against high-
fat diet (HFD)-induced energy excess [16]. However, the dose,
type of administration, and detailed mechanisms of celastrol
remain to be further studied.

The gastrointestinal tract, where the microbiota promotes
carbohydrate and lipid metabolism and maintain energy bal-
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ance, plays an important role in exchanging substances inside
and outside the body [17]. Mounting evidence has shown that
a disturbance of the two predominant phyla, Firmicutes and
Bacteroidetes, is associated with the occurrence of obesity and
other metabolic diseases [18]. On the other hand, the benefi-
cial effects of fecal microbiota transplantation and nutritional
intervention have been reported to maintain a stable metabolic
homeostasis [19] which makes obesity treatment by reversing
and improving the gastrointestinal environment through diet
or drugs become true.

In the present study, we used HFD-induced obese rats to ex-
amine whether the gut microbiota mediated the anti-obesity
effect of celastrol. Our results revealed that celastrol decreased
body weight (BW), improved insulin sensitivity and enhanced
EE at a dose of 500 ug/kg BW. In addition, the amelioration of
the gut microbiota and the promotion of the leptin signaling
pathway were involved in the enhancement of EE by celastrol.
Thus, our data demonstrated that celastrol represents a poten-
tial therapeutic agent for treating obesity and its related com-
plications.

METHODS

Animals studies

All animal experiments were performed after approval by the
Institutional Animal Care and Use Committee (IACUC-
14030182) of Nanjing Medical University. Institute of Cancer
Research (ICR) mice and Sprague-Dawley rats were purchased
from Shanghai SLAC Laboratory Animal Co. Ltd. (Shanghai,
China), while Lep™ rats were a kind gift from Dr. Guoping
Fan’s lab [20]. The animals were acclimated for 1 week before
the study began. The Lep™ rats were crossed to obtain wild-
type (WT) and Lep™" rats. The animals were housed in a tem-
perature- and humidity-controlled (23°C+1°C, 53%+2%)
room and maintained on a 12-hour/12-hour light/dark cycle
with food and water available ad libitum. For generation of di-
et-induced obese (DIO) rats, 9-week-old rats were fed a 60%
kcal HFD (Cooperative Medical Biological Engineering Co.
Ltd., Nanjing, China) until the age of 20 weeks.

Treatment of WT rats with/without antibiotics

For treatment, celastrol (Selleck.cn, Shanghai, China) was sus-
pended in a 5% dimethyl sulfoxide (DMSO)/45% ethanol/50%
saline solution, which was used as the vehicle. We generated
vehicle-treated (n=8) and 500 ug/kg celastrol-treated (n=7)
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groups for initial examination. For oral administration, the rats
were orally administered vehicle for 3 days before the experi-
ments for acclimation, and then different doses of celastrol or
vehicle were administered to the rats by gavage. For intraperi-
toneal injection, the rats received vehicle for 3 days before
celastrol or vehicle treatment. Celastrol and vehicle were then
injected into the rats. All treatments were performed within 2
hours before the dark cycle, and the rats received treatment ev-
ery day until the end of the experiments.

For antibiotic interference, we generated vehicle+antibiotic-
treated (n=6) and celastrol+antibiotic-treated (n=8) groups.
An antibiotic cocktail including 10 pg/mL neomycin, 100 TU/
mL pen/strep, 5 ug/mL vancomycin, and 10 pug/mL metroni-
dazole was mixed in the drinking water and provided ad libi-
tum according to the volume drank by the rats daily [21]. Wa-
ter was replaced with freshly prepared cocktail every other day.
Antibiotic interference was started since the second week of
treatment until the end of the experiments.

Treatment of Lep™* and Lep™" rats

Lep™* and Lep™ rats were given vehicle, 500 pg/kg BW celas-
trol or 1,000 pg/kg BW celastrol in each experiment (1=9:7:8
for Lep™* rats and n=4:5 for Lep™" rats) according to the
abovementioned protocols.

Treatment of WT and Lep™" rats

To measure the metabolic effects of celastrol on WT and Lep
knockout mice, Lep™ rats were fed a controlled HFD to main-
tain a similar growth of BW as that of WT rats until the age of
20 weeks (n=>5 for each group). We then fed the WT and Lep™™
rats the same volume of HFD to test metabolism based on an
equivalent caloric intake.

Treatment of mice

For the acute toxicity test, we orally administered celastrol at
doses of 0, 0.1, 0.5, 2.5, 12.5, and 62.5 mg/kg to 8-week-old
male ICR mice (n=10 for each group). After administration,
the mice in each group were fed normally, and reactions were
monitored (continuous observation for 2 hours after adminis-
tration; observation once every 30 minutes for 2 to 4 hours af-
ter administration; and observation once every 4 to 8 hours af-
ter administration). Then, the mice were observed once a day
for 5 days. The mice were weighed at each observation, and
general condition, poisoning symptoms and death were re-
corded. After 5 days of observation, all mice were killed, the
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organ coefficients of the main organs were recorded, and the
serum was isolated for biochemical tests.

Oral glucose tolerance test and insulin tolerance test

For the oral glucose tolerance test, animals were fasted from
the beginning of the dark cycle. After 15 hours of fasting, blood
glucose levels were measured from the tail vein. Subsequently,
dextrose solution (2 g/kg BW) was administered by gavage.
Blood glucose levels were measured from the tail vein 15, 30,
60, 90, and 120 minutes following glucose treatment with an
automated reader (Roche Ltd., Welwyn Garden City, UK).

For the insulin tolerance test, the mice were fasted as men-
tioned above. Insulin (1 TU/kg BW) was intraperitoneally in-
jected. Blood glucose levels were measured 15, 30, 60, 90, and
120 minutes following insulin injection from the tail vein with
an automated reader.

Energy expenditure measurements

To monitor the effects of celastrol treatment on metabolic pa-
rameters, 20-week-old DIO rats were housed individually and
given free access to food and water (n=3 for each group). They
were orally administered celastrol for 1 week for adaptation,
and BW, oxygen consumption, food intake, the level of physi-
cal activity, etc., were measured for the next 3 days with a TSE
Labmaster Caging System (TSE Systems, Bad Homburg, Ger-
many). The first recorded cycle following the first day of mea-
surement in the metabolic chambers was named the dark 1 cy-
cle, which was followed by the light 1, dark 2, light 2, dark 3,
and light 3 cycles.

Determination of serum biochemical parameters

Blood from the tail was collected in nonheparinized tubes
once a week and transferred to ice-cold Eppendorf tubes. The
tubes were centrifuged at 2,000 xg for 30 minutes at 4°C. We
collected the serum layer and stored it at —80°C for long-term
storage. Serum leptin levels were measured with enzyme-
linked immunosorbent assay (ELISA) kits (Merck-Millipore,
Darmstadt, Germany). Triglyceride and cholesterol levels were
assayed by the Department of Animal Core Facility of Nanjing
Medical University.

Histological analysis

Dissected livers and abdominal white adipose tissue (WAT)
from DIO rats that were treated with vehicle or celastrol for 3
weeks were fixed in 10% neutral buffered formalin and embed-
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ded in parafhin according to standard procedures. Tissue sec-
tions (5-mm thick) were stained with hematoxylin and eosin
(H&E) kits following the manufacturer’s instructions (Beyo-
time, Shanghai, China). Histopathological slides were scanned
using Pannoramic Scan (3DHISTECH Ltd., Budapest, Hunga-
ry), which were taken at 40 x magnification. Three photomi-
crographs per rat were compiled and analyzed using Adobe
Photoshop version CS6 (Adobe, San Jose, CA, USA); Image],
version 2 (National Institutes of Health, Bethesda, MD, USA).

Total protein extraction and Western blotting

To prepare total lysates from the hypothalamus, samples were
lysed in ice-cold tissue lysis buffer (25 mM Tris-HCI, pH 7.4;
100 mM NaF; 50 mM Na4P,O7; 10 mM Na;VOg4 10 mM
EGTA; 10 mM EDTA; and 1% NP-40; supplemented with
phosphatase and protease inhibitors) using Misonix Sonicator
3000 (Misonix, Nassau County, NY, USA). Following 2 min-
utes of homogenization, we centrifuged the samples at 13,400
x g for 20 minutes at 4°C. Supernatants from the hypothala-
mus were used as protein extracts. We measured the protein
concentration of each sample using a BCA protein assay kit
(Beyotime), and an equal amount of protein from each sample
was denatured in sample loading buffer by boiling at 95°C for 5
minutes. The proteins were separated on sodium dodecyl sul-
fate polyacrylamide (SDS-PAGE) gels and transferred onto
polyvinylidene fluoride membranes at 4°C at 100 V for 2
hours. The membranes were blocked for 1 hour in tris-buft-
ered saline (TBS) with 5% bovine serum albumin. The mem-
branes were then incubated with primary antibody in TBS
with 0.1% Tween-20 (TBST) at 4°C. After overnight incuba-
tion, the membranes were washed three times in TBST for 10
minutes and then incubated with secondary antibody in TBST
for 1 hour at room temperature. Following three cycles of
15-minute washes with TBST, the membranes were developed
using a chemiluminescence assay. Intensity analysis was per-
formed on scanned Western blot images using Image] soft-
ware. The primary antibodies used in this study included
phospho-protein kinase-like endoplasmic reticulum kinase
(PERK) (Thr980; Cell Signaling Technologies, Beverly, CA,
USA), phosphorylated-signal transducer and activator of tran-
scription 3 (p-STAT3, Tyr705; Cell Signaling Technologies),
B-actin (Cell Signaling Technologies), PERK (T-19; Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA) and STAT3 (F-2;
Santa Cruz Biotechnology Inc.).
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Total RNA extraction and real-time polymerase chain
reaction

Total RNA was extracted from the hypothalamus and WAT
and brown adipose tissue (BAT) tissues with TRIzol (Invitro-
gen, Carlsbad, CA, USA), and 1 pg of total RNA was reverse
transcribed into cDNA with a PrimeScript Kit (Takara Bio
Inc., Kusatsu, Japan) according to the manufacturer’s instruc-
tions. Quantitative real-time polymerase chain reaction was
performed in triplicate for each sample and analyzed with the
ABI 7900 system (Applied Biosystems, Waltham, MA, USA).
The data were expressed as arbitrary units after normalization
to the levels of expression of the internal control glyceralde-
hyde 3-phosphate dehydrogenase (Gapdh) for each sample.
The sequences of the primers used in this study are listed in
Supplementary Table 1.

16S rRNA gene sequencing and data analysis

Stool samples from random rats from the vehicle-, celastrol-,
and celastrol+antibiotics-treated groups (n=6 for each group)
were freshly collected and stored at —80°C until DNA isolation.
The bacteria in the feces were extracted using a QI Aamp DNA
Stool Mini Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. Then, the DNA was sent to Ma-
jorbio Bio-Pharm Technology Co. Ltd. (Shang, China) for 16S
rRNA gene sequencing using primers for the V3 region (for-
ward primer: CCAGACTCCTACGGGAGGCAG; reverse
primer: CGTATTACCGCGGCTGCTG). After quality control
and trimming of the adaptors, paired-end reads were joined
and mapped to the Greengenes 13_8 release database using
Qiime software version 1.8 (http://giime.org/). Operational
taxonomic units were picked against the Greengenes database
using a 97% similarity threshold. To adjust for differences in
sequencing depth, all samples were subsampled to the same
number in the subsequent analysis. The workflow for microbi-
ome data analysis [22] was used to filter unidentified and rarely
prevalent phyla and compare the differential bacterial abun-
dance among the groups with default settings. Plots were made
by the Phyloseq package using R version 3.5.1 (R Foundation
for Statistical Computing, Vienna, Austria).

RNA-seq and data analysis

For transcriptome profiling, three hypothalamic tissues from
vehicle- and celastrol-treated rats were randomly collected and
sent to Novogene Co. Ltd. (Beijing, China) for RNA extraction,
library preparation and mRNA sequencing on an Illumina
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Hiseq 4000 platform (Illumina Inc., San Diego, CA, USA). The
RNA-seq data were filtered and processed with STAR to gener-
ate read alignments with rn6. Raw read counts for annotated
genes were obtained with HTSeq, normalized and analyzed
using DEseq2 in accordance with the workflow for gene-level
exploratory analysis [23]. A false discovery rate-adjusted P val-
ue <0.05 was used to identify the differentially expressed
genes. We performed pathway enrichment analysis using Inge-
nuity Pathway Analysis (IPA; Qiagen).

Statistical analysis

For statistical analyses, Student’s ¢-test or the rank sum test
were used for comparisons between two groups. One-way
analysis of variance (ANOVA) followed by Dunnett’s post hoc
test was used for multiple comparisons versus the vehicle-
treated group. The results are shown as the mean +standard er-
ror using GraphPad Prism version 7.03 software (GraphPad,
San Diego, CA, USA). P<0.05, P<0.01, and P<0.001 were
considered as the threshold of statistical significance for all
analyses.

Data availability

The RNA-seq data from this publication have been submitted
to the Sequence Read Archive (SRA) database under the SRA
accession number PRJNA494595.

RESULTS

Effects of celastrol on obese rats

According to the effective dose identified in a previous study
[14,16], we first treated DIO rats with celastrol at doses ranging
from 15 to 250 pg/kg BW by oral gavage in the pilot test. As
shown in Supplementary Fig. 1, the BW of the DIO rats did
not decrease until the dose increased to 250 pg/kg BW To en-
sure the anti-obesity effect of celastrol, a dose of 500 pg/kg BW,
which equals approximately 1,000 pug/kg BW in mice, was cho-
sen for subsequent experiments.

The administration of celastrol significantly reduced the BW
of the DIO rats from 813.28+12.20 g on day 0 to 787.69+12.13
g over the 3-week period, representing 3.11%+1.02% weight
loss compared to the initial weights (Fig. 1A and B); however,
the BW of the vehicle-treated rats showed a slight increase of
0.48%+0.50%. Consistent with this reduction, we observed
that the livers of the vehicle-treated rats were filled with large
lipid droplets and that lipid accumulation in the celastrol-
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treated rats decreased. The size and number of adipocytes in
abdominal WAT and triglyceride and cholesterol levels, how-
ever, were not altered (Fig. 1C, E, and I). These results indicated
improved lipid metabolism in the liver, but not in white fat, af-
ter treatment with celastrol.

Before treatment with celastrol, the fasting blood glucose
levels of the rats from the vehicle- and celastrol-treated groups
were 7.28+0.46 and 7.03+0.12 mmol/L, respectively, repre-
senting a phenotype of prediabetes. After 3 weeks of treatment,
the impaired fasting glycemia was slightly improved (6.29+
0.16 and 6.23+0.26 mmol/L, respectively), but the rats still
showed impaired tolerance to a glucose load (Fig. 1D and E,
Supplementary Fig. 2A and B). Regarding response to insulin,
the glucose levels of the celastrol-treated rats were slightly di-
minished and restored to the level of the vehicle-treated group
after intraperitoneal insulin injection (Fig. 1G and H), al-
though no significant difference in the area under curve (AUC)
was observed (Supplementary Fig. 2C and D). Collectively,
these results demonstrated that 3 weeks of treatment with
celastrol ameliorated obesity in DIO rats.

Celastrol alters the microbiota composition in DIO rats

The gut microbiota, an intermediate between the host and the
environment, comprises trillions of bacteria and contributes to
energy harvesting and metabolism regulation [24]. Considering
celastrol was orally administered, an interaction between celas-
trol and the gut microbiota may have occurred, but there was
no evidence of this association. To assess this association, we
collected the feces of the rats from the two groups after the 3
weeks of treatment on the second morning after cage change,
and the microbiota composition in the feces was analyzed using
16S rRNA sequencing. Weighted UniFrac-based principal coor-
dinate analysis (PCoA) revealed a scattered distribution of mi-
crobiota in the vehicle-treated group, reflecting a state of HFD
teeding, while the microbiota of the celastrol-treated rats was
concentrated (Fig. 2A). Within-habitat diversity, i.e., a-diversity,
showed that the microbiota composition of the celastrol-treated
rats was more abundant than that of the vehicle-treated group
(Fig. 2B). Based on the negative correlation between o.-diversity
and the onset of obesity, the promotion of the gut microbiota
accompanied by weight loss in the celastrol-treated rats was
consistent with previous findings in humans [25]. As shown in
Fig. 2C, there was an obvious difference in the relative abun-
dance between the two groups at the phylum level, with Bacte-
roidetes, Firmicutes, and Proteobacteria as the major constituent
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Fig. 1. Celastrol protects rats against diet-induced obesity. Diet-induced obese (DIO) Sprague-Dawley rats were orally adminis-
tered vehicle or celastrol (500 pg/kg) every day for 3 weeks. (A) The body weight and (B) percent decrease (%) in the body weight
of the DIO rats during the treatment period (n=38 for vehicle group; n=7 for celastrol group). (C) Representative H&E staining of
abdominal white adipose tissue (WAT) and the liver. The results of the oral glucose tolerance test (OGTT) of the rats before (D)
and after (E) the treatment period. (F) The serum triglyceride levels of the rats after 3 weeks of treatment. The results of the insulin
tolerance test (ITT) of the rats before (G) and after (H) the treatment period. (I) The serum cholesterol levels of the rats after 3
weeks of treatment. The error bars represent the standard error of means. The P values were determined by (B) Dunnett’s post hoc

test or (D-I) Student’s t-test. NS, not significant. *P<0.05.

phyla. After 3 weeks of treatment with celastrol, the relative
abundance of Bacteroidetes in the feces was significantly in-
creased by approximately 85% compared to that in the vehicle-
treated group, while the relative abundance of Firmicutes was
diminished by approximately 26%; this result is compatible
with the aforementioned studies in murine models of obesity
[24]. This finding indicated that celastrol improved the homeo-
stasis of the microbiota composition in DIO rats, but there was
still a lack of understanding of the dynamic changes.
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To determine whether there was an association between the
duration of treatment and the microbiota composition, we col-
lected the feces of the celastrol-treated rats after 1, 2, and 3
weeks of treatment. After treatment with celastrol, the relative
abundance of the microbiota in the DIO rats gradually changed
and stabilized after 2 weeks (Fig. 2D). Linearized regression re-
vealed a weekly 5.7% elevation in Bacteroidetes and a 6.0% re-
duction in Firmicutes, suggesting a synchronous change of the
two phyla (Fig. 2E). Taken together, our data provided evi-
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Fig. 2. Celastrol alters the microbiota composition in diet-induced obese (DIO) rats. The microbiota composition of the feces of
vehicle-, celastrol-, and celastrol+antibiotic-treated DIO rats was analyzed by 16S rRNA sequencing (n=6 for each group). (A)
The weighted version of the UniFrac-based principal coordinate analysis (PCoA), (B) a-diversity, and (C) relative abundance (%)
of the microbiota at the phylum level in vehicle- and celastrol-treated rats after 3 weeks of treatment. (D, E) The consecutive rela-
tive abundance of the microbiota of (D) all phyla, (E) Bacteroidetes (left panel), and Firmicutes (right panel) in vehicle- and celas-
trol-treated rats after 1, 2, and 3 weeks of treatment. (F) To understand the role of the microbiota in the anti-obesity effect of celas-
trol, antibiotics were added to the drinking water beginning the second week of celastrol treatment, as indicated by antibiotic in-
tervention in the schematic diagram (n=7 for the celastrol group; n=8 for the antibiotic intervention group). (G) The a-diversity
and (H) weighted version of the UniFrac-based PCoA of the microbiota in celastrol- and celastrol+antibiotic-treated rats after 3
weeks of treatment. (B, G) The P values were determined by the rank sum test. Alterations in the relative abundances of Bacte-

roidetes and Firmicutes were fitted by linear regression.

dence that there was a close relationship between celastrol and
the gut microbiota.

The microbiota mediates weight loss in celastrol-treated
DIO rats

Although we demonstrated the association between celastrol

https://e-dmj.org  Diabetes Metab J 2020;44:747-763

and the gut microbiota, it was still unclear whether the micro-
biota mediated the anti-obesity effect of celastrol. Therefore,
we added a mixture of antibiotics, including neomycin, peni-
cillin, streptomycin, vancomycin and metronidazole [21], to
the drinking water beginning the second week of treatment
with celastrol (Fig. 2F) so that we could disturb the composi-
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tion of the microbiota, observe its influence on the BW of the
DIO rats and confirm the weight loss that was observed during
the first week of treatment with celastrol. A separation between
celastrol alone and the combination of celastrol and antibiotics
is shown in the PCoA plot, and there was a weakened a-diversity
in the rats after the addition of antibiotics, which suggested
that 2 weeks of antibiotics administration disrupted the micro-
biota homeostasis promoted by celastrol (Fig. 2G and H). Con-
sistent with the previous results, the BW of the rats in the
celastrol+antibiotic-treated group decreased at a rate equiva-
lent as that of the rats in the celastrol only-treated group during
the first week (from day 1 to day 7) before the addition of anti-
biotics, which validated the anti-obesity effect of celastrol (Fig.
1B). Nevertheless, the rate slowed after the addition of antibi-
otics, and the slope of the broken line graphs indicates two to-
tally different statuses of weight loss. By generating another
group of rats that received only antibiotics, we aimed to control
for the effects of the antibiotics themselves. As shown in Fig.
1B, the BW of the rats in this group diminished immediately
after drinking water with antibiotics, and this was supposed to
be induced by the disturbance of the gut microbiota [26].
Weight gain was observed in these rats 5 days later. These re-
sults implied that the gut microbiota but not antibiotics medi-
ated the anti-obesity effect of celastrol.

The hypothalamic leptin signaling pathway is activated in
celastrol-treated rats

There is growing evidence that the bidirectional communica-
tion system between the gut and the brain, in other words, the
gut-brain axis, is associated with metabolic diseases [27]. This
is also a route through which the gut microbiota may impact
neurodevelopmental processes and brain functions. To profile
the changes in the hypothalamus after 3 weeks of treatment,
we extracted RNA and performed transcriptome sequencing.
The vehicle- and celastrol-treated rats were clustered separately
(Fig. 3A and Supplementary Fig. 3A) in the principal compo-
nent analysis plot, and there were 13 downregulated genes and
153 strongly upregulated genes in the celastrol-treated group.
We analyzed enriched pathways with IPA, and it was revealed
that G-protein coupled receptor signaling, dopamine-DARPP32
feedback in cyclic adenosine monophosphate (cAMP) signal-
ing, protein kinase A signaling, etc., were enriched (Fig. 3B).
Notably, we found that genes that participate in leptin signal-
ing, including protein kinase cAMP-activated catalytic subunit
beta (Prkacb), forkhead box Ow 1 (Foxol), and adenylate cy-
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clase 5 (Adcy5), were differentially expressed, indicating the
potential involvement of leptin signaling in the anti-obesity ef-
fect of celastrol. However, the mRNA expression levels of
Pomc, Agrp, Npy, etc., were expressed at comparable levels in
the two groups (Fig. 3F and Supplementary Fig. 3B).

To determine the connection between leptin and celastrol-
induced weight loss, we tested successive serum leptin levels,
but there was no significant difference between the vehicle- and
celastrol-treated rats after 1, 2, or 3 weeks of treatment (Fig.
3E). Nevertheless, the level of leptin in the celastrol-treated
group showed a tendency to decrease, reflecting the association
of a negative feedback loop of leptin with a reduction in body
fat, which has been reported by others [28]. For leptin signal-
ing in the hypothalamus, we found that the phosphorylation of
STAT3, a downstream effector of leptin, at Tyr705 was signifi-
cantly increased in the celastrol-treated group, which implied
the activation of leptin signaling (Fig. 3C and D). In contrast to
that in the celastrol-treated group, the ratio of p-STAT3 to total
STATS3 protein in the celastrol+antibiotic-treated group was
slightly reduced, which was in accordance with the slowing of
weight loss (Fig. 1B). Together, our data demonstrated that the
hypothalamic leptin signaling pathway was activated after
treatment with celastrol even though the serum leptin level did
not change; this may have been due to the improved leptin
sensitivity in the hypothalamic center for energy homeostasis.

It is well established that leptin and insulin resistance in obe-
sity results from endoplasmic reticulum (ER) stress and that
improvements in ER homeostasis induced by chaperones such
as 4-phenylbutyric acid (4-PBA) contributes to the improved
sensitivity to leptin [29]. We thus analyzed the level of PERK
protein as well as its phosphorylation at Thr980, but the reduc-
tion in PERK was not obvious (Supplementary Fig. 3C-F), im-
plying that the involvement of ER homeostasis still needs to be
validated by further studies.

Given the activation of leptin signaling in celastrol-treated
rats, heterozygous (Lep™*) and homozygous leptin knockout
(Lep™) rats were used to verify the role of leptin in celastrol-in-
duced weight loss. We orally administered different doses of
celastrol to the Lep™* rats. As shown in Fig. 4A and B, the rats ad-
ministered 500 pg/kg BW celastrol maintained a stable BW, and
the difference between the BWs of the 500 ug/kg BW celastrol-
and vehicle-treated groups was not statistically significant. When
the dosage increased to 1,000 ig/kg BW, the percent decrease in
BW was markedly altered beginning the 18th day of treatment.
As the number of genomic copies of leptin was decreased in the
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Lep™ rats compared to that in the WT rats, the elevation of the
celastrol dose helped to restore its function and decrease BW. For
Lep™™ rats, however, even 1,000 ng/kg BW celastrol did not de-
crease the BW (Fig. 4C and D), suggesting that the effectiveness
of celastrol is partially dependent on leptin.

Celastrol enhances the energy expenditure of DIO rats

Obesity is the result of an interrupted balance between the in-
take and consumption of energy. To lose weight, an organism
must consume more calories than it takes in; however, whether
celastrol affects intake or consumption remains unresolved.
We first recorded the daily food intake of the rats, which was
approximately 20 g, and no difference was observed between
the WT, Lep™ or Lep™ rats treated with celastrol and those
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treated with vehicle (Fig. 5A-C and Supplementary Fig. 4).
This implied that the oral administration of celastrol at the
present dose had no impact on food intake, although the sig-
naling pathway of leptin, the appetite hormone, was activated.
Therefore, we conducted a metabolic chamber experiment
to examine whether EE, the respiratory exchange ratio (RER)
or the level of physical activity were altered after 1 week of treat-
ment, when the gut microbiota had improved. Regarding RER,
the rats from the two groups maintained relatively stable respi-
ratory function during the dark and light cycles (Fig. 5D and
Q), although the RER value was slightly but not significantly
increased in the celastrol-treated rats. The RER reflected the
relative use of carbohydrates versus lipids as a source of energy,
and the results implied a potential switch of fuel to carbohy-
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drates in the celastrol-treated group. The level of physical activ-  the vehicle-treated rats in the light phase, but a statistically sig-
ity was the total distance that the rats moved in the chamber.

The celastrol-treated rats exhibited higher activity than that of

nificant difference was not observed (Fig. 5F and I). Regarding
EE, the red broken lines were obviously higher than the black
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lines in the dynamic longitudinal chart, indicating the en-
hancement of thermogenesis (Fig. 5E). By calculating the aver-
age levels in the dark and light phases, we found that the rats
treated with celastrol did expend more energy than those in
the vehicle-treated group and that the difference was more ob-
vious in the light cycle, which may have been due to hyperac-
tivity, which was revealed by increased physical activity (Fig.
5H). Our data demonstrated that celastrol-induced weight loss
resulted from the negative regulation of energy homeostasis
and that the EE was enhanced while there was no alteration in
food intake.

To examine increased EE at the level of transcription, we as-
sessed the expression of some genes involved in fatty acid me-
tabolism in both abdominal WAT and interscapular BAT. In

WAT, markers of browning, including uncoupling protein 1
(Ucepl), cell death inducing DFFA like effector a (Cidea), and
PPARG coactivator 1 alpha (Ppargcla), were not differentially
expressed (Fig. 5]), and a slight but not marked induction of
carnitine palmitoyltransferase 1A (Cptla), adiponectin, C1Q
and collagen domain containing (Adipoq), and fatty acid syn-
thase (Fasn) was observed. In BAT, we found strong activation
of the entire gene set, especially Cptla, lipoprotein lipase (Lpl),
Adipog, Fasn, and fatty acid binding protein 4 (Fabp4), were
expressed at a high level, in rats treated with celastrol (Fig. 5K).
Taken together, the results suggested that the upregulation of
genes associated with fatty acid metabolism in BAT supported
the enhancement of EE in DIO rats treated with celastrol.
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Fig. 6. Celastrol enhances energy expenditure (EE) via the leptin signaling pathway. To prevent the effects of different body weights
on EE, wild-type (WT) and Lep™" rats were fed a strictly controlled high-fat diet (HFD) to maintain equal body weights between
the two groups. (A) A schematic diagram of diet control and (B) the body weight of the WT and Lep™" rats before treatment with
celastrol. (C-H) The WT and Lep™" rats were placed in TSE Labmaster Caging System metabolic cages and administered vehicle or
500 pg/kg celastrol for 3 days after 1 week of celastrol acclimation (n=>5 for each group). (C, F) The dynamic or cycle-summarized
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Leptin mediates energy expenditure in celastrol-treated rats
Now that we knew that celastrol reduced BW by EE expendi-
ture and that the hypothalamic leptin signaling pathway was
activated without an influence on feeding behavior, we next
tested whether leptin signaling played a role in such enhance-
ment (Fig. 6A). We fed WT and Lep™ rats with the same vol-
ume of HFD to test metabolism based on equivalent caloric in-
take. However, under normal conditions, the weight of the WT
and Lep™ rats was significantly different compared to that of
the Lep™ rats, which were extremely obese, and this may have
affected metabolism. To avoid the effects of weight, we restrict-
ed the food intake of Lep™ rats after weaning and acquired a
baseline BW that was the same as that of WT rats (Fig. 6B).

As shown in Fig. 6C-H, no alteration was observed in the
RER of Lep™ rats. Additionally, compared to that of the WT
rats, the level of physical activity of the Lep™™ rats was increased
in the light cycle but reduced in the dark cycle. However, the
EE of the Lep™™ rats was significantly diminished upon treat-
ment with the same dose of celastrol, especially in the light cy-
cle. This finding indicated the participation of leptin in the en-
hancement of EE by celastrol, which helps to explain the inef-
fectiveness of celastrol when leptin is homozygously deleted.

Acute toxicity test showing the safety of celastrol

For the potential clinical application of celastrol, we aimed to as-
sess the acute toxicity of different doses of celastrol using a
mouse model based on the dose of celastrol used in the rats.
Mice were orally administered 0, 0.1, 0.5, 2.5, 12.5, or 62.5 mg/kg
BW celastrol and then kept in cages for surveillance over a
5-day period (Supplementary Fig. 5A). Consistent with the re-
sults of the long-term chronic toxicity test [14], no death oc-
curred even when the dose increased to 62.5 mg/kg BW, which
is equivalent to approximately 30 mg/kg BW in rats, which was
a high dose in usual tests (Supplementary Fig. 5B). No signifi-
cant differences in organ coefficients or blood biochemistry
were revealed by blinded observation (Supplementary Figs. 6
and 7). This finding suggested the relative safety of celastrol
when administered through an oral route. In contrast, the in-
traperitoneal injection of celastrol induced an adverse reaction
that severely inhibited the appetite of the rats. During the pilot
test, we dissected the rat abdomen and observed precipitate,
which we thought may have been due to the different absorp-
tion rates of the solute and solvents, i.e., celastrol, ethanol, and
DMSO (Supplementary Fig. 5C and D).
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DISCUSSION

Recently, the global prevalence of obesity has gradually be-
come more serious, and it poses a major challenge to public
health. Publications on various treatments for obesity have
aroused the attention of society; however, there are still pa-
tients suffering from the effects of obesity and failed weight
loss. In fact, except for patients affected by genetic factors [30],
most overweight and obese patients can control their weight
through regular life, diet and exercise [31]; however, food is
sometimes the only comfort against the pressure of modern
life. To address the desire for safe and effective weight loss
drugs, the present study was performed in a rat model and
found that celastrol has an anti-obesity effect, mainly improv-
ing gut microbiota homeostasis and regulating the sensitivity
of the leptin signaling pathway in the hypothalamic energy-
regulating center, thus increasing energy consumption and de-
creasing weight.

The microbiota acts as a medium for contact between the
body and the outside environment, and it is well established
that abnormalities in the gut microbiota are closely associated
with gastrointestinal inflammation, neurobehavioral develop-
mental disorders, cancer, and metabolic diseases [32,33]. The
diversity of the intestinal flora of indigenous tribes living in for-
ests, who have lower serum lipid parameters, is reportedly
higher than that of urban populations [34]. It has also been
found that the diversity of the gut microbiota of obese mice is
significantly lower than that of normal-weight mice in research
using animal models [35]. Energy metabolism, as well as BW,
changes when the microbiota is disturbed via antibiotics or
even transplantation of the microbiome [17,21]. All of these
studies have established the relationship between the gut mi-
crobiota and BW, and Bacteroidetes and Firmicutes are the two
most important phyla of bacteria in the gastrointestinal tract
and play critical roles in the occurrence and prognosis of obesi-
ty [36].

In accordance with the abovementioned findings, our results
show that the ratio of Bacteroidetes to Firmicutes increases to a
stable state after at least 2 weeks of treatment with celastrol.
Firmicutes is well known to have an important impact on lipid
metabolism, making the body prefer the absorption and stor-
age rather than the consumption of fatty acids [37]. When the
abundance of Firmicutes and Bacteroidetes is reduced by anti-
biotics, the glucose tolerance and insulin sensitivity of obese
mice are significantly improved [38]; this has been reported to

759



Hu W, et al.

dmj

be caused by increased secretion of glucagon-like peptide-1
[39], but this has not confirmed in randomized control trials
[40]. It is worth noting that the relative abundances of Fir-
micutes and Bacteroidetes are strictly regulated by each other
and can be transiently changed by the diet [19], which means
that the improved diversity of the gut microbiota observed in
our study may have also been the result of feeding. In fact, the
abundances of Firmicutes and Bacteroidetes gradually changed
while the food intake of the rats from the two groups remained
constant throughout the 3-week treatment; this ruled out this
possibility and indicated that celastrol was the cause of the al-
terations in the microbiota.

In organisms, the gut microbiota is mainly involved in the
synthesis of short-chain fatty acids, of which acetate, propio-
nate and butyrate are considered to be closely related to obesity
[41]. A recent study showed that acetate can stimulate the para-
sympathetic nervous system, promote insulin and ghrelin se-
cretion, enhance appetite, and thus cause obesity, which pro-
vide an example of the regulation of the gut-brain axis in ener-
gy metabolism [42]. In hypothalamic circuits, POMC- and
AgRP/NPY-expressing neurons jointly regulate appetite and
energy homeostasis in the body [5], and mounting evidence
has suggested that insulin and leptin are major factors involved
in such regulation. Nevertheless, the past treatment of obesity
with leptin supplements failed due to leptin resistance, which
led to the ineffectiveness of leptin and the persistence of hyper-
phagia [43]. Our study revealed that the leptin signaling path-
way plays a pivotal role in the anti-obesity effect of celastrol and
that antibiotics can significantly inhibit the phosphorylation of
STATS3, indicating the involvement of the gut microbiota in the
improvement of leptin sensitivity. In fact, many studies have
shown a link between the gut microbiota and insulin sensitivity
[44], and our findings provide an elementary assessment of the
association between the gut microbiota and leptin sensitivity to
supplement the insufficient prior observations [45].

Although leptin has been reported to be involved in the reg-
ulation of appetite, recent studies have also found that leptin
has crucial effects on EE, which may be finely mapped to hy-
pothalamic nitric oxide synthase-1-expressing neurons [46].
Here, we were surprised to find that celastrol had no effect on
the feeding behavior of rats, which is slightly inconsistent with
a recently published work by Pfluger et al. [47]. The differences
may have been due to the rodent species, dosages, and admin-
istration routes used and that intraperitoneal injection was not
applicable in our hands. In the present study, by using a meta-
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bolic monitoring system, celastrol was observed to enhance
energy consumption, which may have been supported by the
activation of the HSF1-peroxisome proliferator-activated re-
ceptor gamma coactivator Lo, (PGCla) transcriptional axis in
fat and muscle [16]. Subsequently, we found that the enhance-
ment of EE was mainly mediated by the leptin pathway under
strict experimental conditions. According to previous reports,
the transition of white fat into beige fat increases the content of
mitochondria in cells, thus promoting oxidative phosphoryla-
tion and enhancing thermogenesis [21], and the expression of
Ucpl and Cidea in WAT was not upregulated here. We hypoth-
esize that (1) white fat browning occurs at specific sites but not
in the abdominal fat collected by us and (2) celastrol enhances
energy consumption through other approaches rather than the
browning of WAT.

Although obesity seriously affects human health, weight loss
that occurs too quickly can also cause a series of problems,
such as cholecystitis. It is generally accepted that a weekly calo-
rie deficit of 3,500 calories, or approximately 1 pound of fat,
which is equivalent to a weekly loss of 0.5% of BW for a 100 kg
adult, through diet and exercise is the healthiest way to lose
weight. In several studies on obesity treatment, however, the
BW of animal subjects was decreased at a rate of 8% or more in
1 week [48], which is equivalent to a reduction of approxi-
mately 8 kg a week in humans. Excessive weight loss such as
this mainly consumes muscle, causing potential damage to
metabolism, which in turn leads to rebound weight gain. In
the present study, rats lost an average of 25 g in three weeks,
which equaled approximately 1.3% of the initial BW per week,
and we believe that this weight loss rate is relatively safe and
more reasonable; thus, it possible to use celastrol for the main-
tenance of a healthy weight.

In summary, the present study revealed that the oral admin-
istration of celastrol enhances EE and decreases BW by im-
proving the gut microbiota and the activation of the hypotha-
lamic leptin signaling pathway. By evaluating acute toxicity, we
found that celastrol is relatively safe at a dose of 62.5 mg/kg
BW in mice, providing a reference and elucidating the poten-
tial clinical application of celastrol in the future.

SUPPLEMENTARY MATERIALS

Supplementary materials related to this article can be found
online at https://doi.org/10.4093/dm;j.2019.0124.
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