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Cryptotanshinone inhibits PFK-mediated ol

aerobic glycolysis by activating AMPK pathway
leading to blockade of cutaneous melanoma
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Abstract

Background Cutaneous melanoma is a kind of skin malignancy with low morbidity but high mortality. Cryptotanshi-
none (CPT), an important component of salvia miltiorrhiza has potent anti-tumor activity and also indicates therapeu-
tic effect on dermatosis. So we thought that CPT maybe a potential agent for therapy of cutaneous melanoma.

Methods B16F10 and A375 melanoma cells were used for in vitro assay. Tumor graft models were made in C57BL/6N
and BALB/c nude mice for in vivo assay. Seahorse XF Glycolysis Stress Test Kit was used to detect extracellular acidifica-
tion rate and oxygen consumption rate. Si-RNAs were used for knocking down adenosine monophosphate-activated

protein kinase (AMPK) expression in melanoma cells.

Results CPT could inhibit the proliferation of melanoma cells. Meanwhile, CPT changed the glucose metabolism
and inhibited phosphofructokinase (PFK)-mediated glycolysis in melanoma cells to a certain extent. Importantly, CPT
activated AMPK and inhibited the expression of hypoxia inducible factor Ta (HIF-1a). Both AMPK inhibitor and silenc-
ing AMPK could partially reverse CPT's effect on cell proliferation, cell apoptosis and glycolysis. Finally, in vivo experi-
mental data demonstrated that CPT blocked the growth of melanoma, in which was dependent on the glycolysis-
mediated cell proliferation.

Conclusions CPT activated AMPK and then inhibited PFK-mediated aerobic glycolysis leading to inhibition of growth
of cutaneous melanoma. CPT should be a promising anti-melanoma agent for clinical melanoma therapy.
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Introduction

Cutaneous melanoma is the most serious skin can-
cer worldwide, and accounts for approximately twenty
percent of skin cancers. About 1.5 million new cases
with skin cancer were estimated in 2020. Among them,
325,000 patients were diagnosed with malignant mela-
noma [1]. Conventional surgical excision, chemother-
apy and radiation have been used against malignant
melanoma. However, the development of resistance and
adverse toxicity limits their applications in clinic [2].
There has also been surgical resection combined chemo-
therapy in clinical practice, but the results are far from
satisfaction. Therefore, it is very necessary to develop
new anti-melanoma drugs with lower toxicity and higher
efficacy [3].

Salvia miltiorrhiza, a famous Chinese medicine, is
always used to treat cardiovascular diseases [4]. After-
wards, its anti-tumor activity has been found based on
plenty of research [4]. Meanwhile, its effect on skin dis-
eases has also been concerned. A clinical study indi-
cated that a formula containing Salvia miltiorrhiza can
decrease the risk of lupus nephritis in patients with sys-
temic lupus erythematosus [5]. A lipophilic component
from Salvia miltiorrhiza, tanshinone IIA can inhibit
growth of keratinocytes through inducing cell cycle
arrest and apoptosis to cure the psoriasis [6]. Another
lipophilic compound CPT also indicates potential activ-
ity on skin diseases. CPT can ameliorate the pathogen-
esis of systemic lupus erythematosus by blocking T cell
proliferation [7], reduce psoriatic epidermal hyperplasia
via inhibiting the activation of STAT3 [8]. More impor-
tantly, CPT has been considered a potent anti-tumor
natural compound with low toxicity [9, 10]. Therefore, we
thought that CPT may have inhibitory effect on cutane-
ous melanoma.

Unlike normal cells, most tumor cells including mela-
noma cells show energy metabolism disorders that ATP
production is from tumor cell glycolysis but not tricar-
boxylic acid cycle (TCA). The amount of ATP generated
from glycolycis is significantly less than TCA, but the rate
of ATP production is just contrary. The preferred energy
metabolism way of tumor cells is named as aerobic glyco-
lycis or Warburg effect [11]. Tumor cells undergo aero-
bic glycolysis, leading to a significant synthesis of ATP,
enhancing the anti-oxidant and proliferative abilities of
tumor cells [11]. Certainly, it was affected and regulated
by many factors among which hypoxia inducible factor
la (HIF-1a) is one of the most important factors in the
hypoxic tumor microenvironment [12]. It activates the
transcription of genes encoding proteins in the oxygen
independent energy production pathway, directly pro-
moting glycolysis in tumor cells. Meanwhile, glycolysis
can promote the expression of HIF-1a by a feedback way.
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HIF-1a further promotes the proliferation of tumor cells
and avoids cell apoptosis processes through its down-
stream signaling pathways, while HIF-la in turn can
directly promote the glycolysis [13]. Additionally, adeno-
sine monophosphate-activated protein kinase (AMPK)
always maintains intracellular energy homeostasis
through increasing catabolism and reducing anabolism
when low energy condition occurs [14]. Inhibiting AMPK
activity increases the glycolytic metabolism of cancer
cells, while silencing HIF-1a can reverse this metabolic
transformation and reduce the proliferative advantage of
cancer cells induced by AMPK inactivation [15].

In previous study, we have demonstrated that CPT
inhibited mTORC1 leading to cell death via activating
AMPK in Rh30 cells [16]. And the melanoma cells belong
to the typical glycolytic cells, analyzing metabolism of
melanoma cells can offer innovative insights in new anti-
tumor targets for melanoma therapy [17]. Therefore, we
hypothesized that CPT can inhibit cutaneous melanoma
through activating AMPK and suppressing aerobic glyco-
lysis, thereby affecting the proliferation and apoptosis of
melanoma cells.

Materials and methods

Cell culture experiments

Established cell lines (A375, ATCC CCL-1619; B16F10,
ATCC CRL-6475) were maintained in DMEM (Gibco)
supplemented with 10% fetal bovine serum (FBS)(Cell-
max). Cells are cultured in a constant temperature incu-
bator with 5% CO, and 37°C conditions.

Cell counting kit-8 assay

After the cells fully adhere to the wall, the supernatant
was removed using a suction pump and different con-
centrations of CPT were added. After 24 h of cultivation,
added the prepared alkaline medium containing 0.5 mg/
mL MTT (Bioroxx, 334Gr001). After further cultivation
at 37 °C for 4 h, 150 pL dimethyl sulfoxide was added
to each well. Shaked the plate on a vibration table for
10 min. Then placed it in a microplate reader (BioTek) to
measure the absorbance at 490 nm.

Cell apoptosis and proliferation detection

BeyoClick™ EdU-555 Cell Proliferation Detection Kit
(Beyotime Biotechnology, C0075S) was used to detect cell
proliferation. Cells were pretreated with CPT. Followed
the instructions for operation to observe and counted the
EDU-positive cell rate under a fluorescence microscope
(olympus, Stemi 2000C). The Beyotime Biotechnology
(C1062M) assay kit was used for detecting cell apoptosis
using membrane associated protein V-FITC. After cell
administration, followed the instructions and used flow
cytometry to detect the samples (C6, BD).
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Cell cycle experiment

The Cell Cycle and Apoptosis Detection Kit (C1052) were
used to detect cell cycle. Followed the instructions for
operation. Then added the newly prepared propidium
iodide staining solution, leaved it in the dark at 37 °C
for 30 min, and analyzed the DNA content using flow
cytometry.

Colony-formation assay

Transfected cells were collected and seeded into a 6-well
plate with 200 cells/well. After conventional culture for
2 weeks, the culture was terminated when visible clones
appeared in the 6-well plate. After PBS washing for two
times, the cells were fixed by 4% methanol for 20 min,
and then stained by 0.1% crystal violet for 15 min. The
images were observed under an inverted phase contrast
microscope (Stemi 2000C, Olympus) and the colonies
were counted.

Detection of metabolites

Cells underwent pre-treatment with drugs. Collected
cells and added 500 pL of 75% methanol MTBE (9:1, v/v)
containing 1,2-13C2 myristic acid (5 pg/mL) stored at
—20 °C per well. Collected cells into a 1.5 mL centrifuge
tube using cell scraping and repeated freeze—thaw three
times. Afterwards, centrifuged the sample and trans-
ferred 500 pL of the supernatant into a new 1.5 mL cen-
trifuge tube. Used a vacuum concentrator to evaporate
the sample at 45 °C. After the sample was evaporated, it
was subjected to derivatization treatment. Joined 30 pL
prepared methoxypyridine (w/v, 10 mg/mL), vortex for
5 min, and shaked for 1.5 h at 30 °C. Then added another
30 uL BSTFA (1% TMCS), vortex for 5 min, shaked for
0.5 h at 37 °C. After derivatization, the sample was cen-
trifuged at 18,000 rpm at 4 °C for 10 min for subsequent
loading. Sample analysis was performed using GC-MS
(Trace 1310/TSQ 8000), and sample separation was per-
formed at TG-5MS (30 m X 0.25 mm, 0.25 um) on a capil-
lary column.

ECAR and OCR detection

Extracellular acidification rate (ECAR) and oxygen
consumption rate (OCR) were examined using Sea-
horse XF Glycolysis Stress Test Kit and Seahorse XF
Cell Mito Stress Test Kit, respectively. Briefly, 1x 10*
cells per well were seeded into a Seahorse XF 96-cell
culture microplate. On the day before boarding, added
200 pL of hydration solution to the lower layer of the
XF96 Extracellar Flux Assay Kits. Placed it in a 37 °C
CO, free incubator for hydration overnight. Prepared
the required drugs and hippocampal XF base medium,
adjusted the pH value to 7.4+0.1, and placed them in
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a 37 °C water bath for 1 h during use. On the second
day, the cells were washed twice with water soaked
hippocampal XF base medium. Finally, 175 pL of hip-
pocampal XF base medium was added to each well
and incubated at 37 °C in a CO, free incubator for
1 h. Diluted the drug and added it to the upper layer
of XF96 Extracellar Flux Assay Kits, with 25 pL added
to each well before use. 30 min later, took out the
lower layer of XF96 Extracellular Flux Assay Kits and
replaced it with a cell plate that has been incubated for
1 hin a CO, free incubator at 37 °C, and detected it on
the Seahorse instrument.

Pruvate, lactate, glucose uptake and ATP detection
Collected cells into a centrifuge tube and placed them
in a tissue grinder for mechanical grinding. After grind-
ing, centrifuged at 2500 rpm for 10 min, took the super-
natant and operated according to the instructions of the
pyruvate, lactate and glucose detection reagent kit. Then
detected the OD value in a microplate reader (BioTek).
Collected cells and used ATP to detect the lysate to
lyse cells on ice for 30 min. Afterwards, centrifuged at
12,000 rpm for 5 min to remove the supernatant. Fol-
lowed the instructions of the ATP detection kit and
detected the chemiluminescence value in a microplate
reader (BioTek).

RNA extraction, PCR and real-time quantitative PCR

Total RNA was isolated from cells using Trizol and
cDNA was synthesized using the HiScript® III-RT Super-
Mix kit (Vazyme, R323-01). The ¢cDNA samples were
subjected to a real-time quantitative polymerase chain
reaction (RT-qPCR) using the ChamQ Universal SYBR
qPCR Master Mix (Vazyme, Q711-02) performed on an
ABI 7500 Sequence Detection System (Thermo Fisher).
The primer sequences were listed as follow.

ACTB Forward GGCTGTATTCCCCTCCATCG
Reverse CCAGTTGGTAACAATGCCATGT
HK2 Forward ATGATCGCCTGCTTATTCACG
Reverse CGCCTAGAAATCTCCAGAAGGG
PFKFB3 Forward TCTGGATGCCGTACAGCAATG
Reverse  GTGTCGGACAGTTAGTCATGC
PKM?2 Forward CGCCTGGACATTGACTCTG
Reverse  GAAATTCAGCCGAGCCACATT
LDHA Forward CAAAGACTACTGTGTAAC
TGCGA
Reverse TGGACTGTACTTGACAAT
GTTGG
MCT4 Forward CACGGGTTTCTCCTACGCC

Reverse  GCTGTAGCCAATCCCAAACTC
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Cell extracts and western blot analysis

Proteins were collected from cells and mice tissues by
using RIPA lysis buffer. After separation by SDS-PAGE,
proteins were transferred to PVDF membranes and
detected with specific antibodies. Antibodies specific for
anti-HK2 (ABclonal, A0994), anti-PFKFB3 (ABclonal,
A3934), anti-AMPK (ABclonal, A1229), anti-p-AMPK
(ABclonal, AP1002), anti-HIF-1a (ABclonal, A22041),
anti-PKM2 (Abcam, ab89364), anti-LDHA (Affinity,
DF6280), anti-MCT4 (Affinity, AF5253), and anti-B-actin
(Affinity, AF7018) were used. The relative protein expres-
sion was determined by an imaging system (ChemiDoc
TM XRS+, Bio-Rad).

Immunofluorescence

Tumor spheroids were placed in 4% paraformaldehyde
and then processed with Triton X-100 for 20 min and
incubated respectively with 5% bovine serum albumin
and anti-PFKFB3 (ABclonal, A3934) and anti-p-AMPK
(ABclonal, AP1002) antibody overnight. Next day, the
spheroids were rinsed thrice and cultivated in secondary
antibodies (Invitrogen, Alexa flour-594, Invitrogen) for
2 h at indoor temperature. The cell nucleus was used by
using Hoechst33342 (Beyotime, 1810898). Images were
acquired using a confocal microscope (Zeiss, Vert.Al).

Immunohistochemical and TUNEL
Mouse xenograft primary tumors and lung tissues were
paraffin-embedded and sectioned by routine techniques.
Deparaffinization and rehydration of tissue sections
were first achieved. Heat-induced antigen retrieval was
done using Decloaker solution for 15-20 min (Biocare
Medical, RD913L). Tissue sections were blocked with
TBS/10% NGS, then incubated with primary antibody
overnight, followed by Dako envision plus kit and DAB
staining. All samples were counterstained with hematox-
ylin. Samples were photographed using a multifunctional
pathological imaging system (PerkinElmer, Mantra 1.0.1).
The pre-treatment was the same as before. Used
TUNEL reagent kit for component staining. Subse-
quently, according to the manufacturer’s instructions,
TUNEL was performed using the in situ cell death detec-
tion kit (Roche, Penzberg, Germany). Afterwards, took
photos using a fluorescence microscope (Zeiss, Vert.Al).

Si-RNA interference

Si-RNA against human AMPK (EKBIO) were introduced
into cells by lipid mediated transfection using si-RNA
transfection medium, reagent and duplex (Santa Cruz
biotechnology) following manufacturer recommenda-
tions. Briefly the day before transfection cells were plat-
ted at 2.5x10° cells per well in 2 mL antibiotic-free
normal growth medium supplemented with FBS. Cells
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were incubated until they reach 60—80% confluence. The
duplex solution containing the si-RNA was then added to
the cells. After 5 to 7 h, antibiotic were added in each well
and the cells were incubated for 24 h more. The media
was then replaced by normal growth media and cells
were used for experiments and assayed by western blot to
analyze the expression of AMPK.

Tumor graft models in mice

The allograft tumor model was made using B16F10 cells
in male C57BL/6N mice (4-5 weeks old, obtained from
Shanghai Slac Laboratory Animal CO.LTD). Adjust the
concentration of B16F10 cells to 1.5x 10°/mL. Inoculate
0.1 mL of cell suspension under the right back skin of
male mice. After about two weeks, the protruding tumor
tissue on the back of the mice can be clearly observed,
and the mice will be randomly divided into groups. On
the second day after grouping, medication was admin-
istered by gavage at a volume of 0.1 mL/10 g, while the
model group was given an equal amount of olive oil. The
length and width of the solid tumor were measured every
two day using the caliper. At 14-day post-treatment, all
mice were sacrificed, the tumor tissues were collected for
corresponding assays. The tumor volume was calculated
according the formula length x width?x0.52. The xeno-
graft tumor model was repeated using A375 cells in male
BALB/c nude mice (4-5 weeks old, obtained from Nan-
jing Biomedical Research Institute of Nanjing University).

Statistical analysis

All data are expressed as the mean +standard deviation
(s.d.), and the number of samples is indicated in each
figure legend. The statistical significance of differences
was assessed using the Student’s t-test or Spearman
correlation analysis. Results shown are representative
of at least three independent experiments. Differences
reached statistical significance with "P<0.05, "P<0.01
and "'P<0.001. Statistical computations were performed
using Prism software (Graph Pad).

Result

CPT inhibits the proliferation of melanoma cells

We tested the effect of different concentrations of CPT
on the proliferation of melanoma B16F10 (Fig. 1A) and
A375 (Additional file 1: Figure S1A) cells by MTT assay.
Based on the above results, we set the dosage of 0, 5, 10,
and 20 uM for subsequent cell experiments. Later, we
further used the EDU cell proliferation detection kit for
direct detection of DNA synthesis in cells. The results
showed that after 24 h of treatment with CPT on B16F10
(Fig. 1B, C) and A375 (Additional file 1: Figure S1B, C)
cells, the EDU-positive cell rate in the treatment group
was significantly reduced compared with the control.
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Fig. 1 CPT inhibits cell proliferation and cell cycle of melanoma cells. A MTT assay for detecting the effect of CPT on the viability of B16F10 cells.

B EDU staining detection of the effect of CPT on the proliferation of B16F10 cells and analysis by flow cytometry. C Fluorescence results of EDU
staining detection of the effect of CPT on the proliferation of B16F10 cells. D Detection of the effect of CPT on cell cycle using propidium iodide
(PI) staining and analysis by flow cytometry. E The effect of CPT on cell apoptosis. FITC labeled Annexin V was used to detect early apoptotic cells,
while Pl labeled necrotic cells or cells that lost cell membrane integrity in the late stage of apoptosis. Flow cytometry was used to analyze the cells.

Compared with the control, * P <0.05, ** P<0.01, *** P <0.001

The further results showed that in B16F10 cells, after
24 h of treatment with CPT, the proportion of G2/M
phase cells obviously increased (Fig. 1D), and when
the dosage of CPT exceeds 10 pM, it had a significant
impact on cell apoptosis in B16F10 (Fig. 1E) and A375
cells (Additional file 1: Figure S1D). In conclusion, CPT

inhibited proliferation by arresting cell cycle and induc-
ing apoptosis in melanoma cells.

CPT inhibits aerobic glycolysis in melanoma cells
The growth of tumor cells is closely related to metab-
olism. We used GC-MS to analyze endogenous
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metabolites in B16F10 cells treated with CPT. We found
that the blank control group and the administration
group can be clearly distinguished. This indicates a sig-
nificant change in the endogenous metabolites of B16F10
cells after administration of CPT (Fig. 2A). A total of
31 significantly different metabolites were identified as
potential biomarkers of CPT regulating the growth of
melanoma cells (Fig. 2B, C, Additional file 6: Table S1).
This suggested that CPT could inhibit the growth of mel-
anoma cells by regulating some endogenous metabolites.
The screened differential products were subjected to
pathway enrichment analysis. The top 10 pathways with
an impact value of >0.1 and P<0.05 are listed in Addi-
tional file 6: Table S2 and Fig. 2D. These results suggested
that CPT may play a role in inhibiting the growth of mel-
anoma cells mainly by affecting the glucose metabolism
and amino acid metabolism of melanoma cells.

Page 6 of 14

We used Seahorse XF instrument to monitor extra-
cellular hydrogen ion concentration in real time. The
results showed that CPT could significantly reduce the
ECAR of B16F10 (Fig. 2E) and A375 cells (Additional
file 2: Figure S2A). At the same time, CPT also reduced
the basic oxygen consumption and maximum oxygen
consumption of B16F10 (Fig. 2E) and A375 cells (Addi-
tional file 2: Figure S2A). Tumor cells consume a large
amount of glucose, accompanied by ATP production, to
meet the needs of rapidly proliferating tumor cells for
energy and anabolic precursors. The experiment found
that CPT decreased glucose consumption and pyru-
vate, lactate, and ATP production of B16F10 (Fig. 2F)
and A375 (Additional file 2: Figure S2B) melanoma cells
in a dose-dependent manner, confirming that CPT can
block aerobic glycolysis of tumor cells.
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PFKFB3 mediates CPT inhibition of aerobic glycolysis
In the glycolysis process of tumor cells, there are three
key kinases that regulate three irreversible steps. Using
the enzyme activity detection kit to detect samples, we
found that CPT had no significant effect on the hexoki-
nase (HK) and pyruvate kinase (PK) activity of B16F10
cells and A375 cells, but had a significant and dose-
dependent inhibitory effect on the phosphofructokinase
(PFK) activity (Fig. 3A, Additional file 3: Figure S3A).
PFK is the second rate limiting enzyme in the glyco-
lytic pathway. The results of western blot (Fig. 3B), qPCR
(Fig. 3C) and immunofluorescence (Fig. 3D) showed that
the expression and transcription level of PFKFB3 was
inhibited significantly, as well as the downstream lactate
dehydrogenase A (LDHA) and monocarboxylate trans-
porter 4 (MCT4). It suggested that CPT inhibited the
conversion of fructose-6-phosphate to fructose-1,6-bi-
phosphate during the course of aerobic glycolysis in
cancer cells, finally leading to decreasing pyruvate pro-
duction, preventing lactate from transporting out of the
cell membrane and blocking the glucose uptake by the
way of negative feedback.

Four prognostic biomarkers for melanoma-related
glycolytic genes were predicted

In order to further explore its internal mechanism, we
downloaded the transcriptome data of 471 melanoma tis-
sues and 340 normal tissues from TCGA and GTEX data-
bases for comparing and analyzing. Detailed operating
procedures can be found in Additional file 7. The results
showed that the peak value of the enrichment curve
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appeared above the tumor group, which also proved that
glycolysis was more active in melanoma than in normal
tissues (Fig. 4A, B). Based on the enrichment results of
GSEA, we extracted the expression levels of glycolytic
related genes in each sample. We conducted differential
analysis filtering between normal and tumor samples and
identified 13 glycolytic genes related to prognosis. It con-
tains 4 low-risk genes and 9 high-risk genes (Additional
file 6: Table S3). Based on the prognosis related glycolysis
genes, COX regression analysis was carried out and opti-
mized to obtain four prognostic markers of melanoma
(Fig. 4C). And the risk value of patients was predicted,
the survival curve results are shown in Fig. 4D. The value
of the area under the ROC curve as 0.732 (Fig. 4E) is
more than 0.7, suggesting that the model has good accu-
racy in predicting the survival of melanoma patients.
Among four prognostic markers of melanoma, PRKAA2
gene is negatively correlated to the energy metabolism
because the protein encoded by the PRKAA2 gene is a
catalytic subunit of AMPK [18]. Thus, we hypothesized
that AMPK maybe mediate CPT inhibition of glycolysis
of melanoma.

CPT inhibits HIF-1a by activating AMPK and promotes

the death of melanoma cells

To further confirm the hypothesis, we firstly investi-
gated the expression of PRKAA?2 gene in different tumors
through the GEPIA database. It was found that the
expression of PRKAA2 gene was significantly lower in
tumor tissues of patients with melanoma than in normal
tissues (Fig. 5A). Then we found that CPT could activate

@)
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Hoechst

Control

CPT20yM CPT10uM CPT5pM
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B16F10

Fig. 3 PFKFB3 mediates CPT inhibition of glycolysis of melanoma. A The activity of three key kinases of aerobic glycolysis was measured in B16F10
cells treated with CPT. B The glycolysis related proteins in melanoma cells were detected by western blot. C The level of glycolysis related proteins
mRNA in melanoma cells was measured. D The expression of PFKFB3 was detected by fluorescence assay. Compared with the control, * P <0.05, **

P<0.01,**P<0.001
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AMPK as the phosphorylation of AMPK increases by a
concentration-dependent way (Fig. 5B, C) (Additional
file 4: Figure S4A, B). AMPK is a highly conserved cel-
lular energy state sensor in eukaryotes, used to main-
tain intracellular energy homeostasis [19]. Inhibiting the
activity of AMPK increases the glycolytic metabolism of
tumor cells and promotes the growth of lymphoma, and
silencing HIF-1a can reverse this metabolic transforma-
tion and reduce the proliferation advantage of tumor
cells caused by AMPK inactivation [20]. We also found
that CPT significantly inhibited the expression of HIF-1a
(Fig. 5B, C, Additional file 4: Figure S4A, B). In addi-
tion, cellular immunofluorescence detection of p-AMPK
expression also showed the same trend (Fig. 5D, Addi-
tional file 4: Figure S4C). Therefore, we hypothesized that
CPT acted on AMPK/HIF-1a signal pathway to regulate
the glycolysis of tumor cells.

Afterwards, we added AMPK inhibitor compound
C for further validation. Compared with the 10 pM
CPT group, the addition of Compound C weakened the
inhibitory effect on B16F10 cells (Fig. 5E, F). The results
of the cell apoptosis test kit showed that compound C
weakened the apoptosis induced by CPT (Fig. 5G, H,

Additional file 4: Figure S4D, E). Additionally, The data of
the glucose and lactate detection showed that Compound
C had no significant effect on glucose uptake and lactate
secretion in B16F10 cells, while the combination group
significantly increased the glucose uptake and lactate
secretion of B16F10 cells (Fig. 51, J). These results indi-
cated that CPT inhibiting glycolysis of melanoma cells
depended on the activation of AMPK.

Silencing AMPK can partially reverse CPT’s inhibitory effect
on cell proliferation, apoptosis and glycolysis

To further demonstrate that CPT’s inhibition of mela-
noma cells is related to activation of AMPK, we used
si-RNA mimics to knockdown AMPK in A375 cells to
compare the difference of inhibitory effect of CPT on
melanoma cells with different expression of AMPK.
As shown in Fig. 6A, AMPK was successfully silenced
in A375 cells. Cell viability of 10 uM CPT treatment
in A375 cells is significantly less than that in AMPK-
silencing A375 cells (Fig. 6B), suggesting that silencing
AMPK can partially reverse CPT’s inhibitory effect.
And the clone assay and EDU assay gave the same
results as cell viability (Fig. 6C, D). Under treatment of
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CPT, glucose consumption and lactate production of mediated CPT inhibition of aerobic glycolysis leading

AMPK-silencing cells are more (Fig. 6E). Expression of  to cell death.

HIF-1a and PFKFB3 inhibited in A375 cells were obvi-

ously recovered in AMPK-silencing A375 cells (Fig. 6F,  CPT inhibits the growth of melanoma in vivo

G). All above suggested that activation of AMPK We evaluated the anti-tumor effect of CPT in vivo
by establishing tumor graft models of melanoma in
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B16F10 and A375 cells (Fig. 7A, Additional file 5: Fig-
ure S5A). In the tumor model, compared with the model
group, the tumor weight and volume of the CPT treat-
ment group were significantly smaller though the body
weight was not affected (Fig. 7B-E, Additional file 5:
Figure S5B-E). All these results indicated that CPT had
a certain inhibitory effect on the growth of melanoma
in vivo. Tumor tissue was stained with Ki67 and TUNEL.
Compared with the model group, the administration of
20 mg/kg and 40 mg/kg CPT significantly reduced the

number of Ki67-positive cells in tumor tissue, while the
number of TUNEL stained positive cells significantly
increased (Fig. 7F, Additional file 5: Figure S5F). This
indicated that CPT could inhibit cell proliferation and
promote cell apoptosis in B16F10 and A375 cells trans-
planted tumor tissues. Immunohistochemical method
was used to detect the expression levels of p-AMPK and
apoptosis related proteins, Bax and Bcl-2, in A375 cells
transplanted tumor tissues. CPT increased the level of
AMPK phosphorylation in tumor tissue and significantly
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reduced the expression of pro-apoptotic protein Bcl-2 in
tumor tissue, while the expression of anti-apoptotic pro-
tein Bax significantly increased (Additional file 5: Figure
S5@).

We further detected the activity of glycolytic kinase
within tumor tissue and found that CPT just inhibited PFK
kinase activity (Fig. 7G, Additional file 5: Figure S5H). By
detecting glycolytic metabolites, we found that compared
with the model group, CPT significantly inhibited internal
glucose consumption and pyruvate production, as well as

lactate secretion in subcutaneous transplanted tumor tis-
sues (Fig. 7H, Additional file 5: Figure S5I). Taken together,
CPT inhibited melanoma growth in vivo through AMPK-
mediated glycolysis.

Discussion

Highly-changed energy metabolism is an important char-
acteristic of cancer cells that represents one of the “hall-
marks of cancer” [21]. Glycolysis is an important mode
of metabolism in cancer cells and plays an important role
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in cancer progression. High throughput glycolysis pro-
vides not only rapid energy supply, but also raw materi-
als for the synthesis of various biological macromolecules
in cancer cells, as the various intermediate metabolites
produced during glycolysis are essential precursors for
varjous other metabolic pathways [22]. A large amount
of pyruvate is converted into lactic acid without entering
the tricarboxylic acid cycle to complete oxidative phos-
phorylation, leading to reducing the electron transfer
of the mitochondrial respiratory chain and the produc-
tion of reactive oxygen species. However, maintaining a
medium level of ROS for a long time is still conducive to
tumor progress [12]. Thus, interrupting or possibly dis-
rupting tumor glycolysis will impact tumor growth by
energy depletion as well as sensitization to therapeutics
especially, in light of the recent reports that have eluci-
dated cancer-specific advantages of aerobic glycolysis
[23].

Melanoma is a skin cancer caused by a malignancy of
melanocytes. Incidence of melanoma is rapidly increas-
ing worldwide, resulting in public health problems
and burden [24]. Hypoxia is a typical characteristic of
solid tumors, including melanoma. It regulates cancer
cell metabolism reprogramming, promotes tumor cell
growth, invasion, and infiltration. HIF-1a is the main
transcription factor under hypoxia and mediates glycoly-
sis by regulating the expression of glycolytic genes such as
GLUT]1, HK, PKM (25, 26]. AMPK regulates metabolism

in response to the cellular energy states. Under energy
stress, AMP stabilizes the active AMPK conformation, in
which the kinase activation loop (AL) is protected from
protein phosphatases, thus keeping the AL in its active,
phosphorylated state [27]. AMPK is a negative regula-
tor of aerobic glycolysis and inhibits tumor growth when
activated [15]. What is more, HIF-1a is a key mediator
of AMPK-dependent effects on cellular metabolism [15].
Inactivation of AMPK promotes a metabolic shift to
aerobic glycolysis, increased allocation of glucose car-
bon into lipids, and biomass accumulation. These meta-
bolic effects require normoxic stabilization of HIF-1a, as
silencing HIF-1a reverses the shift to aerobic glycolysis
and the biosynthetic and proliferative advantages con-
ferred by reduced AMPK signaling [15]. In short, AMPK/
HIF-1a signaling pathway is a key pathway for maintain-
ing cellular oxidative phosphate and glycolysis balance.
We have made much attempt to elucidate the molecu-
lar mechanism of CPT against cancer. CPT can inhibit
cancer cell proliferation by blocking mTOR-mediated
cyclin D1 and Rb phosphorylation [28]. However, CPT
can not bind to FKBP12, but activate AMPK-TSC2 axis
to inhibit mTORCI1 signaling [16]. Furthermore, we also
found that CPT inhibited mTOR dependent on estrogen
receptor a in breast cancer [29], and reversed multidrug
resistance of breast cancer by inhibiting BCRP oligomer
formation [30]. Here, CPT reduced the content of key
glycolytic metabolites, inhibited the kinase of PFK and



Chen et al. Chinese Medicine (2024) 19:45

the protein expression of PFKFB3 in melanoma cells,

suggesting that CPT can interrupt the glucose metabo-
lism of melanoma cells. PFK increases glycolytic flux
and lactate production, promoting cell cycle progres-
sion through cyclin dependent kinases [31-33]. Inhibi-
tion of PFKFB3 inhibited cell proliferation, arrested cell
cycle in GO/G1 phase by suppressing the Cyclin-CDKs/
Rb signaling pathway [33]. Thus, we thought that PFK
mediated CPT inhibition of mTOR-mediated cyclin D1
and Rb phosphorylation. Inhibiting PFKFB3 also induced
cell apoptosis through mitochondria by decreasing the
ratio of Bcl-2/Bax in cancer cells [33]. This further clued
that PFKFB3 was necessary for CPT inducing melanoma
cell apoptosis. Furthermore, overexpression of PFKFB3
under hypoxic condition is correlated with enhanced
level of HIF-1a protein in gastric cancer cells [34]. And
HIF-1a is positively controlled by the upstream mTOR
to activate the transcription of numerous target genes for
adapting the hypoxic environment [35]. Therefore, our
results supported that CPT activated AMPK but inhib-
ited mTOR-mediated HIF-1a expression. Then the gly-
colytic speed-limiting kinase PFK was inhibited and the
glucose uptake and lactate secretion of melanoma cells
were decreased, resulting in cell cycle arrested and apop-
tosis (Fig. 8).

Conclusions

CPT activated AMPK, inhibited the expression of
HIF-1a and blocked the PFK-controlled glycolysis, lead-
ing to melanoma cell death. CPT indicated an obvious
inhibition on melanoma and should be a promising agent
for melanoma therapy.
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Additional file 1: Figure S1. CPT inhibits cell proliferation and induces
apoptosis in A375 melanoma cells. (A) MTT assay for detecting the

effect of CPT on the viability of A375 cells. (B) EDU staining detection of
the effect of CPT on the proliferation of A375 cells and analysis by flow
cytometry. (C) Fluorescence results of EDU staining detection of the effect
of CPT on the proliferation of A375 cells. (D) The effect of CPT on cell
apoptosis. FITC labeled Annexin V was used to detect early apoptotic cells,
while Pl labeled necrotic cells or cells that lost cell membrane integrity in
the late stage of apoptosis. Flow cytometry was used to analyze the cells.
Compared with the control, * P<0.05, ** P<0.01, *** P <0.001.

Additional file 2: Figure S2. CPT inhibits glycolysis of A375 melanoma
cells. (A) Effects of CPT on ECAR and OCR in A375 cells. (B) Effects of CPT
on glucose uptake and production of lactate, pyruvate and ATP in A375
melanoma cells. Compared with the control, * P <0.05, ** P <0.01, ***
P<0.001.

Additional file 3: Figure S3. PFKFB3 mediates CPT inhibition of glycolysis
of melanoma. (A) The activity of three key kinases of aerobic glycolysis was
measured in A375 cells treated with CPT. (B) The expression of PFKFB3 was
detected by fluorescence assay. Compared with the control, * P <0.05, **
P<0.01,** P<0.001.

Additional file 4: Figure S4. AMPK mediates CPT inhibition of glycolysis
in A375 melanoma cells. (A) Western blot was used to detect the effect of
CPT on the expression of AMPK, p-AMPK and HIF-1a in B16F10 melanoma
cells. (B) Quantitative results of AMPK, p-AMPK, HIF-1a. (C) Effect of CPT

on p-AMPK expression in melanoma cells detected by cellular immuno-
fluorescence. The effect of CPT combined with AMPK inhibitor compound
Con A375 cells: (D) Detection of apoptosis of melanoma cells by flow
cytometry. (E) The quantitative analysis of Flow cytometry data. Compared
with the control, * P<0.05, ** P<0.01, *** P<0.001.

Additional file 5: Figure S5. CPT inhibits the growth of melanoma

in vivo. (A) Schematic diagram for the construction of subcutaneous
transplantation tumor models with A375 cells. (B) The representative
image of melanoma solid tumors dissected from the mice transplanted
with A375 cells. (C) Body weight changes in mice. (D) Measurement of
tumor volume in mice using a vernier caliper. (E) Tumor weight and tumor
growth inhibition rate. (F) Ki67 and TUNEL staining of A375 cell tumor tis-
sues. (G) Immunohistochemical analysis of p-AMPK, Bcl2 and Bax. (H) The
key kinases activity of glycolysis was measured in melanoma tissue. () The
glycolytic metabolites were detedted in melanoma tissue. Compared with
the model group, * P<0.05, ** P <0.01, *** P <0.001.

Additional file 6: Table S1. Differential metabolites in cell samples.
Table S2. Pathway analysis of differential metabolites. Table S3. Glycolysis
genes related to prognosis in patients with melanoma.

Additional file 7. Additional Methods.

Acknowledgements

This project was supported in part by National Natural Science Foundation

of China, the Open Project of Chinese Materia Medica First-Class Discipline of
Nanjing University of Chinese Medicine. The authors also thank Nanjing Jiang-
bei New Area Biopharmaceutical Public Service Platform for the quantification
of the products of glycolysis.

Author contributions

WC: Conceptualization, Supervision, Funding acquisition, Writing-review &
editing. YL: Conceptualization, Supervision, Funding acquisition. YL: Investiga-
tion, Data curation, Software, Writing original draft. QC: Investigation, Software,
Validation, Visualization. YZ: Software, Validation, Visualization, Data curation.
ZZ: Investigation, Formal analysis. JZ: Investigation, Formal analysis. YP: Data
curation.

Funding

The work was funded by National Natural Science Foundation of China (No.
82274150, No. 82374322) and Graduate Research and Innovation Projects of
Jiangsu Province (NO. SJCX22_0804, NO. KYCX22_2027).


https://doi.org/10.1186/s13020-024-00913-1
https://doi.org/10.1186/s13020-024-00913-1

Chen et al. Chinese Medicine

(2024) 19:45

Availability of data and materials
The datasets supporting the conclusions of this article are included within the
article and its additional files.

Declarations

Ethics approval and consent to participate
Animal experiments were approved by the Ethics Committee of Nanjing
University of Chinese Medicine, Nanjing, China.

Consent for publication
Not Applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 25 October 2023 Accepted: 24 February 2024
Published online: 07 March 2024

References

1.

Arnold M, Singh D, Laversanne M, Vignat J, Vaccarella S, Meheus F,

Cust AE, de Vries E, Whiteman DC, Bray F. Global burden of cutane-

ous melanoma in 2020 and projections to 2040. JAMA Dermatol.
2022;158(5):495-503.

Wroblewska-Luczka P, Cabaj J, Bargiel J, Luszczki JJ. Anticancer

effect of terpenes: focus on malignant melanoma. Pharmacol Rep.
2023;75(5):1115-25.

Wang H, Tran TT, Duong KT, Nguyen T, Le UM. Options of therapeutics
and novel delivery systems of drugs for the treatment of melanoma. Mol
Pharmaceut. 2022;19(12):4487-505.

ZhuY, Ouyang Z, Du H, Wang M, Wang J, Sun H, Kong L, Xu Q, Ma H, Sun
Y. New opportunities and challenges of natural products research: when
target identification meets single-cell multiomics. Acta Pharm Sin B.
2022;12(11):4011-39.

Chang CM, Wu PC, Chiang JH, Wei YH, Chen FP, ChenTJ, Pan TL, Yen HR,
Chang HH. Integrative therapy decreases the risk of lupus nephritis in
patients with systemic lupus erythematosus: a population-based retro-
spective cohort study. J Ethnopharmacol. 2017;196:201-12.

Li FL, Xu R, Zeng QC, Li X, Chen J, Wang YF, Fan B, Geng L, Li B. Tanshinone
IIA inhibits growth of keratinocytes through cell cycle arrest and apopto-
sis: underlying treatment mechanism of psoriasis. Evid-Based Compl Alt.
2012;2012:927658.

DuY, Du L, He Z, Zhou J, Wen C, Zhang Y. Cryptotanshinone ameliorates
the pathogenesis of systemic lupus erythematosus by blocking T cell
proliferation. Int Immunopharmacol. 2019;74: 105677.

Tang L, He S, Wang X, Liu H, Zhu Y, Feng B, Su Z, Zhu W, Liu B, Xu F, et al.
Cryptotanshinone reduces psoriatic epidermal hyperplasia via inhibiting
the activation of STAT3. Exp Dermatol. 2018;27(3):268-75.

Dalil D, Iranzadeh S, Kohansal S. Anticancer potential of cryptotanshinone
on breast cancer treatment; a narrative review. Front Pharmacol. 2022;13:
979634.

Kim EJ, Kim SY, Kim SM, Lee M. A novel topoisomerase 2a inhibitor,
cryptotanshinone, suppresses the growth of PC3 cells without apparent
cytotoxicity. Toxicol Appl Pharm. 2017;330:84-92.

. Liberti MV, Locasale JW.The Warburg effect: how does it benefit cancer

cells? Trends Biochem Sci. 2016;41(3):211-8.

Koppenol WH, Bounds PL, Dang CV. Otto Warburg’s contributions to cur-
rent concepts of cancer metabolism. Nat Rev Cancer. 2011;11(5):325-37.
Palsson-McDermott EM, Curtis AM, Goel G, Lauterbach MA, Sheedy

FJ, Gleeson LE, van den Bosch MW, Quinn SR, Domingo-Fernandez R,
Johnston DG, et al. Pyruvate kinase M2 regulates Hif-1alpha activity and
IL-1beta induction and is a critical determinant of the warburg effect in
LPS-activated macrophages. Cell Metab. 2015;21(1):65-80.

Carling D. AMPK signalling in health and disease. Curr Opin Cell Biol.
2017;45:31-7.

Faubert B, Boily G, Izreig S, Griss T, Samborska B, Dong Z, Dupuy F,
Chambers C, Fuerth BJ, Viollet B, et al. AMPK is a negative regulator of

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

33.

34.

35.

Page 14 of 14

the Warburg effect and suppresses tumor growth in vivo. Cell Metab.
2013;17(1):113-24.

ChenW, PanY,Wang S, LiuY, Chen G, Zhou L, Ni W, Wang A, Lu Y. Cryp-
totanshinone activates AMPK-TSC2 axis leading to inhibition of mTORC1
signaling in cancer cells. BMC Cancer. 2017;17(1):34.

Neagu M. Metabolic traits in cutaneous melanoma. Front Oncol.
2020;10:851.

Lin L, Flisikowski K, Schwarzenbacher H, Scharfe M, Severitt S, Blocker H,
Fries R. Characterization of the porcine AMPK alpha 2 catalytic subunit-
gene (PRKAA2): genomic structure, polymorphism detection and associa-
tion study. Anim Genet. 2010;41(2):203-7.

BiL, RenY, Feng M, Meng P Wang Q, Chen W, Jiao Q, Wang Y, Du L, Zhou
F, et al. HDAC11 regulates glycolysis through the LKB1/AMPK signaling
pathway to maintain hepatocellular carcinoma stemness. Cancer Res.
2021,81(8):2015-28.

Massari F, Ciccarese C, Santoni M, lacovelli R, Mazzucchelli R, Piva F, Scar-
pelli M, Berardi R, Tortora G, Lopez-Beltran A, et al. Metabolic phenotype
of bladder cancer. Cancer Treat Rev. 2016:45:46-57.

Pavlova NN, Zhu J, Thompson CB. The hallmarks of cancer metabolism:
Still emerging. Cell Metab. 2022;34(3):355-77.

Icard P, Shulman S, Farhat D, Steyaert JM, Alifano M, Lincet H. How the
Warburg effect supports aggressiveness and drug resistance of cancer
cells? Drug Resist Update. 2018;38:1-11.

Hsu PP, Sabatini DM. Cancer cell metabolism: Warburg and beyond. Cell.
2008;134(5):703-7.

Ahmed B, Qadir MI, Ghafoor S. Malignant melanoma: skin cancer-diagno-
sis, prevention, and treatment. Crit Rev Eukar Gene. 2020;30(4):291-7.
Semenza GL. Targeting HIF-1 for cancer therapy. Nat Rev Cancer.
2003;3(10):721-32.

Hu ZY, Xiao L, Bode AM, Dong Z, Cao Y. Glycolytic genes in can-

cer cells are more than glucose metabolic regulators. J Mol Med.
2014,92(8):837-45.

Vazquez-Martin A, Lopez-Bonet E, Oliveras-Ferraros C, Perez-Martinez MC,
Bernado L, Menendez JA. Mitotic kinase dynamics of the active form of
AMPK (phospho-AMPKalphaThr172) in human cancer cells. Cell Cycle.
2009;8(5):788-91.

ChenW, LuoY, Liu L, Zhou H, Xu B, Han X, Shen T, Liu Z, Lu Y, Huang

S. Cryptotanshinone inhibits cancer cell proliferation by suppressing
Mammalian target of rapamycin-mediated cyclin D1 expression and Rb
phosphorylation. Cancer Prev Res. 2010;3(8):1015-25.

Pan'Y, ShiJ, NiW, Liu Y, Wang S, Wang X, Wei Z, Wang A, Chen W, Lu Y.
Cryptotanshinone inhibition of mammalian target of rapamycin pathway
is dependent on oestrogen receptor alpha in breast cancer. J Cell Mol
Med. 2017;21(9):2129-39.

NiW, Fan H, Zheng X, Xu F,Wu'Y, Li X, Wang A, Huang S, Chen W, Wang
S, et al. Cryptotanshinone inhibits ERalpha-dependent and -independ-
ent BCRP oligomer formation to reverse multidrug resistance in breast
cancer. Front Oncol. 2021;11: 624811.

Calvo MN, Bartrons R, Castano E, Perales JC, Navarro-Sabate A, Manzano
A. PFKFB3 gene silencing decreases glycolysis, induces cell-cycle delay
and inhibits anchorage-independent growth in Hela cells. FEBS Lett.
2006;580(13):3308-14.

Yalcin A, Clem BF, Imbert-Fernandez Y, Ozcan SC, Peker S, O'Neal J, Klarer
AC, Clem AL, Telang S, Chesney J. 6-Phosphofructo-2-kinase (PFKFB3)
promotes cell cycle progression and suppresses apoptosis via Cdk1-
mediated phosphorylation of p27. Cell Death Dis. 2014;5(7): e1337.
ZhuW, Ye L, Zhang J, Yu P, Wang H, Ye Z, Tian J. PFK15, a small molecule
inhibitor of PFKFB3, induces cell cycle arrest, apoptosis and inhibits inva-
sion in gastric cancer. PLoS ONE. 2016;11(9): 163768.

Minchenko OH, Tsuchihara K, Minchenko DO, Bikfalvi A, Esumi H. Mecha-
nisms of regulation of PFKFB expression in pancreatic and gastric cancer
cells. World J Gastroenterol. 2014;20(38):13705-17.

Kitajima Y, Miyazaki K. The critical impact of HIF-1a on gastric cancer biol-
ogy. Cancers. 2013;5(1):15-26.

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



	Cryptotanshinone inhibits PFK-mediated aerobic glycolysis by activating AMPK pathway leading to blockade of cutaneous melanoma
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Cell culture experiments
	Cell counting kit-8 assay
	Cell apoptosis and proliferation detection
	Cell cycle experiment
	Colony-formation assay
	Detection of metabolites
	ECAR and OCR detection
	Pruvate, lactate, glucose uptake and ATP detection
	RNA extraction, PCR and real-time quantitative PCR
	Cell extracts and western blot analysis
	Immunofluorescence
	Immunohistochemical and TUNEL
	Si-RNA interference
	Tumor graft models in mice
	Statistical analysis

	Result
	CPT inhibits the proliferation of melanoma cells
	CPT inhibits aerobic glycolysis in melanoma cells
	PFKFB3 mediates CPT inhibition of aerobic glycolysis
	Four prognostic biomarkers for melanoma-related glycolytic genes were predicted
	CPT inhibits HIF-1α by activating AMPK and promotes the death of melanoma cells
	Silencing AMPK can partially reverse CPT’s inhibitory effect on cell proliferation, apoptosis and glycolysis
	CPT inhibits the growth of melanoma in vivo

	Discussion
	Conclusions
	Acknowledgements
	References


