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Scutellaria barbata D.Don and Hedyotis diffusa
Willd herb pair combined with cisplatin
synergistically inhibits ovarian cancer
progression through modulating oxidative
stress via NRF2-FTH1 autophagic degradation
pathway

Xue Sui'’, Bingging Gao'?", Liu Zhang'?, Yanmin Wang', Junnan Ma', Xingchen Wu', Chenyu Zhou!, Min Liu*" and
Lin Zhang'"

Abstract

Background Cisplatin (DDP) is one of the most effective anticancer drugs, commonly used to treat advanced ovarian
cancer (OQ). However, DDP has significant limitations of platinum-based drugs, including chemical resistance and
high-dose toxic side effects. Traditional Chinese medicines (TCMs) often presented in the form of formula, in which
the herb pair was the basic unit. Scutellaria barbata D.Don and Hedyotis diffusa Willd (SB-HD) are famous TCMs herb
pair that have been shown to help treat multiple types of cancers. However, the synergistic effects and mechanism of
combination of SB-HD and DDP to enhance DDP chemosensitivity in OC are still unknown.

Results In vitro, we found that the optimal proportion of SB-HD to inhibit the proliferation of OC cells was 2:1, SB-HD
and DDP were shown to synergistically reduce the viability of OC cells, inhibit the colony formation, promote cell
cycle arrest and apoptosis, as well as inhibit cell migration and invasion. In vivo, combination treatment significantly
inhibited the growth of subcutaneous tumors in BALB/c nude mice and reduced the toxic side effects of DDP.
Mechanistically, SB-HD and DDP combination treatment significantly promoted oxidative stress response, decreased
MMP, inhibited ATP production, decreased ROS levels and increased SOD activity, increased the expression of

NRF2, HO-1, ATG5 and LC3, decreased the expression of p62 and FTH1 both in OC cells and tumor tissue of mice.
Inhibitor 3-MA (Methyladenine, autophagy inhibitor) and Fer-1 (Ferrostatin-1, iron ion inhibitor) can effectively
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reverse the expression changes of the key target proteins, but not ZnPP (Zinc protoporphyrin, HO-1 inhibitor).
Through bioinformatics analysis, it was found that the abnormal expression level of NRF2 and FTHT mRNA has a high
prognostic value, at the same time, the other four key proteins respectively or interacting with NRF2 and FTH1, also
play important roles in the occurrence and development of OC.

Conclusion Our findings uncover a synergistic effect of SB-HD and DDP against OC through modulating oxidative
stress via NRF2-FTH1 autophagic degradation pathway, which may provide an important theoretical foundation for
the use of SB-HD and a new strategy for enhancing DDP chemosensitivity as well as reducing toxic side effects.

Keywords Scutellaria barbata D.Don and Hedyotis diffusa Willd, Ovarian cancer, DDP chemosensitivity, NRF2/HO-1,

Oxidative stress, Ferritin autophagic degradation

Introduction

As the global incidence of cancer continues to rise, can-
cer has become one of the leading causes of death in
all countries of the world, and also indicates that it has
become an important obstacle to improving human life
expectance [1]. Worldwide, OC is the seventh most com-
mon cancer, and because of the lack of reliable symptoms
and biomarkers in the early stage, most OC patients die
of advanced disease with peritoneal metastasis and poor
prognosis, making it the eighth most common cause of
cancer death in women and the second most common
cause of gynecological cancer death (Second only to uter-
ine cancer) [2]. Platinum-based drugs, such as DDP, are
among the most effective anticancer drugs and are com-
monly used to treat advanced OC [3, 4]. However, sig-
nificant limitations of platinum-based drugs include the
acquisition of resistance in initially responsive tumors
and the development of serious side effects at higher
doses [3, 4]. Therefore, the research of drugs that can
inhibit the activity of OC is still the focus of all walks
of life, and there is still an urgent need to study safe and
effective alternative anti-cancer methods in clinic, such
as the combination of food and herbal supplements with
current chemotherapy, in order to improve the therapeu-
tic effect of existing drugs.

Plant medicine is rich in resources, as a natural medi-
cine. In the theory of traditional Chinese medicine
(TCM), Toxic Heat, which is similar to tumorigenic fac-
tors, is one of the main causes of tumors. Modern stud-
ies have shown that heat-clearing and detoxifying herb
drugs have the effects of clearing heat, detoxifying, anti-
bacterial and anti-inflammatory, improving immunity
and anti-tumor, so they have become an important part
of TCMs prescriptions for the treatment of tumors [5].
Among them, SB and HD are famous TCMs herb pair of
heat-clearing and detoxifying herb drugs that have been
shown to help treat multiple types of cancers. And, it has
been reported that the extracts of SB and HD can inhibit
the growth of OC cells and promote the apoptosis of OC
cells in a dose-dependent manner, respectively, but have
no significant effect on normal ovarian cells [6, 7].

Autophagy is an intracellular metabolic process, which
maintains the stability and balance of the intracellular
environment by decomposing and recycling the aging or
abnormal organelles in cells [8]. Oxidative stress is a state
of imbalance between oxidative and antioxidant reac-
tions in vivo, accompanied by the production of a large
number of oxidative intermediates [9]. Oxidative stress
leads to autophagy, which plays an important role in the
development of cancer and is one of the important ways
for cells to survive and adapt to the environment [9, 10].
Nuclear factor erythroid 2 related factor 2 (nuclear fac-
tor erythroid 2, Nrf2) is an important molecule that regu-
lates the expression of anti-inflammatory, anti-apoptotic
and anti-oxidant genes in cells, and regulates the tran-
scription of downstream factors such as heme oxygenase
1 (HO-1) [11-13]. HO-1, as an inducible enzyme, is con-
sidered a measurable indicator of oxidative stress, which
oxidizes cellular heme to carbon monoxide (CO), biliver-
din/bilirubin, and ferrous iron [9]. The heme oxygenase
reaction may exhibit cytoprotective effects through its
metabolites biliverdin/bilirubin and CO against oxidative
attacks, by scavenging or neutralizing ROS, anti-inflam-
matory and so on, while ferrous iron possesses pro-oxi-
dant activity [9].

Ferroptosis is a form of cell death characterized by
iron-dependent and lipid peroxidation [14]. Ferritin-
ophagy is the upstream regulatory mechanism of fer-
roptosis, and the excessive activation of ferritinophagy
will promote the occurrence of ferroptosis [14]. When
the expression of FTH1 subunit of ferritin decreases, the
amount of iron storage decreases, and the increase of
free iron content will lead to cell death [14]. It was found
that the autophagy degradation of FTH1 mediated by
AKT1 deletion would lead to the sensitivity of cisplatin-
resistant OC cells to ferroptosis [15]. In pancreatic can-
cer, activation of the Atg5/Atg7-NCOA4 axis will inhibit
FTH1 expression and promotes ferritinophagy, trigger-
ing a cascade to induce pancreatic adenocarcinoma cell
death [16]. Other studies have found that Itaconic acid
can reduce the expression of FTHI in pancreatic cancer,
and with the increase of LC3 level, it can activate ferritin
autophagic degradation to play an anti-tumor role [17].
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At present, by annotating the metabolic pathways of
proteome and transcriptome in the early stage, and ana-
lyzing the correlation and integration of the annotated
proteins and genes in the same pathway, our research
team has obtained two series of KEGG pathways which
are significantly enriched in two omics, respectively.
Among them, it is suggested that ferroptosis may play
an important role in the death of OC cells induced by
SB-HD. In addition, preliminary experiments have been
carried out, it was confirmed that ferritinophagy is an
important mechanism in this process. However, the
synergistic effects and mechanisms of combination of
SB-HD and DDP to enhance DDP chemosensitivity in
OC are still unknown. Herein, the in vitro and in vivo
inhibitory action of SB-HD in combination with DDP on
OC cells were assessed in this study.

Materials and methods

Materials

DDP was purchased from Shanghai Aladdin Biochemical
Technology Co.,Ltd. (Shanghai, China). The SB and HD
were purchased from Beijing Tongrentang Pharmacy Co.,
LTD (Beijing, China). OC cell lines SKOV3 and OVCAR3
were obtained from Wuhan Pricella Biotechnology Co.,
Ltd. (Wuhan, China). CCK-8 and Hoechst Staining Kit
were purchased from Jiangsu KeyGEN BioTECH Corp.,
Ltd (Nanjing, China). Cell cycle Assay Kit, cell apoptosis
Assay Kit, mitochondrial membrane potential (MMP)
Assay Kit, ROS Assay Kit, ATP Assay Kit, and SOD
Assay Kit were purchased from Beyotime Biotechnology
(Shanghai, China). Antibodies of NRF2, HO-1, and ATG5
were purchased from Shenyang Wanlei Life Sciences Co.,
Ltd. (Shenyang, China). Antibodies of FTH1 and LC3
were purchased from Cell Signaling Technology (USA).
And p62 antibody was purchased from Wuhan Service-
bio Technology Co., Ltd. (Wuhan, China). Antibodies of
Ki67 and B-actin were purchased from ABclonal Biotech
Co., Ltd (Wuhan, China). Fer-1 was obtained from Sell-
eck Chemicals (USA). ZnPP and 3-MA were obtained
from MedChemExpress (USA). ALT Assay Kit, AST
Assay Kit, BUN Assay Kit, and CRE Assay Kit were pur-
chased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China).

Animals

6—8-week-old female BALB/c nude mice (18-22 g) were
used in all experiments. All animals were group-housed
under controlled temperature (22 'C £ 1 'C) and relative
humidity (50% + 5%) on a 12 h:12 h light/dark cycle, with
free access to water and chow. All animal experiments
were performed conforming to the NIH Guide for the
Care and Use of Laboratory Animals and in accordance
with the guidelines approved by the Institute for Animal
Care and Use Committee in Dalian Medical University.
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Preparation of SB-HD extract freeze-dried powder

The SB and HD used in this study had been identified by
experienced Chinese medicine experts. The usage of each
crude herb was accurately weighed as follows: Prepared
SB and HD in a 2:1 mass ratio. They were mixed and a
total of mixture was extracted 2 times in a reflux extrac-
tion device, with a volume of water equal to ten times the
weight of the herb at the first round, reduce by half in the
second round. After the extracting solutions were mixed
and filtered with four-layer absorbent gauze, the final vol-
ume of the solution is recorded. Then the mixture was
frozen inside a —80 °C refrigerator and freeze dried in
a freeze drier to give a fine powder. Accurately weighed
extraction powder (1 g) was transferred into a 100 ml
serum-free culture medium and was filtered through
0.22 pm filter in subsequent experiments. The prepara-
tion of other proportions (4:1, 1:1, 1:2, 1:4) of SB-HD is
the same as above.

Cell viability assay

SKOV3 and OVCAR3 cells were seeded into 96-well
plates (8,000 cells/well) and incubated for 24 h. After the
cells were treated with drugs, the medium was replaced
with 100 pl fresh medium containing 10 pl CCK-8
reagent. After incubation for 2 h, the absorbance was
measured at 450 nm using Microplate reader.

Colony formation assay

SKOV3 and OVCARS3 cells were seeded into 6-well
plates (800 cells/well) and incubated for 24 h. After the
cells were treated with drugs for 24 h, the medium was
replaced with fresh medium containing 10% FBS for
10-14 days, change the medium every 2 or 3 days dur-
ing this period. The colonies were fixed in methanol
for 20 min and were stained with 1% crystal violet for
20 min, then were slowly washed with running water, air
dried at room temperature and photographed.

Hoechst staining assay

SKOV3 and OVCARS3 cells were seeded into 6-well plates
(1x10° cells/well) and incubated for 24 h. After the cells
were treated with drugs for 24 h, the cells were fixed for
15 min by 4% paraformaldehyde after washing 3 times
using ice-cold PBS, and then stained with Hoechst 33,342
for 10 min. Being washed twice with PBS, the cells were
immediately photographed under a fluorescence micro-
scope at X400 magnification.

Detection of cell cycle, cell apoptosis and MMP

SKOV3 and OVCARS3 cells were seeded into 6-well plates
(3x10° cells/well) and incubated for 24 h. After the cells
were treated with drugs, cell cycle, cell apoptosis and
MMP were measured according to the manufacturer’s
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instructions for each kit. The data were obtained using an
FACSVerse Flow Cytometer.

ROS levels, ATP content and SOD activity measurement
SKOV3 and OVCAR3 cells were seeded into 6-well
plates (3x10° cells/well) and incubated for 24 h. After
the cells were treated with drugs, ROS levels, ATP con-
tent and SOD activity were measured according to the
manufacturer’s instructions for each kit. The data of ATP
and SOD were obtained using Microplate reader, the
ROS assay data were obtained using an FACSVerse Flow
Cytometer.

Wound healing assay

SKOV3 and OVCARS3 cells were seeded into 6-well plates
(3x10° cells/well). Until cells 80% confluence, a scratch
across the center of the monolayer was made using a
200 pl pipette tip. After gently washing the wells twice,
the cells were cultured in a medium with drugs. The area
of scratch was photographed at 0 h and 24 h.

Transwell migration and invasion assays

For transwell migration assays, SKOV3 and OVCAR3
cells were seeded into Transwell insert (2x10* cells/well)
and cultured in serum-free medium for 6 h. For transwell
invasion assays, the insert membrane was coated with
Matrigel® Matrix and incubated in the incubator at 37°C
for 1-4 h, then the cells were seeded. Subsequently, the
cells in the upper chamber were treated with drugs, and
the upper chambers were put into the (lower) wells con-
taining fresh medium containing 20% FBS. After the cells
were treated with or without drugs for 18 h, the upper
side of the insert membrane was cleansed with a cotton
swab to remove the cells that had not passed through the
membrane. The cells on the lower surface of the insert
membrane were fixed in methanol for 20 min and stained
with 1% crystal violet for 20 min. The number of migra-
tion and invasion cells was manually counted under the
inverted microscope and statistically analyzed with the
Image] software.

Xenotransplantation experiment

SKOV3 cells (1x107) suspended with Matrigel® (Xia-
men Mogengel; 100 pl total volume) in a 1:1 mixture was
injected subcutaneously into nude mice for xenograft
formation. Two weeks later, the animals were randomly
divided into four groups with six mice in each group and
were then treated as follows: (1) Control group, gavage of
an equal volume of water and injection of an equal vol-
ume of normal saline; (2) DDP group, intraperitoneal
administration was performed every 3 days (3 mg/kg);
(3) SB-HD group, gavage administration was performed
every day (16 g/kg); (4) DDP+DB-HD group, both intra-
peritoneal and gavage administration as DDP group and
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DB-HD group. Mice weight and tumor volumes were
measured every 3 days. Tumor volume was calculated as
1/2xlength x width® After 16 days, all mice were sacri-
ficed. Blood was collected for biomedical measurement.
Tumors and organs were collected and weighed.

Biomedical measurement

Serum levels of alanine aminotransferase (ALT), aspar-
tate amino-transferase (AST), blood urea nitrogen
(BUN), and creatinine (Cre) were measured according to
the manufacturer’s instructions for each kit.

Histology and immunohistochemistry (IHC)

The dissected tumors and organs were paraffin embed-
ded and cut into sections for HE staining. For immu-
nohistochemistry (IHC) staining, the tumor sections
were deparaffinized, hydrated, antigen retrieved, and
then incubated with the primary antibody followed by
the incubation with the secondary antibodies for 1 h in
the next day. Finally, observed under a microscope and
photographed.

Western blotting analysis

Western blotting was performed as previously described.
In simple terms, the cultured cells and tumor tissues and
were lysed with ice-cold RIPA Lysis Buffer containing
protease inhibitors Cocktail and PMSF for 30 min. The
concentrations of protein were determined by a Pierce
BCA protein assay kit. Equal amounts of proteins were
separated with 8-15% SDS-PAGE, and then transferred
to a PVDF membrane for blotting. The membranes were
washed and blocked with 5% BSA, and then incubated
with primary antibody solution overnight at 4°C. Finally,
the membranes were incubated with the corresponding
secondary antibodies conjugated to HRP for 1 h at room
temperature and visualized by multifunctional gel imag-
ing analysis system.

Bioinformatics analysis

The transcriptional expression patterns, clinical stages,
survival rate, prognostic values, genetic alterations and
genetic interrelations of six key genes in OC patients
were investigated using a range of databases: Gene
Expression Profiling Interactive Analysis (GEPIA) (http:
//gepia.cancer-pku.cn/), and Kaplan-Meier Plotter (http:/
/kmplot.com/analysis/). Finally, the results are visualized.

Statistical analysis

All data are reported as the mean+tstandard error of the
mean (SEM). Data statistical analysis is performed using
GraphPad Prism software. The two-tailed Unpaired Stu-
dent’s t-test, one-way ANOVA, or two-way ANOVA with
Tukey or Bonferroni post hoc test were used as indicated
p<0.05 were considered statistically significant.
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Results

SB-HD enhanced the cytotoxicity of DDP for OC cells and
inhibited colony formation

Modern pharmacological studies have confirmed that
the pairing ratio of the active site for herbal medicines
usually affects efficacy. Therefore, we prepared five
SB-HD freeze-dried powders at different mass ratios
(1:1, 1:2, 2:1, 1:4, 4:1), and were investigated in the fol-
lowing two cell lines: SKOV3 and OVCAR3. The aver-
age IC 50 values of compatibility ratio 4:1, 2:1, 1:1, 1:2,
and 1:4 for SKOV3 cells were 2.904, 3.176, 3.505, 3.714
and 3.561 mg/ml, respectively, the order of the inhibition
strength is: 4:1>2:1>1:1>1:4>1:2 (Fig. 1A-B). The aver-
age IC50 values of compatibility ratio 4:1, 2:1, 1:1, 1:2,
and 1:4 for OVCARS3 cells were 4.171, 3.849, 5.313, 4.894
and 4.280 mg/ml, respectively, the order of the inhibition
strength is: 2:1>4:1>1:4>1:2>1:1 (Fig. 1A-B). Based on the
above results, according to the important principle that
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the therapeutic dose of drugs is generally between the
minimum effective dose and the maximum dose, and the
smaller effective dose is used in the initial treatment, we
choose the SB-HD ratio of 2:1 as the compatibility ratio
of herb pair in the next experiments, at concentrations of
3, 4 and 5 mg/ml. As shown in Fig. 1C, we detected the
cell viability of OC cells treated with SB-HD (2:1) at 6 h,
12 h, 24 h, 48 h and 72 h, respectively, and the 24 h were
subjected to subsequent studies.

Next, we evaluated the anti-tumor effect of SB-HD
and DDP combination for OC cells by CCK-8 assay. As
shown in Fig. 1D-E, SB-HD synergistically promoted the
inhibitory effect of DDP on OC cells, with various con-
centrations of DDP. The average IC 50 values for SKOV3
and OVCAR3 cells treated with DDP alone were 14.19
and 8.579 pg/ml. The average IC 50 values for SKOV3
and OVCARS3 cells treated with SB-HD and DDP com-
bination were 8.980 and 5.860 pg/ml. Based on the above
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Fig. 1 SB-HD enhanced the cytotoxicity of DDP for OC cells and inhibited colony formation. (A-B) Cell viability of SKOV3 and OVCARS3 cells after treat-
ment with indicated concentrations of SB-HD at different mass ratios (4:1, 2:1, 1:1, 1:2, 1:4). (C) Time-dependent curves of cell viability by SB- HD at 6 h,
12 h, 24 h,48h,and 72 h. (D-F) Cell viability of SKOV3 and OVCAR3 cells after combination treatment of SB-HD and DDP. (G-H) Clone formation of SKOV3
and OVCARS3 cells treated with SB-HD and DDP (*p<0.05, **p<0.01, ***p<0.001vs control;#p<0.05, ##p<0.01, ###p<0.001vs DDP; n=3-6)
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results and reviewing the relevant literature, the concen-
tration of DDP 4 ug/ml is used as the concentration for
combination treatment on OC cells in subsequent stud-
ies. Meanwhile, DDP also synergistically promoted the
inhibitory effect of SB-HD on OC cells, with various
concentrations of SB-HD (Fig. 1F). These indicates that
SB-HD and DDP have a combined inhibitory effect on
OocC.

Further, it observed that the individual drugs alone and
combination all inhibited colony formation, the combi-
nation of the two drugs at high concentrations of SB-HD
induced a significant decrease in colony formation com-
paring with the control treatment (Fig. 1G-H).

SB-HD alone and in combination with DDP promoted cell
cycle arrest and apoptosis

As we have confirmed, SB-HD enhanced the cytotoxic-
ity of DDP for OC cells and inhibited cell proliferation. In
addition, the cell cycle regulates cell proliferation, so we
examined the effects of SB-HD alone and in combination
with DDP on cell cycle progression. As shown in Fig. 2A-
D, SB-HD alone and in combination with DDP blocked
the cell cycle in S phase. These results further suggest
that combination treatment inhibited OC cells prolifera-
tion. Subsequently, we assessed the antitumor activities
via induction of apoptosis by Hoechst staining assay, as
shown in Fig. 2E, cells displayed a uniformly blue fluo-
rescence in every group, and combination treated cells
showed more bright blue dots in the nuclei than other
groups. So, we next determined apoptotic event by per-
forming Annexin V and PI fluorescent staining and
detecting with flow cytometer. The results showed that
apoptosis clearly occurred after the treatment of OC
cells with the individual drugs alone and combination in
a dose-dependent manner, the highest proportion of cell
apoptosis was observed in the high-dose group treated
with SB-HD and DDP combination in both SKOV3 and
OVCARS3 cells (Fig. 2F-I).

SB-HD and DDP synergistically inhibited the migration and
invasion of OC cells

Wound healing assay was used to detect the SB-HD and
DDP synergistically inhibitory effect on the lateral migra-
tion capacities of OC cells, as shown in Fig. 3A-B, SB-HD
alone and in combination with DDP effectively prevented
wound healing. To further explore the effect of combi-
nation treatment on cell vertical migration and inva-
sion, we performed transwell assay. The results showed
that SKOV3 and OVCARS cells without any treatment
could move through the upper well to the lower cham-
ber. Meanwhile, we found that cells treated with SB-HD
and DDP effectively reduced the percent of cell migration
and cell invasion in a dose-dependent manner comparing
with the treatment of DDP alone (Fig. 3C-H).
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Inhibition of xenografted tumors in vivo by combination
treatment

The effect of the combination treatment on SKOV3
tumor growth was assessed in vivo. After 2 weeks, the
mice were killed and the tumor was exfoliated, the
weight and volume of the tumor were recorded and
photographed. Compared with control and the indi-
vidual drugs alone, combination treatment significantly
inhibited tumor growth and reduced the size of tumors
(Fig. 4A-E). Compared with control group, the body
weight and spleen index of DDP group mice were signifi-
cantly reduced, while the kidney index was significantly
increased and no significant change in liver index, combi-
nation treatment has a significant improvement in these
changes (Fig. 4F-G). By HE staining, the heart, liver,
spleen, lungs, and kidneys histology morphology of mice
were not significantly different among groups (Fig. 4H).
Compared with control group, levels of serum ALT, AST,
BUN and Cre significantly increased in DDP group, and
combination treatment has a significant improvement
effect (Fig. 4I). In short, the combination treatment
produced no observable toxic effects and has a certain
detoxifying effect. Furthermore, consistent with loose
arrangement of tumor tissue, the number of Ki-67-pos-
itive cells was significantly decreased in SB-HD+DDP
group (Fig. 4]).

Combination treatment induced OC cells oxidative stress,
and increased the expression of NRF2 and HO-1 in tumor
tissues

In order to explore the possible mechanisms for the syn-
ergistic effects of SB-HD and DDP, we first incubated
the cells with the JC-1 probe to detect MMP, SB-HD
alone and in combination with DDP resulted in obvious
decrease of MMP, and the latter decreases more signifi-
cantly in both SKOV3 and OVCARS3 cells (Fig. 5A-D).
So was ROS levels in both SKOV3 and OVCAR3 cells,
but the former SB-HD alone may decrease a bit more
(Fig. 5E-H). Then, we examined the ATP content and
antioxidant enzyme SOD activity in co-treated cells.
Combination treatment significantly decreased the ATP
content and increased SOD activity comparing with the
treatment of DDP alone (Fig. 5I-J). Subsequently, we
stained tumor tissues with the primary antibody NRF2
and HO-1, which are oxidative stress-associated impor-
tant molecules, as shown Fig. 5K, combination treatment
markedly induced their expression.

Combination treatment reduced the expression of FTH1 in
OC cells and tumor tissues through autophagy

Based on these results, oxidative stress may play an
important role in cancer development. In addition, our
team’s previous results have shown that ferritinophagy
plays an important role in SB-HD induced OC cell death.
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Therefore, we speculate whether SB-HD enhances the
sensitivity of OC to DDP chemotherapy based on oxi-
dative stress and ferritin autophagic degradation. Here,
by Western blotting experiments, we measured oxida-
tive stress and autophagy associated proteins: NRF2,
HO-1, p62, ATG5, LC3 and FTH1. We found that the
combination of SB-HD and DDP significantly increased
the expression of NRF2, HO-1, ATG5 and LC3, and
decreased the expression of p62 and FTH1 both in OC
cells and tumor tissue of mice (Fig. 6A-E). It demon-
strated that combination treatment promoted FTH1
degradation in OC cells and tumor tissues through
autophagy.

Inhibitors 3-MA and Fer-1 reversed FTH1 autophagy
degradation of OC cells under combination treatment

To further explore the underlying mechanisms of SB-HD
enhancing the DDP chemosensitivity of OC, on the
basis treated of the combination of SB-HD and DDP,
three inhibitors Fer-1, ZnPP and 3-MA were used to
treat SKOV3 and OVCARS3 cells. The results showed
that inhibitors 3-MA and Fer-1 effectively reversed the
expression changes of the target proteins, but not inhibi-
tor ZnPP. Fer-1 can obviously reverse the expression
of NRF2, HO-1, and FTHI in this signaling pathway
(Fig. 6F-H). Taken together, we concluded that SB-HD
synergistically promotes the inhibitory effect of DDP on
OC by inducing NRF2-FTH1 autophagic degradation
pathway.

Clinical prognostic value of target genes of combination
treatment in OC

Through the GEPIA database, we directly got the results
of the correlation between the target proteins and OC,
and the color deepened with the increase of the correla-
tion value, as shown in Fig. S1. From the results of the
heat map, we can intuitively and clearly observe that OC
is closely related to NRF2 (6.9), HO-1 (6.1), p62 (7.8),
ATG5 (3.7), LC3 (6.1) and FTH1 (11.6), among which
FTHI1 has the highest correlation score. In order to find
their specific relationship with OC, more comprehensive
analysis was performed to understand the role of target
genes in OC.

As shown in Fig. 7A, we performed an analysis of gene
expression profiles in OC samples and normal tissues
using GEPIA. It was found that the expression levels
of NRF2 (p<0.05), HO-1 (p<0.05) and LC3 in OC tis-
sues were lower than those in normal tissues, while the
expression levels of FTH1 (p<0.05), p62 and ATG5 were
higher. Moreover, we found that the expression range of
six target genes was the widest in the clinical stage III of
OC. The expression of NRF2, HO-1, ATG5 and NRF2
was decreased in clinical stage III and IV of OC, NRF2
(p<0.001) was the most significantly decreased, but the
expression of p62, LC3 and FTHI in clinical stages of OC
had no difference, as shown in Fig. 7B. To assess the prog-
nostic value of the target genes in OC, we plotted specific
survival curves using the TCGA database. Kaplan—Meier
curve analysis revealed a correlation between high
expression of NRF2 (p<0.05) and prolonged progres-
sion free survival (PFS) in OC patients. Conversely, low
expression of p62 (p<0.05) was significantly associated
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with prolonged PES. However, the expression of ATG5,
LC3, FTH1 and HO-1 showed no significant correla-
tion with PFS in OC patients (Fig. 7C). Next, we used
the GEPIA database platform to further explore the
genetic alterations of target genes in OC patients. The
1691 ovarian serous cystadenocarcinoma tissue sam-
ples from 1674 patients included in the TCGA3 data
set were retrieved, the results showed that the mutation
rates of the target genes NRF2, HO-1, p62, ATG5, LC3
and FTH1 ranged from 1 to 5%, and the mutation types
were mainly amplified. The results are shown in Fig. 7D.
Among them, NRF2 mutation rate was the highest,
the order of the other mutations rate is: LC3>p62 and
ATG5>HO-1>FTH1, moreover, p62 and ATG5 were
prone to deletion mutations.

Finally, we conducted Pearson correlation coefficient
analysis to assess the correlation of these six core genes,

a visualized heat map was drawn, as shown in Fig. 7E.
The correlation coefficient ranges from 0.0065 (NRF2
vs. LC3) To 0.5 (p62 and FTH1). According to whether
the value was statistically significant (p<0.05), we found
that NRF2 was directly correlated with HO-1, p62 was
directly correlated with ATG5, HO-1 was directly corre-
lated with p62 (Already described correlation is omitted),
p62 was directly correlated with ATG5 and LC3, LC3 was
directly correlated with FTHI, respectively. The above
results indicate that there are close interactions among
the target genes in OC, which further suggests that the
target genes can participate in the occurrence and devel-
opment of OC in an interactive manner.
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Fig. 5 Combination treatment induced oxidative stress. (A-D) The MMP and (E-H) ROS levels of OC cells treated with SB-HD alone and in combination
with DDP. (I) The ATP content and (J) SOD activity of OC cells treated with SB-HD in combination with DDP. (K) IHC analysis of NRF2 and HO-1 expression

in tumor tissues (*p<0.05, **p<0.01, ***p<0.001vs control;#p<0.05, ##p<0.01, ###p<0.001vs DDP; n=3)

Discussion

In recent years, studies have shown that SB and HD
are commonly used in various cancers such as prostate
cancer, ovarian cancer, liver cancer, gastric cancer, and
colorectal cancer, etc [18-23]. The mechanism mainly
includes multiple signaling pathways such as PI3K/

Akt/mTOR, AMPK, P53, etc., which inhibit the prolif-
eration, migration and invasion of tumor cells, promote

tumor cell apoptosis, and thus achieve the goal of inhib-
iting tumor growth [18-23]. In addition, they can also
enhance the body’s immune function and enhance the

body’s resistance to tumors [24]. As a natural medicine,
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they have the potential to be combined with current che-
motherapy to improve the therapeutic effect of existing
drugs and exhibit good application prospects. In this
study, we first evaluate the synergistic effects of SB-HD
and DDP on OC, it was found combination treatment
obviously inhibited the colony formation, promoted cell
cycle arrest and cell apoptosis, inhibited the proliferation
of OC cells in vitro and in vivo, and explored its possi-
ble mechanisms which is through modulating oxidative
stress via NRF2-FTH1 autophagic degradation pathway.
The schematic diagram is shown in Fig. 8.

As is well known, the clinical treatment of OC often
uses paclitaxel combined with such as carboplatin or
DDP which is a combination chemotherapy regimen at

present [25]. Although the short-term effect in prevent-
ing tumor growth, killing or eliminating tumor cells is
optimistic, it cannot be ignored the adverse reactions and
drug resistance. Like DDP, it is one of the most effective
anticancer drugs and is commonly used to treat advanced
OC, while it may occur kidney injury, liver injury, diges-
tive tract injury, some potential neurotoxicity and muscle
toxicity caused by long-term use or at high dose [26].
Therefore, in our experiment, we evaluated organ dam-
age in the heart, liver, spleen, lungs, and kidneys of mice,
examined the liver, kidney and spleen indices, our results
proved that SB-HD reduces the effect of DDP on the kid-
ney damage in OC bearing mice, and has a slight immune
protective effect by increasing spleen indices. We also



Sui et al. Journal of Ovarian Research (2024) 17:246

Page 12 of 17

A. NRF2* HO-1x* P62 LC3 FTH1*
i N ] ] k] =
= = = 5 =y -
+ + £ * & ¥ e 3
= 7] =7 = b s s
a a a -1 a ., -
=3 { = L =, = = =
= . = . = = = o
° ° o ~A . g g
o o o o o o
(U Ty=428! ru(88) (T30t =881 (rum(T)=429! um(h=28) (T4 rmir=88) (T4 N8 PP Jp—
NRF2 * * * HO-1 P62 ATG5 LC3 FTH1
B. Frave - 508 —om 0T Frake - 0908 P o Frae - 00861
Pr(>F) = 0.000138. 4 o o) = 048 1 p‘ )= 0838 e ] Pr(>F) = 0.404 nl) Pr(>F) = 0,864 " Pri>F) = 0918
= | ¢ o = @ N — 1 a. /I\ l\ =) @ @
+ T + + I 5 I + \ ) ( A
- s Se \ I/
o | [Ee a | E ° ; - E
{ (=] \‘ Ei. = = f =
= 3. / ) 5 5 =
= o €5, g S 5
- _ " el 3 1 . 5 =l
Suoel  SweW  SmpelV smel  Seel  Suen el Swnd Swmy Swet  suen  Smgew Swal Swpell Supelv suel Swgell  sagen
C NRF2x* HO-1 P62x ATG5 LC3 FTH1
= HR = 0.77 (0,66 - 0.91) HR = 0.85 (0.74 - 0.97) =4 HR = 123 (1.08 - 1.41) 2 HR = 1,09 (0.94 - 1.26) HR=1.14 (099 - 1.3) 2 HR=1.1(095-1.28)|
lopank P 00014 Toarank P 0013 \ o 7 00018 logark P 028 oo kP01

3 2 3
\
\ o ’;\ ©
N g 23 Y [
3 A
\‘ i - : e, i
ey O . N S
R < Jsxmesm S 2 exprossion TR S expression $
ow iow — low
2 Pigh 2 high S .
0 10 2 30 4 50 6 0 10 20 30 4 50 6 0 10 2 3 4 50 6 0 10 2 30 4 50 6 0 10 2 30 4 5 6 0 10 20 30 4 50 6
Time (montns) a | Tme(monihs) v Time (months) . Time (monihs) Time (months) e Time (morihs)
= e 5 - i o m ow ow ow ow SER momom s o8 =R omomow ooz 5T . %
D. E.
NRF2  HO-1 P62 ATGS Lcs FTH1
NRF2 s [l 1.0
Ho-1 2 | | NRF2
P62 3% 08
I o -
ates = || H =
tes + [ b
FTH1 o [T N |
ATGS 0 4
Senere ¥ Missense Mutation (unknown significance) IAmplincalion IDeepDelelion No alterations Not profiled )
Alteration
LC3 | 0.0065
Study [ ovarian serous Cystadenocarcinoma (TCGA, Firehose Legacy) || Ovarian Serous Cystadenocarcinoma (TCGA, Nature 2011) 02
of origin

Ovarian Serous Cystadenocarcinoma (TCGA, PanCancer Atlas)

FTH1| 0.11 0.21 05 0.021

Fig. 7 Validation of clinical prognostic value of combination treatment target genes expression in OC by bioinformatics analysis. (A) MRNA expression of
target genes in OC tissues compared to normal tissues, indicated by asterisks. (Blue: OC samples; Red: normal tissues.) (B) The relationship between mRNA
expression of target genes and the clinical stage of OC. (C) Kaplan—Meier survival analysis of target genes of OC patients, showing high and low expres-
sion groups. (D) Genetic variation analysis of target genes in OC patients. (E) The visual heat map of Pearson correlation analysis among target genes.
Correlation coefficient between 0 and 1, the color indicates the strength of the correlation. Direct correlation indicated by asterisks

carried out measuring the possible hepatotoxicity and
nephrotoxicity of the combination of the two drugs by
detecting biochemical indicators ALT, AST, BUN and
Cre, which shows that combination treatment markedly
reduced the levels of serum ALT, AST, BUN and Cre
compared to the DDP alone. Compared with the weight
loss of mice in the DDP treatment group, the combina-
tion treatment did not affect the weight change, indi-
cating that both SB-HD monotherapy and combination
therapy have good safety.

Cancer metastasis is one of the biological character-
istics of malignant tumors, which leads to the failure of
surgery, radiotherapy and chemotherapy, as well as the
death of patients [27]. Cancer cells interact with host cells

and affect their microenvironment for survival. Epithe-
lial-mesenchymal transition (EMT) is a process in which
tumor cells acquire the ability of migration and invasion
due to the loss of epithelial phenotype and the dramatic
change of epithelial layer [28]. This process is the main
step to promote the metastasis of tumor cells. Here, com-
pared with other types of solid tumors, OC is more likely
to metastasize. OC cells mostly grow on the surface of
the ovary in the abdominal cavity and are easy to adhere
to adjacent tissues. In addition, OC is often accompa-
nied by cancerous ascites, so intra-abdominal contact
implantation is the most common mode of metastasis in
patients with OC. Most OC patients die from advanced
diseases, accompanied by peritoneal metastasis and
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Fig. 8 Schematic drawing of the potential molecular mechanism of SB-HD enhancing DDP chemotherapy sensitivity in OC

poor prognosis. Therefore, in this study, we investigated
the inhibiting effects of SB-HD alone or in combination
with DDP on migration and invasion of OC SKOV3 and
OVCARS3 cells, and our results confirmed inhibiting the
migration and invasion role in a dose-dependent man-
ner in vitro by wound healing assay, transwell cell migra-
tion assay and transwell cell invasion assay. Moreover, it
is noteworthy that the expression of p62 is significantly
elevated in tumor tissues treated with DDP alone in
western blot analysis. It has been reported that p62 as
an oncotarget mediates cisplatin resistance and high p62
cytoplasmic expression was shown to be associated with
poor prognosis [29, 30]. Besides, Lu et al. found that p62
knockout inhibits migration and invasion of hepatocellu-
lar carcinoma [31], high expression of p62-induced EMT
with the upregulation of Snail, vimentin, N-cadherin, and
downregulation of E-cadherin, which might play a vital
role in maintaining the mitochondrial function of intra-
hepatic cholangiocarcinoma (ICC) [32]. In our study,

DDP treatment induced p62 expression was suppressed
by drug combination treatment, suggested that tumor
tissue cells may be inhibited gradually developing DDP
resistance and EMT. In subsequent research, we may
conduct an animal model of ascites metastasis of OC to
focus on cancer metastasis.

Autophagy is an intracellular metabolic process, which
may be caused by oxidative stress plays an important
role in the development of tumors, participates in the
energy metabolism and material metabolism of tumor
cells, changes MMP and related metabolites including
ATP, ROS, SOD and so on, as well as affect the changes
of tumor growth microenvironment [33, 34]. First of all,
mitochondria are the energy center and regulator of cells.
The decline in MMP is a landmark event in the early
stages of cell apoptosis. In our study, SB-HD increased
the proportion of early and late apoptosis in SKOV3 and
OVCAR3 cells, and decreased MMP compared with
Control. Compared with DDP alone, the combination
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treatment significantly increased the proportion of apop-
tosis and further promoted the decrease of MMP. In
addition, ATP is an intracellular energy molecule and an
important regulator of autophagy, and it can also regulate
the immune response in the tumor microenvironment,
enhance the body’s immune surveillance and elimina-
tion of tumors [35]. So, we examined the changes of ATP
in SB-HD combined with DDP subsequently, and found
that combination treatment could reduce ATP levels in
SKOV3 and OVCAR3 cells. It is known that the levels
of ATP are closely related to the degree of autophagy in
tumor cells. When tumor cells are in a low energy state,
the level of ATP decreases, which can activate AMPK sig-
naling pathway and promote the initiation of autophagy
[36]. As expected, our Western blotting results showed
autophagy-associated proteins to be induced in the com-
bination treatment.

Several studies have reported that mitochondria are
the main sites of oxygen free radicals in cells, and also an
important target of oxidative stress. Excessive levels of
oxygen free radicals can lead to mitochondrial dysfunc-
tion and DNA oxidative damage. ROS can play a dual
role in anti-tumor by affecting mitochondrial function,
the effect depends on the levels of ROS and the state of
the cells [37, 38]. In this study, we found that ROS con-
tent in cells treated with SB-HD extract alone and com-
bination treatment showed a significant downward trend,
and there was no significant difference between SB-HD
extract alone and combination treatment. According
to the existing research, ROS plays an important role in
promoting cell mitosis, which is indispensable to induce
cell proliferation. When ROS accumulates in cells, it can
induce apoptosis due to oxidative stress, but it is less toxic
to the corresponding normal cells. When ROS is at a low
level, the cells will be in a state of proliferation inhibition,
but the corresponding normal cells are less sensitive to
it. The difference of drug sensitivity between tumor cells
and normal cells may be due to the high levels of ROS
expression in tumor cells themselves. Our results suggest
that combination treatment reduce the levels of ROS in
OC cells, which lead to cell cycle inhibition.

From a biological function, SOD is a kind of metallo-
proteinase in mitochondria, which is a powerful oxygen
free radical scavenger. Its main function is to remove
superoxide anion (O2-) in cells and prevent the occur-
rence of oxidative damage. It has been reported that SB
has immunomodulatory effect and anti-lipid peroxida-
tion effect, which can scavenge oxygen negative free radi-
cals and improve the activity of SOD, and its antioxidant
effect has been widely accepted. HD has also been found
to increase the activity of SOD in gastric tissue, reduce
the content of MDA, and have a protective effect on
gastric ulcer and other gastrointestinal membrane dam-
age. Therefore, we speculated that SB-HD assisted DDP
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to down-regulate ROS in OC, SOD activity may play an
important role. Subsequently, we detected the SOD activ-
ity in each group of cells treated with different drugs, and
found that combination treatment increased the activity
of SOD, which proved our inference. In tumor cells, SOD
activity is usually low, and studies have shown that the
occurrence of some cancers is related to the decline of
SOD levels in vivo. By increasing the levels of SOD, it is
expected to provide new ideas for cancer prevention and
treatment.

Ferroptosis is a new way of cell death, which is differ-
ent from the traditional ways of cell death such as necro-
sis and apoptosis, and was first proposed in 2012 [39].
Recent studies have pointed out that ferroptosis may be
autophagy-dependent, because the response to ferrop-
tosis activators can lead to the accumulation of autopha-
gosomes, and the components of autophagy mechanism
contribute to the occurrence of ferroptosis [14]. In addi-
tion, FTH1 encodes a ferritin heavy chain, the autophagic
degradation of FTH1 can increase oxidative stress and
the level of Fe?* in cells, making cells more sensitive to
ferroptosis [40]. At the same time, ferroptosis depends
on the accumulation of intracellular iron and ROS [41,
42]. Iron-dependent lipid peroxidation is the main fea-
ture of cell ferroptosis, and the damage of cell membrane
caused by lipid peroxides is an important reason for fer-
roptosis [41, 42]. Besides, nuclear receptor coactivator
4 (NCOAA4) is a selective receptor that maintains iron
homeostasis by binding to ferritin, transporting it to the
lysosome, and promoting autophagy degradation, and is
considered as an important regulator of ferroptosis [43,
44]. It has been reported that a decrease in intracellular
Fe2+/oxidative stress response and an increase in gluta-
thione level are accompanied by an decrease in NCOA4
expression, revealed that the level of oxidative stress is
closely related to NCOAA4 [44]. In our study, we have pre-
liminarily found an increase in this protein expression by
combination treatment, this may also imply an increase
in oxidative stress. According to the results, combination
treatment reduces the level of intracellular ROS, we spec-
ulate that although SB-HD can enhance the sensitivity of
DDP chemotherapy in OC by regulating oxidative stress
and activating autophagy, but it is may not further pro-
mote the occurrence of cell ferroptosis. Because the high
activity of SOD enzyme generally indicates that there
are too many free radicals in the body. ROS is a series of
active oxygen free radicals produced by cells in the pro-
cess of metabolism, which is essentially a chemical sub-
stance with unpaired electrons and has a strong ability to
compete for electrons. A large amount of ROS will lead
to the decrease of MMP and ATP content, then pro-
mote cell apoptosis and the destruction of mitochondrial
homeostasis. Mitochondria are important mediators of
cellular metabolism, producers and targets of ROS. The
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disruption of mitochondrial homeostasis leads to the
decrease of ROS follow-up production, and along with
the increase of SOD activity further reduces ROS levels,
meanwhile, autophagy also acts as a ROS scavenger in
cancer cells. To sum up, the dynamic changes mentioned
above may regulate OC cells in a state of oxidative stress,
which is a joint effect by regulating autophagy, affecting
MMP, ROS production, ATP content and SOD activity.
NRF2/HO-1 pathway plays an important role in the
occurrence and regulation of oxidative stress and inflam-
matory response [45-47]. Some studies suggest that
NRF2/HO-1 is involved in regulating autophagy and
cell apoptosis [48—51]. In the preliminary research of
our team, NRF2 and HO-1 were significantly increased
in the OC cells treated with SB-HD alone by proteome
and transcriptome analysis, simultaneously were vali-
dated by Western blotting and quantitative PCR (qPCR)
experiments with or without inhibitors Fer-1, ZnPP and
3-MA. Research has illustrated that ferritinophagy may
be the key reason SB-HD induces ferroptosis in OC
cells and thus exert anti-tumor effects. In this study, we
first found NRF2 and HO-1 in the tumor tissue was sig-
nificantly increased by IHC stained, and also detected
the combination treatment significantly increased the
expression of NRF2 and HO-1 both in OC cells and
tumor tissue of mice by Western blotting experiments.
Moreover, we found that combination treatment reduced
the expression of FTH1 in OC cells and tumor tissues
through autophagy. Next, to further clarify the molecu-
lar mechanism, three inhibitors of Fer-1, ZnPP and 3-MA
were used to extract cellular proteins on the basis of the
combination treatment in this part of the experiment.
3-MA can effectively reverse the expression changes
of the target proteins. Fer-1 can obviously reverse the
expression of NRF2, HO-1, and FTHI1 in this signaling
pathway. Therefore, we conclude that the mechanism by
which SB-HD increases sensitivity to DDP chemother-
apy in OC may be primarily associated with ferroptosis
related oxidative stress and autophagic degradation of
ferritin. Interestingly, we also found that HO-1 decreased
in SKOV3 cells after the use of the inhibitor Fer-1, and
increased in OVCARS3 cells after the use of the inhibitor
ZnPP. As Fer-1 is a synthetic antioxidant, it mainly pre-
vents the damage of membrane lipids through a reductive
mechanism, thereby inhibiting cell death. Therefore, we
speculated that the addition of Fer-1 to SKOV3 cells may
compensate for part of the antioxidant activity of the cells
originally produced by HO-1, which result in decreasing
HO-1 expression. However, ZnPP is a competitive inhibi-
tor of HO-1 which has anticancer activity. The concept of
competitive inhibitor refers to the inhibitor that produces
competitive inhibition, which usually has structural simi-
larity with the substrate of the inhibited enzyme, and can
compete with the substrate for the binding site on the
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enzyme molecule, thus producing reversible inhibition
of enzyme activity. In this study, the inhibitor ZnPP was
added to inactivate HO-1, which may destroy the impor-
tant physiological and pathological functions of HO-1
involved in regulation, and then trigger more HO-1
expression in positive feedback, so the detected HO-1
expression level increased significantly.

Finally, due to the complex clinical features of OC,
we also analyzed the key target genes by bioinformat-
ics utilizing online large databases, hoping to return the
problems in clinical practice to the clinical cases for fur-
ther analysis and exploration, in order to clarify the cor-
relation between target genes and OC, the expression
differences between healthy people and patients, the
expression level in clinical stages and the prognosis. We
found that the abnormal expression levels of NRF2 and
FTH1 mRNA showed high prognostic value. The other
four target genes of this signaling pathway HO-1, p62,
ATG5 and LC3, also play an important role in the devel-
opment of OC, either individually or by interacting with
NRF2 and FTH1. We conclude that NRF2 and FTH1 may
become potential biomarkers for individualized predic-
tion and treatment of OC. It may provide a reference for
the potential study of DDP combined with other herb
drugs to enhance the chemosensitivity of OC.

Conclusion

In conclusion, our present study demonstrated that
SB-HD combined with DDP have synergistic enhancing
efficiency and reducing toxicity effects in the treatment
of OC. Mechanistically, SB-HD promote the proliferation
and metastasis inhibition of DDP on OC through modu-
lating oxidative stress via NRF2-FTH1 ferritin autophagic
degradation pathway, thus enhance the chemosensitivity
of OC to DDP. SB-HD may be used as a potential DDP
combination drug to provide new ideas and therapeu-
tic strategy for the clinical treatment of OC, which has
potential clinical applications in reducing the side effects
of cancer chemotherapy.
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