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Abstract  Schizandrin A (Sch A) exert anticancer 
and multidrug resistance-reversing effects in a vari-
ety of tumors, but its effect on 5-fluorouracil (5-Fu) 
in gastric cancer (GC) cells remains unclear. The aim 
of the present study was to examine the resistance-
reversing effect of Schizandrin A and assess its mech-
anisms in 5-Fu-resistant GC cells.5-Fu-sensitive GC 
cells were treated with 5-Fu and 5-Fu-resistant GC 
cells AGS/5-Fu and SGC7901/5-Fu were were estab-
lished. These cells were stimulated with Schizandrin 
A alone or co-treated with 5-Fu and their effect on 

tumor cell growth, proliferation, migration, invasion 
and ferroptosis-related metabolism were investigated 
both in  vitro and in  vivo. A number of additional 
experiments were conducted in an attempt to eluci-
date the molecular mechanism of increased ferropto-
sis. The results of our study suggest that Schizandrin 
A in combination with 5-Fu might be useful in treat-
ing GC by reverse drug resistance. It was shown that 
Schizandrin A coadministration suppressed metas-
tasis and chemotherapy resistance in 5-Fu-resistant 
GC cells through facilitating the onset of ferroptosis, 
which is an iron-dependent form of cell death, which 
was further demonstrated in a xenograft nude mouse 
model. Mechanistically, Schizandrin A co-admin-
istration synergistically increased the expression of 
transferin receptor, thus iron accumulates within 
cells, leading to lipid peroxidation, which ultimately 
results in 5-Fu-resistant GC cells death. The results of 
this study have provided a novel strategy for increas-
ing GC chemosensitivity, indicating Schizandrin A as 
a novel ferroptosis regulator. Mechanistically, ferrop-
tosis is induced by Schizandrin A coadministration 
via increasing transferrin receptor expression.
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Introduction

There has been an increase in the incidence of gas-
tric cancer (GC) worldwide, a malignant tumor of 
the gastric mucosa. Because of its high lethality, GC 
ranks fourth in cancer-related deaths (Shi et al. 2018). 
Approximately 24,000 new cases of gastric cancer are 
diagnosed each year in the United States, and approx-
imately 700,000 cases are diagnosed worldwide 
according to statistics from the American Cancer 
Society (Giaquinto et  al. 2022). Although advances 
in diagnostic techniques, surgery, and neoadjuvant 
chemoradiotherapy have been made, however, due to 
the low penetration and compliance of gastroscopy 
screening, there are fewer GC patients diagnosed at 
an early stage, thus it is common for patients to be 
diagnosed with advanced GC at their first clinical 
appointmen, thereby missing the optimal therapeu-
tic window. There are very few patients who sur-
vive 5 years after surgery resection, even when they 
undergo surgical resection (Giaquinto et  al. 2022). 
Most patients with gastric cancer who undergo radi-
cal surgery often have recurrences and metastases 
after surgery, noth of these characteristics seriously 
affect the patient’s long-term survival. Chemoradio-
therapy administered postoperatively has been shown 
to significantly improve overall survival and disease-
free survival (Yildirim et al. 2023).

Postoperative treatment for GC consists mainly of 
chemotherapy, with 5-Fu and its derivatives being the 
cornerstones (Mahlberg et al. 2017). As the primary 
clinical therapeutic strategy to prolong survival and 
improve the quality of life for these patients, systemic 
5-Fu chemotherapy remains the primary option (Kim 
et al. 2022). As a result, it can reduce the recurrence 
rate and improve the quality of life of patients with 
GC after operation. However, patients with GC tend 
to develop drug resistance after being treated with 
5-Fu. Further research into GC molecular mecha-
nisms and cellular resistance is thus needed to iden-
tify new therapeutic targets and develop individual-
ized treatment strategies.

An iron-dependent form of cell death, known as 
ferroptosis, has received considerable research atten-
tion in the last few years. Ferroptosis is characterized 
by an accumulation of lipid reactive oxygen spe-
cies, condensed mitochondrial membrane densities, 
reduced mitochondrial cristae and unlike other types 
of regulated cell death (Li et  al. 2020). Ferroptosis 

plays an important role in regulating cell death, which 
is why it is thought to play a role in tumorigenesis 
(Stockwell et  al. 2017). In fact, a number of studies 
have demonstrated that ferroptosis plays a crucial role 
in tumor development and drug resistance including 
GC (Zhang et al. 2020). Inducing ferroptosis seems to 
provide a novel strategy for managing chemotherapy-
resistant GC.

It has been shown that novel therapeutic agents 
combined with chemotherapy prevents postopera-
tive recurrences of GC better than modern medicine 
alone. There is growing evidence showing that natu-
ral bioactive products can have significant beneficial 
effects in attenuating the side effects of chemothera-
peutic cancer treatment (Luo et al. 2019). A bioactive 
lignin compound isolated from Schisandra chinesne-
sis is Schizandrin A (Zhu et  al. 2021). Schizandrin 
A has been shown to possess a number of biological 
properties, including neuroprotective, hepatoprotec-
tive, anti-inflammatory, antitumor, and antioxidation 
properties (Fu et  al. 2022). In non-small cell lung 
cancer, Schizandrin A synergistic with gefitinib to 
enhances its efficacy (Xian et al. 2019). In the treat-
ment of esophageal cancer, Schizandrin A synergistic 
strategies have been employed (Su et al. 2017). These 
results suggest that Schizandrin A may also have 
synergistic antitumor effects in GC and the potential 
mechanisms involved in this synergy remain unclear. 
The purpose of this study was to determine whether 
Schizandrin A could overcome the resistance to 5-Fu 
in GC using GC cells resistant to the 5-Fu treatment.

Materials and methods

Cell culture

AGS and SGC7901 were purchased from Ameri-
can Type Culture Collection (Manassas, VA, USA). 
5-Fu resistant AGS and SGC7901 cells were gen-
erated by continuous exposure to increasing con-
centrations of 5-Fu (from 5 to 30  μg/ml) with 
repeated subcultures as previously described (Jiang 
et  al. 2019). A continuous exposure to 5-FU for 
one month resulted in the production of AGS/5-
Fu and SGC7901/5-Fu cells that were resistant to 
the 5-Fu. Cells were cultured in Dulbecco’s modi-
fied Eagle’s medium containing 10% fetal bovine 
serum (HyClone, Logan, UT, USA) and 100  IU/
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ml penicillin and streptomycin in a 5% CO2 incu-
bator at 37  °C. All cell lines used were tested and 
confirmed to be negative for mycoplasma. We pur-
chased Schizandrin A (purity 99%) from Wako Pure 
Chemical (Osaka, Japan). 10 μM Erastin (Era) and 
3  mM N-acetylcysteine (NAC) purchased from 
Thermo Fisher Scientific were used to treat cell as 
previously described (Wang et  al. 2020). Defer-
iprone (DFP, 10 μM) and 5-Fu were obtained from 
Sigma-Aldrich (Kuang et al. 2023).

Cell viability assay

Three thousand cells were seeded per well in 96-well 
plates. At indicated time points, cell viability was 
determined using CellTiter-Glo Luminescent Cell 
Viability Assay (Promega, Madison, WI, USA) 
and the absorbance was measured with a TECAN 
Infinite M200 plate reader (TECAN, Männedorf, 
Switzerland).

Transwell assays

Migration and invasion were analyzed using Tran-
swell assay. Cells were seeded into the upper chamber 
of the 24-well transwell insert (8 μl pores; precoated 
with Matrigel for invasion) in 200  μl serum-free 
medium. The lower chamber was added with 600 μl 
complete medium. After cultured for 24  h, the bot-
tom cells were fixed in methanol and stained with 
0.1% crystal violet, followed by photograph unsing an 
inverted microscope (Olympus, Japan).

Colony formation assay

Cells in the logarithmic phase were grouped and 
treated, and digested with trypsin. 1000 cells was 
evenly planted in a 6-well plate for routine culti-
vation, and a new culture medium was replaced 
every 3 days. After seven days, the 6-well plate was 
removed, and the cells were fixed with 4% paraform-
aldehyde for 20 min. PBS was used to clean the cells 
three times. After staining with 0.5% crystal violet for 
eight minutes, the cells were washed with water three 
times again and photographed by an electronic scan-
ner (Fuji Xerox, Tokyo, Japan).

Flow cytometry

After corresponding treatment, following washing, 
centrifugation, and resuspension in 1  ml of buffer, 
cell suspensions were collected. In accordance with 
the manufacturer’s instructions (Vazyme, Nanjing, 
China), Annexin V-FITC Apoptosis Detection kit 
was used to detect apoptotic cells.Using an FC500 
flow cytometer (Beckman-Coulter, Fullerton, CA, 
USA), Annexin-V FITC and PI fluorescence were 
monitored.

Lipid peroxidation and iron examination

Cellular malondialdehyde (MDA) was measured to 
determine lipid peroxidation. An MDA testing kit 
(Sigma-Aldrich, Cat #: MAK085) was used to deter-
mine the MDA content in cells. Iron concentration 
was determined by flame atomic absorption spec-
troscopy, as previously described (Citelli et al. 2015). 
The levels of intracellular Fe2 + were determined 
using FerroOrange (Dojindo, Japan) according to the 
manufacturers protocols.

Electron microscopy

Electron microscope was used to examine mito-
chondrial ultrastructure in treated cells as previously 
described (Sun et al. 2021). The collected cells were 
wash twice with pre-cooled PBS, and transfer them to 
a 1.5 mL centrifuge tube, centrifuge at 4 °C and 1000 
r/min for 15 min. Discard the supernatant and add 500 
first μ L glutaraldehyde (2.5%) for prefixed, and then 
fixed with 1% citric acid. After fixation, gradient eth-
anol dehydration was used, epoxy resin Epon812 was 
embedded, and semi thin sections were performed 
using LKB2 III ultrathin sectioning machine. After 
positioning, ultra thin sections were performed, and 
double staining was performed on the samples using 
uranium acetate dioxide and lead citrate. Finally, the 
JEM1200EX transmission electron microscope was 
used to observe, photograph, and record the ultras-
tructure of cells.

Xenograft mouse models

About 5 × 105 active SGC7901/5-Fu cells were sus-
pended in 200  μl PBS and subcutaneously injected 
into a group of seven nude mice, respectively. The 
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volume of tumor was detected every 5 days. The 5-Fu 
and/or Schizandrin A treatments were administered 
during the experiment (5-Fu, 1 mg/kg/day, i.p.; Schi-
zandrin A, 1 mg/kg/day, i.p.). A therapeutic period is 
defined as one day following the last dose and starting 
on the date of the first dose. After 15 days, the mice 
were sacrificed and xenografts were excised, weighed 
and took photos.

Western blot

The cell lysate was extracted by RIPA buffer contain-
ing Complete tablets (Roche, Basel, Switzerland) and 
phosphatase inhibitor (Sangon Biotech, Shanghai, 
China) on a shaker overnight. The PVDF membranes 
(Invitrogen) were incubated in the 5% BSA (Sangon 
Biotech) with the primary antibody overnight. The 
dilution of primary antibodies for blots were 1:1000. 
Protein bands were visualized using enhanced chemi-
luminescence detection kit (Thermo Scientific) and 
ChemiDoc Touch imaging system (Bio-Rad, Her-
cules, CA, USA). The raw data were processed by 
Image Lab software.

Immunohistochemistry

The xenografts were cut in small pieces to ensure fix 
entirely. After the sections were rehydrated as above 
mentioned, heat-induced antigen retrieval was per-
formed in sodium citrate for 15 min in 95  °C water 
bath, followed by 3% hydrogen peroxide and 5% BSA 
to block endogenous peroxidase activity and non-spe-
cific antigens. Next, the sections were incubated with 
primary antibody Tfrc (1:1000) at 4  °C overnight. 
The next day, the sections were incubated in HRP 
conjugated secondary antibodies. Subsequently, sec-
tions were visualized using DAB and co-stained with 
hematoxylin (Sangon Biotech), mounted with neutral 
gum and took photos by a bright field microscope.

qRT‑PCR

Lentiviral shRNA plasmids and lentiviruses were 
generated as previously described. The three target-
ing shRNAs were designed from Invitrogen or Sigma 
website. The empty FUGW-H1 vector was used as the 
control. Knockdown of Tfrc at transcript levels were 
determined by RT-qPCR. We chose the most efficient 
Tfrc-shRNA3 to experiment in  vitro. shRNAs used 

in our study are listed below: Tfrc-shRNA1, GAA​
CCG​ACA​TGG​GTA​GCA​ATT; Tfrc-shRNA2, ACA​
TGA​CCA​TGC​CCG​CAT​AAA; Tfrc-shRNA3, CCA​
AGT​CTG​TAT​TCA​GGA​TGG. Total RNAs were iso-
lated through TRIzol reagent (Invitrogen) and tran-
scribed into cDNA with a PrimeScript RT reagent Kit 
(Takara, China). Then qPCR was performed using 
SYBR Premix EX Taq™ II (Takara, Japan). The 
mRNA expressions were normalized to GAPDH. The 
following primers were used: Tfrc, forward: 5’-TTC​
TTG​CGA​CAT​CAG​CCC​AT-3’ and reverse: 5′-AAA​
GAA​CGG​AGC​AGC​CTC​TC-3′; GAPDH, forward: 
5′-GGA​GCG​AGA​TCC​CTC​CAA​AAT-3′ and reverse: 
5′- GGC​TGT​TGT​CAT​ACT​TCT​CATGG-3′.

Statistical analysis

GraphPad Prism 7.0 (GraphPad, CA, USA) was 
used to analyze results and perform the figures. Data 
were presented as means ± standard deviation (SD). 
Significant differences were analyzed using one-
way ANOVA. P < 0.05 was considered a significant 
difference.

Results

Schizandrin A improves sensitivity of gastric cancer 
cells to 5‑Fu and ferroptosis is implicated

The viability of 5-Fu resistant GC cells (AGS/5-Fu 
and SGC7901/5-Fu) cells was assessed by perform-
ing a cell viability assay with different concentrations 
of Schizandrin A. It was found that AGS/5-Fu and 
SGC7901/5-Fu cells exposed to low concentrations 
(0.1–5 μM) of Schizandrin A had no effect on the via-
bility of their cells (Fig. 1A, B). Whether Schizandrin 
A could enhance 5-Fu resistant GC cells sensitivity to 
5-Fu were further explored according to these data. 
A combined treatment with non-toxic Schizandrin A 
(5  μM) can effectively increase 5-Fu cytotoxicity in 
5-Fu resistant GC cells. In the following experiments, 
ferroptosis modulators were evaluated to determine 
whether ferroptosis play a vital role in increases 
AGS/5-Fu and SGC7901/5-Fu cell sensitivity to 
Schizandrin A plus 5-Fu-triggered cell death. While 
Erasin (an activator of ferroptosis) further enhanced 
Schizandrin A plus 5-Fu-triggered cell death, Defer-
iprone (DFP) and N-acetylcysteine (NAC) (two 
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inhibitor of ferroptosis) block the cell death caused by 
them (Fig. 1C, D). According to the results, Schizan-
drin A plus 5-Fu induces iron-dependent cell death in 
AGS/5-Fu and SGC7901/5-Fu cells.

The effect of Schizandrin A combined with 5‑Fu 
on the cell migration, invasion and proliferation of 
5‑Fu‑resistant gastirc cancer cells

Scratch and Transwell assays were applied to evalu-
ate Schizandrin A’s effects on migration and invasion 
suppression of 5-Fu-resistant GC cells in response 
to 5-Fu. In line with the previous results, we found 
that while Schizandrin A plus 5-Fu combination 
could effectively inhibit migration of AGS/5-Fu and 
SGC7901/5-Fu, and the addition of DFP block the 
synergistic effect of Schizandrin A/5-Fu treatment 
(Fig. 2A). The similar results were observed in tumor 
invasion test (Fig. 2B). To further identify effects of 
Schizandrin A on 5-Fu-induced growth suppression 
of 5-Fu-resistant GC cells, colony formation assays 
were conducted with AGS/5-Fu and SGC7901/5-Fu 
cells. Schizandrin A combined with 5-Fu could also 
significantly inhibit colony formation of AGS/5-Fu 

and SGC7901/5-Fu than Schizandrin A or 5-Fu 
alone did, however, addition of a ferroptosis blocker 
DFP significantly reverted this effect (Fig.  2C). It 
is thereby proposed that the ferroptosis is a possi-
ble mechanism for Schizandrin A/5-Fu synergistic 
effects.

Schizandrin A worked synergistically with 5‑Fu to 
promote ferroptosis in 5‑FU‑resistant GC cells

Our flow cytometry analysis revealed that Schizan-
drin A synergistically with 5-Fu could significantly 
increased cell death in AGS/5-Fu and SGC7901/5-
Fu cells, whereas iron chelator DFP inhibited it 
(Fig. 3A). In order to further understand the mech-
anism and role of Schizandrin A/5-Fu in ferropto-
sis, iron accumulation and lipid peroxidation were 
analyzed. Interestingly, the Schizandrin A synergis-
tically with 5-Fu increased the levels of intracellu-
lar lipid peroxidation levels (Fig.  3B). The results 
atomic absorption spectroscopy and FerroOrange 
immunofluorescence which reacts specifically with 
Fe2+ both showed that the levels of iron content 
are increased upon Schizandrin A synergistically 

Fig. 1   Schizandrin A 
enhances the sensitivity 
of gastric cancer cells to 
5-FU by promoting fer-
roptosis. A, B Effects of 
different concentrations of 
Schizandrin A on AGS/5-
Fu and SGC7901/5-Fu 
cell viability. C, D Effects 
of addition of ferroptosis 
modulators on AGS/5-Fu 
and SGC7901/5-Fu cell 
sensitivity to Schizandrin 
A plus 5-Fu-triggered 
cell death.***P < 0.001; 
**P < 0.01; *P < 0.05
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with 5-Fu. The above mention effects on Schizan-
drin A plus 5-Fu could also be reversed by DFP 
(Fig.  3C, D). Electron microscopy was used to 
analyze mitochondrial morphology qualitatively in 
SGC7901/5-Fu group cells. In the SGC7901/5-Fu 
group cells, TEM revealed typical ferroptosis ultra-
structural changes, including smaller mitochondria, 
diminished or vanished mitochondria crista, and 
condensed mitochondrial membrane densities. In 
contrast, the addition of DFP alleviated these abnor-
malities of mitochondrial morphology (Fig. 3E).

Schizandrin A worked synergistically with 5‑Fu 
to enhances the anticancer activity in vivo

To further investigate the effect of Schizandrin A 
synergistically with 5-Fu in counteracting 5-Fu 
resistance in GC growth in  vivo, we established the 
mouse model of GC induced by nude mice inocu-
lation experiment with SGC7901/5-Fu cells and 
drug administration with Schizandrin A synergisti-
cally with 5-Fu or their alone for 15 days. Compared 
with nontreated-Con mice, Schizandrin A or 5-Fu 

Fig. 2   Schizandrin A inhibited cell migration, invasion and 
proliferation in 5-Fu-resistant GC cells treated with DDP. 
A, B A transwell assay was performed to detect Schizandrin 
A’s effects on cell migration and invasion in AGS/5-Fu and 

SGC7901/5-Fu cells. Representative images are shown. C 
The sensitizing effects of Schizandrin A on AGS/5-Fu and 
SGC7901/5-Fu cells following 5-Fu treatment are demon-
strated in a colony formation assay.***P < 0.001; **P < 0.01
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administrated alone had little effect on tumor growth, 
however, the combination of these drugs inhibited 
tumor growth compared to each drug alone (Fig. 4A, 
B). Schizandrin A significantly enhanced the inhibi-
tory effects of 5-Fu on SGC7901/5-Fu cell prolifera-
tion in nude mice, which was highly consistent with 
our in  vitro results. As part of an investigation into 
lipid peroxidation, 4-HNE immunohistochemistry 
was conducted in the tumor tissues. Consistent with 
the results in vitro, the histological analysis indicated 
that combination treatment groups exhibited stronger 
immunoreactivity for 4-HNE (Fig. 4C). These results 
indicate that combination treatment significantly 
enhances ferroptosis and inhibits gastric carcinogen-
esis in vivo.

Combinative treatment of Schizandrin A and 
5‑Fu upregulates transferin receptor expression in 
5‑Fu‑resistant GC cells

Based on the increases in the content of iron upon 
co-treatment, the expression of genes involved in iron 
absorption was examined to determine whether it was 
achieved normal-iron status through upregulation of 
iron absorption. Then, we collected Schizandrin A 
and/or 5-Fu treated AGS/5-Fu and SGC7901/5-Fu 
cells to detect the expression of transferin receptor 
by western blot and immunohistochemical staining, 
and the results showed that combinative treatment of 
Schizandrin A and 5-Fu enhance the expression of 
transferin receptor (Fig. 5A, B). Animal experiments 
also showed that the in vivo tumor transferin receptor 
expression was promoted by combinative treatment 
(Fig. 5C). Taken together, these findings strongly sug-
gested that transferin receptor contributed to the fer-
roptosis-mediated growth inhibition in AGS/5-Fu and 
SGC7901/5-Fu cells.

Schizandrin A sensitizes 5‑Fu‑resistant GC cells 
to ferroptosis by prompting transferin receptor 
expression.

We next investigate whether combinative treatment 
of Schizandrin A and 5-Fu mediated GC growth inhi-
bition and susceptibility to 5-Fu through transferin 
receptor. To test this, we knocked down transferin 
receptor with shRNA-expressing lentivirus which 
stably expressing the control shRNA or Tfrc shRNA. 
An RT-qPCR assay was then used to determine the 

recombinant lentivirus’s expression efficiency. As 
shown in Fig. 6A, knockdown of transferin receptor 
with shRNA3 markedly decreased the levels of trans-
ferin receptor in AGS/5-Fu and SGC7901/5-Fu cells. 
Consistent with our expectation, the inhibition of cell 
growth, cell migration and cell invasion by the com-
bination treatment was reversed by the application of 
the transferin receptor knockdown (Fig.  6B–D). In 
addition, ferroptosis indicators, the levels of intra-
cellular ferrous iron and lipid peroxidation, were 
restored in the AGS/5-Fu and SGC7901/5-Fu cells 
upon transferin receptor suppression (Fig.  6E, F). 
Taken together, these data highlight that combinative 
treatment of Schizandrin Ais sensitive to 5-Fu-resist-
ant GC cells by inducing ferroptosis and promoting 
transferin receptor expression.

Discussion

Despite the fact that 5-Fu-based chemotherapy sig-
nificantly prolonged life expectancy for patients, 
resistance to 5-Fu is a major obstacle to treatment 
success. Because 5-Fu is an important first-line 
chemotherapeutic agent for GC, we selected it as the 
positive drug in our study. It is possible to improve 
the anti-tumor activity of 5-Fu and to reduce drug 
resistance by utilizing some optimizing strategies, 
including 5-Fu-based combination therapies. In the 
present study, we found that Schizandrin A plus 5-Fu 
inhibited the proliferation and increased apoptosis 
in 5-Fu-resistant GC cells, enhances the synthesis 
of transferrin receptors, revealing for the first time a 
mechanism of ferroptosis-mediated tumor drug resist-
ance inhibition.

The 5-Fu resistant GC cells used in this study were 
constructed using the previously described method 
and the preliminary toxicity of Schizandrin A on 
these cells was tested (Jiang et al. 2019). The inhibi-
tion of gastric cancer cell growth by the use of non-
toxic Schizandrin A alone and 5-Fu in combination 
is the first exciting discovery in this study. This is the 
first report on the role of Schizandrin A in regulat-
ing gastric cancer chemotherapy resistance. In order 
to verify the mechanism of ferroptosis in this syner-
gistic inhibitory effect, we administered activators 
and inhibitors of ferroptosis after synergistic admin-
istration, and observed the impact of intervention on 
this synergistic effect from both positive and negative 
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perspectives. As an activator of ferroptosis, Erastin 
has been found to induce ferroptosis in gastric cancer 
cells (Yang et al. 2020), and our experimental results 
replicate this conclusion. Among two chosen ferrop-
tosis inhibitors, one is iron chelating agent and the 
other is redox regulatory compound. We found that 
both strategies can effectively resist tumor growth 
inhibition caused by synergistic effects, and iron 
chelating agent shows potential better effects. This is 
the basis for choosing DFP as an intervention drug in 
our subsequent experiments.

Our results show that synergistic drugs can 
effectively inhibit tumor growth, providing evi-
dence for the feasibility of early clinical inter-
vention. Tumor metastasis refers to the pro-
cess of tumor cells separating from the primary 
site and ultimately colonizing distant organs, 
which is an important cause of cancer recur-
rence related death (Bakir et  al. 2020). Liang 
et  al. have shown that the migration and inva-
sion ability are enhanced after GC cells develop 
5-Fu resistance (Liang et  al. 2022). The syner-
gistic use of the two drugs significantly inhibits 
the migration and invasion of GC cells, which 
provides theoretical feasibility for hindering the 
metastasis of GC after surgery. The above effects 
can all be blocked by the iron chelating drug 
DFP has further sparked our interest in exploring 
the mechanisms related to iron metabolism. As a 
crucial trace element in the biological world, the 
stable concentration and balanced distribution of 
iron ensure that the intracellular iron content is 
nontoxic (Park and Chung 2019). When influ-
enced by various factors such as abnormal lipid 
oxidation, intracellular iron becomes the key to 

inducing ferroptosis, which was first proposed 
by Dixon in 2012 (Dixon et al. 2012). Our results 
show that synergistic therapy increases intracel-
lular iron content and lipid peroxidation, and 
causes ferroptosis characteristic changes in mito-
chondrial. These evidences further confirm the 
inducing effect of synergistic therapy on induc-
ing ferroptosis in 5-Fu-resistant cells.

Recent researches had identified multiple fer-
roptosis-related molecular mechanisms involved in 
drug resistance in GC. Fu et al. found that upregula-
tion of ATF3 significantly enhanced the inhibitory 
effect of Erastin and RSL3 on GC cells exposed 
to cisplatin, thus enhance the sensitivity of GC 
cells to cisplatin by inducing ferroptosis (Fu et  al. 
2021). The STAT3-ferroptosis negative regulatory 
axis could also suppresses tumor growth and alle-
viates chemoresistance in gastric cancer (Ouyang 
et al. 2022). It is also worth noting that Sorafenib-
induced GC chemoresistance can be reversed by 
overexpressing GPX4 or activating Keap1/Nrf2 to 
induce ferroptosis (Cai et  al. 2021). These studies 
all demonstrate that regulating ferroptosis may be 
an effective strategy for targeting drug-resistant GC 
cells, thereby enhancing their sensitivity to chemo-
therapy drugs. Our study found that the synergis-
tic effect of Schizandrin A and 5-Fu increased the 
expression of transferrin receptor responsible for 
iron absorption, which is an unreported way to reg-
ulate ferroptosis in GC. These results suggest that 
different cancers and chemotherapy drugs may have 
their own potential ferroptosis-related molecular 
therapeutic targets. Future research on drug resist-
ance mechanisms still needs to further clarify the 
potential regulatory roles of different ferroptosis 
molecules, in order to improve understanding of 
this field and provide a basis for the development of 
related adjuvant drugs.

In summary, through the above experiments, we 
have preliminarily identified the mechanism of the 
combination of two drugs to overcome 5-Fu resist-
ance in GC. Schizandrin A combined with 5-Fu may 
induce upregulation of transferrin receptor expres-
sion, promote the excessive accumulation of intracel-
lular iron content and lipid peroxidation levels, and 
ultimately induce ferroptosis in 5-Fu resistant GC 
cells, thereby overcoming 5-Fu resistance.

Fig. 3   Schizandrin A enhances the sensitivity of gastric can-
cer cells to 5-FU by promoting ferroptosis. A PI-Annexin V 
double staining followed by flow cytometry was used to assess 
AGS/5-Fu and SGC7901/5-Fu cell death. B MDA, a metabo-
lite produced by lipid peroxidation, was used to measure lipid 
peroxidation on AGS/5-Fu and SGC7901/5-Fu cells. C Assays 
of cellular iron content in AGS/5-Fu and SGC7901/5-Fu cells 
were conducted by atomic absorption spectrometry. D Typical 
images of the fluorescent FerroOrange probe showing intracel-
lular Fe2+ levels in AGS/5-Fu and SGC7901/5-Fu cells. Scale 
bar, 1  μm. E Electron microscopy was used to observe the 
ultrastructural changes of the mitochondria. Scale bar, 200 μm. 
***P < 0.001; **P < 0.01; *P < 0.05
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Fig. 4   Schizandrin A 
enhances the sensitivity of 
gastric cancer cells to 5-FU 
by promoting ferroptosis 
in vivo. A A representative 
subcutaneous xenograft 
tumor 15 days after inocula-
tion. B The tumor growth 
curves for all treatment 
groups are presented. C The 
expressions of 4-HNE were 
determined by immunohis-
tochemical staining.Scale 
bar, 50 μm. ***P < 0.001

Fig. 5   Combinative treatment of Schizandrin A and 5-Fu 
promoting transferin receptor expression. A The protein lev-
els of transferin receptor were detected in AGS/5-Fu and 
SGC7901/5-Fu cells combinative treatment of Schizandrin A 
and 5-Fu. B SGC7901/5-Fu cells were fluorescently immu-

nostained for DAPI (blue) and transferin receptor (red). Scale 
bar, 20  μm. C The expressions of transferin receptor were 
determined by immunohistochemical staining in nude mice 
tumor tissue. Scale bar, 50 μm. ***P < 0.001
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