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Abstract
Background Cisplatin (DDP) is the �rst-in-class drug for advanced and non-targetable non-small cell lung
cancer (NSCLC). Recent study indicates that DDP could slightly induce non apoptotic cell death
ferroptosis, and the cytotoxicity was promoted by ferroptosis inducer. The agents enhancing ferroptosis
level therefore may increase anticancer effect of DDP. Several lines of evidence support the usage of
phytochemicals in therapy of NSCLC. Ginkgetin, a bio�avonoid derived from Ginkgo biloba leaves,
showed anti-cancer effect on NSCLC both in vitro and in vivo, which could strongly trigger autophagy.
Ferroptosis can be triggered by autophagy, and which regulates redox homeostasis. Thus, we aim to
elucidate the possible role of ferroptosis induction in accounting for synergy of ginkgetin with DDP in
cancer therapy.

Methods Ginkgetin promoted DDP-induced anticancer effect was observed via cytotoxicity assay and
western blot. Ferroptosis triggered by ginkgetin in DDP treated NSCLC was observed via lipid peroxidation
assay, labile iron pool assay, western blot, and QPCR. With ferroptosis blocking, the contribution of
ferroptosis on ginkgetin + DDP induced cytotoxicity, Nrf2/HO-1 axis and apoptosis were determined via
luciferase assay, immunostaining, chromatin immunoprecipitation (CHIP), and �ow cytometry. The role of
ferroptosis in ginkgetin + DDP treated NSCLC cells was illustrated by the application of ferroptosis
inhibitor, which was further demonstrated in xenograft nude mice model.

Results Ginkgetin synergized cisplatin in cytotoxicity in NSCLC cells, which concomitant with increased
labile iron pool and lipid peroxidation: both these processes were the key characteristics of ferroptosis.
The induction of ferroptosis, mediated by ginkgetin, was further con�rmed by decline expressions of
SLC7A11, GPX4 and GSH/GSSG ratio. In parallel, ginkgetin disrupted redox hemeostasis in DDP-treated
cells, demonstrated by the enhanced ROS formation and inactivation on Nrf2/HO-1 axis. Ginkgetin also
enhanced DDP-induced mitochondrial membrane potential (MMP) loss and apoptosis in cultured NSCLC
cells. Furthermore, blocking ferroptosis reversed the gingketin-induced inactivation on Nrf2/HO-1, as well
as the elevation on ROS formation, MMP loss and apoptosis in DDP-treated NSCLC cells.

Conclusion This study �rstly reported that ginkgetin promoted DDP-induced anticancer effect, which
could be accounted by induction of ferroptosis.

Background
Lung cancer is the leading cause of cancer-related death throughout the word. The global incidents of
lung cancer ranked �rst in 2018 among all types of cancer1. The mortality and incidents are climbing up
quickly in recent years. In china, the mortality and incidents were much higher than other regions2, the
mortality is expecting to increase by ~ 40% during 2015–20301. Non-small lung cancer (NSCLC) is the
most common type of lung cancer, which account for more than 80% of total lung cancers. For NSCLC
treatment, immunotherapy usually have low response rate. While target therapy is highly dependent on
oncogenic mutation, which accounts for small percentage of total NSCLC. Thus, cisplatin (DDP), a
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platinum-based chemotherapeutic drug, is still a standard treatment for non-targetable NSCLC, especially
for EGFR wild type NSCLC patients, as well as the patients in advanced stage. Combined drug therapy is
a promising strategy to treat NSCLC, especial for those classic chemo-therapeutic drugs. DDP usually
combined with other chemo-drugs in treating NSCLC. However, patients with advanced stage of cancer, or
poor overall health, might not tolerate the unexpected side effects, as induced by combination of chemo-
drugs3. Therefore, the focus has shifted to a combination of phytochemicals with DDP, as to increase the
therapeutic effect or to eliminate side-effects. Extensive studies demonstrated that phytochemicals could
enhance the sensitivity of DDP without overlapping toxicity4. The DDP resistance is resulted from
increase of apoptosis resistance and redox homeostasis resetting: these are two key processes involving
therapeutic e�cacy of DDP. Thus, phytochemicals trigger non-apoptotic cell death or disrupt the redox
homeostasis resetting could be effective in enhancing chemosensitivity of DDP, as well as in preventing
emergence of resistance.

Ferroptosis is a mode of non-apoptotic cell death, which triggers cell death via iron-dependent lipid
peroxidation5. Recent study demonstrated that ferroptosis is a novel anticancer action for DDP6. Erastin,
a classic ferroptosis inducer, induces ferroptosis via system Xc− inhibition, and which has been shown to
synergize with DDP in promoting cytotoxicity in different types of tumor, especially in NSCLC6–8. The
drug resistance to DDP occurs via apoptotic evasion, and therefore ferroptosis is being considered as a
new therapeutic way in promoting the e�cacy of DDP.

The heart of ferroptosis is lipid peroxidation and iron accumulation. Ferroptosis is driven by lipid
peroxidation, which typically triggers via suppression on solute carrier family 7 member 11 (SLC7A11)
and glutathione peroxidase 4 (GPX4). SLC7A11 is a cystine-glutamate anti-porter. The reduction of
SLC7A11 expression leads to cystine depletion, glutathione (GSH) shortage and consequent lipid
peroxidation elevation9. GPX4, a key inhibitor on lipid-peroxidation, oxidizes GSH to glutathione disul�de
(GSSG). Repressing GPX4 compromised the capability in neutralizing lipid peroxidation via GSH10. In
balancing iron, transferrin and Solute Carrier Family 40 Member 1 (SLC40A1) are crucial to maintain
intracellular iron concentration. Transferrin imports iron into cells; while SLC40A1 exports iron from
cells11. Thus, the increase on transferrin and decrease on SLC40A1 could cause intracellular iron
accumulation. Cancer cells are usually adapting to iron and under persistent oxidative stress. To protect
from ferroptosis-induced cell death, cancer cells can promote their antioxidant systems5. For instance,
nuclear factor erythroid 2–related factor 2 (Nrf2), a master antioxidant regulatory transcription factor,
prevents ferroptosis-induced cell death via upregulating antioxidant enzymes12. For instance, heme
oxygenase-1 (HO-1), a key antioxidant enzyme, contains multiple number of antioxidant response
element (ARE) on its promoter region13. In line to this notion, cancer cell having mutations in Nrf2 is able
to increase transcription of antioxidant genes. The induction of ferroptosis through SLC7A11 and GPX4
could be mitigated via Nrf2/HO-1 activation via lipid oxidation elimination. Therefore, phytochemicals
having suppression of Nrf2/HO-1 antioxidant system could be effective in promoting ferroptosis.
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Ginkgetin, a bio�avonoid derived from Ginkgo biloba leaves, has been proposed in treating colorectal14,
lung15 and breast cancer16. By drug screening platform, ginkgetin was identi�ed to have better synergistic
effect with DDP in inducing cytotoxicity on NSCLC. We previously reported that ginkgetin induced
autophagy, and apoptosis inhibitors could not reverse ginkgetin induced cytotoxicity15. Considering
autophagy induction has been proposed to degrade key factors of ferroptosis in cancer cells, which
thereafter could trigger ferroptosis17,18. Thus, it is intriguingly to elucidate the possible role of ferroptosis
induction in accounting for ginkgetin-induced promotion on anticancer effect of DDP in NSCLC.

Materials And Methods
Cell lines, reagents and antibodies

A549 cell line was obtained from the American Tissue and Cell Collection (ATCC, Manassas, VA). NCI-
H460 and SPC-A-1 cell lines were kindly gifted by Dr. William Dai in The Hong Kong Polytechnic
University. Ginkgetin (>98% purity) was obtained from Chengdu Must Bio-technology Ltd. (Chengdu,
China). Annexin V-FITC Apoptosis Detection Kit was purchased from BD Biosciences (San Jose, CA).
fumarate, sulforaphane, desferoxamine and deferiprone were purchased from MedChemExpress
(Monmouth Junction, NJ). Cisplatin (DDP), 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl-imidacarbocyanine
iodide (JC-1) and 2′,7′-dichloro�uorescin diacetate (DCFH-DA) were obtained from Sigma-Aldrich (St.
Louis, MO). Calcein-acetoxymethyl ester (CA-AM) was purchased from Shanghai Yisheng Biotechnology
Co. (Shanghai, China). BODIPY™ 581/591 C11 was obtained from Thermo Fisher Scienti�c (Waltham,
MA). The culture medium and FBS was obtained from Invitrogen Technologies (Carlsbad, CA). The
plasmid pARE-Luc was obtained from Promega Corporation (Madison, WI). The antibodies were obtained
from the following sources: Nrf2, HO-1, GPX4, and transferrin were purchased from Abcam (Cambridge,
UK); α-tubulin from Sigma-Aldrich (St. Louis, MO); cleaved-PARP, cleaved-caspase 3, cleaved-caspase 7,
cleaved-caspase 9, SLC7A11, SLC40A1, horseradish peroxidase (HRP)-conjugated goat anti-rabbit
antibody, HRP-conjugated goat anti-mouse antibody and Alexa Fluor 555-conjugated goat anti-rabbit
antibody were from Cell Signalling Technology (Danvers, MA).

 

Cell viability assay

Cell viability assay was conducted as previously described19. In brief, cells were seeded in 96-well plates,
after drug treatment, MTT reagent was added (5 mg/µL, 20 µL/well), incubation for 4 hours. After
removing the medium, formazan was dissolved in DMSO (200 µL/well), shacking for 15 min, before the
reading by spectrophotometric absorbance at 570 nm.

 

Apoptosis detection
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Cells were treated with ginkgetin, DDP and ginkgetin + DDP. The apoptosis rates of untreated and treated
cells were detected by Annexin V-FITC Apoptosis Detection Kit, as previously described19. Both �oating
and adherent cells were collected and wash 3 times by PBS. Cells were stained with Annexin V and PI for
15 min in dark, and detected apoptosis via �ow cytometry with the acquisition criteria of 10,000 events
for each sample.

Total ROS and MMP measurement

The measurement of total ROS and MMP were conducted as previously described20. For total ROS
detection, 15 μM DCFH-DA was added in culture medium without FBS for 0.5 hour. After washing cells
twice with PBS, cells were collected and analyzed by �ow cytometry (Exc=488 nm, Em=530 ± 30). For
MMP measurement, cells were stained with JC-1 for 30 min, then washed twice with PBS before analysis.
Both JC-1 monomers (Exc=488 nm, Em=530 ± 30) and aggregates were detected (Exc=561 nm, Em=582
± 25). Each sample met the acquisition criteria of 10,000 events, and the results were analyzed with
Flowjo v7.6 software.

Lipid peroxidation measurement

C11-BODIPY (10 μM) was added to drug treated and untreated cells for 0.5 hour, then cells were collected
by trypsin. Oxidation of the polyunsaturated butadienyl portion of C11-BODIPY resulted in a shift of the
�uorescence emission peak from ∼590 nm to ∼510 nm. Cells were analyzed using �ow cytometry
(Exc=488 nm, Em=510) after washing twice with PBS, and the results were analyzed with Flowjo v7.6
software.

 

Measurement of labile iron pool (LIP)

Drug treated and untreated cells were collected and washed 2 times with PBS. Then, cells were loaded
with CA-AM (0.25 μM) at the density of 0.5 × 106/ml for 15 min. After washing twice with PBS, cells were
incubated with iron chelator deferiprone (100 μM) for 1 hour or untreated. Measurement was conducted
using �uorescence microplate reader (Exc=488 nm, Em=525). The amount of LIP was re�ected via
difference on mean �uorescence of each sample with or without deferiprone.

 

RNA isolation and real-time PCR

RNAzol RT reagent was used to extract total RNAs, which reversed into cDNAs using HiScript®II One Step
qRT-PCR Kit (Vazyme, Shanghai, China) according to the manufacturer’s instruction. In brief, collected
cells were lysed with RNAzol RT reagent. RNA was separated by adding RNase-free ddH2O to lysate, after
centrifuging, the aqueous layer was collected. RNA was precipitated and washed by ethanol. After
removing ethanol, RNA was dried and re-suspended in RNase-free ddH2O. The concentration of RNA was
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quanti�ed by spectrometry. Next, 1 µg RNA was diluted to 12 µL by RNase-free ddH2O, and 4 µL 4 × gDNA

wiper Mix was added, mixed and incubated at 42 oC for 2 min. After adding 4 µL 5 × HiScript III qRT
SuperMix, reverse transcription was conducted at 37 oC for 15 min, and stopped at 85 ℃ for 5 sec. The
following primers were used: 5’-CCA GGC AGA GAA TGC TGA GTT C-3’ (S) and 5’-AAG ACT GGG CTC TCC
TTG TTG C-3’ (AS) for HO-1; 5’-TCC TGC TTT GGC TCC ATG AAC G-3’ (S) and 5’-AGA GGA GTG TGC TTG
CGG ACA T-3’ (AS) for SLC7A11; 5’-ACA AGA ACG GCT GCG TGG TGA A-3’ (S) and 5’-GCC ACA CAC TTG
TGG AGC TAG A-3’ (AS) for GPX4; 5’-GAG ACA AGT CCT GAA TCT GTG CC-3’ (S) and 5’-TTC TTG CAG
CAA CTG TGT CAC AG-3’ (AS) for SLC40A1; and 5’-AAC GGA TTT GGC CGT ATT GG-3’ (S) and 5’-CTT
CCC GTT CAG CTC TGG G-3’ (AS) for GAPDH. Real-time PCR was performed using SYBR Green Master
mix (Vazyme) by Bio-Rad qPCR system (Bio-Rad, Hercules, CA). The data were normalized to amount of
GAPDH housekeeping genes.

 

Western blot analysis

Western blot was conducted as described20. Brie�y, cells were lysed, and their protein concentrations were
measured using Bradford method. SDS-PAGE was used to separate the protein in each sample. Proteins
were transferred from gel to membrane. Then, the membrane was blocked and incubated with indicated
primary antibodies. The blots were rinsed before probed with secondary antibodies. The reactive bands
were visualized by ECL and calibrated by Chemidoc Imaging System (Bio-Rad).

 

Immuno�uorescence

Cultured A549 cells were seeded on coverslips. Ginkgetin, DDP and ginkgetin + DDP were added for 48
hours. Cells were �xed with 4% formaldehyde after rinsing twice with PBS. Specimens were blocked (1X
PBS/5% BSA/0.3% Triton™ X-100) for 1 hour. Then, primary antibody was incubated overnight at 4°C.
Then, cells were rinsed 3 times, and probed with Alexa Fluor 555-conjugated goat anti-rabbit secondary
antibody for 2 hours. After rinsing, coverslips were mounted to slide by Prolong® Gold Antifade Reagent
with DAPI (CST, Danvers, MA). Images were taken by FV3000 Confocal Laser Scanning (Olympus,
Japan). To analyse nuclear translocation of HO-1, the co-localization coe�cients were calculated using
Olympus Fluoview FV31S-DT Software.

 

Chromatin immunoprecipitation

Chromatin immunoprecipitation was performed using ChIP kit (Abcam, Cambridge, UK). In brief, the
proteins were cross-linked to DNA by formaldehyde for 15 min at room temperature. Glycine was added
to quench the formaldehyde at �nal concentration of 125 mM. Cells were washed by ice-cold PBS for 3
times, then resuspended in lysis buffer. The cross-linked lysate was sonicated to shear DNA to an average
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fragment size of 200-800 bp, then centrifuged and transferred the supernatant for immunoprecipitation.
The sonicated chromatin (100 μg) was incubated with anti-Nrf2 antibody, or IgG, or H3 antibody overnight
at 4 °C with rotation. DNA puri�cation was carried out according to the manufacturer's instructions. Then,
HO-1 DNA was ampli�ed for 45 cycles of PCR with the following primers: 5′- TCA ATA GGC GAT CAG CAA
GGG -3′ (S) and 5′- TGG AAT GCG TGG GAC ACT C -3′ (AS).

 

Luciferase assay

Luciferase assay was conducted as previously described20. In brief, drug treated and untreated cells were
washed and lysed. The supernatant was collected and then analysed using a commercial kit (Thermo
Fisher Scienti�c).

 

Amino acids detection

Culture A549 cells were treated with ginkgetin, DDP and ginkgetin + DDP for 48 hours. Then, cultured cells
at least 107 cells for each group was collected. Two hundred µL precipitant (methanol: acetone: water =
2:2:1) was added to each sample, followed by sonication at 4 oC for 10 min. Samples were stayed at -20
oC for 2 hours. Then, the supernatant was lyophilized, and resolved in 160 µL methanol. The levels of
glutamate and cystine were detected by Sciex 5500 LC-MS/MS. Data were analysed by MultiQuant
software (SCIEX, Framingham, MA)

 

GSH/GSSG assay     

Cultured A549 cells were treated with ginkgetin, DDP and ginkgetin + DDP for 48 hours. The intracellular
level of GSH and GSSG were performed by GSH and GSSG Assay Kit (Beyotime, Shanghai, China),
according to the protocol given by manufacturer. Brie�y, cells were collected and lysed, then centrifuged
at 10,000 × g for 10 min. The supernatant was mixed with GSH assay buffer, GSH reductase, 5,5′-dithio-
bis 2-nitrobenzoic acid solution and incubated at 25 °C for 5 min, then NADPH was added. The
absorbance at 412 nm was measured by microplate reader. The concentration of total glutathione, or
GSSG, was calculated via standard curve, and GSH level was calculated as: GSH = (total glutathione-
GSSG) × 2. The ratio of GSH/GSSG was calculated as [GSH]/[GSSG].

 

Xenograft nude mice model

https://www.google.com.hk/search?safe=strict&hl=zh-CN&q=lyophilized&spell=1&sa=X&ved=2ahUKEwj2wIO4xvDnAhUPZd8KHRywAZUQkeECKAB6BAgRECY
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The establishment of xenograft nude mouse model and ginkgetin preparation were conducted as
previously described15. Brie�y, when tumours on transplanted nude mice reached around 100 mm3, the
mice were randomized divided into eight groups: control, ginkgetin, DDP, ginkgetin + DDP, UAMC 3203,
ginkgetin + UAMC 3203, DDP + UAMC 3203, ginkgetin + DDP + UAMC 3203. Both DDP (3 mg/kg) and
ginkgetin (30 mg/kg) were administered by intraperitoneal injection, with 2 - 3 times per week and once
per day, respectively. UAMC 3203 (10 mg/kg) was administered 5 days/week by intraperitoneally
injection. Tumour size and body weight were measured 3 times per week. After dosing 31 days, the nude
mice were sacri�ced, and tumours were removed and weighed. Animal experiments were performed in
accordance with National Institutes of Health Guide for Care and Use of Laboratory Animals, approved by
Hangzhou Hibio Experimental Animal Ethics Committee (Permit Number: HB201510024-B).

 

Statistical analysis

Statistical analysis conducted by using one-way analysis of variance. Statistically signi�cant changes
were classi�ed as signi�cant (*) where p < 0.05, more signi�cant (**) where p < 0.01 and highly
signi�cant (***) where p < 0.001, as compared with control or indicated group.

Results
Ginkgetin promotes DDP-induced cytotoxicity

Ginkgetin, a bi�avonoid from Ginkgo biloba leaves, exhibited cytotoxicity in cultured A549 cells15. Here,
ginkgetin was combined with DDP at various concentrations in applying onto cultured A549 cells.
Majority of combinations (ginkgetin + DDP) signi�cantly increased the cytotoxicity, as compared with
single usage of DDP or ginkgetin (Fig. 1A). The combination index indicated that ginkgetin at 5 µM,
together with different concentrations of DDP, showed the lower CI value, suggesting a better synergy
(Fig. 1B). The synergistic effect of GK at 5 µM with DDP were also demonstrated in NCI-H460 and SPC-A-
1 NSCLC cells (Fig. S1A&B). All these three NSCLC lines are EGFR wild type, which are not sensitive to
target therapy, but more suitable for DDP treatment. Among these combinations, the mixture of ginkgetin
and DDP (both at 5 µM) showed the relative lower CI value, and the lowest CI value at 0.5005 was
observed in A549 cell line (Fig. 1B&C, S1B). To reveal pharmacodynamic interaction of ginkgetin and DDP
on A549, a response surface �tting was constructed. As expected, the combination of ginkgetin and DDP,
both at 5 µM each, was located on the highest region of dose–response surface, further con�rmed that
this combination having better anti-cancer function (Fig. 1D). This combination ratio was chosen for
further mechanistic study.

Ginkgetin induces ferroptosis in DDP-treated cells

Previous study demonstrated ginkgetin induces autophagic cell death15, However, this phenomenon was
not further promoted in ginkgetin + DDP treated cells. As ferroptosis is considered to be a consequent
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event after autophagy in recent year17,18. Thus, we hypothesis ferroptosis might be triggered in this
combination. The two key characteristics of ferroptosis are lipid peroxidation and intracellular-free iron21.
C11‐BODIPY581/591 could be used as a lipid peroxidation probe in mammalian cells22. Free iron levels
could be measured via labile iron pool (LIP), stained by CA-AM17. Thus, C11‐BODIPY581/591 and CA-AM
were employed here to observe lipid peroxidation and LIP, respectively. DDP did not alter the levels of lipid
peroxidation and LIP in A549 cells; while ginkgetin signi�cantly increased the levels to~2.6 and ~2.4
folds respectively (Fig. 2A&B). The combination of ginkgetin + DDP further increased the levels of lipid
peroxidation and LIP to ~3.3 and ~7.1 folds, respectively (Fig. 2A&B). The enhancement of LIP was more
robust than that of lipid peroxidation in ginkgetin + DDP-treated cells. Ginkgetin induced promotion on
lipid peroxidation and LIP were also observed in DDP-treated NCI-H460 and SPC-A-1 cells (Fig. S2A&B).

 

SLC7A11 and GPX4 are main targets for ferroptosis induction. Thus, we revealed expressions of
SLC7A11 and GPX4 at transcriptional and post-transcriptional level after the treatment of combined
drugs. There were no signi�cant changes on SLC7A11 and GPX4 mRNAs after the combined drug
treatment in cultured A549 cells (Fig. 2C). In contrast to mRNA level, the protein amounts of SLC7A11 and
GPX4 were markedly decreased in application of ginkgetin + DDP in A549, NCI-H460 and SPC-A-1 cells
(Fig. 2D, S2C). These phenomena suggested the role of ginkgetin in increasing protein degradation of
SLC7A11 and GPX4 in DDP-treated NSCLC cells. To further demonstrate the ferroptosis induction, we
determined another key factor involving in iron accumulation during ferroptosis, i.e. SLC40A1 and
transferrin. SLC40A1 is the sole iron exporter in mammalian cells, as well as a downstream target of
Nrf223; while transferrin imports iron to cell24. In the cultures, DDP sharply increased the mRNA and
protein levels of SLC40A1 (Fig. 2E&D). Gingketin alone did not change the mRNA level of SLC40A1;
however, which could reverse the DDP-induced elevation on mRNA (Fig. 2E), as well as protein level (Fig.
2D). For the case of transferrin, DDP slightly increased the protein amount in A549 cells (Fig. 2D), while
have no obvious change on NCI-H460 and SPC-A-1 cells (Fig. S2C). Ginkgetin combine with DDP sharply
increased transferrin expression in all these three NSCLC cells (Fig. 2D, S2C). The decreased SLC40A1
and increased transferrin might account for LIP elevation in combination treatment.

 

The inhibition on SLC7A11 triggers ferroptosis via cystine/glutamate transport. The reduction of
SLC7A11 is expected to decrease glutamate release and cystine uptake. In accordance with this notion,
we measured the levels of cystine and glutamate in drug treated A549 cells. The intracellular cystine was
signi�cantly decreased, accompanied with notably increased glutamate level, after the treatment of
ginkgetin (Fig. 2F). No signi�cant change of glutamate was observed in DDP-treated cells; while the
cystine level was notably increased, which might contribute to the increased antioxidant activity. The
combined treatment sharply reversed DDP-induced elevation on cystine, and signi�cantly increased
glutamate level, as compared to control (Fig. 2F). These results indicated that the anti-porter function of
SLC7A11 was partially reversed after application of ginkgetin in DDP-treated A549 cells.
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GSH is synthesized from cystine and eliminates lipid ROS via GPX4. As the decline of cystine and GPX4
were observed here after the combined drug treatment, thus the intracellular GSH level was determined.
As expected, GSH amount was signi�cantly decreased by ginkgetin. However, the GSH amount was
increased after application of DDP, which might be due to the redox resetting via antioxidant system. The
combined drug treatment sharply reversed DDP-induced increase on GSH (Fig. 2G). GSH is highly reactive
with lipid ROS to generate glutathione disul�de (GSSG), and the reduced ratio of GSH/GSSG is
considered to be a marker of oxidative stress. Ginkgetin + DDP application sharply decreased the ratio of
GSH/GSSG (Fig. 2H), indicating elevation of oxidative stress. All these data illustrated above indicated
that ferroptosis was being triggered in the drug combination.

 

Ginkgetin downregulates Nrf2/HO-1 axis in DDP-treated NSCLC cells

Ferroptosis could be downregulated by famous antioxidant system Nrf2/HO-1 via neutralized on
oxidative stress, which responsible for the compromised anticancer function of DDP25,26. Our previous
study has demonstrated ginkgetin could reduce Nrf2 activation, thus we hypothesis that it could
downregulate elevated activity on Nrf2/HO-1 axis induced by DDP. Here, neither ginkgetin nor DDP could
change the expression of Nrf2, which however was sharply reduced in treatment of ginkgetin + DDP in
A549, NCI-H460 and SPC-A-1 cells (Fig. 3A, S3A&B). DDP slightly increased the expression of HO-1 in
A549 cells (Fig. 3A), there are no signi�cant change in NCI-H460 and SPC-A-1 cells (Fig. S3A&B); while
ginkgetin robustly deceased the amount of HO-1 in all these three NSCLC cells (Fig. 3A, S3A&B). Activated
Nrf2 binds to ARE and upregulates transcription of HO-1. To detect the effect of ginkgetin + DDP on ARE-
mediated transcriptional activity, a luciferase reporter pARE-Luc was applied. This construct contained
four repeats of antioxidant response element (ARE) and a luciferase reporter gene luc2P. In pARE-Luc-
expressed A549 cells, DDP activated ARE-mediated transcription by ~3 folds; while ginkgetin did not
show activation on ARE-mediated transcription (Fig. 3B). Application of ginkgetin in DDP-treated A549
cells largely reversed DDP-induced activation on ARE-mediated transcription, i.e. counter acting the
induction by DDP (Fig. 3B). CHIP assay was applied to identify the binding of Nrf2 to HO-1 promoter. DDP
sharply increased the binding of Nrf2 to HO-1 promotor by over 40 folds (Fig. 3C). Ginkgetin alone
showed no signi�cant change on this binding. As expected, ginkgetin sharply reduced DDP-induced
elevation on the binding of Nrf2 to HO-1 promoter (Fig. 3C). Binding of Nrf2 to HO-1 promoter is leading
to transcription of HO-1. In cultured A549 cells, DDP increased the mRNA expression of HO-1 (Fig. 3D).
The application of ginkgetin signi�cantly reversed DDP-induced upregulation of HO-1 mRNA expression
(Fig. 3D). In consistent, this mRNA regulation was in line to protein level, ginkgetin reversed the DDP-
induced HO-1 protein expression (Fig. 3A). These results indicated that DDP could promote the
antioxidant system Nrf2/HO-1 to cope with ferroptosis induced oxidative stress, which could be reversed
by ginkgetin.
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The antioxidant activity, induced by Nrf2, is further enhanced by nuclear translocation of HO-127. Thus,
the change on HO-1 nuclear translocation in ginkgetin, DDP and ginkgetin + DDP-treated A549 cells was
revealed by immunostaining. The �uorescence intensity of HO-1 was observed both in cytosol and
nucleus. In control group, the �uorescence was mainly located in cytosol, and a faint signal was observed
in nucleus, as demonstrated by co-localization of DAPI signal. Application of DDP notably increased the
HO-1 �uorescence intensity in nucleus; however, ginkgetin decreased signi�cantly nuclear expression of
HO-1 and sharply reversed DDP-induced HO-1 nuclear translocation (Fig. 3E&F). This result further
con�rmed that ginkgetin could reverse DDP-induced activation on Nrf2/HO-1 axis, which contribute to the
mitigation on antioxidant effect in ginkgetin + DDP treated NSCLC cells.

Ferroptosis inhibition reversed ginkgetin induced promotion on cytotoxicity of DDP

To further observe the role of ferroptosis in ginkgetin + DDP induced anticancer function. Ferroptosis
inhibitors UAMC 3203 and DFO were applied. Here, both UAMC 3203 and DFO markedly reversed
ginkgetin + DDP induced cytotoxicity in cultured A549, NCI-H460 and SPC-A-1 NSCLC cells (Fig. 4A,
S4A&B). However, the Nrf2 activators DMF and SFN could not reverse ginkgetin + DDP induced
cytotoxicity in all three NSCLC cells (Fig. 4B, S4A&B). The upregulation of DMF and SFN on Nrf2 was
demonstrated by western blot, that the amount of Nrf2 were signi�cantly increased by DMF and SFN in
ginkgetin + DDP treated A549 cells (Fig.S4C). These phenomena indicated that the Nrf2 is not the nodal
for ginkgetin + DDP induced cytotoxicity.

 

UAMC 3203 is a novel ferroptosis inhibitor. The reverse effect of UAMC 3203 in ginkgetin + DDP induced
cytotoxicity was much obvious than DFO (Fig. 4A, S4A&B), which might be due to its better activity on
ferroptosis suppression. Thus, we use UAMC 3203 for further observation. To con�rm the ferroptosis
suppression, the key markers lipid peroxidation, LIP, SLC7A11 and GPX4, were determined in A549
cultures. The application of UAMC 3203 moderately reversed ginkgetin-induced elevation on lipid
peroxidation (Fig. 4C&D) and LIP (Fig. 4F), and this effect was much obvious in the scenario of ginkgetin
+ DDP (Fig. 4C, D&F). In parallel, UAMC 3203 reversed gingketin + DDP mediated decline of SLC7A11;
while the reverse effect on GPX4 was identi�ed in cultures being treated with gingketin or gingketin + DDP
(Fig. 4E). These results indicated that ferroptosis, induced by ginkgetin + DDP, was blocked by UAMC
3203.

 

Considering ferroptosis induction could directly or indirectly downregulated GPX4, leading lipid
peroxidation. To con�rm the role of ferroptosis in ginkgetin + DDP induced cytotoxicity. We overexpressed
GPX4 in A549 cells, the upregulated expression of GPX4 was con�rmed by western blot in ginkgetin +
DDP treated cells (Fig. 4G). To our respective, the cytotoxicity was notably decreased after GPX4
overexpression (Fig. 4H), concomitant with the downregulation on lipid peroxidation (Fig. 4I), and LIP
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(Fig. 4J). This result further elucidated that ferroptosis contributes to ginkgetin + DDP induced
cytotoxicity.

 

Ferroptosis suppression mitigated attenuation on Nrf2/HO-1 activation and ROS promotion induced by
ginkgetin

Redox homeostasis is governed by the balance of antioxidant system and ROS formation. The
downregulation on antioxidant system Nrf2/HO-1 induced by ginkgetin in DDP treated NSCLC has driven
us to found if ROS was further increased to disrupt the redox homeostasis. In cultured NSCLC cells, DDP-
induced ROS formation, and which was sharply promoted by ginkgetin in A549, NCI-H460 and SPC-A-1
cells (Fig. 5A&B, S5A). However, blocking ROS formation via N-acetylcysteine failed to reverse ginkgetin +
DDP induced cytotoxicity (Fig. S5B).

 

Since ferroptosis inhibitors, not Nrf2 activators, could largely reversed ginkgetin + DDP induced
cytotoxicity. In addition, the unchanged mRNA level of SCL7A11 and GPX4 partial indicated that these
two ferroptosis genes were not transcriptionally regulated by Nrf2. Thus, we hypothesis that Nrf2/HO-1
antioxidant inactivation and ROS enhancement could be a consequent event of ferroptosis. Here,
application of UAMC 3203 sharply rescued gingketin + DDP induced decline of Nrf2 (Fig. 5C), as well as
ARE-mediated transcription activity (Fig. 5D). In addition, UAMC 3203 application reversed the ginkgetin +
DDP suppressed expressions of mRNA and protein of HO-1 (Fig. 5G&C). Consistent with this, ginkgetin +
DDP induced ROS increasement was sharply reversed by the application of UAMC 3203 in A549, NCI-
H460 and SPC-A-1 cells (Fig. 5H, S5C). These results indicated that ferroptosis suppression mitigated
attenuation on Nrf2/HO-1 activation and promotion on ROS formation induced by ginkgetin in DDP
treated NSCLC cells.

 

Ginkgetin promoted DDP-induced apoptosis was alleviated via ferroptosis suppression

ROS elevation induced by ginkgetin in DDP-treated cells might result in increasing cell sensitivity to ROS.
One consequent event of ROS elevation is the loss of mitochondria membrane potential (MMP). Here, we
demonstrated that ginkgetin notably increased the MMP loss in DDP-treated A549 cells (Fig. 5E&F). MMP
loss could lead to activation on caspase-9, consequently activate caspase-3, -7, leading apoptosis. As
apoptosis is the key mechanism for DDP-induced anticancer effect. Thus, we observed if apoptosis was
increased after ferroptosis induction. Here, we found that DDP at 5 µM slightly increased the apoptosis
rate at ~15%: while ginkgetin at 5 µM induced apoptosis at ~30% (Fig. 6A&B). The combined DDP and
ginkgetin sharply increased the apoptosis rate to over 50%, which was con�rmed by increased apoptotic
markers, i.e. cleaved-caspase 3, cleaved-caspase 7 and cleaved caspase 9, as revealed by western
blotting (Fig. 6C&D).
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Intriguingly, blocking apoptosis via Q-VD-Oph could statistically signi�cantly reversed DDP-induced
apoptosis, but could not reverse ginkgetin induced promotion on DDP-induced cytotoxicity (Fig. 6E).
While ferroptosis suppression signi�cantly reversed apoptosis in ginkgetin+DDP treated cells (Fig. 6F).
Consistent with this, ferroptosis suppression attenuated ginkgetin + DDP induced MMP loss (Fig. 5I),
characterized with the sharply increase on the mean FITC �uorescence and decline on PerCP-Cy5-5
�uorescence (Fig. 5J), which indicated the reduced MMP loss. These results indicated that ferroptosis
might contribute to ginkgetin induced promotion on DDP triggered apoptosis.

Ginkgetin enhanced anticancer effect of DDP is compromised by ferroptosis suppression in xenograft
nude mice model

To further con�rm the ginkgetin induced promotion on anticancer function of DDP, we applied A549
xenograft nude mice model. After the treatment of 31 days, the mean body weight of DDP treated group
signi�cantly declined; while ginkgetin group showed no signi�cant change, as compared with control
mice (Fig. 7A). Combined administration of ginkgetin + DDP signi�cantly increased the mean body
weight since day 25, as compared with DDP group (Fig. 7A), which might indicate that ginkgetin
treatment could relieve DDP-induced toxicity. The mean tumor volumes in DDP, ginkgetin, and ginkgetin +
DDP group were decreased: the best reduction was revealed in the combined administration group (Fig.
7B). When combined with UAMC 3203 administration, the mean tumor volume was not statistically
signi�cantly changed in control group, as well as in DDP group. Ginkgetin group showed moderately
increase on mean tumor volume in the presence of UAMC 3203. However, a notably increase was
identi�ed in ginkgetin + DDP group after UAMC 3203 treatment (Fig. 7B). Consistent with the change on
tumor volume, the mean tumor weight was smallest in ginkgetin + DDP group (Fig. 7C&D). UAMC
treatment statistically signi�cantly reversed the tumor shrink in ginkgetin group, however, the reversed
effect was more robustly in ginkgetin + DDP group (Fig. 7C&D).These results consistent with in vitro
study in supporting the notion that ginkgetin induced promotion on anticancer effect of DDP in NSCLC
could be mediated by ferroptosis.

Discussion
DDP combines with phytochemicals is a promising strategy to enhance its anticancer effect in NSCLC. In
this study, we revealed the synergistic effect of gingketin with DDP on cytotoxicity in EGFR wild type
NSCLC. The synergy of combined drugs was further con�rmed in animal study. Apoptosis resistance and
redox resetting are key factors in accounting for failure of DDP therapy, and therefore the strategy in
triggering non-apoptotic cell death and disruption on redox balance could be promising methods to
enhance anticancer function of DDP. Here, ferroptosis, a non-apoptotic cell death, was robustly triggered
by gingketin application in DDP treated EGFR wild type NSCLC cells, concomitant by inactivation on
Nrf2/HO-1 axis and promotion on total ROS formation. In addition, DDP-induced MMP loss and
apoptosis were robustly ampli�ed under ginkgetin application. Furthermore, the suppression on
ferroptosis could diminish the synergy of gingketin + DDP, as well as reverse the inactivation on Nrf2/HO-
1, ROS enhancement, MMP loss and apoptosis. This is the �rst time to demonstrate that ferroptosis
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could account for increased therapeutic effect of DDP induced by ginkgetin both in vitro and in vivo
systems.

Ferroptosis is dependent on iron and characterized by lipid peroxidation, which could ultimately cause
oxidative cell death28. Recent report has suggested that autophagy could trigger ferroptosis, and some of
them believed that ferroptosis is a part of autophagy process5. In line to this notion, ginkgetin, which
robustly triggers autophagy, could has potential effect on ferroptosis induction.

Ferroptosis induced by direct or directly suppression on GPX4 to decline GSH-medicated antioxidant
activity, contributing to elevation on lipid peroxidation. GPX4 is a selenoenzyme, catalyzing GSH to GSSG,
as to neutralize production of lipid peroxidation. As GPX4 is the most functional selenoenzymes in
reducing esteri�ed lipid hydroperoxide, its reduction notably increases lipid peroxidation29. SLC7A11 is a
cystine/glutamate antiporter. Suppression on SLC7A11 could induce autophagy via activation on
lysosomal-associated membrane protein 2a, which in turn degrades GPX430. In addition, SLC7A11
inactivation leads to reduced intracellular concentration of cystine and increased the glutamate level.
Cystine is an essential substrate for GSH synthesis; while the reduction of cystine leads to decline of
GSH. This could disrupt the equilibrium of antioxidant system and thereafter enhance lipid
peroxidation31,32. Consistent with this theory, expression of SLC7A11 and GPX4 expression, GSH level,
and GSH/GSSG ratio, were sharply decreased, which might contribute to robustly increase on lipid
peroxidation in combined drug treatment. Furthermore, SLC40A1 and transferrin contribute to export and
import of iron, respectively. The decreased SLC40A1 and increased transferrin were observed here, which
contributed to elevation of LIP (Fig. 8). Thus, the phenomena illustrated here indicated that ferroptosis
was triggered by gingketin + DDP application.

The crucial role of ferroptosis on anticancer effect of ginkgetin + DDP combination was further
demonstrated by the ferroptosis inhibition. Blocking ferroptosis signi�cantly reverse ginkgetin + DDP
induced anticancer effect both in vitro and in vivo. Intriguingly, the ferroptosis key factors SLC7A11,
GPX4, and SLC40A1 are all transcriptionally regulated by Nrf2. However, only the mRNA expression of
SLC40A1 was signi�cantly changed. In addition, ferroptosis blocking could largely reverse Ginkgetin + 
DDP induced decrease on Nrf2. The inhibition on Nrf2 could not signi�cantly rescued ginkgetin + DDP
induced cytotoxicity. These phenomena might be due to the promoted degradation on SLC7A11 and
GPX4, which evoked ferroptosis, consequently downregulated Nrf2 mediated suppression on SLC40A1,
�nally increase the transcriptional and post-transcriptional level of SLC40A1. Our previously study has
demonstrated that ginkgetin induces autophagy via p62. The decline of p62 could downregulate Nrf2, we
do �nd the decline on p62 in drug combination (Fig. S6), however, the detailed mechanism needs to be
further studied.

Nrf2 is a master regular on antioxidant and detoxi�cation, which is responsible for ferroptosis resistance
via binding to ARE of its downstream genes33. Among these, HO-1 has most abundant sites for ARE on
its promoter region13. Suppression on HO-1 could promote ferroptosis via its multiple functions: (i)
alleviate ROS formation via suppression on its anti-oxidant activity34; (ii) Stabilize nuclear Nrf2 via its



Page 15/29

nuclear translocation in enzymatically inactive form35; (iii) decrease the capture on redox-active to
increase LIP36. Thus, inactivation Nrf2/HO-1 axis could contribute to the ferroptosis promotion.
Consistent with this notion, the application of gingketin in DDP-treated cells decreased Nrf2 expression,
attenuated DDP-induced increase on binding of Nrf2 to HO-1 promote region, as well as the expression
and nuclear translocation of HO-1. These phenomena indicated ginkgetin attenuated DDP-induced
Nrf2/HO-1 activation, which could in turn increase LIP and ROS formation, further promote ferroptosis,
and the consequent redox homeostasis disruption in ginkgetin + DDP treated NSCLC cells.

LIP consists of Free ferrous iron (Fe2+) in the cytosol. The promoted LIP level discovered here could
contribute to elevated Fe2+, promote ROS formation11. Excess ROS generated by iron might promote
redox homeostasis resetting to the development of a tumor. ROS plays a central role in DDP-induced anti-
cancer effect. Cancer cells can evade DDP-induced ROS formation via redox homeostasis resetting. To
this regard, persistent ROS elevation contributes to an adaptive response of cancer cells, leading them to
survive under high ROS level. Here, we found DDP sharply increased ARE-mediated activity, i.e. binding of
Nrf2 onto HO-1 promoter. Supporting this notion, the ARE-mediated activity was much robust in DDP-
resistance cells (Fig. S7). In addition, GSH/GSSG, a system also contribute to the antioxidant, was
upregulated after DDP application. These lines of evidence indicated that DDP could trigger a resetting on
redox homeostasis, as to cope with increased ROS level in A549 cells. Here, the DDP-induced redox
homeostasis resetting could be disrupted by ginkgetin, which was demonstrated by the sharply promoted
ROS formation, Nrf2/HO-1 inactivation and GSH/GSSG downregulation in DDP-treated NSCLC cells.

When the ROS level over threshold, MMP loss could be triggered via opening permeability of
mitochondria 37. This further causes cytochrome c release and caspase-9 activation38, which
subsequently accelerate the activation of caspase-3 and 7, �nally triggering apoptosis39. Consistent with
this notion, increases of MMP loss, activated caspase-9,7,3 and apoptosis rate were found in ginkgetin + 
DDP-treated NSCLC cells. This phenomenon indicated that apoptosis was also promoted.

However, blocking Nrf2, ROS formation and apoptosis did not compromise gingketin-induced promotion
on DDP-induced cytotoxicity. While pharmaceutical and genetic suppression on ferroptosis compromised
ginkgetin induced promotion on cytotoxicity. In addition, ginkgetin induced promotion on ROS formation,
MMP loss and apoptosis in DDP-treated NSCLC cells were all reversed by ferroptosis inhibition. These
phenomena indicated the crucial role of ferroptosis in ginkgetin + DDP induced anticancer effect.
Ferroptosis induction might at early stage in ginkgetin + DDP induced cytotoxicity. The application of
ginkgetin on DDP-treated NSCLC cells �rstly triggered ferroptosis cascade, i.e. SLC7A11 and GPX4
suppression, leading to mitigation on antioxidant activity of GSH/GSSG and Nrf2/HO-1 axis, which
contribute to redox homeostasis disruption, �nally enhanced DDP-induced cell death (Fig. 8).

Conclusions
In short, ferroptosis contributes to the increased cytotoxicity induced by ginkgetin in DDP-treated EGFR
wild type NSCLC. Several studies reported the bene�ts for combination of ferroptosis and apoptosis
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inducers on cancer treatment. This phenomenon was con�rmed by our study that ginkgetin-induced
ferroptosis and DDP-induced apoptosis were both ampli�ed under the drug combination.
Notwithstanding, how ferroptosis promote apoptosis, what contributes to the downregulation of
SLC7A11, GPX4, and how ferroptosis promotion downregulate Nrf2/HO-1 in ginkgetin + DDP treated cells
are needed to be further elucidated. As the overall survival rate of NSCLC is still needed to be improved,
the current discovery could be a promising strategy for NSCLC treatment.
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Figures

Figure 1

Synergistic effect of ginkgetin and DDP in A549 cells. (A): Cells were seeded in 96-well plates (3 X 103
cells/well). Different concentrations of DDP (1.25, 2.5, 5, 10, 20 µM) with or without various concentration
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of ginkgetin (1.25, 2.5, 5, 10 µM) were added for 48 hours. Values are in percentage of cell growth
inhibition. (B): Combination Index (CI) of 20 combinations were calculated using CompuSyn software. CI
values <1, =1 and >1 indicate synergism, additive effect and antagonism, respectively. (C): The IC50 value
of ginkgetin (5 µM), DDP (5 µM), and ginkgetin + DDP (5 µM+5 µM) on A549 cells. (D): Dose–response
surface was �tted by MATLAB to determine interaction between ginkgetin and DDP. Each point represents
the mean ± SEM, n = 3. *p < 0.05, **p < 0.01. GK: ginkgetin.

Figure 2
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Ginkgetin induces ferroptosis in DDP-treated A549 cells (A): Cultured A549 cells were treated with
ginkgetin (5 µM), DDP (5 µM), and ginkgetin + DDP (5 µM+5 µM) for 48 hours. Cells were stained with
BODIPY™ 581/591 C11 (10 μM) for 30 min, the level of lipid peroxidation was detected by �ow cytometry.
(B): Cells were treated as in (A), then CA-AM was added to cells at the �nal concentration of 0.25 µM,
followed by adding iron chelator deferiprone (100 μM) for 1 hour or left untreated. The mean �uorescence
was detected �uorescence microplate reader (Exc=488 nm, Em=525 nm). The amount of LIP was
re�ected via difference on mean �uorescence of each sample with or without deferiprone. (C): Cells were
treated as in (A), The mRNA expression of SLC7A11, GPX4 were detected by qPCR. (D): Cells were treated
as in (A), the protein expression of GPX4, SLC7A11, SLC40A1 and transferrin were detected by western
blot. (E) Cells were treated as in (A), The mRNA expression of SLC40A1 were detected by qPCR. (F): Cells
were treated as in (A), then collect and lysed, the amount of glutamate and cystine were detected by LC-
MS. (G & H): Cells were treated as in (A), the levels of GSH and GSSG were measured by GSH and GSSG
Assay kit. Values are in fold of change (X Basal) to control (no drug treatment). Each point represents the
mean ± SEM, n = 3. *p < 0.05, **p < 0.01. GK: ginkgetin.
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Figure 3

Ginkgetin reverses DDP-induced elevation on Nrf2/HO-1 antioxidant system. (A): Culture A549 cells were
treated with ginkgetin (5 µM), DDP (5 µM), and ginkgetin + DDP (5 µM+5 µM) for 48 hours. The protein
expressions of Nrf2 and HO-1 were analyzed by western blot. (B): A549 cells were seeded in 6-well plates,
pARE-Luc was transfected for 4 hours, then drug treatments were same as in (A), pARE-Luc activity was
detected by luciferase assay. (C): Drug treatment was applied as in (A), chromatin was sheared and
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incubated with either anti-Nrf2 antibody, IgG, or H3 antibody. Puri�ed DNA was analyzed by quantitative
real-time qPCR. The expression of each sample was presented as a percent of the total input chromatin.
(D): Cells were treated as in (A), The amount of mRNA encoding HO-1 was determined by real-time PCR.
Values are in fold of change (X Basal) to control (no drug treatment). (E): The localization of HO-1 (red
�uorescence) in nuclei (blue �uorescence) was observed by immuno�uorescence. Bar = 20 μm. (F): Co-
localization coe�cients were calculated by the co-localizing pixel for HO-1 relative to the total number of
pixels for the nuclei using Olympus Fluoview FV31S-DT Software. Each point represents the mean ± SEM,
n = 3. *p < 0.05. GK: ginkgetin.
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Figure 4

Blocking ferroptosis reversed ginkgetin+DDP induced cytotoxicity (A&B): Cultured A549 cells were seeded
in 96-well plate, ginkgetin (5 µM), DDP (5 µM), and ginkgetin + DDP (5 µM+5 µM). A: with or without
UAMC 3203 (25 nM), or DFO (200 µM); B: with or without DMF (100 nM), or SFN (10 µM) were added for
48 hours. Cell viability was detected by MTT assay. Values are in percentage of cell growth inhibition. (C):
Cells were treated with ginkgetin (5 µM), DDP (5 µM), and ginkgetin + DDP (5 µM+5 µM) with or without
UAMC 3203 (25 nM) for 48 hours, and stained with BODIPY™ 581/591 C11 (10 μM) for 30 min. The level
of lipid peroxidation was detected by �ow cytometry. (D): Quantitation on mean �uorescence was
calibrated from (C). (E): Cells were treated as in (C), the protein expressions of SLC7A11, GPX4 were
detected by western blot. (F): Cells were treated as in (C), then CA-AM was added to cells at the �nal
concentration of 0.25 µM, followed by adding iron chelator deferiprone (100 μM) for 1 hour or left
untreated. The mean �uorescence was detected �uorescence microplate reader (Exc=488 nm, Em=525
nm). The amount of LIP was re�ected via difference on mean �uorescence of each sample with or
without deferiprone. (G): Cultured A549 cells were transfected with either vector and pNIC28-Bsa4-GPX4
plasmids, then treated with or without ginkgetin + DDP (5 µM+5 µM) for 48 h, the expression of GPX4
were detected by western blot. (H): Cells were transfected and treated as in (G), MTT assay were
conducted as in Fig.1A. (I): Cells were transfected and treated as in (G), lipid peroxidation was detected as
in (C). (J): Cells were transfected and treated as in (G), LIP assay was conducted as in (F). Each point
represents the mean ± SEM, n = 3. *p < 0.05, **p < 0.01. C: control; GK: ginkgetin.
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Figure 5

Ferroptosis inhibition mitigates ginkgetin induced Nrf2/HO-1 inactivation, ROS increase and MMP loss in
DDP-treated A549 cells. (A): Cultured A549 cells were treated with ginkgetin (5 µM), DDP (5 µM), and
ginkgetin + DDP (5 µM+5 µM) for 48 h. Cells were stained with DCFH-DA (15 μM) for 30 min. The ROS
formation were detected by �ow cytometry. (B): Quantitation on mean �uorescence was calibrated from
(A). (C): Cells were treated with ginkgetin (5 µM), DDP (5 µM), and ginkgetin + DDP (5 µM+5 µM) with or
without UAMC 3203 (25 nM) for 48 hours, the protein expressions of Nrf2, HO-1 were detected by western
blot. (D): In pARE-Luc transfected cells for 4 hours, the cells were treated as in (C). pARE-Luc activity was
detected by luciferase assay. (E): Cells were treated as in (A) and stained with JC-1 (2 μM) for 30 min.
MMP was detected by �ow cytometry. (F): The MMP loss was calibrated from (C). values are in fold of
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change (X Basal) to control (no drug treatment). (G): Cells were treated as in (C), the mRNA level of HO-1
was detected by qPCR. Values are in fold of change (X Basal) to control (no drug treatment). (H): Cells
were treated with ginkgetin + DDP (5 µM+5 µM) in the presence and absence of UAMC 3203 (25 nM),
then stained with DCFH-DA (15 μM) for 30 min. The ROS formation were detected by �ow cytometry. (I):
Cells were treated as in (H) and stained with JC-1 (2 μM) for 30 min. MMP was detected by �ow
cytometry. (J): The histogram overlay in half offset format to reveal the mean �uorescence of FTIC and
PerCP-Cy5-5 channel calibrate from (I). Each point represents the mean ± SEM, n = 3. *p < 0.05, **p <
0.01. GK: ginkgetin.

Figure 6

Ginkgetin enhances DDP-induced apoptosis in A549 cells and alleviate by ferroptosis inhibition. (A):
Cultured A549 cells were treated with ginkgetin (5 µM), DDP (5 µM), and ginkgetin +DDP (5 µM+5 µM) for
48 hours. Cell were stained with Annexin V and PI and analyzed by �ow cytometry. Q2 quadrant in the top
right represents late apoptotic cells, Q3 in the left bottom quadrant represents viable cell population, Q4 in
the right bottom represents early apoptotic cells. (B): Determination of apoptotic rates, as calibrated from
(A). Values are in percentage of apoptotic cell number. (C): Western blot analyses of cleaved-PARP,
cleaved caspase-3, -7, -9. Expression of -tubulin served as a control. (D): Semi-quantitation of cleaved-
PARP, cleaved caspase-3, -7, -9, as calibrated from (C). Values are in fold of change (X Basal) to control
(no drug treatment). (E): ginkgetin (5 µM), DDP (5 µM), and ginkgetin + DDP (5 µM+5 µM), with or without
Q-VD-Oph (20 µM) were added. Cell viability was detected by MTT assay. Values are in percentage of cell
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growth inhibition. (F): Cells were treated with ginkgetin + DDP (5 µM+5 µM) in the presence and absence
of UAMC 3203 (25 nM), apoptosis analysis was conducted as in (A). Each point represents the mean ±
SEM, n = 3. *p < 0.05, **p < 0.01. GK: ginkgetin.

Figure 7

The enhanced anticancer effect of DDP induced by ginkgetin was reversed by UAMC 3203 in NSCLC
xenograft nude mice model. A549 lung cancer cells were subcutaneously implanted in the �ank of nude
mice. The tumors were allowed to grow at ~100 mm3 and randomly divided into 8 groups: control,
ginkgetin, DDP, ginkgetin + DDP, UAMC3203, ginkgetin + UAMC 3203, DDP + UAMC3203, ginkgetin + DDP
+ UAMC 3203. Thereafter, DDP (3 mg/kg), ginkgetin (30 mg/kg), ginkgetin (30 mg/kg) +DDP (3 mg/kg) in
the absence, or presence of UAMC 3203 (10 mg/kg), were administered. (A): The body weight was
checked 2-3 times per week over a period of 32 days. (B): The mean tumor volume in each group after
drug treatment. (C): Tumors excised out of the mice at day 32. (D): Mean tumor weight in each group at
the end of treatment. Data represents Mean ± SEM, n = 6. *p <0.05. C: control; GK: ginkgetin.
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Figure 8

The schematic diagram on the mechanism of ginkgetin induced promotion on DDP-induced anticancer
effect via ferroptosis. Ginkgetin + DDP induced ferroptosis cell death could be induced by: i) suppression
on SLC7A11, GPX4, leading to the disruption on GSH-mediated redox balance to promote lipid
peroxidation. (ii) regulation on iron transporters transferrin and SLC40A1, which promote the intracellular
iron concentration and lipid peroxidation. The increased ferroptosis level could further disrupt the redox
homeostasis via Nrf2/HO-1 inactivation and ROS enhancement, which further promoted DDP-induced cell
death, including apoptosis. The inactivation of Nrf2/HO-1 could suppress on SLC40A1 to enhance iron,
which could in turn promoted ferroptosis in ginkgetin + DDP treated NSCLC cells.
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