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Polygonum multiflorum Stilbene Glycoside ==

Oligomers induce the ferroptosis of triple
negative breast cancer cells

Xiaomeng Lin'?, Hua Yang? Tingting Cai*, Zhangshuo Yang'?, Siyun Niu>" and Hui Jia®

Abstract

The quality control testing component and main active ingredient of Polygonum multiflorum Thunb. (P multiflorum),
known as trans-2,3,5,4'-tetrahydroxystilbene 2-O-3-D-glucopyranoside (TSG), exhibits diverse biological activities. In
this study, we report, for the first time, the potent ability of TSG to induce ferroptosis in triple negative breast cancer
(TNBCQ) cell lines and to inhibit the proliferation of TNBC cells. Treatment with TSG triggers the production of lipid
peroxides, 4-hydroxynonenal (4-HNE), and reactive oxygen species (ROS) in TNBC cells, indicating the induction

of ferroptosis. Both in vivo and in vitro experiments confirmed the inhibitory effects of TSG on TNBC cell prolifera-
tion and metastasis. Furthermore, we investigated the effects of other stilbene glycoside oligomers, alongside TSG,
on TNBC cell lines. These compounds also demonstrated the ability to induce ferroptosis and suppress TNBC cells’
proliferation and metastasis. These findings suggest that the induction of ferroptosis by TSG and related compounds
could potentially serve as a promising therapeutic strategy for TNBC treatment.
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Induced the ferroptosis of TNBC cells

Introduction

Polygonum multiflorum Thunb. (P. multiflorum), a
climbing vine plant belonging to the Polygonaceae fam-
ily, holds the significant traditional significance in China
as a renowned rug-food homologous natural product
[1]. Its roots have diverse activities and applications.
Scientific evidence suggests that P. multiflorum contains
stilbene glycoside dimers, particularly the trans-2,3,5,4'-
tetrahydroxystilbene 2-O-B-D-glucopyranoside (TSG) is
considered as the active components of P. multiflorum
[2, 3]. While existing research on P. multiflorum were
mainly extensively studied the effects of stilbene gly-
coside dimers like trans-2,3,5,4'-tetrahydroxystilbene
2-O-B-D-glucopyranoside (TSG) primarily focused on
cardiovascular and neurological diseases, and limited

research has explored their potential antitumor proper-
ties [4]. Molecular studies have revealed that TSG can
inhibit several signaling pathways crucial for tumor
progression and drug resistance [5, 6]. These pathways
include: PI3K /AKT, TGFB/Smads and MAPK signalling
pathway [4—6]. Given the pivotal role of these pathways
in tumor onset and development, the antitumor poten-
tial of TSG and related compounds deserves further
investigation.

Triple-negative breast cancer (TNBC) remains the
most aggressive and common form of gynecological
malignancy, posing significant risks to women’s health
[7]. Recent studies have highlighted TNBC’s heteroge-
neity and the need for further classification into distinct
subtypes [8]. Currently, only patients with germline
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BRCA mutations are considered sensitive to olaparib [9].
Therefore, it is crucial to investigate novel and effective
therapeutic strategies targeting a broader spectrum of
TNBC cases.

Ferroptosis, a unique form of programmed cell death
different from apoptosis, necrosis, or pyroptosis [10],
has emerged as a promising potential therapeutic target
for treating breast cancer. Studies have shown its criti-
cal role in suppressing breast tumor growth by modu-
lating various cancerous properties [11]. Furthermore,
research is focusing on developing agents or drugs that
induce ferroptosis to combat breast cancer cells [11].
These findings suggest that targeting ferroptosis may
hold significant promise as a novel therapeutic approach
for treating TNBC. In the presence, our results, for the
first time, demonstrated that several compounds, includ-
ing TSG and other kinds of stilbene glycoside dimers,
can trigger ferroptosis in TNBC cells. These findings
have highlighted the role of TSG in suppressing TNBC
breast cancer growth by inducing ferroptosis and cell
cycle arrest. Our study not only sheds new light on the
anti-tumor effects of P. multiflorum but also suggests that
targeting ferroptosis may hold promise as a therapeutic
strategy for treating TNBC.

Materials and methods

Cell lines and agents

The cell lines used in this study included MDA-MB-231,
HCC-1937, and MDA-MB-436, which were described in
previous publications [9]. Additionally, we purchased 4T1,
BT20, and MDA-MB-453 cell lines from the Type Culture
Collection of the Chinese Academy of Sciences (Shanghai,
China). These cell lines were cultured in Dulbecco’s Modi-
fied Eagle Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS). The agents used in this study
included six kinds of stilbene glycosides from Polygonum
multiflorum: compound 1 (2,3,5,4’-tetrahydroxystilbene-
2-0-(67-O-a-D-pyranose)-p-D-glucopyranoside),
compound 2 (2,3,54'-tetrahydroxystilbene-2-O-3-D-
xyloside), compound 3 (2,3,5,4'-tetrahydroxystilbene-
2-O-(6’-O-acetyl)-B-D-glucoside), TSG (compound 4),
compound 5 (3,3;5-trihydroxy-4’-methoxystilbene-3-O-[3-
D-glucoside), and compound 6 (3,5,4’-trihydroxystilbene-
3-B-D-glucopyranoside). Of these, TSG (compound 4),
compound 5, and compound 6 were purchased from
Selleck Corporation (Houston, Texas, USA), while com-
pounds 1 to 3 were isolated by our research team. Polygo-
num multiflorum medicinal herb was extracted with 70%
ethanol reflux for 3 times, each time for 1 h. The extracted
solutions were combined, left at room temperature, fil-
tered, and the ethanol was recovered and concentrated
into a paste. Dissolve the extract in water, extract with
dichloromethane to remove impurities, pass through
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DM-8 macroporous resin, and remove with 95%, 55%,
40%, and 25% concentration ethanol and water, respec-
tively. The 20% ethanol extract was eluted by gel column
chromatography Sephadex LH-20 to obtain compounds
1-3. In addition to these natural product monomer mol-
ecules, this study also used three tool drugs: sorafenib
(Selleck Corporation, Houston, Texas, USA), ferrosta-
tin (Selleck Corporation, Houston, Texas, USA), and
N-Acetyl cysteine (NAC) (Selleck Corporation, Houston,
Texas, USA).

In our cellular experiments, we accurately meas-
ured out the correct dosages of these drugs using a
high-precision balance with a precision of 1 in 100,000.
Then, the drugs were dissolved in Dimethyl sulfoxide
(DMSO) before diluting them with DMEM without FBS.
The dosages used for TSG were 5 pmol/L, 10 pmol/L,
and 20 pmol/L. In our animal experiments, a similar
approach using a high-precision balance were performed
to measure out the correct dosages of drugs. These drugs
were diluted in physiological saline before administering
them via injection. The dosages used for TSG were 5 mg/
kg, 10 mg/kg, and 20 mg/kg in animal experiments.

Quantitative polymerase chain reaction (qPCR)

For our cell-based qPCR experiments, the TNBC cell
lines such as MDA-MB-231, HCC-1937, and MDA-
MB-436, 4T1, BT20, and MDA-MB-453 were cultured
these cells and treated them with the indicated concen-
trations of compounds. Then, we extracted total RNA
from the cell samples using a method similar to that
used for tissue analysis (described below). Next, the
RNA samples were reverse transcribed into cDNA using
a SuperScript " IV VILO™ Master Mix according to the
manufacturer’s instructions and performed on an ABI-
7500 Real-Time Fluorescence Quantitative PCR Instru-
ment Program (ABI Corporation, USA).

For our tumor tissue analysis, MDA-MB-231 cells were
cultured in nude mice to form subcutaneous tumors.
The mice were received with TSG via oral administra-
tion and the tumor tissues were harvested. After gently
rinsing the subcutaneous tumor tissue with pre-sterilized
DEPC-treated deionized water, we cut the tumor tissue
into small pieces using sterilized ophthalmic shears and
ophthalmic forceps. Next, these small chunks of tumor
tissue were mixed with RNA Later and then crushed.
The tumor tissue samples were centrifuged at 12000 rpm
at 4 °C for over 15 min to separate out the supernatant
fraction from the previous step. The RNA samples were
extracted from the supernatant fraction using gDNA
Eliminator columns, RLT RNeasy centrifugal adsorbent
columns, Buffer RW1, and DEPC-treated deionized
water, respectively. After reverse transcription, qPCR
experiments were performed by using Power SYBR
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Green 1-Step Kit with Ki67 (an indicator of cell prolifera-
tion) as the target gene and GAPDH as a reference. The
primers used for their amplification were obtained from
the Origin website. The expression of Ki67 was calculated
based on the ratio of Ki67 CT values in qPCR experi-
ments to the CT values of GAPDH.

Cell survival examination

Firstly, to examine the antitumor activation of com-
pounds 1 to 6 on TNBC cells, we first performed CCK-8
assays using a method similar to that described pre-
viously. The TNBC cells were cultured and seeded in
96-well plates at an initial concentration of 8000 cells
per well. Then, the cells were treated with compounds 1
to 6 (at a concentration of 20 umol/L) for 48 h. Next, we
conducted cell viability assays using CCK-8 kits (Dojindo
Laboratories, Japan) according to the manufacturer’s
instructions and the methods described in our previ-
ous publication [9]. The results were shown as heatmaps
based on the inhibitory rates.

Secondly, we performed colony formation assays by
culturing MDA-MB-231 cells in triplicate at 2000 cells
per well in six 6-well plates (Corning Corporation, USA)
[12]. After allowing the cells to adhere overnight, we
continuously cultured them for 10—14 days until colo-
nies of cells formed and were observable. To fix the
colonies, we used 4% paraformaldehyde solution for
15 min and then stained them with crystal violet solu-
tion for 30 min at room temperature. We washed them
three times before scanning them with an HP Scan-
jet (HP Corporation, USA). To quantify the images
obtained from the assay, we used image ] software
(National Institutes of Health, Bethesda, Maryland,
USA) according to our previous publication. Briefly, we
converted the images into pure black-and-white format
before analyzing them.

Thirdly, to assess the cell migration and invasion abili-
ties of MDA-MB-231 cells treated with TSG, we per-
formed two assays [12]. For the cell migration assay,
we scratched the monolayer of MDA-MB-231 cells
mechanically using a 200-UL pipette tip to create gaps
for the cells to migrate through. We then washed away
any debris with PBS and treated the cells with TSG in
DMEM without FBS. We obtained images of the cells at
both the 0 h (time point) and 12 h markings, document-
ing the distances between each gap in the cell monolayer
to quantify the degree of migration. To perform the cell
invasion assay, we prepared MDA-MB-231 cells treated
with TSG and then added liquid Matrigel onto the upper
surface of transwell chambers (BD Biosciences, USA).
We added single-cell suspensions (MDA-MB-231 cells
diluted in DMEM without FBS) into the upper surface
of the transwell chambers (about 10,000 cells per well).
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After adding DMEM containing 10% EBS to the transwell
chambers, we incubated them for 12 h at 37 °C. We fixed
the invaded cells using 4% paraformaldehyde and stained
them with crystal violet solution (5% w/v). To quantify
the degree of cell invasion, we obtained images of tran-
swell chambers using phase-contrast microscopy and
counted the number of invaded cells.

Cellular ferroptosis measurement

Two assays (lipid peroxidation and ROS levels) were per-
formed to measure the effect of TSG inducing ferropto-
sis in TNBC cells treated with compound 1-6 [10, 11].
Firstly, we used a 10 umol/L dose of C11-BODIPY dye
(Cat. No.: D3861; Thermo Fisher Scientific, Waltham,
MA, USA) and flow cytometry analysis (FACS Canto II;
BD Biosciences, USA) to assess lipid peroxidation lev-
els. Secondly, we measured the ROS level in TNBC cells
using a 25 pmol/L dose of carboxy-H2DCFDA (88-5930-
74; Invitrogen, Thermo Fisher Scientific, Waltham, MA,
USA) and flow cytometry analysis (the 488 nm wave-
length excitation and the 525 nm wavelength emission)
(FACS Canto II; BD Biosciences, USA). In addition to
these analyses, glutathione in MDA-MB-231 cells was
also detected. MDA-MB-231 cells were cultured and
treated with TSG at a series of concentration gradients
for 24 h, followed by detection using a glutathione assay
kit (Cat. No.: CS0260; Sigma-Aldrich, Merck Corpora-
tion, Darmstadt, Germany). At this time, 5,5 ’- dithiobis
(2-nitrobenzoic acid) in the reagent kit can react with
glutathione (GSH) to produce 2-nitro-5-mercaptoben-
zoic acid and glutathione disulfide (GSSG). Furthermore,
the content of glutathione in the sample was determined
by measuring the absorbance value at a wavelength of
412 nm.

Cell cycle analysis

The TNBC cells were cultured and transfected with vec-
tors before being prepared as single-cell suspensions.
The single-cell suspensions were then seeded into 6-well
plates (1x10° cells per well). When the cells had spread
over almost all of the bottom of the plate (essentially cov-
ering 80-90% of the cell area), they were treated with dif-
ferent concentrations of TSG. To analyze the cell cycle,
we fixed the cells in 75% ethanol for more than 18 h at
4 °C before washing them twice with PBS and incubat-
ing them with RNase A (0.2 mg/mL) in PBS. Propidium
iodide was then added to the cell suspension, and we ana-
lyzed the samples using a FACS Calibur Flow Cytometer
(Becton Dickinson, Franklin Lakes, NJ, USA) [13].

Theln vivosubcutaneous tumor model
The Experimental Animal Ethics Committee of the
Affiliated Hospital of Hebei University approved and
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reviewed the breeding and use of experimental ani-
mals, as well as the study protocol, including experi-
mental procedures and animal welfare measures. In
this study, we used the MDA-MB-231 cells, which
were cultured before being subcutaneously injected
into six-week-old female nude mice (the thymus-defi-
cient BalB/c immunodeficient mice) from Vital River
Laboratory Animal Technology (Beijing) in an SPF
condition. During the entire process of animal experi-
ments, the animals were randomized or blinded to
ensure objectivity in the results: Ensure that the age
of the experimental animals is exactly the same, and
at the same time, weigh the experimental animals to
select those with similar body weights. At the same
time, number the animals and group them according
to a random number table.

Each experimental animal is inoculated with cells
once, forming a subcutaneous tumor tissue. Each group
has #7=10. Each animal received a 5x10° amount of
MDA-MB-231 cells, and five or six days after injection,
we administered TSG orally to the mice at doses of 5,
10, and 20 mg/kg in a 15-dosing regimen every three
days. After all animal experiments, the tumor size were
measured by using calipers (longest diameter X shortest
diameter X shortest diameter /2) [14]. At the end-point,
\ the subcutaneous tumor tissues were separated from
the animals and weighed by using a precision balance.
When the animals and tumor tissues were collected at
the end-point of the experiment, the procedure of kill-
ing the animals was carried out in accordance with the
principle of euthanasia (under the premise of ensuring
that the animals were unconscious): the animals were
anesthetized by inhalation anesthesia (anesthesia was
rapid, thorough, convenient and) method (inhalation
anesthetic was isoflurane, the concentration was 1.5%
v/v), and the animals were euthanised killed immedi-
ately after complete anesthesia.

Moreover, we prepared the tumor tissues as paraffin
sections for pathological analysis: we mounted the par-
affin Sects. (3 mm) on slides and dried them in a 60 °C
oven. We then placed the slides on a Leica BondMax
Immunostainer. We optimized the dilution of antibod-
ies with a predetermined staining protocol: 1:1000 for
Ki67 and 1:500 for 4-HNE. Using a Lipid Peroxidation
(4-HNE) Assay Kit (ab238538; Abcam, UK), we per-
formed slides by DAB methods and obtained images.
All antibodies were purchased from Abcam Corpora-
tion, UK. The immunohistochemical results of 4-HNE
and Ki67 were quantitatively analyze using Image ]
software. At this point, the images were imported into
Image ] software, then identify and circle the yellow
brown stained areas, and perform quantitative analysis
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based on the staining depth of the total area of the
stained positive areas.

Western blot

The MDA-MB-436 cells were treated with the indicated
concentrations (5, 10, and 20 pmol/L) of TSG for 24 h.
After TSG treatment, the cells were harvested for west-
ern blot. The experiment was carried out according to the
protocol of conventional western blot: prepare samples of
total cell protein, configure SDS-PAGE gel (compression
gel 5%; separation gel 12.5%) and carry out SDS-PAGE
electrophoresis (compression gel 80 V electrophoresis for
30 min; separation gel 120 V electrophoresis for 1.5 h),
and then use a semi dry membrane converter at 15 V.
Afterwards, 10% (w/v) skim milk powder blocking solu-
tion was prepared using TBST buffer to block the PVDF
membrane. Preparing 5% (w/v) skim milk powder with
TBST buffer to dilute antibodies, and PVDF membranes
were incubated with antibodies against SLC7A1 (Cat,
No.: ab153920, Abcam, Cambridge, UK), p53 (Cat, No.:
ab26, Abcam, Cambridge, UK), p21 (Cat, No.: ab109520,
Abcam, Cambridge, UK), GPX4 (Cat, No.: ab125066,
Abcam, Cambridge, UK), and B — actin (Cat, No.: ab8226,
Abcam, Cambridge, UK). Chemiluminescence method
was next used.

Ethics statement in the presence work

In this study, human-related materials were only cell
lines purchased from a Typical Biomaterials Conserva-
tion Center of Chinese Government. To ensure that all
animal experiments were conducted ethically and fol-
lowing established protocols, the Animal Ethics Com-
mittee of Affiliated Hospital of Hebei University reviewed
and approved the breeding and use of experimental ani-
mals, as well as the experimental designs and methods
(approval ID: TACUC-2021XG020). All animal experi-
ments were performed in accordance with the UK Ani-
mals (Scientific Procedures) Act of 1986 and associated
guidelines.

Statistical analysis

In this study, we performed all in vitro experiments in
triplicate to ensure statistical significance and accuracy
of results. We used chi-square analysis, two-tailed Stu-
dent’s t test, or one-way analysis of variance to assess dif-
ferences between variables. All statistical analyses were
performed using either SPSS 13.0 or Prism 6 (GraphPad),
and all data is presented as the mean *standard devia-
tions. In all assays, we considered p<0.05 as statistically
significant.
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Results lipid peroxidation and ROS promotion effects. As shown
TSG induced the ferroptosis of TNBC cell line MDA-MB-231 in Fig. 1A, compared with the control group, treatment of
Firstly, to evaluate the effect of TSG on ferroptosis in  TSG dose-dependently increased lipid peroxidation lev-
TNBC cells, we performed multiple assays to explore the  elsin MDA-MB-231 cell line. Specifically, the relative fold
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Fig. 1 TSGinduced the lipid peroxidation of TNBC cells
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change of lipid peroxidation increased from 100.00+9.33
(control group) to 132.94+6.79 (TSG 5 pumol/L group),
190.35+31.53 (TSG 10 pmol/L group), or 257.07 +26.74
(TSG 20 umol/L group) respectively.

Next, according to the results in Fig. 2A, treatment
with TSG increased ROS levels in MDA-MB-231 cells in
a dose-dependent manner. Compared with the control
group (100.00 +7.90), which had a relative fold change
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of ROS of 1, the relative fold change of ROS increased
to 165.50+15.74 (TSG 5 pmol/L group), 256.83 +27.949
(TSG 10 pmol/L group), or 357.18+26.66 (TSG
20 pmol/L group) respectively. These results suggest
that TSG could induce ferroptosis in MDA-MB-231
TNBC cells.
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TSG demonstrates multifaceted antitumour activity

on TNBC cell line MDA-MB-231

To further evaluate the antitumor effect of TSG on TNBC
cells, we performed multiple assays to assess cell survival.
As shown in Fig. 3A, treatment of TSG dose-dependently
inhibited the colony formation of MDA-MB-231 cell
line. Specifically, the inhibitory rate of TSG on MDA-
MB-231’s colony formation increased from 16.44 +6.22%
(TSG 5 pmol/L group) to 69.8+4.52%, and finally to
90.6+2.29%. These results suggest that TSG could have
antitumor effects on MDA-MB-231 TNBC cells.

Next, to evaluate the in vitro migration and invasion
of MDA-MB-231 cells, we performed cell scratching /
wound-healing assay and transwell assays. As shown in
Fig. 3B, treatment of TSG dose-dependently inhibited the
in vitro migration of MDA-MB-231 cell line. Specifically,
the inhibitory rate of TSG on MDA-MB-231’s in vitro
migration increased from 25.00+£2.65% (TSG 5 pmol/L

Control 5 10 20

TSG concentration (umol/L)
Colony formation

group) to 73.33+2.08%, and finally to 92.90+1.18%.
Similarly, treatment of TSG dose-dependently inhib-
ited the in vitro invasion of MDA-MB-231 cells, with
inhibitory rates of 15.27+2.32% (TSG 5 pumol/L group),
66.93+1.60%, and 92.60+3.12%. These results suggest
that TSG could have antimetastatic effects on MDA-
MB-231 TNBC cells.

To further investigate the effect of TSG on MDA-
MB-231 cell cycle progression, we conducted flow
cytometry analysis. As shown in Fig. 4, treatment of
TSG arrested the cell cycle progress of MDA-MB-231
cells at G2/M phase. Specifically, the proportion of
MDA-MB-231 cells at G2/M phase increased from
48.19+2.68% in the control group to 57.77+1.06%,
61.14+0.31%, and finally to 64.83+2.14% in the TSG
5 umol/L, 10 pmol/L, and 20 umol/L groups respectively.
Therefore, TSG demonstrates multifaceted antitumor
activity on MDA-MB-231 TNBC cell line.
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Fig. 4 TSG treatment induced the G2/M arrest of TNBC cells' cell-cycle progress

TSG induced the ferroptosis and demonstrates antitumour
activity on TNBC cell lines
We examined the effect of TSG on other TNBC cells
(MDA-MB-436 and MDA-MB-453) in addition to MDA-
MB-231. As shown in Fig. 1B and C, treatment of TSG
induced ferroptosis of MDA-MB-436 and MDA-MB-453
cells in a dose-dependent manner: the lipid peroxidation
level of MDA-MB-436 cells increased from 100+ 6.53%
(control group) to 125.50+7.78% (TSG 5 pmol/L
group), 162.77+21.38% (TSG 10 pmol/L group), or
213.73+30.43% (TSG 20 pmol/L group); the lipid peroxi-
dation level of MDA-MB-453 increased from 100 +9.12%
(control group) to 122.94+3.21% (TSG 5 pmol/L
group), 179.78+17.57% (TSG 10 pmol/L group), or
260.37 +£23.52% (TSG 20 pmol/L group); respectively.
Moreover, as shown in Fig. 2B and C, the ROS level of
MDA-MB-436 cells also increased from 100.00+7.61%
(control group) to 123.54+6.758% (TSG 5 pmol/L
group), 252.15+22.05% (TSG 10 pmol/L group), or
313.13+2.91% (TSG 20 pmol/L group); the ROS level
of MDA-MB-453 also increased from 100.00+9.14%
(control group) to 131.34+14.45% (TSG 5 pmol/L

group), 266.05+42.96% (TSG 10 umol/L group), or
334.31+6.27% (TSG 20 pumol/L group); respectively.

We also observed that the treatment of TSG led to
cell cycle arrest at G2/M phase, as shown in Fig. 4B
and C. Specifically, the proportion of MDA-MB-436
cells at G2/M phase increased from 48.27 +4.46% (con-
trol group) to 56.68+2.51% (TSG 5 pmol/L group),
60.76 £ 3.02% (TSG 10 umol/L group), and 64.84+4.11%
(TSG 20 umol/L group); the proportion of MDA-MB-453
cells at G2/M phase increased from 47.22+3.95% (TSG
5 umol/L group) to 59.13+2.17% (TSG 5 umol/L group),
61.27+2.73% (TSG 10 pmol/L group), and 66.33 + 3.60%
(TSG 20 umol/L group); respectively. Therefore, TSG
demonstrates multifaceted antitumor activity on TNBC
cell lines.

TSG inhibited the in vivo growth of TNBC cell line
MDA-MB-231 and induced the ferroptosis in nude mice

To further examine the antitumor activity of TSG on
TNBC cells, \a nude mouse subcutaneous tumor model
was used to investigate the ferroptosis of MDA-MB-231
cells. As shown in the Fig. 5, MDA-MB-231 cells formed
subcutaneous tumors in the nude mice. We found that
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treatment of TSG inhibited the growth of MDA-MB-231
cells in a dose-dependent manner (Fig. 5A-C). Addi-
tionally, we performed hematoxylin and eosin (H&E)
staining, Ki67 staining, and lipid peroxide 4-hydroxy-
2-nonenal (4-HNE) staining to confirm the results of
the in vivo assay (Fig. 5D-F). The H&E staining images
confirmed that TSG treatment effectively inhibited the
growth of MDA-MB-231 tumors (Fig. 5D-F). Further-
more, the Ki67 staining assay showed that TSG decreased
the expression of Ki67 (a proliferation marker for can-
cerous cells) in MDA-MB-231 tumor tissues. Moreover,
we found that TSG treatment increased 4-HNE levels in
MDA-MB-231 tissues, indicating that TSG induced fer-
roptosis of MDA-MB-231 cells in subcutaneous tumor
tissues. In conclusion, our results suggest that TSG inhib-
its the growth of TNBC cell line MDA-MB-231 in nude
mice.

The effect of Polygonum multiflorum Stilbene Glycoside
Oligomers on several kinds of TNBC cells

To further verify the effectiveness of Polygonum mul-
tiflorum Stilbene Glycoside Oligomers against TNBC,
we used other cell types and compounds in addition
to TSG. As shown in Fig. 6, a 20 pmol/L concentration
of Compound 1, Compound 2, Compound 3, Com-
pound 5, and Compound 6 all effectively inhibited
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Fig. 6 The antitumor activation of Compounds on TNBC cells
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the survival of TNBC cells, including MDA-MB-231,
MDA-MB-436, MDA-MB-453, HCC-1937, 4T1, and
BT20. These compounds also decreased the expres-
sion of Ki67 in these TNBC cells (Fig. 6A). In addi-
tion, treatment with a 20 umol/L concentration of
these compounds triggered ferroptosis in TNBC cells
by increasing MDA levels, lipid peroxidation, and ROS
levels in TNBC cells (Fig. 6B). Of these six compounds,
compound 1 exhibited the strongest activity, while
compound 5 had the weakest activity. These results
confirm that Polygonum multiflorum Stilbene Glyco-
side Oligomers exert antitumor effects against TNBC
cells.

Positive and negative controls in ferroptosis assays

of TNBC cells

The above results revealed the factor that TSG induced
the ferroptosis and inhibited the proliferation of TNBC
cells. To further confirm the effect of TSG on TNBC
cells, the experiments were conducted including the
positive control sorafenib (Fig. 7A and B) and negative
controls ferrostatin (Fig. 7C and D). As shown in Fig. 7,
compared with the control group, treatment of sora-
feinib (10 pumol/L) and TSG (10 pmol/L) increased the
lipid peroxidation levels in MDA-MB-231 cells, respec-
tively (Fig. 7A and B). TSG showed higher efficiency

lipid peroxidation

Relative level (%olds of control)
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compared with sorafenib (Fig. 7A and B). We also
found that addition of ferrostatin (10 umol/L) reversed
the effect of TSG on promoted lipid peroxidation accu-
mulation (Fig. 7C and D). These data demonstrated that
TSG induced the ferroptosis in MDA-MB-231 cells.
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The effect of TSG on P53/P21/SLC7A related mechanisms
As shown in Supplemental Fig. 1, the results indi-
cated that TSG increased the level of p53 and p21,
while reduced the level of SLC7A1 or GPX4 in MDA-
MB-436 cells. These data may reveal the clues of TSG’s
mechanism in TNBC.
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TSG exert GSH-depleting effect in a dose-dependent
manner

Effect of tSG on lipid peroxidation and antioxidant
enzyme activity was also examined. The results in Sup-
plemental Fig. 2 indicated that TSG exert GSH-depleting
effect in a dose-dependent manner. Combined with the
results that TSG reduced the level of GPX4 in a dose-
dependent manner (Supplemental Figure S1). These data
provided further insight into the mechanism by which
TSG induces ferroptosis.

Discussion

Of the three types of breast cancer, treatment strate-
gies for triple-negative breast cancer (TNBC) are the
most limited and patient prognosis remains unsatisfac-
tory [15]. In recent years, TNBC has been considered
to have heterogeneity and requires further subdivision,
while related diagnostic and therapeutic research has also
made continuous progress [16]. To better understand
and treat TNBC, it can be divided into different types
based on tissue features such as adenoid cystic carcinoma
(ACCQ), poorly differentiated squamous cell carcinoma
(NSCQ), fibroid tumor, and secretory triple negative breast
cancer [17, 18]. Additionally, genotyping can also be used
to distinguish TNBC, using various molecular markers
such as keratin, EGFR, and laminin. Further subdivi-
sion of TNBC includes basal like (BL1 and BL2) TNBC,
immunomodulatory (IM) TNBC, mesenchymal (M) -like
TNBC, mesenchymal stem-like (MSL) TNBC, and lumi-
nal androgen receptor (LAR) -type TNBC [19, 20]. The
traditional therapeutic strategies for TNBC are chemo-
therapy and neoadjuvant chemotherapy [21]. However,
the sensitivity of different subtypes to these treatments
varies. In addition to chemotherapy, there are other treat-
ment strategies that are effective only for specific types
of TNBC. For instance, olaparib is only effective against
TNBC with embryogenic BRCA mutations, and some
immune checkpoint inhibitors can be used for the treat-
ment of IM type TNBC [22]. This makes it essential to
develop a broad-spectrum treatment strategy that works
for all types of TNBC. In this study, active monomers of
Polygonum multiflorum, represented by TSG, showed
clear anti-tumor activity against various TNBC cells.
Ferroptosis is considered a type of progressive cell death
associated with cellular metabolism. Its primary feature
is the lethal accumulation of lipid peroxides linked to
numerous cellular physical processes related signaling
pathways (e.g., lipid metabolism and redox homeostasis).
Increasing evidence has revealed the roles of ferroptosis
in human neurodegenerative diseases, infections, inflam-
matory diseases, and malignancies [23, 24]. Interestingly,
TNBC cells have a unique metabolic state (the iron and
GSH homeostasis as the biochemical characteristics
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including the accumulation of intracellular iron ions or
lipid peroxides in TNBC cells) that makes them poten-
tially sensitive to ferroptosis [11]. Recently, inducing fer-
roptosis in tumor cells has become a potential strategy
for cancer therapy by modulating various tumor proper-
ties. Agents such as sulfasalazine, erastin, or RSL3 have
been used as antitumor drugs by inducing cellular ferrop-
tosis, which can also reduce cancer growth and resistance
[11]. Our results not only extended the knowledge of fer-
roptosis in TNBC, but also will provided novel approach
for TNNBC based on TSG and Polygonum multiflorum.

TSG (CyHyy00) is a unique active ingredient discov-
ered and extracted from PM in 1975, with various phar-
macological properties through modulating multiple
signaling transduction pathways such as NF-kB, PI3K-
AKT, ERK1/2, AMPK, Nrf2, Bcl-2/Bax/Caspase-3, ROS-
NO, TGFp/Smad, MAPK, and SIRT1 [1-5]. Although
diverse studies are conducted with renal and cardio-
vascular pathologies, these signaling pathways visual-
ize the molecular mechanisms of compounds such as
TSG. They are closely related to malignancy develop-
ment, progression, metastasis, invasion, or resistance to
anti-tumor therapeutic strategies, making it essential to
investigate the role of TSG in cancer. Among these path-
ways, PI3K-AKT, ERK1/2, and MAPK are positive regu-
lators of cancerous cells, closely related to poor patient
prognosis [25, 26]. The NF-kB pathway and Bcl-2/Bax/
Caspase-3 are key regulatory mechanisms for cellular
pro-survival and anti-apoptosis, crucial in anti-tumor
therapy resistance [27, 28]. Additionally, TGFB/Smads
pathway is capable of inducing cellular epithelial mesen-
chymal transition, closely related to fibrosis [29, 30]. In
this study, we reported the antitumor activity of TSG on
TNBC cells and specifically investigated the induction of
ferroptosis in these cells by TSG. The molecular mecha-
nism underlying TSG-induced ferroptosis in TNBC cells
is not clear and will be further explored in future studies.
Starting from the existing known possible signaling path-
ways of TSG is a feasible approach. Among these path-
ways, PI3K/AKT, ERK1/2, MAPK, NF-kB, TGFf/Smads
have all been reported to be associated with ferroptosis
[31-34]. It is of great significance to use inhibitors of
these pathways (such as LY294002, PD98059, SB431542,
BIBR796, and ZLDI8) to detect which signaling pathway
TSG may induce TNBC ferroptosis [35-40]. It is worth
mentioning that sorafenib is considered a positive drug
for inducing ferroptosis, and its mechanism of action is
to inhibit the activity of a series of receptor tyrosine pro-
tein kinases, as well as the activity of downstream PI3K/
AKT and MAPK pathways [41, 42]. This provides a refer-
ence for TSG related research.

Although TSG is a typical and important hesperi-
din analogue, this study used six different hesperidin
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analogues in total. The chemical structure nucleus shared
by all these compounds features glutamic acid as the core
component; each compound’s unique substituents are
added to this nucleus [1-5]. Compound 1 consists of two
glutamic acids, while Compound 2 adds an acetyl group
on top of glutamic acid. Compound 3 is simply a single
glutamic acid, whereas Compound 4 (TSG) features the
addition of an extra hydrogen atom to glutamic acid.
Compound 5 includes both methoxy and methyl groups
along with glutamic acid. Lastly, Compound 6 comprises
simply glutamic acid plus two additional hydrogen atoms.
We tested the anti-tumor activity of each compound at a
dose of 20 micromoles per liter on various TNBC cells,
assessing indicators such as cell survival and Ki67 expres-
sion. Additionally, ferroptosis was also examined using
this detection method. This panel can intuitively reflect
the overall activity of each compound, allowing for some
comparisons between them. Compound 1 showed higher
overall activity than the remaining five compounds,
whereas Compound 5 exhibited the weakest activ-
ity. We inferred that more hydroxyl groups substituted
on the parent nucleus contribute to enhanced activity
among these compounds. However, methyl or methoxy
groups can also impact the activity of these compounds.
Through structure—activity analysis, the hydrogen atom,
ethylene double bond, and phenolic hydroxyl group with
strong electrophilicity connected to the benzene ring are
the main effector groups in the components of stilbene
glycosides and their corresponding metabolites. Other
substituents on the benzene ring determine the strength
of the pharmacological effect of the component and give
it some effect characteristics. In addition, most of the
metabolites of stilbene glycosides retain the basic skele-
ton of the compound itself, which may result in a “super-
position effect” between a component and its metabolite,
that is, due to the fact that multiple chemical prototype
components and metabolites may be isomers, they will
produce an additive effect on the same target, equivalent
to the “superposition effect of multiple component single
targets”. Taking compound 3 as an example, the C5-OH
and C4’- OH groups on the benzene ring exhibit antioxi-
dant activity, and the glucosidic bond at position 2 in the
structure generates an electron donating effect, making
the phenoxide formed by C5’-OH more stable and facili-
tating the termination of free radical chain reactions,
enhancing antioxidant activity; However, C3’-OH has
weaker antioxidant activity due to the steric hindrance
effect of adjacent glycosides. Furthermore, stilbene gly-
cosides belong to natural polyphenolic compounds,
and their parent nucleus structure and the number and
position of active hydroxyl groups can affect their affin-
ity with metabolic enzymes, generating different types of
metabolites through different metabolic pathways. The
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substituents in the basic skeleton of this type of compo-
nent also determine the type of metabolic reaction that
occurs. For compound 3, the glucuronidation of the
hydroxyl group on the benzene ring is the main meta-
bolic reaction. Through metabolism, more polar groups
can be introduced into the prototype drug, which can
easily bind with endogenous components such as glu-
curonic acid, amino acids, and glutathione in the body,
generating highly polar and water-soluble metabolites,
and also increasing the activity of the prototype drug to a
certain extent. Further research will be conducted in the
future to delve deeper into their structure—activity rela-
tionships and identify optimal compound structures for
anti-tumor activity.

Conclusion

In summary, the results in the presence work identi-
fied the activation that TSG induce the ferroptosis and
inhibited the proliferation of TNBC cells. These pro-
vide a foundation for future research of TSG and TNBC
treatment.

Abbreviations
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ROS Reactive oxygen species

H&E Hematoxylin and eosin

Ki67 An indicator of cell proliferation
IM Immunomodulatory
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