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ABSTRACT
Celastrol, extracted from “Thunder of God Vine”, is a promising anti-cancer
natural product. However, its effect on acute promyelocytic leukemia (APL) and
underlying molecular mechanism are poorly understood. The purpose of this study
was to explore its effect on APL and underlying mechanism based on metabolomics.
Firstly, multiple assays indicated that celastrol could induce apoptosis of APL cells via
p53-activated mitochondrial pathway. Secondly, unbiased metabolomics revealed that
uridine was the most notable changed metabolite. Further study verified that uridine
could reverse the apoptosis induced by celastrol. The decreased uridine was caused by
suppressing the expression of gene encoding Dihydroorotate dehydrogenase, whose
inhibitor could also induce apoptosis of APL cells. At last, mouse model confirmed
that celastrol inhibited tumor growth through enhanced apoptosis. Celastrol could
also decrease uridine and DHODH protein level in tumor tissues. Our in vivo study
also indicated that celastrol had no systemic toxicity at pharmacological dose (2
mg/kg, i.p., 21 days). Altogether, our metabolomics study firstly reveals that uridine
deficiency contributes to mitochondrial apoptosis induced by celastrol in APL cells.
Celastrol shows great potential for the treatment of APL.

water-soluble chemicals. They have limited ability to cross
the blood-brain barrier, and cannot reach therapeutically
effective levels in the cerbrospinal fluid. Therefore, they
are helpless for extramedullary relapse, which happens
most commonly in the central nervous system in APL
patients [4].
So it is urgent to find new drugs with higher efficacy
and lower toxicity for the treatment of APL. Fortunately,
bioactive natural products open new avenues for us [5–7].
Recently, light has been shed on the active constituent

INTRODUCTION
Acute promyelocytic leukemia (APL), characterized
by a differentiation block at the promyelocytic stage,
is one of the most dangerous leukemias and the most
frequent cause of leukemia-related deaths in the United
States [1]. Despite recent advances in the treatment of
this disease with the application of all-trans retinoic acid
(ATRA) and arsenic trioxide (ATO), treatment failure still
often occurs [2, 3]. In addition, ATRA and ATO are both
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from traditional Chinese medicine. The discoverer of
artemisinin, Chinese pharmacologist Youyou Tu, was
awarded the 2015 Nobel Prize in Physiology or Medicine.
Celastrol, a pentacyclic triterpene isolated from
the roots of “Thunder of God Vine”, has aroused
extensive attention due to its potential in the treatment
of inflammatory and auto-immune diseases [8] and
obesity [9, 10]. Recently, its anti-cancer [11–14] and
chemotherapy sensitization activities [15–17] were
increasingly focused. However, the anti-leukemia effect
of celastrol is rarely reported, especially on APL. HL-60
is a widely used cell line for the study of APL. Although
there are two reports indicating that celastrol could
trigger apoptosis of HL-60 cells [18, 19], the underlying
molecular mechanism is poorly understood.
Metabolic disturbance is the hallmark of cancer
cell. Metabolomics, an emerging omics technology,
is an ideal tool to monitor the metabolic alterations,
which is increasingly being used for the supervision of
pathophysiologic processes of diseases as well as toxicity
and pharmacological assessment of chemical exposure
[20–22]. So we chose metabolomics as a sally port
to investigate the mechanism underlying the effect of
celastrol on APL cells.
Here, for the first time, by conducting a hypothesis
free metabolomics analysis, we find that uridine deficiency
contributes to mitochondrial apoptosis induced by celastrol
in human APL cells. Celastrol shows great potential for the
treatment of APL.

celastrol was significantly increased in a dose-dependent
manner, indicating that celastrol has potent pro-apoptotic
effect on HL-60 cells.

The pro-apoptotic effect of celastrol is executed
through p53-activated mitochondrial pathway
In order to explore the mechanisms underlying
celastrol-induced apoptosis of HL-60 cells, the effects
of celastrol on nuclear morphology, cell membrane
permeability and mitochondrial membrane potential
changes were evaluated using High Content Screening
multi-parameter cytotoxicity analysis. As shown in Figure
1E and Supplementary Figure S1, quantitative analysis
indicated that nuclear size became smaller, and cell
membrane permeability was increased, and mitochondrial
membrane potential was decreased in a dose-dependent
manner after celastrol treatment. Meanwhile, these results
were verified by confocal microscopy analysis (Figure 1F
and Supplemenatary Figure S2). As shown in Figure 1F,
the cytochrome c mainly located in the mitochondria in
control group cells. While in the celastrol-treated cells,
some cytochrome c was found outside the mitochondria,
indicating the increased releasing of cytochrome
c from mitochondria to cytoplasm. Collectively,
celastrol-triggered apoptosis may be executed through
mitochondrial pathway in HL-60 cells.
On one hand, the released cytochrome c may
activate caspase 9, which activates caspase 3 subsequently.
On the other hand, the release of cytochrome c is
controlled by Bcl-2 family proteins, especially Bax.
Besides, the expression of Bax can be activated by tumor
suppressor p53 [24] (Figure 2A). Therefore, we detected
the expression of caspase 9, caspase 3, Bax and p53.
After celastrol treatment, except p53, the mRNA levels of
caspase 9, caspase 3 and Bax were increased (Figure 2B),
and the protein levels of cleaved caspase 9, cleaved
caspase 3, Bax and p53 were all increased significantly
(Figure 2C and 2D). Additionally, the expression of
caspase 8, an important participator of extrinsic apoptosis
pathway was also detected. The mRNA level of caspase
8 was decreased significantly (Supplementary Figure
S3). Taken together, all the results demonstrated that
the apoptosis of HL-60 cells induced by celastrol was
through p53-activated mitochondrial pathway but not
death receptor pathway. Furthermore, in order to explore
the upstream of mitochondrial apoptosis pathway and find
new targets of celastrol action, we conducted an unbiased
metabolomics analysis.

RESULTS
Celastrol induces apoptosis of HL-60 cells
In order to evaluate the effect of celastrol on cell
proliferation, the CCK-8 assay was performed. As shown
in Figure 1A, a dose-dependent cell proliferation inhibition
on HL-60 cells was observed after treatment with celastrol
for 24 and 48 h. The concentration of celastrol to reach
50% proliferation inhibition (IC50) was 0.48 and 0.55 μM
for 24 and 48 h, respectively. There was no significant
difference between 24 and 48 h treatment. According to
the IC50 value and previous report [23], we selected 0.125,
0.25 and 0.5 μM as the test doses and 24 h as the treatment
time in the following study regarding the effect of celastrol
on HL-60 cells.
The cell ultra-structure changes caused by celastrol
were then assessed by transmission electron microscope.
As shown in Figure 1B, cell shrinkage, chromatin
margination and condensation, smooth cell membrane
and formation of apoptotic bodies were observed in HL60 cells treated by celastrol. Noticeably, these changes
were all characteristics of cells undergoing apoptosis.
Therefore, the apoptosis was next quantified by flow
cytometry with Annexin V/PI staining. As shown in Figure
1C and 1D, the percentage of apoptotic cells induced by
www.impactjournals.com/oncotarget
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Figure 1: The effects of celastrol on cell proliferation and apoptosis in HL-60 cells. A. Effect of celastrol on cell proliferation.

Data represented the mean of five replicates. Each performed in triplicate. B. Characteristic apoptotic morphological changes were assessed
by transmission electron microscopy. The concentration of celastrol was 0.5 μM. Arrow indicates apoptotic body and triangles indicate
nuclear condensation and margination. Scale bar: 2 μm; Magnification, ×20,000. C. Flow cytometry analysis of cell apoptosis. D. The chart
illustrates the percentage of apoptotic cells from three independent experiments. E. The quantitative analysis of nuclear size, membrane
permeability and mitochondria membrane potential. F. Representative images from confocal microscope. MMP: Mitochondrial Membrane
Potential. The concentration of celastrol was 0.5 μM. Magnification, ×630. Asterisks indicate statistical significance (*p < 0.05, **p < 0.01,
***p < 0.001).
www.impactjournals.com/oncotarget
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detection rate lower than 50%, we retained 95 metabolites
for further analysis. The profiles are displayed as a heat
map (Figure 3A).
Principal Components Analysis (PCA) is an
unsupervised, reductive statistical modeling technique
which separates samples based on their differences from

each other. As shown in Figure 3B, the established PCA
model showed good discrimination for celastrol (0.125
μM), celastrol (0.25 μM), celastrol (0.5 μM) and control
group in a dose-response manner, suggesting celastrol
treatment had a dose-related influence on metabolism of
HL-60 cells. So we focused on the effect of high-dose

Figure 2: The mRNA and protein levels of apoptosis-related genes. A. Schematic illustration of apoptosis pathway. B. Real-time
PCR analysis of TP53, BAX, CASPASE 9 and CASPASE 3 mRNA levels. C. The protein levels of cleaved caspase 9, cleaved caspase 3, p53
and Bax with western blot analysis. D. The integrated option density of target protein bands was quantified by Image-Pro Plus software.
Results represent three independent experiments performed in triplicate. Asterisks indicate statistical significance (*p < 0.05, **p < 0.01,
***p < 0.001).
www.impactjournals.com/oncotarget
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Figure 3: Metabolomics profiles. A. Heat map showing 95 differential metabolites. C: control, L: 0.125 μM celastrol, M: 0.25 μM

celastrol, H: 0.5 μM celastrol. B. PCA score plot derived from metabolomics analysis. Green circle indicated the control group. Blue
circle indicated the 0.125 μM celastrol treatment. Red circle indicated the 0.25 μM celastrol treatment. Yellow circle indicated the 0.5
μM celastrol treatment. C. The relative content of uridine, cytidine and deoxycytidine in HL-60 cells with or without celastrol treatment.
Asterisks indicate statistical significance (*p < 0.05, ***p < 0.001). D. The pathway analysis of metabolomics data.
www.impactjournals.com/oncotarget
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(0.5 μM) celastrol treatment. We found 67 metabolites
were significantly changed in 0.5 μM celastrol treatment
group (Supplementary Table S1, p < 0.05). Meanwhile,
in order to improve the robustness of the result, we
applied a Bonferroni correction for multiple testing based
on an adjusted p-value threshold of 5×10-4 according
to previous study [25]. Finally, 39 metabolites were
retained (Supplementary Table S1). After mapping these
metabolites into their respective biochemical pathways
as outlined in the Kyoto Encyclopedia of Genes and
Genomes (KEGG) (http://www.genome.jp/kegg/), we
found that three of the top seven notable metabolites were
within pyrimidine metabolism pathway (Supplementary
Table S1). The three pyrimidine metabolites were uridine,
cytidine and deoxycytidine, and their content changes are
shown in Figure 3C. Interestingly, the three metabolites
were clustered in the heat map (Figure 3A), highlighting
the statistical importance of the three metabolites.
We next used the module of “pathway analysis” of
metaboanalyst (www.metaboanalyst.ca/) to do the pathway
enrichment. We found pyrimidine metabolism was the
significantly changed metabolic pathway (Figure 3D
and Supplementary Table S2). These results collectively
indicated that celastrol had potent effect on the pyrimidine
metabolism in HL-60 cells. Furthermore, among the
three metabolites within pyrimidine metabolism, uridine
was a representative pyrimidine nucleoside which has
metabolic connection with cytidine and deoxycytidine
and showed the most robust dose-dependent response to
celastrol (Figure 3C). Besides, it was reported that uridine
deficiency could increase the protein level of p53 by
preventing its degradation [26], which can well explain
the inconsistence between mRNA and protein level of
p53 after celastrol treatment. Therefore, the decreased
uridine caused by celastrol may increase p53-activted
apoptosis in HL-60 cells, which led us to further validate
this hypothesis.

celastrol alone or in conjunction with uridine didn’t show
effect on the mRNA levels of p53. These results support
our hypothesis that uridine may play a key role in p53activated apoptosis triggered by celastrol, and are also in
accordance with previous study that uridine deficiency
activated p53 response by maintaining the stability of p53
protein [26]. These findings drove us to further investigate
the mechanism through which celastrol led to uridine
deficiency.

Celastrol suppresses the expression of DHODH,
which enhances the salvage biosynthesis using
uridine as substrate
To identify the target through which celastrol
triggered uridine deficiency, we detected the mRNA
levels of genes encoding the key enzymes involved in
pyrimidine metabolism. The two main pathways for
pyrimidine biosynthesis are shown in Figure 5A. Uridine,
as a substrate, is mainly used for the salvage biosynthesis
of UMP. This reaction is catalyzed by UCK1 and/or
UCK2. Meanwhile, CDA is another important enzyme
in this pathway, which catalyzes the transformation of
cytidine to uridine under the uridine deficiency. As shown
in Figure 5B, the mRNA levels of UCK1 and CDA were
significantly elevated, while the mRNA level of UCK2
showed no significant changes. The results suggested
the enhancement of UMP salvage biosynthesis, which
led to uridine deficiency directly. In cancer cells, UMP
biosynthesis often mainly depends on de novo biosynthesis
[28]. The enhancement of salvage biosynthesis may be
due to the inhibition of de novo biosynthesis. DHODH
and UMPS are two important enzymes in this pathway,
especially DHODH, which acts as a rate-limiting enzyme.
As shown in Figure 5B, the mRNA level of UMPS had
no changes, while the mRNA level of DHODH was
significantly decreased after celastrol treatment. In
addition, the mRNA level of NT5C3A showed no changes.
These results suggested that the de novo biosynthesis of
UMP may be arrested at the DHODH. Interestingly, this
was supported by the increase of dihydroorotic acid, the
upstream substrate of DHODH (Supplementary Table S1).
Additionally, in order to further confirm this hypothesis,
we examined the protein level of DHODH. As shown
in Figure 5C and 5D, the protein level of DHODH was
decreased in a dose-dependent manner. These results
indicated celastrol inhibited the de novo biosynthesis of
UMP by down-regulating the expression of DHODH,
which compensatorily enhanced salvage biosynthesis
and significantly increased the consumption of uridine
as substrate. Moreover, we found that Teriflunomide, a
specific inhibitor of DHODH, could also induce apoptosis
of HL-60 cells (Figure 6). This result further supported
DHODH was the target through which celastrol induced
apoptosis of HL-60 cells.

Uridine reverses apoptosis induced by celastrol
in HL-60 cells
To evaluate the role of uridine in apoptosis induced
by celastrol, the HL-60 cells were treated with uridine
in conjunction with celastrol (0.5 μM). The enriched
concentrations of uridine were 25, 50 and 100 μM in the
culture medium according to previous studies [27–30].
As shown in Figure 4A, celastrol treatment induced
significant apoptosis of HL-60 cells. However, the addition
of uridine decreased the apoptotic percentage of HL-60
cells in a dose-dependent manner. As shown in Figure 4B
and 4C, the protein levels of p53, Bax, cleaved caspase
9 and cleaved caspase 3 were significantly increased in
the celastrol treatment group. However, the levels of
these proteins were decreased with the addition of uridine
in a dose-dependent manner. As shown in Figure 4D,

www.impactjournals.com/oncotarget

46562

Oncotarget

Figure 4: The apoptosis induced by celastrol was attenuated by the addition of uridine. A. Flow cytometry was conducted to

evaluate the effect of uridine supplementation on apoptosis. C: Celastrol; U: uridine. B. and C. The effect of uridine on the protein levels of
apoptosis-related genes. D. The effect of celastrol or the combination of celastrol and uridine on the mRNA level of p53. Asterisks indicate
statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001).
www.impactjournals.com/oncotarget
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Figure 5: The screening of target metabolic enzyme gene expression affected by celastrol. A. Schematic overview of

pyrimidine biosynthesis. B. The mRNA levels of candidate enzyme genes involved in the metabolism of pyrimidine. CDA: cytidine
deaminase, EC 3.5.4.5; UCK: uridine-cytidine kinase, EC 2.7.1.48; NT5C3A: 5′-nucleotidase, cytosolic IIIA, EC 3.1.3.5; UMPS: uridine
monophosphate synthetase, EC 2.4.2.10 and EC 4.1.1.23;DHODH, dihydroorotate dehydrogenase, EC 1.3.3.1. C. Western blot was utilized
to validate the protein level of the target enzyme gene. D. The integrated option intensity of target protein band was quantified by ImagePro Plus software. Results represent three independent experiments performed in triplicate. Asterisks indicate statistical significance (*p <
0.05, **p < 0.01, ***p < 0.001).
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Celastrol (2 mg/kg/day, for 21 days) has no
systemic toxicity in the tumor xenograft nude
mice

range [34], indicating celastrol had no toxicity on liver
and kidney at dose of 2 mg/kg. In addition, no noticeable
histopathological changes were observed in testis of mice
treated with celastrol (Figure 7C), indicating celastrol had
no toxicity on reproduction system.

To explore the systemic toxicity of celastrol
treatment and validate the findings in vitro, we established
a model of tumor xenograft nude mice of APL as
described previously [31–33]. As shown in Figure 7A, 7B
and Supplementary Figure S4, no significant differences
between control and celastrol treated mice were observed
in body weight and organ coefficients of heart, liver,
spleen, lung, kidneys, brain, testis and epididymis.As
shown in Table 1, ALT, AST, BUN and CREA showed
no statistical differences between control and celastroltreated mice, and all values were within the normal

Celastrol inhibits tumor growth by inducing
apoptosis and decreasing uridine in vivo
As shown in Figure 8A and 8B, in the model of
tumor xenograft nude mice of APL, a significant decrease
of tumor volume was observed in celastrol-treated mice
compared with control group (753.57±145.41 mm3
vs 1633.32±289.07 mm3). Tumor weight was further
confirmed at the end of the experiment after sacrificing

Figure 6: The pro-apoptotic effect of Teriflunomide (TFN, a specific inhibitor of DHODH) on HL-60 cells. A. and B.

HL-60 cells were treated with 0.1% DMSO (control) and 200 μM TFN for 24 h. Flow cytometry analysis was performed to determine the
apoptosis rate. C. and D. Western blot analysis showed Teriflunomide (200 μM) increased cleaved caspase 9 and cleaved caspase 3 protein
levels in HL-60 cells. Asterisks indicate statistical significance (**p < 0.01, ***p < 0.001).

www.impactjournals.com/oncotarget

46565

Oncotarget

mice. As shown in Figure 8C, the tumor weight of celastrol
treatment group was significantly reduced compared with
that of control (1.47±0.16 g vs 2.45±0.68 g). As shown in
Supplementary Figure S5, the potent inhibition of celastrol
on xenograft tumor can also be supported by the tumor
H&E staining, large necrosis areas and a great number of
apoptotic cells were observed.
As shown in Figure 8D and 8E, TUNEL assay
showed the apoptotic tumor cells were remarkably
increased in celastrol-treated group. Meanwhile, consistent
with the results in vitro, the levels of DHODH protein and
uridine in xenograft tumor were decreased significantly
(Figure 8F, 8G and 8H), verifying uridine plays a key role
in apoptosis of xenograft tumor cells in vivo.

on APL cells, namely, DHODH/UCK1/uridine/p53/
mitochondrial pathway of apoptosis (Figure 9).
Apoptosis, as a cellular suicide program, plays an
essential role as a protective mechanism against tumor
cells. Evading apoptosis is a prominent hallmark of cancer
[35]. Dysregulation of the apoptotic pathways may not
only promote tumorigenesis, but also render the cancer
cells resistant to treatment. Therefore, it’s very important
to control cellular apoptosis strictly for the organisms,
especially hematopoietic system as it has a high turnover
rate [36]. In this study, we found celastrol could cause
apoptosis of APL cells both in vitro and in vivo, indicating
celastrol has anti-leukemia effect through inducing
apoptosis.
The downstream of mitochondrial apoptosis
pathway has been extensively studied [37]. However,
to date, the upstream of this pathway remains to be
elucidated. p53 has been considered as a key molecular in
cancer progression. It has been reported that p53 can block

DISCUSSION
In this study, from a new perspective, we revealed a
novel pathway underlying the inhibitory effect of celastrol

Figure 7: In vivo toxicity evaluation of celastrol. A. Body weight changes of nude mice after celastrol treatment. B. Organ

coefficients of major organs including heart, liver, spleen, lung, kidney, brain, testis and epididymis. C. Optical microscopy images of testis
H&E staining after celastrol treatment. Scale bar: 200 μm. Magnification, ×10.
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Table 1: Biochemical effect of celastrol on liver and kidney function biomarkers in BALB/c mice
Groups

ALT(U/L)

AST(U/L)

BUN(mmol/L)

CREA(μmol/L)

Control

65.13±12.77

170.93±31.78

6.70±0.87

10±2.45

Celastrol (2 mg/kg)

72.43±12.76

172.33±15.32

7.85±0.20

11.67±1.78

Data are expressed as means ± SEM, n = 6 per group. ALT: alanine aminotransferase; AST: aspartate aminotransferase;
BUN: blood urea nitrogen; CREA: creatinine.

Figure 8: In vivo efficacy evaluation of celastrol. A. Photograph of excised tumors on Day 21 after celastrol treatment. B. Tumor

growth curves of mice treated with control solvent and celastrol. C. The weight of the excised tumor masses from control and celastrol
treatment groups. Data expressed as means±SEM (n=6). D. Images from TUNEL assay. Scale bar: 50 μm. Magnification, ×40. E. Statistical
comparison of apoptotic cells in tumor tissues from control and celastrol treatment group. F. Immunohistochemistry analysis of DHODH
protein level in the tumor tissues with or without celastrol treatment, Scale bar: 100 μm. Magnification, ×20. G. The integrated option
density of the images from immunohistochemistry analysis was quantified by Image-Pro Plus software. H. Comparison of uridine content
in tumor tissues from celastrol treated and untreated groups. Asterisks indicate statistical significance (*p < 0.05, ***p < 0.001).
www.impactjournals.com/oncotarget
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cell cycle progression and angiogenesis [38, 39]. Recently,
the pro-apoptotic effect of p53 in tumor is receiving
increasing attention. p53 can trigger apoptosis through
mitochondrial pathway by activating Bax [24]. In our
study, we found that the pro-apoptotic effect of celastrol
on APL cells was through p53-activated mitochondrial
pathway. Moreover, as the protein stability of p53 can be
affected by uridine [26], based on unbiased metabolomics
screening, we found uridine metabolism was a new
upstream target involved in p53-activated mitochondrial
apoptosis induced by celastrol. These findings also provide
us novel insights into the upstream of mitochondrial
pathway of apoptosis.
In the present study, uridine deficiency induced
by celastrol was caused by the abnormal enhancement
of pyrimidine salvage biosynthesis, which resulted from
the down-regulation of gene encoding DHODH, the ratelimiting enzyme in de novo biosynthesis of pyrimidine.
The results indicated that celastrol may be a new inhibitor
of DHODH. Interestingly, the inhibitors of DHODH are
currently used for the therapy of autoimmune diseases,
and celastrol has long been proved to be very effective
for this kind of disease [40]. Furthermore, it was reported

that the inhibition of DHODH could induce apoptosis
[41–43]. Teriflunomide, a well-known specific inhibitor of
DHODH, could also induce significant apoptosis of APL
cells in our study (Figure 6).The pathway of “celastol/
DHODH/uridine/apoptosis” in APL cells revealed in this
study extended our current knowledge.
The specificity of drugs on cancer cells is very
important for the therapy of cancer. Of note, we found
that the APL cells were very sensitive to celastrol. Indeed,
celastrol produced significant pro-apoptotic effect on APL
cells at concentrations ≤ 1 μM. As previous reports, at this
concentration celastrol had no adverse effect on normal
cells [13]. Our animal study also confirmed that celastrol
had no systemic toxicity on tumor-bearing mice at the
pharmacological dose with significant inhibitory effect on
tumor growth.
In summary, for the first time, our study reveals
“DHODH-induced uridine metabolism disruption/p53/
mitochondrial pathway of apoptosis” as a new pathway
underlying the effect of celastrol on APL cells, which
provides novel insights into the application of celastrol in
APL therapy. Our study also shows that metabolomics is a
promising tool in pharmacology research.

Figure 9: The proposed cascade of events for celastrol induced apoptosis of acute promyelocytic leukemia cells.
www.impactjournals.com/oncotarget
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MATERIALS AND METHODS

the cells were stained using Cellomics® Multiparameter
Cytotoxicity 3 Kit (8408102; Cellomics) according to the
manufacturer’s instruction. More details were according to
previous report [46].

Cell culture and reagents
Human acute promyelocytic leukemia cell line HL60 cells, obtained from Cell Bank of Chinese Academy
of Sciences (Shanghai, China), were cultured in Iscove’s
Modified Dulbecco’s Medium (IMDM) supplemented
with 20% fetal bovine serum, 100 IU/ml penicillin and
100 μg/ml streptomycin. The cells were maintained at
37°C in a humidified incubator with 5% CO2.
Purified Celastrol (purity ≥ 98%, CAS No.3415883-0), uridine (purity ≥ 99%, CAS No.58-96-8),
Teriflunomide (purity ≥ 98%, CAS No.163451-81-8)
and dimethyl sulfoxide (DMSO) purchased from SigmaAldrich (St. Louis, MO, USA). Celastrol was dissolved
in DMSO to the concentration of 10 mM. It was then
diluted in the culture medium to the final concentration
as indicated in every experiment. Uridine was dissolved
in PBS at 100 mM.
Cell Counting Kit-8 (CCK-8) was purchased from
Dojindo (Kumamoto, Japan).

Confocal microscope
The cell preparation was the same as High Content
Screening assay. The stained cells were visualized using
confocal microscope (Zeiss LSM 700B, Germany).

RNA isolation and real-time PCR
The mRNA level of apoptosis-related genes
(CASPASE 3, CASPASE 9, BAX and TP53) and several
metabolic enzyme genes (DHODH, UMPS, NT5C3A,
UCK1, UCK2 and CDA) involved in pyrimidine
biosynthesis was detected by real-time PCR. The primer
sequences of target genes are listed in Supplementary
Table S3, and the melting curves are shown in
Supplementary Figure S6.

Western blot analysis

Cell proliferation assay

Whole-cell extracts and western blots were
performed according to standard procedures as previously
described [47]. Antibodies against cleaved caspase 9,
cleaved caspase 3, Bax and p53 were purchased from Cell
Signaling Technology (Beverly, MA, USA); anti-DHODH
antibody was purchased from Abcam (Cambridge, UK);
anti-β-actin antibody and HRP-conjugated secondary
antibodies were purchased from Beyotime (Shanghai,
China). Detailed methodology is described in the
Supplementary Information.

The cell proliferation was monitored by counting
viable cells using CCK-8 assay according to the
manufacturer’s instruction and previous report [44].
Details about the methodology were shown in the
Supplementary Information.

Transmission electron microscope analysis
The cell preparation was performed according to
previous study [12]. See Supplementary Information for
details of the analysis.

Metabolomics screening
The cell preparation was performed according to our
previous report [46]. In brief, after 24 h of celastrol (0.125,
0.25 and 0.5 μM) and control solvent treatment (n=11, for
each group), the cells were harvested and washed with
ice-cold PBS for three times. Then 1 ml ice-cold 50%
methanol was added to resuspend the cell. After vortex,
an equal volume of each sample was pooled together to
generate a pooled quality control (Qc) sample. Then all the
cells were broken up by ultrasonication for 1 min (power:
60%, pulses: 3/3). Followed by centrifugation (16,000×g,
10 min, 4°C), the supernatant was used for detection.
The extracted samples were analyzed with unbiased
metabolomics analysis according to our previous study
[48]. More details are shown in Supplemental Information.

Flow cytometry analysis
For detection of cell apoptosis, FITC Annexin V
Apoptosis Detection Kit I (BD Pharmingen, NJ, USA)
was used and performed according to the manufacturer’s
instruction and more details were according to the
previous study [45].

Multiparametric assay using high content
screening assay
Cell-based high-content screening (HCS) multiparameter cytotoxicity analysis [Thermo Scientific
Cellomics®ArrayScan®VTIHCS Reader (Pittsburgh,
USA)] was used to measure the cell health status of HL60 cells after celastrol treatment. HL-60 cells were plated
in Collagen I-coated 96-well plates (BD Biocoat® Plates,
No. 354407) at a density of 2×104/well and incubated for
24 h. After exposure to different concentrations of celastrol
(0.125, 0.25 and 0.5 μM) and control solvent for 24 h,
www.impactjournals.com/oncotarget
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46569

Oncotarget

Targeted uridine analysis in xenograft tumor in
BALB/c nude mice

specific pathogen-free condition in a 12-h light-dark
cycle. After one week acclimation, each mouse was
injected subcutaneously with HL-60 cells (5×106 in 100
μl of PBS) under the shoulder as previously described
[31–33]. Tumors were allowed to grow until 100 to 200
mm3. Then the mice were randomized into two groups (6
mice per group), and were injected intraperitoneally with
vehicle control (5% DMSO in 0.9% saline) and celastrol
(2 mg/kg/day). The dose of celastrol administration
was according to previous reports [11, 12].Tumor
volume and body weights were measured daily. Tumor
volume was determined by measuring the tumor in
two dimensions with calipers and calculated using the
formula: Tumor volume (V) =0.5 ×A×B2, where A is
the larger diameter and B is the smaller diameter [31].
Mice were sacrificed on day 21 after celastrol treatment.
Before sacrifice, mice were maintained under fasting
condition for 12 h. Then blood samples were collected.
Tumor weight and volume were measured. The organs
including heart, liver, spleen, lung, kidneys, brain,
testes, and epididymides were removed and weighed.
Organ coefficient expressed as tissue weighting
factor elsewhere was calculated by dividing weight of
individual mouse by the weight of respective organ of
that mouse [49]. All animal experiments were performed
in accordance with the protocol approved by Nanjing
Medical University Institutional Animal Care and Use
Committee.

The concentration of uridine in xenograft tumor was
detected using LC-HRMS. The detailed sample preparation
and detection can be found in the Supplemental Information.

Statistical analysis
For metabolomics data, the normalized
metabolomics data were imported into SIMCA-P software
(Umetrics, Sweden) for multivariate analysis. All the data
were UV-scaled and auto log-transformed by the software.
Principal Components Analysis (PCA) was applied to find
out the metabolic changes between sample groups. The
differences of metabolites between treatment group and
control were identified by t-test analysis. To improve the
statistical robustness, we used a Bonferroni correction
for multiple testing with an adjusted p-value threshold
of 5×10-4. We used the module of “pathway analysis”
of metaboanalyst (www.metaboanalyst.ca/) to do the
pathway enrichment of metabolomics data.
We used the method of 2-ΔΔCt to analyze the results
of real-time PCR in all experiments. Statistically significant
differences between celastrol treatment groups and the
control group were determined by one-way ANOVA,
followed by Dunnett’s multiple comparison tests.
Comparisons between two groups were performed by t-test.
Values are expressed as means ± standard error (SEM)
of the mean for all experiments. All tests of statistical
significance were two-sided, and the statistical significance
was set at p < 0.05.Analyses and graphs were performed
using GraphPad Prism software (San Diego, CA).

Serum biomarker analysis
The chronic toxicity of celastrol on liver and kidney
was determined by measuring the serum levels of aspartate
aminotransferase (AST), alanine aminotransferase (ALT),
blood urea nitrogen (BUN) and creatinine (CREA) using
blood auto analyzer (Hitachi 7100, Japan) according to
previous study [23].
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Hematoxylin and eosin (H&E) analysis and
TUNEL assay
The morphological changes of testis and tumor
tissues after celastrol treatment were analyzed by
H&E staining as described previously [50]. To identify
the apoptotic cells in tumor, TUNEL reaction was
performed using the ApopTag® Peroxidase In Situ
Oligo Ligation (ISOL) Kit (Chemicon International,
Inc., Cat #S7200) according to the manufacturer’s
instruction.

CONFLICTS OF INTEREST
The authors declare no conflict of interest.

REFERENCES

Immunohistochemistry assay

1. Montalban-Bravo G and Garcia-Manero G. Novel drugs
for older patients with acute myeloid leukemia. Leukemia.
2014; 29:760-769.

The protein level of DHODH in tumor tissues was
detected by immunohistochemistry assay according to
previous study [51].

www.impactjournals.com/oncotarget

46570

Oncotarget

2. Mi JQ, Li JM, Shen ZX, Chen SJ and Chen Z. How to
manage acute promyelocytic leukemia. Leukemia. 2012;
26:1743-1751.

lung cancer and celastrol induces cisplatin resensitization
through inhibition of JNK/ATF2 pathway. Int J Cancer.
2015; 136:2598-2609.

3. Coombs CC, Tavakkoli M and Tallman MS. Acute
promyelocytic leukemia: where did we start, where are we
now, and the future. Blood Cancer J. 2015; 5:e304.

16. Zhu H, Yang W, He LJ, Ding WJ, Zheng L, Liao SD,
Huang P, Lu W, He QJ and Yang B. Upregulating Noxa by
ER stress, celastrol exerts synergistic anti-cancer activity
in combination with ABT-737 in human hepatocellular
carcinoma cells. PLoS One. 2012; 7:e52333.

4. Wang H, Cao F, Li J, Li L, Li Y, Shi C, Lan W, Li D,
Zhao H, Zhang Y, Zhang Z, Liu X, Meng R, Yang B and
Zhou J. Arsenic trioxide and mannitol for the treatment of
acute promyelocytic leukemia relapse in the central nervous
system. Blood. 2014; 124:1998-2000.

17. Davenport A, Frezza M, Shen M, Ge Y, Huo C, Chan TH
and Dou QP. Celastrol and an EGCG pro-drug exhibit
potent chemosensitizing activity in human leukemia cells.
Int J Mol Med. 2010; 25:465-470.

5. Kong LY and Tan RX. Artemisinin, a miracle of traditional
Chinese medicine. Nat Prod Rep. 2015; 32:1617-1621.

18. Nagase M, Oto J, Sugiyama S, Yube K, Takaishi Y and
Sakato N. Apoptosis induction in HL-60 cells and inhibition
of topoisomerase II by triterpene celastrol. Bioscience
Biotechnology and Biochemistry. 2003; 67:1883-1887.

6. Millimouno FM, Dong J, Yang L, Li J and Li X. Targeting
apoptosis pathways in cancer and perspectives with natural
compounds from mother nature. Cancer Prev Res (Phila).
2014; 7:1081-1107.

19. Uttarkar S, Dasse E, Coulibaly A, Steinmann S, Jakobs
A, Schomburg C, Trentmann A, Jose J, Schlenke P,
Berdel WE, Schmidt TJ, Muller-Tidow C, Frampton J and
Klempnauer KH. Targeting acute myeloid leukemia with
a small molecule inhibitor of the Myb/p300 interaction.
Blood. 2016; 127:1173-1182.

7. Corson TW and Crews CM. Molecular understanding and
modern application of traditional medicines: triumphs and
trials. Cell. 2007; 130:769-774.
8. Cascao R, Vidal B, Raquel H, Neves-Costa A, Figueiredo
N, Gupta V, Fonseca JE and Moita LF. Effective treatment
of rat adjuvant-induced arthritis by celastrol. Autoimmun
Rev. 2012; 11:856-862.

20. Ch R, Singh AK, Pandey P, Saxena PN and Reddy Mudiam
MK. Identifying the metabolic perturbations in earthworm
induced by cypermethrin using gas chromatography-mass
spectrometry based metabolomics. Sci Rep. 2015; 5:15674.

9. Ma X, Xu L, Alberobello AT, Gavrilova O, Bagattin
A, Skarulis M, Liu J, Finkel T and Mueller E. Celastrol
Protects against Obesity and Metabolic Dysfunction
through Activation of a HSF1-PGC1alpha Transcriptional
Axis. Cell Metab. 2015; 22:695-708.

21. Griffin JL and Shockcor JP. Metabolic profiles of cancer
cells. Nat Rev Cancer. 2004; 4:551-561.
22. Patti GJ, Yanes O and Siuzdak G. Innovation:
Metabolomics: the apogee of the omics trilogy. Nat Rev
Mol Cell Biol. 2012; 13:263-269.

10. Liu J, Lee J, Salazar Hernandez MA, Mazitschek R and
Ozcan U. Treatment of obesity with celastrol. Cell. 2015;
161:999-1011.

23. Khan M, Ding C, Rasul A, Yi F, Li T, Gao H, Gao R, Zhong
L, Zhang K, Fang X and Ma T. Isoalantolactone induces
reactive oxygen species mediated apoptosis in pancreatic
carcinoma PANC-1 cells. Int J Biol Sci. 2012; 8:533-547.

11. Yang H, Chen D, Cui QC, Yuan X and Dou QP. Celastrol,
a triterpene extracted from the Chinese "Thunder of God
Vine," is a potent proteasome inhibitor and suppresses
human prostate cancer growth in nude mice. Cancer Res.
2006; 66:4758-4765.

24. Fridman JS and Lowe SW. Control of apoptosis by p53.
Oncogene. 2003; 22:9030-9040.

12. Li HY, Zhang J, Sun LL, Li BH, Gao HL, Xie T, Zhang N
and Ye ZM. Celastrol induces apoptosis and autophagy via
the ROS/JNK signaling pathway in human osteosarcoma
cells: an in vitro and in vivo study. Cell Death Dis. 2015;
6:e1604.

25. Wang TJ, Larson MG, Vasan RS, Cheng S, Rhee EP,
McCabe E, Lewis GD, Fox CS, Jacques PF, Fernandez
C, O’Donnell CJ, Carr SA, Mootha VK, Florez JC, Souza
A, Melander O, et al. Metabolite profiles and the risk of
developing diabetes. Nat Med. 2011; 17:448-453.

13. Jiang QW, Cheng KJ, Mei XL, Qiu JG, Zhang WJ, Xue YQ,
Qin WM, Yang Y, Zheng DW, Chen Y, Wei MN, Zhang X,
Lv M, Chen MW, Wei X and Shi Z. Synergistic anticancer
effects of triptolide and celastrol, two main compounds
from thunder god vine. Oncotarget. 2015; 6:32790-32804.
doi: 10.18632/oncotarget.5411.

26. Khutornenko AA, Roudko VV, Chernyak BV,
Vartapetian AB, Chumakov PM and Evstafieva AG.
Pyrimidine biosynthesis links mitochondrial respiration
to the p53 pathway. Proc Natl Acad Sci U S A. 2010;
107:12828-12833.

14. Kapoor S. Celastrol and attenuation of tumor growth
in systemic malignancies: a clinical perspective. J Cell
Physiol. 2014; 229:258.

27. Gonzalez-Aragon D, Ariza J and Villalba JM. Dicoumarol
impairs mitochondrial electron transport and pyrimidine
biosynthesis in human myeloid leukemia HL-60 cells.
Biochem Pharmacol. 2007; 73:427-439.

15. Lo Iacono M, Monica V, Vavala T, Gisabella M, Saviozzi
S, Bracco E, Novello S, Papotti M and Scagliotti GV.
ATF2 contributes to cisplatin resistance in non-small cell

28. Bardeleben C, Sharma S, Reeve JR, Bassilian S, Frost
P, Hoang B, Shi Y and Lichtenstein A. Metabolomics
identifies pyrimidine starvation as the mechanism of

www.impactjournals.com/oncotarget

46571

Oncotarget

5-aminoimidazole-4-carboxamide-1-beta-riboside-induced
apoptosis in multiple myeloma cells. Mol Cancer Ther.
2013; 12:1310-1321.

apoptosis in transformed versus normal
keratinocytes. Apoptosis. 2012; 17:258-268.

human

42. Sawamukai N, Saito K, Yamaoka K, Nakayamada S, Ra
C and Tanaka Y. Leflunomide inhibits PDK1/Akt pathway
and induces apoptosis of human mast cells. J Immunol.
2007; 179:6479-6484.

29. Chan TC, Howell SB. Mechanism of synergy between
N-phosphonacetyl-L-aspartate and dipyridamole in a
human ovarian carcinoma cell line. Cancer Res. 1985;
45:3598-3604.

43. Dietrich S, Kramer OH, Hahn E, Schafer C, Giese T, Hess
M, Tretter T, Rieger M, Hullein J, Zenz T, Ho AD, Dreger
P and Luft T. Leflunomide induces apoptosis in fludarabineresistant and clinically refractory CLL cells. Clin Cancer
Res. 2012; 18:417-431.

30. Grant S, Bhalla K and Gleyzer M. Effect of uridine on
response of 5-azacytidine-resistant human leukemic cells
to inhibitors of de novo pyrimidine synthesis. Cancer Res.
1984; 44:5505-5510.
31. Rahmani M, Aust MM, Attkisson E, Williams DC, Jr.,
Ferreira-Gonzalez A and Grant S. Inhibition of Bcl-2
antiapoptotic members by obatoclax potently enhances
sorafenib-induced apoptosis in human myeloid leukemia
cells through a Bim-dependent process. Blood. 2012;
119:6089-6098.

44. Jiang W, Zhang Y, Xiao L, Van Cleemput J, Ji SP, Bai
G and Zhang X. Cannabinoids promote embryonic and
adult hippocampus neurogenesis and produce anxiolyticand antidepressant-like effects. J Clin Invest. 2005;
115:3104-3116.

32. Weng H, Huang H, Dong B, Zhao P, Zhou H and Qu L.
Inhibition of miR-17 and miR-20a by oridonin triggers
apoptosis and reverses chemoresistance by derepressing
BIM-S. Cancer Res. 2014; 74:4409-4419.

45. He Y, Mo Q, Hu Y, Chen W, Luo B, Wu L, Qiao Y, Xu R,
Zhou Y, Zuo Z, Deng J, He W and Wei Y. E. adenophorum
induces Cell Cycle Arrest and Apoptosis of Splenocytes
through the Mitochondrial Pathway and Caspase Activation
in Saanen Goats. Sci Rep. 2015; 5:15967.

33. Nishioka C, Ikezoe T, Yang J, Koeffler HP and Yokoyama
A. Blockade of mTOR signaling potentiates the ability
of histone deacetylase inhibitor to induce growth arrest
and differentiation of acute myelogenous leukemia cells.
Leukemia. 2008; 22:2159-2168.

46. Xu B, Chen M, Ji X, Mao Z, Zhang X, Wang X and Xia Y.
Metabolomic profiles delineate the potential role of glycine
in gold nanorod-induced disruption of mitochondria and
blood-testis barrier factors in TM-4 cells. Nanoscale. 2014;
6:8265-8273.

34. Liu D, Poon C, Lu K, He C and Lin W. Self-assembled
nanoscale coordination polymers with trigger release
properties for effective anticancer therapy. Nat Commun.
2014; 5:4182.

47. Kim H, Lee HS, Kim TH, Lee JS, Lee ST and Lee SJ.
Growth-stimulatory activity of TIMP-2 is mediated
through c-Src activation followed by activation of FAK,
PI3-kinase/AKT, and ERK1/2 independent of MMP
inhibition in lung adenocarcinoma cells. Oncotarget. 2015;
6:42905-42922. doi: 10.18632/oncotarget.5466.

35. Fernald K and Kurokawa M. Evading apoptosis in cancer.
Trends Cell Biol. 2013; 23:620-633.

48. Xu B, Chen M, Ji X, Yao M, Mao Z, Zhou K, Xia Y, Han
X and Tang W. Metabolomic profiles reveal key metabolic
changes in heat stress-treated mouse Sertoli cells. Toxicol
In Vitro. 2015; 29:1745-1752.

36. Zaman S, Wang R and Gandhi V. Targeting the apoptosis
pathway in hematologic malignancies. Leuk Lymphoma.
2014; 55:1980-1992.
37. Jiang X and Wang X. Cytochrome C-mediated apoptosis.
Annu Rev Biochem. 2004; 73:87-106.

49. Zhang R, Zhang L, Jiang D, Zheng K, Cui Y, Li M, Wu B
and Cheng S. Mouse organ coefficient and abnormal sperm
rate analysis with exposure to tap water and source water
in Nanjing reach of Yangtze River. Ecotoxicology. 2014;
23:641-646.

38. Farhang Ghahremani M, Goossens S, Nittner D, Bisteau
X, Bartunkova S, Zwolinska A, Hulpiau P, Haigh K,
Haenebalcke L, Drogat B, Jochemsen A, Roger PP, Marine
JC and Haigh JJ. p53 promotes VEGF expression and
angiogenesis in the absence of an intact p21-Rb pathway.
Cell Death Differ. 2013; 20:888-897.

50. Mei D, Lin Z, Fu J, He B, Gao W, Ma L, Dai W, Zhang
H, Wang X, Wang J, Zhang X, Lu W, Zhou D and
Zhang Q. The use of alpha-conotoxin ImI to actualize
the targeted delivery of paclitaxel micelles to alpha7
nAChR-overexpressing breast cancer. Biomaterials. 2015;
42:52-65.

39. Vousden KH and Prives C. Blinded by the Light: The
Growing Complexity of p53. Cell. 2009; 137:413-431.
40. Venkatesha SH, Yu H, Rajaiah R, Tong L and Moudgil KD.
Celastrus-derived celastrol suppresses autoimmune arthritis
by modulating antigen-induced cellular and humoral
effector responses. J Biol Chem. 2011; 286:15138-15146.

51. Zhang Z, Lu H, Huan F, Meghan C, Yang X, Wang Y,
Wang X, Wang X and Wang SL. Cytochrome P450 2A13
mediates the neoplastic transformation of human bronchial
epithelial cells at a low concentration of aflatoxin B1. Int J
Cancer. 2014; 134:1539-1548.

41. Hail N, Jr., Chen P, Kepa JJ and Bushman LR. Evidence
supporting a role for dihydroorotate dehydrogenase,
bioenergetics, and p53 in selective teriflunomide-induced

www.impactjournals.com/oncotarget

46572

Oncotarget

