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1  |  INTRODUC TION

Ovarian cancer is one of the most aggressive cancers of the female 
reproductive system.1 Globally, more than 200,000 newly diagnosed 
cases of ovarian cancer are reported each year; the 5-year survival 

rate is lower than 45%, with 15,000 death cases annually, making ovar-
ian cancer the 8th most common cause of cancer-associated death in 
women.2,3 The major contributing factors to this high mortality rate 
include asymptomatic progression and late diagnosis at an advanced 
stage in more than 70% of patients.4 Ovarian cancer treatments 
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Abstract
Platinum-based chemotherapy promotes drug resistance in ovarian cancer. We inves-
tigated the antichemoresistance characteristics of diallyl trisulfide (DATS) in cisplatin-
resistant ovarian cancer cells, in vitro and in vivo. Previous preclinical studies have 
revealed that DATS regulates distinct hallmark cancer-signaling pathways. The cell 
cycle pathway is the most investigated signaling pathway in DATS. Additionally, post-
DATS treatment has been found to promote proapoptotic capacity through the regu-
lation of intrinsic and extrinsic apoptotic pathway components. In the present study, 
we found that treating cisplatin-sensitive and cisplatin-resistant ovarian cell lines with 
DATS inhibited their proliferation and reduced their IC50. It induced cell apoptosis 
and promoted oxidative phosphorylation through the regulation of the AMPK/SIRT1/
PGC1α pathway, OXPHOS, and enhanced chemotherapy sensitivity. DATS treatment 
alleviated glutamine consumption in cisplatin-resistant cells. Our findings highlight 
the role of DATS in overcoming drug resistance in ovarian cancer in vitro and in vivo. 
In addition, we elucidated the role of the AMPK/SIRT1/PGC1α signaling pathway as a 
potential target for the treatment of drug-resistant ovarian cancer.
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include surgery and subsequent chemotherapy; however, their effi-
ciency is limited.1 The sensitivity to platinum-based chemotherapy in 
patients with ovarian cancer is >70%. Half of these patients expe-
rience recurrence and peritoneal metastases, leading to low overall 
survival rates.5 Consequently, therapeutic resistance in these patients 
will develop sooner or later toward single or combination chemother-
apies.6 Distinct molecular mechanisms have been suggested to be 
involved in ovarian cancer chemoresistance, including increased anti-
apoptotic activity and altered drug inactivation.7 However, the exact 
mechanisms by which ovarian cancer develops cisplatin resistance 
have yet to be explored. Thus, it is crucial to find anti–drug-resistant, 
nontoxic, and effective drugs to treat ovarian cancer.

Bioactive dietary agents regulate various cancer-signaling path-
ways. The consumption of allium vegetables such as garlic and on-
ions decrease cancer incidence. Diallyl trisulfide (DATS), a bioactive 
compound derived from allium vegetables, is known as an antican-
cer and chemoresistant agent.8 Different studies have revealed that 
DATS can induce cell apoptosis in various cancers, such as colon, 
lung, skin, and breast cancers.9–13 DATS has also been reported to 
regulate p53 upregulated modulator of apoptosis (PUMA) expres-
sion and promote apoptosis in cisplatin-resistant ovarian cancer cells 
(SKOV-3/DDP).14

The PGC-1α-AMPK-SIRT1 pathway is involved in the regulation 
of energy metabolism and mitochondrial biogenesis. Reactive oxy-
gen species (ROS) production can positively induce many transcrip-
tion coactivators and factors, but its coordinated mechanism is not 
well studied. Among these transcription factors, PGC-1 α plays a 
central role in mitochondrial biogenesis and antioxidant boosting via 
several signaling kinases, including AMPK.15,16

Reactive oxygen species are involved in glycolysis dys/regulation 
and vice versa in cancer and other diseases linked to mitochondrial 
dysfunction. Exceeded and counterbalanced glucose uptake occurs 
after glucose-stimulated ROS production triggers a toxic cycle and 
ultimately leads to cell death.17 Also, ROS production depends on the 
used oxidative phosphorylation (OXPHOS) substrates and inhibitors, 
respectively.18,19 On the other hand, OXPHOS proteins are regulated 
by ROS.20 Generally, if ROS levels exceed a specific limit, they will 
impair OXPHOS complexes and further stimulate ROS production.21

In the present study, the effectiveness of DATS against chemo-
resistance characteristics was analyzed in cisplatin-resistant and 
cisplatin-sensitive cell lines in vitro and in vivo. We hypothesize that 
DATS can overcome cisplatin resistance in ovarian cancer cell lines 
and animal models by modulating the AMPK/SIRT1/PGC1α signaling 
pathway, which can promote cell apoptosis and ROS production.

2  |  MATERIAL S AND METHODS

2.1  |  Reagents

Ovarian cancer cell lines (A2780, A2780/DDP, COC1, COC1/DDP) 
were purchased from Zhejiang Chinese Medical University. The 
following reagents were used: phosphatase inhibitors (Biyuntian, 

S1873); CCK8 detection kit (Beyotime, C0037); DATS and cisplatin 
(Source leaf, B25320, and B24462); annexin VFITC kit (Nanjing KGI 
Bio, KGA108); glucose test kit (Nanjing built, F006–11); ROS activ-
ity detection kit (Nanjing built, E004–11); glutamine and glutamate 
determination kit (Sigma Aldrich, GLN1); and NAC, OM, AMPK in-
hibitor compound C, and AMPK activator AICAR (MCE, HYB0215, 
HYN6782, HY13418, and HY-13417). The following antibodies were 
used: pAMPK (Bioss, bs4002R); AMPK, SIRT1, and PGC1α (Affinity, 
DF2656, DF6033, and AF5395); acetylated-lysine (Cell Signaling 
Technology, 9441); and OXPHOS (Abcam, ab110411). All other rea-
gents were purchased from Sigma Aldrich.

2.2  |  Cell-counting kit-8 (CCK-8) assay

Each designated cell line was digested in 0.25% trypsin solution at 
room temperature for 2 minutes and counted to prepare a cell sus-
pension. The cells were then seeded in a 96-well plate (1000 cells/
well), and the cells were treated following each experimental design. 
The cells were incubated at 37°C, followed by adding the CCK-8 
assay (Beijing Solarbio Science & Technology, Co., Ltd.) to determine 
the cell viability. Each well containing 10 μl CCK-8 reagent was then 
incubated at 37°C for 1.5 hours. The optical density (OD) values 
were determined using a microplate reader at 450 nm. Each assay 
was performed in triplicate.

2.3  |  Hematoxylin and eosin (HE) staining

Each tumor specimen was stored in paraffin wax for further analysis. 
Before HE staining, the specimen was dewaxed in xylene I (10 min-
utes) and xylene II (5 minutes) and then dehydrated in 100% alcohol 
I (5 minutes), 100% alcohol II (5 minutes), 95% alcohol I (5 minutes), 
95% alcohol II (5 minutes), 85% alcohol (3 minutes), and 75% alco-
hol (2 minutes), followed by rinsing with distilled water (1 minutes). 
Further, the specimens were immersed in hematoxylin dye solution 
for 5-20 minutes, rinsed with tap water for 3-5 minutes, followed by 
1% hydrochloric acid (HCl)-alcoholic differentiation for 1-5 seconds. 
The specimens were then rinsed with tap water for 1-3 minutes, 
stained with 1% eosin alcohol for 1 minutes, and washed with dis-
tilled water for 2 minutes. Further, the specimens were dehydrated 
with 75% alcohol (2 minutes), 85% alcohol (2 minutes), 95% alcohol 
I (5 minutes), 95% alcohol II (5 minutes), 100% alcohol I (5 minutes), 
and 100% alcohol II (5 minutes). Following dehydration, the speci-
mens were submerged in xylene I and xylene II for 5 minutes each 
and mounted on microscope slides for imaging.

2.4  |  TUNEL assay and Ki67 staining assay

The specimens were deparaffinized, soaked in xylene for 5 min-
utes, and sequentially immersed in 100%, 95%, 90%, 80%, and 
70% ethanol for 3  minutes. Further, the specimens were soaked 
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in 3% hydrogen peroxide in methanol for 10-15 minutes to inhibit 
endogenous catalase and incubated with proteinase K (20 μg/mL 
dissolved in Tris/HCl, pH 7.48.0) for 15-30 minutes at room temper-
ature. The specimens were washed twice with phosphate-buffered 
saline (PBS) for 5 minutes each time and dried. The TUNEL reac-
tion mixture was prepared with 100 μl of labeling solution accord-
ing to the manufacturer's protocol. A total of 50 μl TUNEL reaction 
mixture was added dropwise and incubated at 37°C in a wet box 
for 60 minutes. After washing the specimens with PBS three times 
for 5  minutes each, the samples were analyzed under a fluores-
cence microscope (green fluorescent protein). Afterward, the sam-
ples were dried, and 50 μl transformant-POD was added to each 
specimen and incubated in a humid box at 37 °C for 20-30 minutes, 
followed by washing with PBS for 5  minutes, 3-5 times. Further, 
50-100 μl DAB substrate solution was added, incubated at room 
temperature for 5-10  minutes, and washed three times with PBS 
for 5 minutes each. The samples were then analyzed under a micro-
scope (Upright Optical Microscope, Nikon). Images were analyzed 
using a chemiluminescence imaging system (Shanghai Ouxiang 
Scientific Instrument Co., Ltd.).

2.5  |  Immunoprecipitation (IP) and 
gene knockdown

The IP assay has been performed as previously described.22 For 
gene knockdown, the corresponding sequence of PGC1α has been 
synthesized by Zhejiang Chinese Medical University. Briefly, the 
cells were transfected with si-PGC1α using Lipofectamine 3000 
(Invitrogen) following the manufacturer protocol. The cells were 
treated accordingly for 48 hours post transfection, and then the cell 
viability and protein expression were detected.

2.6  |  Flow cytometry

The annexin V-FITC and PI double-staining has been used to detect 
the apoptosis rate in control and post-treated cells. The cells were 
digested using trypsin without EDTA, washed by PBS twice, and cen-
trifuged at 2000 rpm for 5 minutes. Then, the cells were collected 
into the flow cytometer tubes for further analysis.

2.7  |  Western blotting (WB)

The protein expressions of OXPHOS, SIRT1, PGC1α, p-AMPK, and 
AMPK in the cell lines and tumor tissue samples were detected by 
WB. The cells were collected, and total protein was extracted and 
quantified using the Bradford method. The lysates (30 μg of pro-
tein for each well) were electrophoresed on an SDS-PAGE gel for 
4 hours before blotting onto PVDF membranes. These blots were 
then incubated with primary antibodies overnight at 4°C. The next 
day, the membranes were washed and incubated for 1.5 hours with a 

horseradish peroxidase–conjugated secondary antibody. After incu-
bation with the secondary antibodies, the membranes were washed 
and developed using an ECL system. Protein expression levels were 
determined by analyzing the signals captured on the membranes 
using Image-Pro Plus 6.0 analysis software (Media Cybernetics, 
Inc.). Β-actin was used as an internal control. Further, PGC1α was 
extracted using IP assay and incubated with an acetylated lysine an-
tibody. Acetylation of PGC1α was detected by WB.

2.8  |  Determination of glutamine level, glucose 
level, and ROS level

Glutamine level was detected using the glutamine and glutamate de-
termination kit according to the manufacturer's protocol. OD value 
was measured at 339 nm wavelength.

Glucose level was detected using the glucose test kit according 
to the manufacturer's protocol.

ROS level was measured using the ROS activity detection kit ac-
cording to the manufacturer's protocol. The results were quantified 
using the fluorescence intensity.

2.9  |  In vivo analysis

Nude mice were injected with A2780/DDP cells (2 × 106, 0.2 ml 
PBS) subcutaneously into the armpit of the right forelimb to con-
struct a transplanted tumor model. When the tumor grew to a size 
of 100 × 150 mm3, the mice were randomly divided into four groups; 
each group was administered one of the following antitumor agents: 
cisplatin (3 mg/kg, ip), once every 5 days, a total of three times; DATS 
(20 mg/kg, ip), once a day; corresponding PBS volume in the control 
group; and sulfur suspension (200 mg/kg, 1050 mg), intragastrically, 
once a day. Additionally, the length and width of the tumors and the 
tumor volume was calculated weekly. Further, the weight of the ani-
mals was measured, and a weight growth curve was drawn weekly. 
After the mice were sacrificed, part of the tumor tissue was stored 
at −80°C for WB detection, and part was used for HE staining, 
TUNEL staining, and ki67 staining assay. Furthermore, the tumors 
were stripped, photographed, and weighed, and the tumor inhibition 
rate was calculated. Tumor inhibition rate: IR (%) =  (WX × WControl)/
WControl × 100%; WX is the tumor weight in the same cell line admin-
istration group.

2.10  |  Combination index (CI) calculation

The CI was calculated using the formula: (Am)50/(As)50 + (Bm)50/
(Bs)50. Among them, (Am)50 and (Bm)50 were the IC50 concentra-
tions of cisplatin and DATS in combination. (As)50 and (Bs)50 were 
the IC50 concentration of cisplatin and DATS alone. CI > 1 indicates 
antagonism; CI < 1 indicates synergy; and CI = 1 indicates an addi-
tive effect.



360  |    WANG et al.

2.11  |  Statistical analysis

All results were presented as mean ± SD. Statistical analyses were 
performed using the GraphPad Prism software (GraphPad Software 
Inc.). One-way analysis of variance was used for comparisons be-
tween different groups. Differences were considered statistically 
significant at p < 0.05.

3  |  RESULTS

3.1  |  Role of DATS in inhibiting cisplatin-resistant 
ovarian cell growth and promoting cell apoptosis

We tested the chemotherapy-resistant effect of DATS on cisplatin-
resistant and cisplatin-sensitive ovarian cancer cells. DATS inhibited 
the growth of the A2780, A2780/DDP, COC1, and COC1/DDP cell 
lines in a dose- and time-dependent manner (Figure 1A). Treatment 
of A2780/DDP and COC1/DDP cells with DATS increased their sen-
sitivity to cisplatin and reduced their IC50 value (Figure 1B,C). It also 
induced apoptosis in A2780, A2780/DDP, COC1, and COC1/DDP 
cells in a dose- and time-dependent manner (Figure 1D,E). The CI 

value of DATS and DDP were all less than 1, suggesting a synergistic 
effect between these two drugs in A2780, A2780/DDP, COC1, and 
COC1/DDP cells (Table 1).

3.2  |  Effect of DATS treatment on OXPHOS, 
ROS expression, and consumption of 
glucose and glutamine

Considering the vital role of ROS in apoptosis induction, we examined 
the effect of DATS on ROS and its regulated OXPHOS during glu-
cose uptake. DATS can increase OXPHOS levels in cisplatin-sensitive 

F I G U R E  1  Role of diallyl trisulfide (DATS) in inhibiting cisplatin-resistant ovarian cancer cell growth and promoting cell apoptosis. A, 
The inhibition rates of cisplatin-resistant ovarian cancer cells after treatment with DATS were detected by CCK-8. B, The inhibition rates 
of ovarian cancer cells after treatment with cisplatin were detected by CCK-8. C, The inhibition rates of cisplatin-resistant ovarian cancer 
cells after treatment with DATS and cisplatin were detected by CCK-8. D, The apoptosis rates of A2780/DDP cells were detected using flow 
cytometry. E, The apoptosis rates of COC1/DDP cells were detected using flow cytometry. **p < 0.01.

TA B L E  1  The combination index (CI) value of DDP with DATS 
(48 h)

Cell line CI value

A2780 0.86

COC1 0.84

A2780/DDP 0.75

COC1/DDP 0.71
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F I G U R E  2  Effect of diallyl trisulfide (DATS) treatment on oxidative phosphorylation (OXPHOS), reactive oxygen species (ROS) expression, 
and glucose and glutamine consumption. A, The protein expression of total OXPHOS in DATS-treated A2780, A2780/DDP, COC1, and 
COC1/DDP cells. B, The glucose consumption of cisplatin-sensitive or cisplatin-resistant ovarian cancer cells treated with DATS. C, The 
glutamine consumption of cisplatin-sensitive or cisplatin-resistant ovarian cancer cells treated with DATS. D, The release of ROS in cisplatin-
sensitive or cisplatin-resistant ovarian cancer cells treated with DATS. **p < 0.01.
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and cisplatin-resistant cells compared with those in untreated cells 
(Figure 2A). DATS treatment also promoted glucose and glutamine 
consumption in both cisplatin-sensitive and cisplatin-resistant cells 
(Figure  2B,C). Additionally, DATS elevated ROS levels in cisplatin-
sensitive and cisplatin-resistant cells compared with those in un-
treated cells (Figure 2D).

3.3  |  Obstruction of the effects of DATS on 
cisplatin-sensitive and cisplatin-resistant ovarian 
cancer cells by OXPHOS inhibitors

DATS can increase the ROS levels; we used the oxidation inhibi-
tors oligomycin (OM) and N-acetyl-L-cysteine (NAC) to determine 
whether DATS can regulate cell viability and apoptosis by mediating 
OXPHOS in cisplatin-sensitive or cisplatin-resistant ovarian cancer 
cells. As shown in Figure  3A,D, cotreatment with DATS and OM 

or NAC reversed the inhibitory effect of DATS on the viability of 
cisplatin-sensitive or cisplatin-resistant ovarian cancer cells. In ad-
dition, DATS promoted apoptosis and ROS levels, whereas OM or 
NAC reversed the apoptotic induction rate and ROS production lev-
els in cisplatin-sensitive and cisplatin-resistant ovarian cancer cells 
(Figure 3B,C,E, and F).

3.4  |  Upregulation of the AMPK/SIRT1/PGC1α 
signaling pathway and inhibition of PGC1α 
acetylation by DATS

The AMPK/SIRT1/PGC1α signaling pathway is closely associ-
ated with ROS level regulation,15 and acetylation of the PGC1α 
protein regulates its activity.23 We examined the effect of DATS 
on the AMPK/SIRT1/PGC1α signaling pathway and the acetyla-
tion of PGC1α protein. DATS increased the protein expression 

F I G U R E  3  Obstruction of the effects of diallyl trisulfide (DATS) in cisplatin-sensitive or cisplatin-resistant ovarian cancer cells by 
oxidative phosphorylation (OXPHOS) inhibitors. A, The cell viability of A2780/DDP and A2780 cells treated with DATS and oligomycin (OM) 
or N-acetyl-L-cysteine (NAC) was detected using CCK-8 assay. B, The apoptosis rates of A2780/DDP and A2780 cells were detected using 
flow cytometry. C, The release of reactive oxygen species (ROS) in A2780/DDP and A2780 cells. D, The cell viability of A2780 cells treated 
with DATS and NAC or OM were assessed using CCK-8 assay. E, Flow cytometry was used to detect apoptosis rates of A2780 cells. F, The 
release of ROS in A2780 cells. *p < 0.05. **p < 0.01.
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F I G U R E  4  Upregulation of the AMPK/SIRT1/PGC1α signaling pathway and inhibition of PGC1α acetylation by diallyl trisulfide 
(DATS). A, The protein expression of SIRT1, PGC1α, and AMPK in A2780, A2780/DDP, COC1, and COC1/DDP cells was detected using 
Western blot. B, PGC1α acetylation in A2780, A2780/DDP, COC1, and COC1/DDP cells was detected using Western blot followed by 
immunoprecipitation (IP) assay. *p < 0.05, **p < 0.01, ***p < 0.001.

F I G U R E  5  Association of AMPK and PGC1α with the regulation of reactive oxygen species (ROS) production and ovarian cancer cell 
cisplatin sensitivity. A, The cell viability of A2780 and A2780/DDP cells was detected using CCK-8. B, The protein expression of p-
AMPK, AMPK, and SIRT1 in A2780 and A2780/DDP cells was detected using Western blot. C, The protein expression of total oxidative 
phosphorylation (OXPHOS) was detected by Western blot. D, PGC1α acetylation in A2780 and A2780/DDP cells was detected using 
Western blot followed by immunoprecipitation (IP) assay. E, The release of ROS in ovarian cancer cells. *p < 0.05; **p < 0.01.
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levels of p-AMPK, AMPK, SIRT1, and PGC1α in cisplatin-sensitive 
and cisplatin-resistant cells compared with those in untreated 
cells (Figure  4A). In addition, DATS inhibited PGC1α acetylation 
(Figure 4B).

3.5  |  Association of AMPK and PGC1α  with the 
regulation of ROS production and cisplatin sensitivity 
in ovarian cancer cells

PGC1α is regulated by AMPK, and AMPK-mediated mitochondrial 
activation requires PGC1α activity.24 Thus, we examined the rela-
tionship between the activation and inhibition of AMPK protein on 

ovarian cancer cell sensitivity toward cisplatin treatment. As seen in 
Figure 5A, the inhibition of AMPK protein decreased the cells’ sen-
sitivity toward cisplatin treatment, while the activation of the AMPK 
protein enhanced their sensitivity. Moreover, the activation of the 
AMPK/SIRT1/PGC1α signaling pathway was increased by activat-
ing the AMPK protein, whereas p-AMPK and SIRT1 levels were de-
creased by inhibiting this pathway (Figure 5B). Total OXPHOS was 
increased when AMPK was activated in cisplatin-resistant cells, 
and inhibition of AMPK reduced OXPHOS (Figure 5C). In addition, 
PGC1α acetylation decreased when AMPK was activated but in-
creased when AMPK was inhibited (Figure 5D). In contrast, ROS lev-
els increased in cisplatin-resistant cells when AMPK was activated 
but decreased when AMPK was inhibited (Figure 5E).

F I G U R E  6  Requirement of the AMPK/PGC1α axis for diallyl trisulfide (DATS) activity in cisplatin-resistant ovarian cancer cells. A, The 
transfection efficiency of PGC1α siRNA was performed using Western blot. B, The protein expression of total oxidative phosphorylation 
(OXPHOS) was detected by Western blot. C, The release of reactive oxygen species (ROS) in ovarian cancer cells. D, Cell viability following 
DATS treatment and PGC1α knockdown was detected using CCK-8. E, The apoptosis following DATS treatment and PGC1α knockdown was 
determined by flow cytometry. **p < 0.01. ns: no significant difference.
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3.6  |  Requirement of AMPK and PGC-1α  for DATS 
activity in cisplatin-resistant ovarian cancer cells

We transfected cells with PGC-1α siRNA, which decreased PGC1α 
expression (Figure  6A). As shown in Figure  6B, the inhibition of 
AMPK protein and knockdown of PGC1α protein significantly af-
fected the DATS upregulatory effect on the total OXPHOS protein 
expression. It also reversed the DATS-induced increase in ROS levels 
(Figure 6C). In addition, the effect of DATS on cell viability and apop-
tosis induction was significantly reduced (Figure 6D,E).

3.7  |  Higher effectiveness of DATS in accelerating 
tumor size reduction than sulfur in cisplatin-resistant 
animal models

Sulfur is a dietary supplement used for different clinical applica-
tions, mostly known for its anti-inflammatory properties and ability 
to act against tumor cells.25,26 Sulfur-based compounds have also 

been used to reduce platinum toxicity.27 We used sulfur as a positive 
control to assess the cytotoxicity of DATS in reducing tumor pro-
gression of a cisplatin-resistant animal model. Both DATS and sulfur 
decreased tumor volume and mouse weight, compared with A2780/
DDP and the control groups, in the cisplatin-resistant animal model 
(Figure 7A-D). Therefore, the tumor size was significantly decreased 
in the animals treated with DATS + DDP or sulfur + DDP compared 
with DDP alone (Figure 7E,F).

3.8  |  DATS can alter tumor morphology, 
increase the apoptotic cell rate, and inhibit tumor cell 
proliferation

As shown in Figure 8A,B, the structure of tumor cells in untreated 
A2780/DDP mice was dense. Compared with mice in the control 
group, the tumor cells of mice treated with cisplatin, DATS, and sulfur 
were looser. A larger redstained area within the examined specimen 
of the mice that were administered cisplatin combined with DATS 

F I G U R E  7  Acceleration of tumor size reduction in cisplatin-resistant animal models by sulfur or diallyl trisulfide (DATS). A, B, The volume 
of tumors. C, D, The weight of mice. E, Tumor weight and antitumor rate after combined treatment with DATS and DDP. F, Tumor weight and 
antitumor rate after combined treatment with sulfur and DDP. *p < 0.05; **p < 0.01; ***p < 0.001. ns, no significant difference.
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or sulfur indicated a significant increase in fragmentation. These re-
sults indicate that DATS or sulfur can promote the destruction of 
cisplatin in tumor tissues. As visible in Figure 8C,D, the combination 
of DATS or sulfur and DDP significantly increased the apoptotic rate 
compared with the DATS group or sulfur group alone. This result 
indicated that DATS/sulfur could promote cisplatin-induced apop-
tosis in tumor tissues. In addition, the significant decrease in ki67 
expression in the DATS + DDP and sulfur + DDP groups compared 
with the DDP group indicated that DATS/sulfur can further enhance 
the inhibitory effect of cisplatin on the proliferation of tumor tissue 
cells (Figure 8E,F).

3.9  |  DATS or sulfur promotes the activation of the 
AMPK/SIRT1/PGC1α  signaling pathway and 
upregulates OXPHOS expression

As shown in Figure  9A,B, there was no significant difference in 
AMPK expression in each group compared with mice in the A2780/
DDP group. The pAMPK/AMPK ratio, SIRT1, and total OXPHOS ex-
pression in mouse tumor tissues treated with cisplatin, DATS, and 

sulfur were upregulated compared with the mice in the cisplatin-
alone group, and the pAMPK/AMPK ratio, SIRT1, and total OXPHOS 
levels were increased in the tumor tissues of the mice in the cisplatin 
+ DATS and cisplatin + sulfur combined group. This result indicated 
that DATS could promote the activity of the AMPK/SIRT pathway 
and promote the level of OXPHOS, similar to sulfur. In Figure 9C,D, 
the expression of PGC1α in each group did not change significantly. 
At the same time, the acetylation of PGC1α has been significantly re-
duced in the mice treated with DATS or sulfur alone. DDP combined 
with DATS and sulfur further reduced the acetylation of PGC1α. 
These results indicated that DATS or sulfur combined with DDP 
could inhibit PGC1α acetylation.

4  |  DISCUSSION

Chemotherapeutic drugs mainly function by inducing cell apoptosis. 
There are several reasons for the failure of these drugs in clinical 
application, such as drug resistance or high toxicity against healthy 
cells. There are classical pathways in which small molecules are tar-
geted for the treatment of various types of cancer. Apoptosis is a 

F I G U R E  8  Diallyl trisulfide (DATS) can alter tumor morphology, increase the apoptotic cell rate, and inhibit tumor cell proliferation. A, 
B, Histological analysis of tumor structure was performed using HE staining. C, D, 4UTP-positive cells detected using immunofluorescence 
assay. E, F, Ki67 expression determined using immunohistochemistry assay.
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well-known cellular mechanism that has been targeted in cancer 
treatment, and the mitochondrial apoptotic pathway is one of the 
classical pathways of apoptosis. Enhancing apoptosis is a promising 
anticancer strategy aimed at reducing tumor progression. DATS can 
induce cell apoptosis and suppress the growth of cisplatin-sensitive 
and cisplatin-resistant cells. It has been suggested that DATS may 
act by promoting cell death signals in response to DNA damage, oxi-
dative stress, and cellular damage. ROS generation is also known to 
induce apoptosis.28–32 ROS are produced as a result of normal mi-
tochondrial energy metabolism. When transiently or moderately 
increased, ROS can activate signaling pathways in response to dif-
ferent types of (metabolic) stress. One of these pathways is the 
stimulation of glucose uptake. When the ROS levels are altered for 
a prolonged time, a vicious circle of ROS-stimulated glucose uptake 
and glucose-stimulated ROS production can be triggered. The al-
teration of glucose metabolism is characterized by increased uptake 
of glucose, hyperactivated glycolysis, and decreased OXPHOS com-
ponent.33 However, glutamine replaces glucose as the main source 
of NAPDH production in the absence of glucose. Glutamine has 

antioxidant effects, and a decrease in its level weakens antioxidant 
capacity and increases ROS.34 We found that DATS increased ROS 
levels and the consumption of glucose and glutamine, suggesting 
that DATS promoted cell apoptosis by reducing antioxidant capacity; 
these results are consistent with those of previous studies.30,35,36

Recently, it has been shown that the PGC-1α and AMPK-SIRT1 
pathways are associated with the regulation of energy metabolism 
and mitochondrial biogenesis.15 The link between the AMPK/SIRT1/
PGC1α signaling pathway and ovarian cancer is yet to be studied. 
DATS has been previously reported to induce apoptosis in SKOV-3/
DDP ovarian cancer cells via downregulation of PUMA.14 In the 
present study, we found that DATS inhibited the growth of both 
cisplatin-sensitive and cisplatin-resistant ovarian cancer cells. It also 
reduced IC50 and indicated that DATS could be a promising mole-
cule for the treatment of ovarian cancer. Subsequently, we observed 
that DATS upregulated the AMPK/SIRT1/PGC1α signaling pathway. 
We examined DATS-induced cell death in cisplatin-resistant ovarian 
cancer cells using the AMPK/SIRT1/PGC1α signaling pathway. DATS 
requires AMPK and PGC1α proteins for its activity, while attenuation 

F I G U R E  9  Diallyl trisulfide (DATS) or sulfur promotes the activation of the AMPK/SIRT1/PGC1α signaling pathway and upregulates 
oxidative phosphorylation (OXPHOS) expression. A, The protein expression of p-AMPK, AMPK, and SIRT1 in A2780/DDP cells treated with 
DDP combined with DATS or sulfur was detected using Western blot. B, Total OXPHOS was detected by Western blot. C, D, The protein 
expression of PGC1α acetylation in A2780/DDP cells treated with DDP combined with DATS or sulfur was detected using Western blot 
followed by immunoprecipitation (IP) assay. *p < 0.05, **p < 0.01, ***p < 0.001. ns, no significant difference.
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of any of these proteins can reverse its effect. These results indicate 
that the AMPK/SIRT1/PGC1α signaling pathway is crucial for DATS 
to efficiently overcome cisplatin drug resistance. SIRT1 belongs to 
the sirtuin family of protein deacetylases. The different deacetyl-
ation substrates endow SIRT1 with multiple biological functions.37 
Therefore, we explored the effects of DATS on PGC1α acetylation. 
The results showed that DATs inhibited the acetylation of PGC1α, 
suggesting the important role of PGC1α in the regulation of DATS in 
cisplatin resistance.

Previously, sulfur has been considered an essential dietary 
supplement that can facilitate cancer chemotherapy due to its 
antitumor and antioxidant characteristics.25–27 We administered 
cisplatin-resistant animal models with a combination of DATS or sul-
fur and DDP. The results showed that DATS accelerate tumor size 
and body weight reduction in the presence of DDP, which is similar 
to the combination of DDP and sulfur. The in vivo results indicated 
that DATS significantly overcame cisplatin resistance in cisplatin-
resistant animal models. DATS appeared to target the OXPHOS pro-
cess, promoted cell apoptosis, and inhibited cell proliferation. The 
AMPK/SIRT1/PGC1α signaling pathway is a newly identified target 
of DATS. Therefore, it is essential to investigate the association be-
tween the AMPK protein and PGC1α acetylation modification by 
DATS and its effect on DATS-mediated cisplatin resistance. Further 
such studies are warranted to better understand ovarian drug re-
sistance and the most appropriate treatment strategies. Our data 
suggest a potential signaling pathway target to overcome drug resis-
tance in ovarian cancer and highlight the exact mechanism of DATS, 
which will help in future studies to develop better treatments for 
different types of drug-resistant cancer.

There is limited information regarding the PGC1α and AMPK-
SIRT1 pathways from a therapeutic perspective. However, our 
research concluded that DATS is efficient in overcoming cisplatin-
resistant ovarian cancer in vivo and in vitro by upregulating the 
AMPK/SIRT1/PGC1α signaling pathway, increasing ROS levels, and 
inducing cell apoptosis. We have elucidated that AMPK and PGC1α 
proteins are essential for DATS activity, and the combination of DATS 
and sulfur treatment in vivo significantly reduced the animals' tumor 
volume and body weight. Our data suggest a novel mechanism for 
DATS, which can be considered a novel strategy for the treatment of 
drug-resistant ovarian cancer. It also provides new insights into the 
correlation between AMPK and PGC1α and their potential as targets 
in cancer therapy.
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