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the PI3K/AKT/mTOR signaling pathway and repressing HIF-1a
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Abstract

Objective Melanoma, with its high degree of malignancy, stands as one of the most dangerous skin cancers and remains
the primary cause of death from skin cancer. With studies demonstrating the potential of traditional Chinese medicine
to intervene and treat melanoma, we turned our attention to celastrol. Celastrol is a triterpene compound extracted
from the traditional Chinese medicine derived from Tripterygium wilfordii. Previous studies have shown that celastrol
exerts inhibitory effects on various malignant tumors, including melanoma. Hence, our goal was to clarify the impact of
celastrol on cell viability, apoptosis, and cell cycle progression by elucidating its effects on the PI3K/AKT/mTOR pathway.
Methods CCK-8 and wound healing assays were used to determine the effect of celastrol on the viability and migration of
B16-F10 cells. Changes in cell apoptosis, cell cycle, reactive oxygen species (ROS), and mitochondrial membrane potential
were detected by flow cytometry. PI3K/AKT/mTOR pathway proteins and HIF-a mRNA expression in B16-F10 cells were
detected by western blotting and gPCR. Moreover, the addition of a PI3K activator demonstrated that celastrol could
inhibit the function of B16-F10 cells via the PI3K/AKT/mTOR pathway.

Results Celastrol inhibited the viability and migration of B16-F10 cells. Through the inhibition of the PI3K/AKT/mTOR
pathway down-regulates the expression of HIF-a mRNA, thereby causing an increase of ROS in cells and a decrease in
the mitochondrial membrane potential to promote cell apoptosis and cell cycle arrest. The inhibitory effect of celastrol
on B16-F10 cells was further demonstrated by co-culturing with a PI3K activator.

Conclusion Celastrol inhibits the function of B16-F10 cells by inhibiting the PI3K/AKT/mTOR cellular pathway and regu-
lating the expression of downstream HIF-a mRNA.
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1 Introduction

Melanoma, a type of malignant tumor derived from melanocytes, is highly invasive, metastatic, and a major cause of skin
cancer-related deaths [1, 2]. Melanocyte precursor cells are produced in the neural crest and migrate to the skin, mucous
membranes, ocular uvea, pia mater, and other organs during embryonic development [3]. Ultraviolet (UV) radiation
exposure and genetic factors have been identified as potential risk factors for melanoma [4, 5]. Although melanoma has
alow incidence and mortality rate compared to breast cancer, lung cancer, and other cancers, advanced melanoma can
spread to other organs, and the prognosis of patients is poor owing to its aggressiveness and metastasis [6-8].

Currently, melanoma can be treated with surgery, immunotherapy, targeted therapy, radiation therapy, chemotherapy,
and other methods [9-12]. Although immunotherapy and targeted therapy can improve the progression-free and overall
survival of patients, some patients with metastatic melanoma cannot respond to these therapies, and some patients
are remarkably resistant to conventional cancer therapies or experience adverse side effects [13, 14]. Among various
therapeutic means, drug therapy plays an important role in the treatment of tumors [15]. However, there is a lack of
effective and safe drugs for the treatment of melanoma. Therefore, it is necessary to identify natural products with high
efficiency and low toxicity for inhibiting the growth and metastasis of melanoma cells.

Chinese herbal medicines have been essential sources of drugs for thousands of years. Currently, many medicines are
natural products derived from herbs or their derivatives, and these have made significant contributions to the treatment
of diseases, especially tumors and infectious diseases [16-18]. Celastrol, the bioactive component of Tripterygium wilfordii
used in traditional Chinese medicine (Fig. 1), has been shown to have anti-tumor, anti-inflammatory, and immunosup-
pressive effects [19-21]. Celastrol has anti-tumor properties in many types of cancers, such as melanoma, gastric cancer,
breast cancer, glioma, and ovarian cancer [21-25]. As a result, the mechanism underlying celastrol intervention in the
occurrence and development of melanoma has become a popular research topic [25, 26].

The cell cycle is a highly regulated and coordinated biological mechanism that ensures the continuous division and
precise replication of cells[27]. Simultaneously, aberrations in cell cycle can disrupt the normal cell cycle, constituting a
crucial factor in the development of cancer and other diseases[28]. These abnormalities compromise strict control over
cell growth, promoting the formation of cancer cells. Cell cycle regulation is also relevant to the treatment of melanoma.
Certain treatment modalities, such as cell cycle-specific chemotherapy drugs, can suppress tumor growth and metastasis
by interfering with the cell cycle of melanoma cells[29]. Therefore, understanding the role of cell cycle is paramount for
unraveling the mechanisms underlying Melanoma pathogenesis.

As a classic signaling pathway, the phosphatidylinositol 3-kinase (PI3K)/AKT/mammalian target of the rapamycin
(mTOR) signaling pathway plays a crucial role in the tumorigenesis, proliferation, and progression of human tumors
[30, 31]. Notably, inhibition of the PI3K/AKT/mTOR signaling pathway has been shown to lead to effective regression of
human tumors [31, 32]. More importantly, targeting the PI3K/AKT/mTOR signaling pathway has demonstrated the abil-
ity to inhibit the proliferation and migration of melanoma cells [33, 34]. Furthermore, celastrol can inhibit the growth
of B16 melanoma cells and induce apoptotic cell death via activation of the reactive oxygen species (ROS) dependent
mitochondrial pathway and suppression of the PI3K/AKT/mTOR signaling [35]. However, the specific mechanism of
action needs to be further studied.

Hypoxia is the main characteristic of the TME. Most tumors exhibit various degrees of hypoxia, which is closely associ-
ated with clinical prognosis [36]. However, it has been reported that hypoxia-inducible factor 1 alpha (HIF-1a) up-regula-
tion caused by hypoxia in the tumor may be a potential driving force for tumor metastasis [37]. Additionally, studies have
shown that increased levels of hypoxia-inducible factors (HIFs) are associated with the progression of various cancers

Fig. 1 Molecular structure of
celastrol
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and resistance to radiotherapy and chemotherapy, offering a potential avenue for targeted cancer cell therapy [37-39].
Research has reported that HIF-1a is the downstream transcription factor of mTOR and that the PI3K/AKT/mTOR signal-
ing pathway can maintain the transcription, translation, and biological activity of HIF-1a [40, 41]. Consequently, HIF-1a
expression is up-regulated in tumor cells following activation of the PI3K/AKT pathway [42]. Moreover, studies have
demonstrated that the PI3K/AKT/mTOR signaling pathway can affect the proliferation and metastasis of melanoma by
altering the expression of HIF-1a [40, 43].

However, there is a lack of relevant research investigating how celastrol regulates the expression of HIF-1a and the
PI3K/AKT/mTOR signaling pathway to treat B16-F10 melanoma cells, and the precise mechanism involved remains
unclear. Thus, further investigation is needed in this area.

In summary, this study demonstrates that the molecular mechanism of celastrol in the treatment of B16-F10 melanoma
cells involves the inhibition of HIF-1a mRNA expression by regulating the PI3K/AKT/mTOR signaling pathway.

2 Materials and methods
2.1 Antibodies, plasmids, and chemicals

Celastrol (purity of >99%, cat. No. HY-13067) and PI3K activator (purity of >99%, cat. No. HY-151527) were purchased
from MedChem Express (MCE, shanghai, China) and was dissolved in dimethyl sulfoxide (DMSO) to generate a stock
concentration of 10 nM, stored at—80 °C.p-PI3K (cat. No. 4228), PI3K (cat. No. 4257), p-AKT (cat. No. 4060), AKT (cat.
No. 4691), p-mTOR (cat. No. 5536), mTOR (cat. No. 2983), and B-actin (cat. No. 4967) were purchased from Cell Signal-
ing Technology (CST, Woburn, USA). rabbit anti-mouse IgG antibody, and the secondary antibody, goat anti-rabbit IgG
antibody was purchased from ZSGB-BIO (Beijing, China). BCA protein assay kit and Cytoplasmic Protein Extraction Kits
were purchased from Beyotime (Jiangsu, China).

2.2 Cell culture

C57BL/6 J mice (B16-F10) melanoma cell lines were obtained from the Cell Bank of the Chinese Academy of Sciences
(Kunming, China). B16-F10 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, G4511-500ML, Servicebio,
Wuhan, China) supplemented with 10% fetal bovine serum (FBS, 10099-141C, GIBCO, California, USA) and a 1% penicil-
lin/streptomycin solution (CM0001-100ML, Sparkjade, Jinan, China). T25 cm? flasks were used to culture B16-F10 cells
at a constant temperature of 37°C in a moist incubator with 5% CO,. The culture medium wasrefreshed every two days.

2.3 Cell viability assay

CCK8 (CT0001-B, Sparkjade, Jinan, China) was used to test the inhibitory effect of celastrol on B16-F10 cell proliferation.
B16-F10 cells were seeded into 96-well plates at a density of 6 x 10 cells/well. After overnight incubation, different con-
centrations (0, 0.03, 0.3, 1, 3, and 10 uM) of celastrol were added to cells for 12, 24, 36, and 48 h, and then cells of each
well were treated with CCK-8 solution for 1 h at the end of the incubation period. A wavelength of 450 nm was selected,
and an enzyme-linked immunosorbent assay was used to detect the light absorption value of each well.

2.4 Cell clone formation assay

The cells were plated in 6-well plates at a density of 200 cells/well. After 24 h, the cells were treated with different con-
centrations (0.03,0.1,0.3, 1, 3 and 10 uM) of celastrol for 14 days. Subsequently, the medium was discarded, and Cell PBS
(1X) was used to rinse the cells three times. Next, colonies were fixed with 4% paraformaldehyde andtreated with 0.1%
crystal violet for 15 min, followed by image acquisition using a ZEISS Axio Vert.A1 system.

2.5 Wound healing assay

The effect of various concentrations of celastrol on the migratory ability of B16-F10 cells was evaluated using a wound-

healing assay. Approximately 6 x 10° cells were plated in 6-well plates and incubated to 85-95% confluency. A wound
was created with a line in the middle using a sterile pipette (200 pl), and cell debris was removed using Cell PBS (1X).
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Subsequently, various concentrations (0, 0.03, 0.3, 1, 3, and 10 pM) of celastrol were added, and cells were cultured for
0,12, 24,36 and 48 h, respectively. Images of wound closure were captured using a ZEISS fluorescence microscope, and
subsequent measurements of the wound area were conducted using ImagelJ software.

2.6 Flow cytometric analysis of apoptosis

Apoptosis was detected using an Annexin V- FITC Apoptosis Assay Kit (Abs50001, Absin, Shanghai, China). B16-F10 cells
were seeded into 24-well plates at a density of 9x 10* cells/well. The cells were digested using 300 pl of trypsin (CN0004-
100ML, Sparkjade, Jinan, China), and then treated with different concentrations of celastrol (0.03,0.1,0.3, 1, 3,and 10 uM).
After 24 h of treatment, B16-F10 cells were harvested by centrifuging at 1000 rpm for 10 min at 4°C. The cells were then
resuspended in 1T ml Cell PBS (1X) and centrifuged repeatedly. Subsequently,300 pl Blinding Buffer (1X) and 5 ul Annexin
V-FITC were respectively added to the suspended cells and mixed.The suspended cells were then treated with 5 pl Pl
for staining after 15 min in the dark. Finally, 200 pl of Blinding Buffer (1X) was added. Assays were conducted using a BD
FACSVerse flow cytometer (BD Biosciences).

2.7 Mitochondrial membrane potential assay

A JC-1 Mitochondrial Membrane Potential Assay Kit (C2006, Beyotime, Jiangsu, China) was used for mitochondrial mem-
brane potential (MMP) detection. B16-F10 cells were plated in 6-well plates (6 x 10° cells/well), and various concentrations
of celastrol (0, 0.03,0.3, 1, 3, and 10 uM) were added to respective wells. After 24 h, the cells were harvested, 500 ul of JC-1
staining working solution was added, and the cells were incubated in a CO, incubator at 37 °C for 20 min. JC-1 staining
buffer (1X) was used to rinse the cells twice before adding 2 ml DMEM during the final period. The results were analyzed
using a BD FACSVerse flow cytometer.

2.8 Detection of reactive oxygen species

B16-F10 cells were plated in 6-well plates (6 x 10° cells/well). Different concentrations of celastrol (0, 0.03, 0.3, 1, 3, and
10 uM) were added to the B16-F10 cells. After 24 h of treatment, the cells were harvested and cultured with 1 mI DCFH-DA
(10 uM/L) in a cell incubator for 20 min at 37 °C (S0033S, Beyotime, Jiangsu, China). Subsequently, the cells were rinsed
three times with 1 ml DMEM culture medium. A BD FACSVerse flow cytometer was used to perform all assays.

2.9 Western blot analysis

After being incubated in T25 cm? flasks and treated with 10 uM concentration of celastrol for 24 h, B16-F10 cells were
lysed with cold RIPA solution. According to the standard protocol,proteins were extracted using a BCA protein assay kit
(P0012S, Beyotime, Jiangsu, China) to determine protein concentration. A total of 40 pg of protein was separated using
10-12% SDS-PAGE, transferred onto a PVDF membrane, and cultured with a closed buffer (1% BSA in TBST) for 1 h.
The primary antibodies, including p-PI3K (1:1000), PI3K (1:1000), p-AKT (1:1000), AKT (1:1000), p-mTOR (1:1000), mTOR
(1:1000), and B-actin (1:1500), were respectively incubated overnight at 4°C after the membranes were cropped based
on the expression levels of the target proteins. Subsequently, the membrane was cultured with the primary antibody,
rabbit anti-mouse IgG antibody, and the secondary antibody, goat anti-rabbit IgG antibody (1:15000). This incubation
was maintained at 37 °C for 1 h. The membranes were then observed with an enhanced chemiluminescence detection
system (Fusion FX7, Vilber, France) and quantified using ImageJ software.

2.10 Cell cycle assay

B16-F10 cells were plated at a density of 9x 10° cells/well in 24-well plates. The cells were digested using 300 ul of trypsin
and then treated with different concentrations of celastrol.Next, the cells were fixed overnight in 70% ethanol. Cells were
then harvested by centrifugation at 1000 rpm for 10 min at 4 °C and rinsed with 1 ml Cell PBS (1X). Subsequently, cells
were incubated with staining buffer, RNase A configuration propidium iodide staining working solution (C1052, Beyo-
time, Jiangsu, China), and 0.5 ml propidium iodide staining working solution (20X) for 30 min at 37 °Ciin a cell incubator.
Samples were examined using a BD FACSVerse flow cytometer.
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2.11 Reverse transcription-quantitative (RT-q) PCR assay

RNA was extracted from B16-F10 cells treated with different concentrations of celastrol using the SPARKeasy Tissue/Cell RNA
Rapid Extraction Kit according to the manufacturer’s instructions (AC0202, Sparkjade, Jinan, China). Reverse transcription
was conducted using the HiScript Il Q Select RT SuperMix for gqPCR (R233-01 and Q711-02/03, Vazyme, Nanjing, China). A
reaction volume of 20 pl was used for HIF-a analysis, with GAPDH as an internal control to standardize the expression levels
of HIF-a. The relative quantitative analysis was conducted using the 2-AACt method.

The HIF-a primers used were 5'-CAAGTCAGCAACGTGGAAGG-3' (forward) and 5'-ATCAGCACCAAGCACGTCAT-3'(reverse).

The GAPDH primers used were 5-CCTCGTCCCGTAGACAAAATG-3' (forward) and 5'-TGAGGTCAATGAAGGGGTCGT-3’
(reverse).

2.12 Statistical analysis

Data were analyzed by one-way analysis of variance (ANOVA) using GraphPad Prism version 8.0.1 statistical software and
were presented as mean+SD. P<0.05 was considered statistically significant.

3 Results
3.1 Celastrol inhibited B16-F10 cell proliferation and cell cloning

This study aimed to investigate the inhibitory effects of celastrol on the growth of B16-F10 cells. B16-F10 cells were treated
with different concentrations of celastrol (0, 0.03,0.3, 1, 3, and 10 uM) for 12, 24, 36, and 48 h, and cell viability was assessed
using a CCK8 assay (Fig. 2A). We found that celastrol exerted a time-and dose-dependent inhibition on the viability of B16-F10
cells, with the most significant cell death observed at a concentration of 10 uM. To further demonstrate the inhibitory effects
of celastrol on B16-F10 cells, the cells were treated with different concentrations of celastrol for 14 days, and the number of
colonies formed was counted (> 50 colonies) (Fig. 2B). The results showed that celastrol inhibited the formation of B16-F10
cell colonies in a concentration-dependent manner, with the most pronounced cell death observed at concentrations of
3 uMand 10 uM.

3.2 Celastrol induced B16-F10 cell apoptosis and B16-F10 cell cycle arrest

B16-F10 cells were treated with different concentrations of celastrol (0, 0.03, 0.3, 1, 3, and 10 uM) for 24 h, and the apopto-
sis rates of the cells were detected to explore the effect of celastrol on B16-F10 cell apoptosis. The results showed that the
apoptosis rate of B16-F10 cells gradually increased with increasing celastrol concentration (Fig. 2C).

The effect of celastrol on the cell cycle was determined using the aforementioned culture method. The results showed
that celastrol affected the cell cycle of B16-F10 cells, increased the number of cells in the G1 and S phases, and decreased the
number of cells in the G2/M phase (Fig. 2D). These findings indicated that celastrol inhibited the cell cycle transition from the
G1 and S phases to the G2/M phase, which was directly related to the apoptosis of B16-F10 cells.

3.3 Celastrol inhibited the migration of B16-F10 cells

We investigated the effects of celastrol at different concentrations on the migration of B16-F10 cells at different time points
using a microscope. Celastrol at concentrations of 3 and 10 UM demonstrated the most significant impact on the wound
healing of B16-F10 cells. These results confirmed that celastrol inhibited the migration and proliferation of B16-F10 cells in

a dose-dependent manner (Fig. 3A, B).

3.4 Celastrol increased intracellular ROS levels and decreased the mitochondrial membrane potential
in B16-F10 cells

To demonstrate that celastrol could induce an increase in ROS levels in B16-F10 cells, B16-F10 cells were treated with
different concentrations of celastrol (0, 0.03, 0.3, 1, 3, and 10 uM) for 24 h and stained with DCFH-DA, and the intracellular

@ Discover



Research (2024) 15:178

A B

Discover Oncology | https://doi.org/10.1007/512672-024-01045-6

@12h  H24h A36h  W-4sh o - 2R : O AN
. s e . 5 @ o
120 o, o . o .
& G - gl . ‘3 \
. r A [ e
e et - y S
- . . .
= 100+ e 4 soe '.'- £ o
= U .
&8 . “0. P » . 4
S o . ’ N .
w80 = =
15}
g NC 0.03uM 0.3uM
< .03 3
2 60
g ..
> o * »
= 40+ L 4 .
@] I
-
204 .2 ¥
. p ¥ .
L
P
d T T T T T T -
Control 0.03uM 0.3uM 1nM 3uM 10pM
" " ¥ " " 1M 3uM 10pM
o ) o at Sk mm Control
o o 251 | ] - 0.03uM
0.3uM
Hkok
k o 20 | 1uM
0.00 S = 3uM
B e %o G4 § seskkeok =10uM
T s |
< Control §_ 15 f !
g i % o = .
@ P
‘% 104
2
5 Hkok
& 2 — —
< 54
o4 o4 o4 e
3uM
T T T
FITC-A Control 0.03uM 0.3uM 1M 3uM 10pM
Gl
wod G1:1.94%
" w] s
$:1.74%
ol G2/M:96. . ? ] G2
3
0] " | 100
o s @ o s @ g s
e ws 26 e w2 s rn
\ ] A -

W W oo W W

wrr

Control 0.03uM 0.3uM

Count

G127.1% ] G1:29.1% o G1:41.7%
*7 $:9.64% S$:14.9% $:16.8%

G2/M:63.3% ] G2/M:56% G2/M:41.4%

P

* o
- -

3uM

—_ % Eo
E P
. s s s
- Ba
) [&2
s [
=
Z s
Cell population
in cell cycle distribution (%)
2
L
.l
—
- —
-+
+
i
H

T T T T T
PE-A Control 0.03pM 0.3uM 1M 3uM 10pM

Fig.2 The inhibitory effect of celastrol on the cell viability, cell apoptosis, and cell cycle of B16-F10 cells. A B16-F10 cell viability was inhib-
ited by different concentrations of celastrol (0, 0.03, 0.3, 1, 3, and 10 uM) at 12, 24, 36, and 48 h, as assessed using a CCK8 assay. B B16-F10
cells were treated with different concentrations of celastrol for 14 days, and cell colony formation was evaluated using a clone-formation
assay. C B16-F10 cells were treated with different concentrations of celastrol, and the apoptotic cells were analyzed by flow cytometry using
an Annexin V-FITC/PI kit. D B16-F10 cells were treated with different concentrations of celastrol for 24 h, and the cell cycle distribution was
analyzed using flow cytometry. (Data are presented as the mean+SD, n=4. "P<0.05, “P<0.01, ""P<0.001, “"P<0.0001 compared to con-
trol group). The results represent one set of findings from three independent replicates

ROS content was detected by flow cytometry. The results showed that the ROS content increased with increasing celastrol
concentrations in a dose-dependent manner (Fig. 4A).

To confirm the effect of celastrol on the mitochondrial membrane potential of B16-F10 cells, the experimental condi-
tions were kept consistent with the earlier findings. The results revealed that the mitochondrial membrane potential
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declined in a dose-dependent manner with increasing celastrol concentrations, particularly at the 3 and 10 uM concen-
trations. This difference was statistically significant (Fig. 4B).

3.5 Celastrol restrained the PI3K/AKT/mTOR pathway in B16-F10 cells, resulting in decreased expression
of HIF-a mRNA

To investigate the molecular pathway of B16-F10 cells in response to incubation with 10 uM celastrol,the levels of PI3K,
AKT and mTOR were detected after 24 h. The western blot assay results demonstrated that celastrol significantly inhibited
PI3K, AKT, and mTOR expression and phosphorylation (Fig. 5A).

After the cells were incubated with 10 uM celastrol for 12, 24, 36, and 48 h, the HIF-a mRNA expression in B16-F10
cells was detected by qPCR. The obtained results showed that celastrol inhibited HIF-a mRNA expression at different
time points. These findings strongly suggest that celastrol could inhibit the PI3K/AKT/mTOR pathway in B16-F10 cells,
leading to a decrease in HIF-a mRNA expression (Fig. 5B).

N Y - \ |
L] 1.38 388 "1 | 410
200 L seskoksk 1
o] e sasa P = CA s 60 I 1
e \
. ! \ w0 ) | Hk ok |
N I 1
e i o
B £ " 3
E] Control 0.03uM 0.3uM < I kool |
2 e - vy 40 I 1
] . e}
20 f ® 1 ~
( - [ . — sk
495 = | — =
= 4.53 8.28 | ld =
|| [l L T)
| meae L e . | Messien g 5 o
o — [ a— ‘\ | ,‘_'— = |—|
i ‘
. LT
1M 3uM 10uM i ‘ ‘
v L] ] T L] 1
DCFH-DA Control 0.03pM 0.3pM 1pM 3nM 10pM
1 ek |
I 1
B 1 skokskok |
I 1
L eskokk |
I 1
o s 2 e B sk
= 60
=} sesfeskok
g I
2
2.00| o
o
o
2
o o o g
a v i - £
3 i M T Tl E  4-
— Control g3
i =
= £3%
g8
s 2
S5 8
2 204
g
o
™ @ = —
o o o . R o o = —
r AR EART) ©
Q
11 M oM E -_—_
= 0= T T
JC-1 GREEN Control  0.03uM 0.3pM 1M 3uM 10pM

Fig.4 Celastrol induced ROS accumulation and decreased the mitochondrial membrane potential in B16-F10 cells. A B16-F10 cells were
treated with different concentrations of celastrol (0, 0.03, 0.3, 1, 3, and 10 uM) for 24 h and stained with DCFH-DA, and the intracellular ROS
content was detected using flow cytometry. B B16-F10 cells were treated with different concentrations of celastrol for 24 h and stained
with JC-1 staining solution, and the intracellular ratio of the B16-F10 cells was determined using flow cytometry. (Data are presented as the
mean=SD, n=4."""P<0.0001 compared to control group). The results represent one set of findings from three independent replicates
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3.6 Activation of PI3K suppressed the effect of celastrol on B16-F10 cells

The therapeutic effects of celastrol were further verified by incubating B16-F10 cells with a PI3K activator (compound
AE-18). B16-F10 cells were treated with different concentrations of the PI3K activator (0, 10, 20, 30, and 50 uM) for
12,24, 36, and 48 h, and the cell viability was measured using a CCK8 assay. The results showed that the PI3K activa-
tor enhanced the cell viability of B16-F10 cells in a concentration-dependent manner, and the 50 uM PI3K activator
promoted the cell viability of B16-F10 cells most obviously at 24 h (Fig. 6A). Therefore, after co-cultivating B16-F10
cells with 50 uM PI13K activator and 10 uM celastrol for 24 h for subsequent experiments, the results showed that the
PI3K activator inhibited the inhibitory effect of celastrol on the viability of B16-F10 cells (Fig. 6B).

Apoptosis and cell cycle progression were detected according to the culture period and concentration. The results
of flow cytometry showed that the PI3K activator inhibited the effects of celastrol in promoting the apoptosis of B16-
F10 cells and inhibiting the cell cycle (Fig. 6C, D). In addition, western blot analysis of PI3K, AKT, and mTOR protein
activation demonstrated that the PI3K activator could increase the protein levels of PI3K, AKT and mTOR, thereby
further mitigating the inhibitory effects of celastrol on these proteins. These results corroborate celastrol’s inhibi-
tion of B16-F10 cells survival through the PI3K/AKT/mTOR pathway (Fig. 6E). Following the use of qPCR to detect the
change in HIF-a mRNA expression within B16-F10 cells after co-cultured with PI3K activator, it was observed that
the PI3K activator could increase the expression of HIF-a mRNA and further balance the inhibitory effect of celastrol
on HIF-a (Fig. 6F).

3.7 The molecular mechanism of celastrol inhibited B16-F10 cell survival via regulating PI3K/AKT/mTOR
signaling pathway and repressing HIF-1a mRNA expression

The results demonstrated that celastrol could induce the downregulation of HIF-a mRNA by inhibiting the PI3K/AKT/
mTOR pathway, promoting an increase in ROS levels and a decrease of mitochondrial membrane potential in B16-F10
cells, thereby resulting in the promotion of cell apoptosis and a reduction in cell migration, invasion, and cell proliferation.
Additionally, celastrol induced cell cycle arrest by increasing the G1 and S phases and decreasing the G2/M phase (Fig. 7).

4 Discussion

This study demonstrated that celastrol affects B16-F10 melanoma cells by inhibiting the PI3K/AKT/mTOR signaling path-
way and the expression of HIF-a mRNA, indicating that celastrol inhibits B16-F10 melanoma cell migration and survival.
The results also found that celastrol increased ROS and decreased mitochondrial membrane potential, leading to cell
cycle arrest and promoting apoptosis. Meanwhile, the activation of PI3K enhanced the migration and invasion abilities of
B16-F10 melanoma cells and attenuated the inhibitory effect of celastrol, which further suggests the potential mechanism
of action of celastrol in therapeutic strategies targeting B16-F10 melanoma cells.

Currently, melanoma has relatively lower morbidity and mortality rates compared to common cancers such as includ-
ing breast and lung cancers. However, the prognosis of patients with advanced melanoma is usually poor due to its
tendency to metastasize and spread to other organs [7-9]. Therefore, it is essential to identify effective therapeutic drugs
that can inhibit the growth and metastasis of melanoma with minimal toxicity.

Celastrol, a natural extract, has been widely studied for the treatment of various tumors and infectious diseases
[18-20]. The expression of HIF-1Ta mRNA may be a potential driving factor for tumor growth and metastasis, and HIF-1a
is a downstream transcription factor of mTOR [38]. Previous studies have highlighted that HIF-1a can affect the progres-
sion of melanoma through the PI3K/AKT/mTOR signaling pathway, and celastrol has been demonstrated to inhibit the
growth of melanoma cells by inhibiting PI3K/AKT signaling [36, 41, 42]. It has also been reported that HIF-1a can affect the
regulation of tumor chemokines by miRNA in the B16-F10 melanoma mouse tumor model [44]. However, the molecular
mechanism underlying celastrol-induced apoptosis in melanoma cells has not been fully elucidated.

Our findings corroborate previous studies showing celastrol’s inhibitory effects on melanoma cell proliferation, viabil-
ity, and tumor growth upon inhibition of PI3K and mTOR [2, 3]. Additionally, some studies have shown that mTOR inhibi-
tion is attenuated in melanoma cells due to a feedback mechanism that may promote AKT activation [40]. In addition,
mTOR activation appears to be independent of AKT signaling in other melanoma cell lines [42, 43]. However, our study
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Fig.5 Celastrol inhibited the PI3K/AKT/mTOR pathway in B16-F10 cells and led to a decrease in HIF-a mRNA expression. A B16-F10 cells
were treated with 10 uM celastrol for 24 h, and the levels of p-PI3K, PI3K, p-AKT, AKT, p-mTOR, and mTOR were detected by western blotting.
B After B16-F10 cells were treated with 10 pM celastrol for 12, 24, 36, and 48 h, the expression of HIF-a mRNA was detected by qPCR. (Data
are presented as the mean+5SD, n=3. "P<0.05, “P<0.01, ""P<0.0001 compared to control group). The results reprent one set of findings
from three independent replicates

demonstrated a correlation between mTOR and AKT expression, with AKT and mTOR expression being downregulated

following PI3K activation.
Previous studies have presented conflicting results regarding the impact of ROS levels in tumor cells. For instance,
some research reports suggest that compounds such as celastrol induce apoptosis of tumor cells by increasing ROS levels
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[21, 23]. However, it is important to note that excessive ROS levels also damage the normal function of important cells
and promote tumor occurrence and chemotherapy resistance [4]. In our study, we observed that celastrol promoted
ROS production in a dose-dependent manner during our investigation of ROS levels.

Overall, our results indicate the promising potential of celastrol for the prevention of B16-F10 melanoma cell progres-
sion. By affecting the PI3K/AKT/mTOR pathway and the expression of the downstream transcription factor HIF-a, which
play vital roles in tumors, celastrol has demonstrated its ability to impede the growth of B16-F10 melanoma cells.

The innovative aspect of our study is centered around showcasing the therapeutic effect of celastrol, particularly in the
B16-F10 melanoma cell line. Moreover, we sought to validate its influence on HIF-a, a downstream transcription factor
of mTOR, by examining the PI3K/AKT/mTOR pathway, which has not been explored in previous research. This led us to
investigate both the therapeutic effects and the mechanism of action of celastrol on B16-F10 cells.

This study has some limitations that should be considered. For instance, the study did not examine alternate melanoma
cell lines to verify the therapeutic effect of celastrol or further verify the effect of celastrol in mouse models of melanoma.
Additionally, applying more cutting-edge experimental techniques for verification could enhance the study’s quality and
comprehensiveness. Furthermore, it is worth noting that some reports suggest miRNA's potential role in regulating PI3K/
AKT/mTOR and HIF-a in other tumors [45-47]. Therefore, our future research will explore the mechanism of celastrol in
treating B16-F10 melanoma at the molecular level of miRNAs.

5 Conclusions

Our results demonstrate that celastrol effectively inhibits B16-F10 melanoma cell survival. Importantly, this effect is
achieved through the downregulation of HIF-a mRNA by inhibiting the PI3K/AKT/mTOR pathway. Additionally, celastrol
promotes an increase in ROS and a decrease in mitochondrial membrane potential in B16-F10 melanoma cells, resulting
in enhanced cell apoptosis, reduced cell migration, invasion, and proliferation, as well as changes in the cell cycle. These
results illustrate themechanism of action of celastrol in melanoma and provide a potential reference for clinical research.

Acknowledgements We are very grateful to Prof. Hong-sheng Bi and Prof. Da-dao Guo for providing experimental platforms, as well as valu-
able opinions and suggestions.

@ Discover



Discover Oncology (2024) 15:178 | https://doi.org/10.1007/512672-024-01045-6 Research

Author contributions Ping Zhao writing-original draft; Xing-Bo He analyzed data curation; Xin-Yue Chen and Zhang-Long Li graphic produc-
tion; Wen-Jia Xing, Wei Liu and Cong Ren perform methodology; Bin Guo and Ping Zhao support funding acquisition; Xu-Dong Han edited
the manuscript; Bin Guo conceptualization and resources.

Funding This work was supported by National Natural Youth Science Foundation (No. 82205198), China Postdoctoral Science Foundation
project (No. 2022M711984), Shandong Provincial Natural Science Foundation General Program (No. ZR2020MH393), Postdoctoral Innovation
Project of Shandong Province (No. 202101012), China Postdoctoral Foundation General Program (No. 2020M672127).

Data availability Data in this article can be reasonably requested from the corresponding author.

Declarations

Ethics approval and consent to participate All experimental protocols and procedures for handling animal cells were approved by the Animal
Care and Use Committee of Shandong University of Traditional Chinese Medicine.

Competing interests There is no competing interests between the authors of this paper.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Huang AC, Zappasodi R. A decade of checkpoint blockade immunotherapy in melanoma: understanding the molecular basis forimmune
sensitivity and resistance. Nat Immunol. 2022;23:660-70.

2. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2020. CA Cancer J Clin. 2020;70:7-30.

3. Li M, Knapp SK, Iden S. Mechanisms of melanocyte polarity and differentiation: what can we learn from other neuroectoderm-derived
lineages? Curr Opin Cell Biol. 2020;67:99-108.

4. Laskar R, Ferreiro-Iglesias A, Bishop DT, lles MM, Kanetsky PA, Armstrong BK, et al. Risk factors for melanoma by anatomical site: an evalu-
ation of aetiological heterogeneity. Br J Dermatol. 2021;184:1085-93.

5. Cust AE, Drummond M, Bishop DT, Azizi L, Schmid H, Jenkins MA, et al. Associations of pigmentary and naevus phenotype with mela-
noma risk in two populations with comparable ancestry but contrasting levels of ambient sun exposure. J Eur Acad Dermatol Venereol.
2019;33:1874-85.

6. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram |, Jemal A, et al. Global cancer statistics 2020: GLOBOCAN estimates of incidence
and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 2021;71:209-49.

7. Darmawan CC, Jo G, Montenegro SE, KwakY, Cheol L, Cho KH, et al. Early detection of acral melanoma: a review of clinical, dermoscopic,
histopathologic, and molecular characteristics. ] Am Acad Dermatol. 2019;81:805-12.

8. Smit KN, Jager MJ, de Klein A, Kilig E. Uveal melanoma: towards a molecular understanding. Prog Retin Eye Res. 2020;75: 100800.

9. lonescu S, Nicolescu AC, Madge OL, Simion L, Marincas M, Ceausu M. Intra-abdominal malignant melanoma: challenging aspects of
epidemiology, clinical and paraclinical diagnosis and optimal treatment-a literature review. Diagnostics. 2022;12:2054.

10. LiJK, Zhu PL,Wang, Jiang XL, Zhang Z, Zhang Z, et al. Gracillin exerts anti-melanoma effects in vitro and in vivo: role of DNA damage,
apoptosis and autophagy. Phytomedicine. 2023;108: 154526.

11. Maol, Qi Z, Zhang L, Guo J, Si L. Immunotherapy in acral and mucosal melanoma: current status and future directions. Front Immunol.
2021;12: 680407.

12. Namikawa K, Yamazaki N. Targeted therapy and immunotherapy for melanoma in Japan. Curr Treat Options Oncol. 2019;20:7.

13. Larkin J, Chiarion-SileniV, Gonzalez R, Grob JJ, Rutkowski P, Lao CD, et al. Five-year survival with combined nivolumab and ipilimumab
in advanced melanoma. N Engl J Med. 2019;381:1535-46.

14. Yue J,Vendramin R, Liu F, Lopez O, Valencia MG, Gomes Dos Santos H, et al. Targeted chemotherapy overcomes drug resistance in mela-
noma. Genes Dev. 2020;34:637-49.

15. Kirtonia A, Gala K, Fernandes SG, Pandya G, Pandey AK, Sethi G, et al. Repurposing of drugs: an attractive pharmacological strategy for
cancer therapeutics. Semin Cancer Biol. 2021;68:258-78.

16. Atanasov AG, Waltenberger B, Pferschy-Wenzig EM, Linder T, Wawrosch C, Uhrin P, et al. Discovery and resupply of pharmacologically
active plant-derived natural products: a review. Biotechnol Adv. 2015;33:1582-614.

17. Atanasov AG, Zotchev SB, Dirsch VM, Supuran CT. Natural products in drug discovery: advances and opportunities. Nat Rev Drug Discov.
2021;20:200-16.

18. WangK, Chen Q, ShaoY,Yin S, Liu C, Liu Y, et al. Anticancer activities of TCM and their active components against tumor metastasis. Biomed
Pharmacother. 2021;133: 111044.

19. AnL,LiZ ShilL,Wang L, Wang, Jin L, et al. Inflammation-targeted celastrol nanodrug attenuates collagen-induced arthritis through
NF-kB and notch1 pathways. Nano Lett. 2020;20:7728-36.

@ Discover


http://creativecommons.org/licenses/by/4.0/

Research Discover Oncology (2024) 15:178 | https://doi.org/10.1007/s12672-024-01045-6

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34,

35.

36.
37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Luo P, Zhang Q, Zhong TY, Chen JY, Zhang JZ, Tian Y, et al. Celastrol mitigates inflammation in sepsis by inhibiting the PKM2-dependent
Warburg effect. Mil Med Res. 2022;9:22.

Chen X, ZhaoY, Luo W, Chen S, Lin F, Zhang X, et al. Celastrol induces ROS-mediated apoptosis via directly targeting peroxiredoxin-2 in
gastric cancer cells. Theranostics. 2020;10:10290-308.

Yan F, Wu Z, Li Z, Liu L. Celastrol inhibits migration and invasion of triple-negative breast cancer cells by suppressing interleukin-6 via
downregulating nuclear factor-kB (NF-kB). Med Sci Monit. 2020;26: €922814.

Liu X, Zhao P, Wang X, Wang L, Zhu Y, Song Y, et al. Celastrol mediates autophagy and apoptosis via the ROS/JNK and Akt/mTOR signaling
pathways in glioma cells. J Exp Clin Cancer Res. 2019;38:184.

Wang X, Liu Q Wu S, Xu N, Li H, Feng A. Identifying the effect of celastrol against ovarian cancer with network pharmacology and in vitro
experiments. Front Pharmacol. 2022;13: 739478.

LiJ, JiaY, Zhang P, Yang H, Cong X, An L, et al. Celastrol self-stabilized nanoparticles for effective treatment of melanoma. Int J Nanomed.
2020;15:1205-14.

Qiu N, LiuY, Liu Q, ChenYY, Shen L, Hu M, et al. Celastrol nanoemulsion induces immunogenicity and downregulates PD-L1 to boost
abscopal effect in melanoma therapy. Biomaterials. 2021;269: 120604.

Suski JM, Braun M, Strmiska V, Sicinski P. Targeting cell-cycle machinery in cancer. Cancer Cell. 2021;39:759-78.

Jones SM, Kazlauskas A. Connecting signaling and cell cycle progression in growth factor-stimulated cells. Oncogene. 2000;19(49):5558-67.
Zhang C, Shen H, Yang T, et al. A single-cell analysis reveals tumor heterogeneity and immune environment of acral melanoma. Nat Com-
mun. 2022;13(1):7250.

XuZ,Han X,0uD, LiuT, Li Z, Jiang G, et al. Targeting PI3K/AKT/mTOR-mediated autophagy for tumor therapy. Appl Microbiol Biotechnol.
2020;104:575-87.

Fattahi S, Amjadi-Moheb F, Tabaripour R, Ashrafi GH, Akhavan-Niaki H. PI3K/AKT/mTOR signaling in gastric cancer: epigenetics and beyond.
Life Sci. 2020;262: 118513.

Ediriweera MK, Tennekoon KH, Samarakoon SR. Role of the PI3K/AKT/mTOR signaling pathway in ovarian cancer: biological and thera-
peutic significance. Semin Cancer Biol. 2019;59:147-60.

Farhan M, Silva M, Xingan X, Zhou Z, Zheng W. Artemisinin inhibits the migration and invasion in uveal melanoma via inhibition of the
PI3K/AKT/mTOR signaling pathway. Oxid Med Cell Longev. 2021;2021:9911537.

Tehranian C, Fankhauser L, Harter PN, Ratcliffe CDH, Zeiner PS, Messmer JM, et al. The PI3K/Akt/mTOR pathway as a preventive target in
melanoma brain metastasis. Neuro Oncol. 2022;24:213-25.

Lee JH, Won YS, Park KH, Lee MK, Tachibana H, Yamada K, et al. Celastrol inhibits growth and induces apoptotic cell death in melanoma
cells via the activation ROS-dependent mitochondrial pathway and the suppression of PI3K/AKT signaling. Apoptosis. 2012;17:1275-86.
Choudhry H, Harris AL. Advances in hypoxia-inducible factor biology. Cell Metab. 2018;27:281-98.

Lin Z, Song J, Gao Y, Huang S, Dou R, Zhong P, et al. Hypoxia-induced HIF-1a/IncRNA-PMAN inhibits ferroptosis by promoting the cyto-
plasmic translocation of ELAVL1 in peritoneal dissemination from gastric cancer. Redox Biol. 2022;52: 102312.

Dong S, Liang S, Cheng Z, Zhang X, Luo L, Li L, et al. ROS/PI3K/Akt and Wnt/B-catenin signalings activate HIF-1a-induced metabolic
reprogramming to impart 5-fluorouracil resistance in colorectal cancer. J Exp Clin Cancer Res. 2022;41:15.

Yang H, Geng YH, Wang P, Zhang HQ, Fang WG, Tian XX. Extracellular ATP promotes breast cancer chemoresistance via HIF-1a signaling.
Cell Death Dis. 2022;13:199.

Patra K, Jana S, Sarkar A, Mandal DP, Bhattacharjee S. The inhibition of hypoxia-induced angiogenesis and metastasis by cinnamaldehyde
is mediated by decreasing HIF-1a protein synthesis via PI3K/Akt pathway. BioFactors. 2019;45:401-15.

Du D, Liu C,Qin M, Zhang X, Xi T, Yuan S, et al. Metabolic dysregulation and emerging therapeutical targets for hepatocellular carcinoma.
Acta Pharm Sin B. 2022;12:558-80.

Yeh YH, Hsiao HF, Yeh YC, Chen TW, Li TK. Inflammatory interferon activates HIF-1a-mediated epithelial-to-mesenchymal transition via
PI3K/AKT/mTOR pathway. J Exp Clin Cancer Res. 2018;37:70.

Malekan M, Ebrahimzadeh MA, Sheida F. The role of hypoxia-inducible factor-1alpha and its signaling in melanoma. Biomed Pharmacother.
2021;141:111873.

Wang J, Yu F, Jia X, Iwanowycz S, Wang Y, Huang S, et al. MicroRNA-155 deficiency enhances the recruitment and functions of myeloid-
derived suppressor cells in tumor microenvironment and promotes solid tumor growth. Int J Cancer. 2015;136:E602-13.

Byun Y, Choi YC, Jeong Y, Lee G, Yoon S, Jeong Y, et al. MiR-200c downregulates HIF-1a and inhibits migration of lung cancer cells. Cell
Mol Biol Lett. 2019;24:28.

Luo P, Zhang YD, He F, Tong CJ, Liu K, Liu H, et al. HIF-1a-mediated augmentation of miRNA-18b-5p facilitates proliferation and metastasis
in osteosarcoma through attenuation PHF2. Sci Rep. 2022;12:10398.

Li HL, Deng NH, He XS, Li YH. Small biomarkers with massive impacts: PI3K/AKT/mTOR signalling and microRNA crosstalk regulate naso-
pharyngeal carcinoma. Biomark Res. 2022;10:52.

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

@ Discover



	Celastrol inhibits mouse B16-F10 melanoma cell survival by regulating the PI3KAKTmTOR signaling pathway and repressing HIF-1α expression
	Abstract
	Objective 
	Methods 
	Results 
	Conclusion 

	1 Introduction
	2 Materials and methods
	2.1 Antibodies, plasmids, and chemicals
	2.2 Cell culture
	2.3 Cell viability assay
	2.4 Cell clone formation assay
	2.5 Wound healing assay
	2.6 Flow cytometric analysis of apoptosis
	2.7 Mitochondrial membrane potential assay
	2.8 Detection of reactive oxygen species
	2.9 Western blot analysis
	2.10 Cell cycle assay
	2.11 Reverse transcription-quantitative (RT-q) PCR assay
	2.12 Statistical analysis

	3 Results
	3.1 Celastrol inhibited B16-F10 cell proliferation and cell cloning
	3.2 Celastrol induced B16-F10 cell apoptosis and B16-F10 cell cycle arrest
	3.3 Celastrol inhibited the migration of B16-F10 cells
	3.4 Celastrol increased intracellular ROS levels and decreased the mitochondrial membrane potential in B16-F10 cells
	3.5 Celastrol restrained the PI3KAKTmTOR pathway in B16-F10 cells, resulting in decreased expression of HIF-α mRNA
	3.6 Activation of PI3K suppressed the effect of celastrol on B16-F10 cells
	3.7 The molecular mechanism of celastrol inhibited B16-F10 cell survival via regulating PI3KAKTmTOR signaling pathway and repressing HIF-1α mRNA expression

	4 Discussion
	5 Conclusions
	Acknowledgements 
	References


