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Abstract: Hepatocellular carcinoma (HCC) is the fifth most common malignancies with limited curative options and 
poor prognosis. Gentian violet (GV) has recently been found to have anti-tumor properties with promising clinical 
applications. However, its anti-tumor effect and the underlying functional mechanisms in HCC have not been inves-
tigated. In this study, we found that GV induced ferroptosis and apoptosis, inhibited cell proliferation, migration and 
invasion in a dose-dependent manner in vitro, and significantly attenuated the growth of HCC in vivo. Both ferropto-
sis inhibitor Ferrostain-1 (Fer-1) and apoptosis inhibitor Z-VAD-KFM (Z-VAD) partially attenuated GV-induced growth-
inhibitory effects, while combined treatment of Fer-1 and Z-VAD completely abolished GV’s activities. Increased 
levels of intracellular reactive oxygen species (ROS) were detected after GV treatment. Interestingly, GV elevated 
the expression levels of both p53 and its negative regulator MDM2, which was dependent on the expression of 
the dehydrogenase/reductase protein Hep27. Simultaneously silencing both the MDM2 and p53 genes by siRNAs 
abolished ROS production and partially rescued the cell death induced by GV treatment. Our data demonstrate a 
GV-Hep27-MDM2-p53 signaling cascade that regulates ferroptosis and apoptosis. Furthermore, our findings provide 
insights into understanding the anti-tumor function of GV and present the basis of new therapeutic strategies for 
the treatment of HCC. 
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Introduction

Hepatocellular carcinoma (HCC) is one of the 
most common malignancies, and its prognosis 
remains unsatisfactory. The average five-year 
survival rate is only about 20% but can be as 
low as 2.5% in patients with advanced meta-
static HCC [1]. Finding new pharmaceutical 
agents or treatment strategies targeting new 
cellular signaling molecules will facilitate the 
improvement in the prognosis of HCC. Induction 
of apoptosis is the primary function of many 
anti-tumor drugs. Ferroptosis, a novel type of 
regulated cell death (RCD) biochemically dis-
tinct from apoptosis, has also been found to 
play an important role in the anti-tumor mecha-
nisms of some drugs. Accumulating evidence 
shows that ferroptosis is crucial for the treat-
ment of HCC. Indeed, sorafenib, the first-line 
drug used to treat HCC is an inducer of ferrop-
tosis [2-7]. 

Recently, GV is emerging as a promising anti-
cancer agent that is economical, relatively safe, 
and easily available worldwide [8-12]. The anti-
tumor property and the underlying mechanisms 
of GV have been studied in vitro in some cuta-
neous and non-cutaneous cancers [13-15]. As 
an FDA approved OTC drug, GV is especially 
suitable for the experimental treatment of cuta-
neous cancers, including melanoma and cuta-
neous lymphomas. Several cases of the topical 
application of GV to treat cutaneous cancers 
have been reported with promising efficacy [12, 
16, 17]. Our previous studies have shown that 
GV inhibits cutaneous T cell lymphoma in vitro 
and ex vivo through the activation of death 
receptor and mitochondrial apoptotic pathways 
[10]. Nevertheless, research on the anti-tumor 
activity and the functional mechanisms of GV is 
still limited. Most of the studies are focused on 
either the topical treatment of cutaneous malig-
nancies or in vitro investigation of the molecu-
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lar mechanisms. In vivo study addressing the 
systemic application of GV for the treatment  
of solid tumor such as HCC has not been 
reported. 

In this study, to test our hypothesis that GV 
inhibits the growth of HCC through the induc-
tion of apoptosis and ferroptosis, we investi-
gated the effect of the intraperitoneal injection 
of GV on the growth of HCC in a xenograft 
mouse model and explored the molecular 
mechanisms underlying the tumor-suppressing 
function of GV in HCC. Our studies validated for 
the first time the effectiveness of the systemic 
application of GV for the treatment of non-cuta-
neous tumor and revealed a novel mechanism 
through which GV induces ferroptosis as well as 
apoptosis to achieve its anti-tumor effect.

Materials and methods

Cell lines, reagents, and animals

The human hepatocarcinoma cell lines SK- 
HEP-1 and SMMC-7721 were obtained from  
the Zhong Qiao Xin Zhou Biotechnology (Shang- 
hai, China), and were cultured at 37°C/5% CO2 
condition using MEM and RPMI-1640 medium 
supplemented with 10% FBS, respectively. GV, 
2,7-dichlorofluorescein diacetate (DCFDA), Fer- 
rostatin-1 (Fer-1), Z-VAD-FMK (Z-VAD) and Nec- 
rostatin-1 were purchased from Sigma-Aldrich 
(St. Louis, USA). CCK-8 kit was from Dojindo 
(Shanghai, China). Annexin V-FITC/PI apoptosis 
detection kits was from Beyotime (Shanghai, 
China). RNA extraction kit and RT-qPCR kit were 
from TAKARA (Takara Bio, Japan). Six-week-old 
female BALB/c nude mice were obtained from 
SiPeiFu Biotechnology (Beijing, China).

Cell viability and colony formation assays

Cells were treated with different concentra-
tions of GV or vehicle (DMSO). Cell death was 
determined by flow cytometry using Annexin V/
PI staining. Cell viability was measured by 
CCK-8 assay following the manufacturer’s in- 
struction. In some experiments, MTT [3-(4, 
5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide] assay was also used to determine cell 
viability to validate the results from CCK-8 
assay. For colony formation assay, cells were 
seeded into six-well plates at 3000 cells/well 
and treated with different concentrations of GV 
or DMSO (50 and 100 nM GV for SK-HEP-1, 

150 and 300 nM for SMMC-7721) for 2 weeks. 
For Fer-1 rescue assays, cells were pre-treated 
with 2 μM of Fer-1 for 24 h and then treated 
with GV or DMSO at the indicated concentra-
tions. Colonies with a minimal diameter of 1.0 
mm were counted. 

Wound healing assay

Cells were plated in the well of six-well plates, 
and scratches were made using the pipette tips 
when cell density reached 70-80% confluency. 
Cells were then treated with GV (50 or 100 nM 
GV for SK-HEP-1, 150 or 300 nM for SMMC-
7721) or DMSO, respectively. For Fer-1 rescue 
assays, cells were pre-treated with 2 μM of 
Fer-1 for 24 h and then treated with GV or 
DMSO at the indicated concentrations. Cell 
images in wounded areas were captured 24 h 
before and after treatment. Cell migration dis-
tance was analyzed by Image J software.

Transwell invasion assay

Transwell assay was performed with chambers 
coated with Matrigel. Briefly, cells (1×106) in 
serum free medium containing different con-
centration of GV (50 or 100 nM GV for SK-HEP- 
1, 150 or 300 nM for SMMC-7721), or DMSO 
were respectively seeded into the upper cham-
ber for 24 h, while the lower chamber was 
added with a medium containing serum. For 
Fer-1 rescue assays, cells were pre-treated  
with 2 μM of Fer-1 for 24 h and then treated 
with GV or DMSO at the indicated concentra-
tions. The invaded cells were fixed with 4% 
paraformaldehyde and stained with 0.1% gen-
tian violet solution. The number of invaded  
cells was counted and calculated by Image J 
software.

Flow cytometry

Flow cytometry was used to detect the live, 
dead, and apoptotic cells. Briefly, cells were 
treated with GV (100 nM or 200 nM for SK- 
HEP-1, and 300 nM or 600 nM for SMMC7721) 
or DMSO for 48 h (pre-treated with 2 μM Fer-1 
for 24 h for rescue assays), resuspended into 
single-cell suspension, and stained with An- 
nexin V-FITC and PI for 15 min in dark before 
measurement. For the detection of intracellular 
ROS, cells were treated with GV or DMSO as 
described above, stained with 2,7-dichlorofluo-
rescein diacetate (DCFDA) for 30 min, and 
assayed by flow cytometry. The flow cytometry 
data were analyzed using FlowJo software.
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Reverse transcription and quantitative poly-
merase chain reaction (RT-qPCR)

Total RNA was extracted, and mRNA was rever- 
se-transcribed into cDNA. qPCR was perform- 
ed using the following primers: p53: 5’-GAG- 
GTTGGCTCTGACTGTACC-3’ (forward) and 5’-TC- 
CGTCCCAGTAGATTACCAC-3’ (reverse), MDM2: 
5’-TGCCAAGCTTCTCTGTGAA-3’ (forward) and 
5’-CGATGATTCCTGCTGATTGA-3’ (reverse), β-ac- 
tin: 5’-ATCACCATTGGCAATGAGCG-3’ (forward) 
and 5’-TTGAAGGTAGTTTCGTGGAT-3’ (reverse). 
The relative gene expression level was calcu-
lated using the comparative Ct method and 
normalized to β-actin.

siRNA transfection

Knockdown of MDM2, p53 and Hep27 was per-
formed using siRNA technology. siRNA oligos 
targeting MDM2 (sc-29394), p53 (sc-29435), 
Hep27 (sc-92153) or non-specific siRNAs were 
purchased from Santa Cruz Biotechnology 
(Dallas, TX). siRNAs were transfected into cells 
by electroporation using Nucleofector Device 
and the Nucleofector Kit L (Lonza, Basel, 
Switzerland). Briefly, 3×106 cells were centri-
fuged and resuspended in 100 μl of trans- 
fection solution L, and siRNA was added to a 
final concentration of 1 mM. Nucleofector pro-
gram X-001 was used for transfection. Cells 
were then cultured for 3 days before used in 
experiments. 

Western blotting

Total protein was extracted using RIPA buffer 
(Solarbio, Beijing, China), resolved on SDS-
PAGE, transferred to PVDF membrane, and 
probed with primary antibodies: Anti-p53 (Cell 
Signaling, 1:1000), Anti-MDM2 (Cell Signaling, 
1:1000), Anti-Hep27 (Cell Signaling, 1:1000), 
and Anti-GAPDH (Cell Signaling, 1:1000). The 
membranes were subsequently probed wi- 
th HRP-conjugated anti-IgG (Cell Signaling, 
1:1000) antibody, and then detected with the 
enhanced chemiluminescence detection kit 
(Beyotime, Shanghai, China). The protein bands 
were visualized using a biomolecular imager. 

Xenograft mouse model

All animal experiments were performed follow-
ing the ARRIVE guidelines and carried out in 
accordance with the Animals (Scientific Pro- 

cedures) Act, 1986 and associated guidelines. 
To establish xenograft tumors, 1×106 SK-HEP-1 
cells were resuspended in 100 μl of serum-free 
DMEM medium (Gibco, Shanghai, China), and 
subcutaneously inoculated in the right flank of 
BALB/c nude mice (n=5/group). Six days after 
injection, mice bearing xenograft HCC tumor 
were treated with saline only, or with different 
dosages of GV (1 mg/kg or 5 mg/kg) in the 
form of 20% GV solution by intraperitoneal 
injection every 6 days. Tumor growth was moni-
tored every 3 days for 21 days. Tumor size was 
measured using calipers. Tumor volume was 
calculated by the following formula: volume = 
(longest diameter × shortest diameter2)/2. The 
mice were euthanized 3 weeks after treatment, 
and the tumor samples were dissected for fur-
ther analysis. 

Statistical analysis

The software GraphPad Prime 8.0 and Image J 
were used for the statistical analysis of data 
and image processing. Student’s t test was 
used to compare data between two groups. All 
experiments were repeated three times inde-
pendently. Data were presented as mean ± SD. 
P<0.05 was considered statistically signifi- 
cant.

Results

GV induced cell death and inhibited cell prolif-
eration

To characterize the general inhibitory effect of 
GV on HCC cells, we first determined the IC50 
value of GV by treating two HCC cell lines, 
SK-HEP-1 and SMMC-7721, with different con-
centrations of GV for 48 h, and cell viability 
assay was performed. As shown in Figure 1A, 
GV treatment at concentrations from 0.32 nM 
to 1000 nM (5 fold dilution, 6 points) for 
SK-HEP-1 and 8 nM to 25000 nM (5 fold dilu-
tion,6 points) for SK-HEP-1 led to a dose-depen-
dent cell growth inhibition in both cell lines. The 
IC50 values were 90 nM for SK-HEP-1 and 338 
nM for SMMC-7721 cells. We also examined 
the changes of proliferation after treating the 
cells with 50 and 100 nM GV for SK-HEP-1,  
and 150 and 300 nM for SMMC-7721 up to 3 
days. Compared with DMSO treated cells, cells 
treated with GV showed significantly decreased 
cell proliferation at both concentrations (Fig- 
ure 1B). Next, to observe the maximum killing 
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effect of GV on HCC, we measured the total per-
centage of cell death when cells were treated 
with GV at concentrations of 100 nM or 200  
nM for SK-HEP-1, and 300 nM or 600 nM for 
SMMC-7721 (≈2×IC50), respectively, for 48 h. 
Cells were stained by Annexin V/PI and ana-
lyzed by FlowJo software, and the total killing 
rates were calculated by excluding the non-
stained (double negative) cells. The killing rates 
were also confirmed by trypan blue cell stain-
ing. As shown in Figure 1C, the total cell death 
rates were 35%, 87% and 41%, 77% at the con-

SMMC-7721 cells. Cells were treated with dif-
ferent concentrations of GV for 48 h and ana-
lyzed by flow cytometry. The detection of apo- 
ptotic cells by Annexin V/PI staining revealed 
that GV significantly increased both the early 
and late apoptotic populations at concentra-
tions of 100-200 nM in SK-HEP-1 (MFI was 
changed from 7% to 32% and 58%) and 300-
600 nM in SMMC-7721 cells (MFI was changed 
from 6% to 21% and 73%) (Figure 3). These 
results suggested the induction of apoptosis by 
GV.

Figure 1. GV induced cell death and inhibited cell proliferation in HCC. A. 
IC50s of GV in the two cell lines. SK-HEP-1 and SMMC-7721 cells were treat-
ed at the indicated concentrations for 48 h. Cell viability was detected by 
CCK8 assay, and IC50s were calculated. B. The cell growth curves. SK-HEP-1 
and SMMC-7721 cells were treated with the indicated concentrations of GV 
or DMSO for 3 days, and the cell viability was detected by CCK8 assay. C. 
The total killing rates in the two cell lines. Cells were treated with 100 or 200 
nM (SK-HEP-1), and 300 or 600 nM (SMMC-7721) of GV for 48 h, stained 
by Annexin V/PI, and examined by flow cytometry, Total dead cells were de-
termined by excluding the non-stained cells. Data were presented as mean 
± SD. **p<0.01.

centrations described abo- 
ve for SK-HEP-1 and SMMC-
7721 cells, respectively. 

GV inhibited colony forma-
tion, migration, and invasion 
of HCC cells

To investigate the ability of 
cell survival, colony formation 
assay was used for both cell 
lines. The results showed that 
the number and size of colony 
were significantly decreased 
in GV (50 and 100 nM GV for 
SK-HEP-1, 150 and 300 nM 
for SMMC-7721) treated cells 
in a dose-dependent manner 
(Figure 2A). We also explored 
the effect of GV on the mig- 
ration and invasion of HCC 
cells. Cells were treated with 
the concentrations described 
above for 24 h. Wound heal-
ing assay and Transwell inva-
sion assay were used to eval-
uate the abilities of migration 
and invasion, respectively. As 
shown in Figure 2B, 2C, com-
pared with DMSO treatment, 
GV treatment significantly in- 
hibited HCC cell migration 
and invasion in a dose-depen-
dent manner. 

GV induced apoptosis in HCC

To distinguish among the ty- 
pes of cell death induced by 
GV treatment, we first deter-
mined whether GV induced 
apoptosis in SK-HEP-1 and 



Gentian violet induces apoptosis and ferroptosis by p53 and MDM2

3361	 Am J Cancer Res 2022;12(7):3357-3372



Gentian violet induces apoptosis and ferroptosis by p53 and MDM2

3362	 Am J Cancer Res 2022;12(7):3357-3372

GV induced ferroptosis in HCC

Next, we investigated whether GV induced fer-
roptosis in SK-HEP-1 and SMMC-7721 cells. In 
our previous studies on the mechanisms of the 

tumor-suppressing function of GV in HCC, we 
have utilized RNA-seq for the transcriptome 
profiling of GV-treated SK-HEP-1 cells. Pathway 
enrichment analysis of differentially express- 
ed genes suggested that ferroptosis signaling 

Figure 2. GV inhibited the colony formation, migration, and invasion of HCC cells. A. Representative pictures of the 
colony formation assay of SK-HEP-1 and SMMC-7721 cells. Histogram demonstrated the statistical analysis of the 
number of colonies at the indicated GV concentrations. B. Representative pictures of the wound healing assay. 
Scale bar: 100 μm. Histogram showed the statistical analysis of the migration of the cells treated at the indicated 
GV concentrations. C. Representative pictures of the Transwell assay. Scale bar: 100 μm. Histogram showed the 
statistical analysis of the invasion of the cells treated at the indicated GV concentrations. Data were presented as 
mean ± SD. *P<0.05, **P<0.01.

Figure 3. GV induced Apoptosis 
in HCC. A. Representative scatter 
plots of flow cytometry analysis 
of cells treated with 100 or 200 
nM (SK-HEP-1, upper panel) and 
300 or 600 nM (SMMC-7721, 
lower panel) of GV for 48 h and 
stained with Annexin V and PI. B. 
Histogram showed the percent-
age of apoptotic cells: Y-axis. 
Data were presented as mean ± 
SD. *p<0.05, **p<0.01.
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pathway, among other signaling pathways, 
might be involved in GV-induced cell death 
(Figure 4). To confirm this, in our current study, 
we used ferroptosis-specific inhibitor Fer-1, 
apoptosis-specific inhibitor Z-VAD and necrosis 
inhibitor Necrostain-1 (Nec-1) to differentiate 
the effect of ferroptosis from the other forms  
of cell death. SK-HEP-1 and SMMC-7721 cells 
were treated with GV alone or in combination 
with Fer-1 (2 μM), Z-VAD (10 μM), Nec-1 (10 μM), 
or Fer-1 plus Z-VAD, respectively. We found that 
Fer-1 or Z-VAD significantly attenuated GV-indu- 
ced cell death with Z-VAD exhibiting a stronger 
effect than Fer-1. Specifically, the GV-induced 
cell death was decreased from 82% to 26% in 
SK-Hep-1 cells and from 89% to 31% in SMMC-
7721 cells by Z-VAD treatment. Co-treatment  
of Fer-1 reduced the cell death from 82% to 
60% in SK-Hep-1 cells and from 89% to 64%  
in SMMC-7721 cells. Strikingly, Combination of 
Fer-1 and Z-VAD treatment completely abol-
ished the cell death induced by GV, while Nec-1 
had no effect (Figure 5). Furthermore, colony 
formation assay, wound healing assay and  
transwell invasion assay showed that Fer-1 (2 
μM) could partially abrogated GV-induced cell 
proliferation, migration, and invasion in both 
SK-HEP-1 and SMMC-7721 cells. Taken togeth-

Fer-1 and Z-VAD on GV-induced ROS genera-
tion. Indeed, co-treatment of Fer-1 with GV 
reduced the generation of ROS, whereas Z-VAD 
had no on GV-induced ROS generation (Figure 
6). 

GV simultaneously increased MDM2 and p53 
expression in vitro and in vivo 

Given that p53 plays a key role in the activation 
of ferroptosis, we explored the effect of GV on 
the expression of p53. Since the expression of 
p53 is modulated by its negative regulator 
MDM2, we also examined the expression level 
of MDM2 upon GV treatment in SK-HEP-1 and 
SMMC-7721 cells. As shown in Figure 7, GV 
treatment led to an elevated expression of p53, 
and, surprisingly, an increased level of MDM2 
as well, at both mRNA and protein levels, as 
determined by RT-qPCR and Western Blot. Im- 
munohistochemical staining of our xenograft 
tumor samples also showed an increased p53 
and MDM2 expression by GV treatment in vivo. 

GV-induced upregulation of MDM2 and p53 
was Hep27-dependent

From the data above, we found that GV treat-
ment increased both MDM2 and p53 levels, 

Figure 4. Enriched signaling pathways in GV treated SK-HEP-1 cells. RNA-seq 
analysis for KEGG pathways significantly enriched with upregulated genes in 
GV-treated SK-HEP-1 cells. X-axis represents the pathway of DEGs enriched 
(only Ferroptosis pathway is indicated in the figure). Y-axis represents the 
Qvalue. 

er, these data indicated that 
GV-induced inhibition of prolif-
eration, invasion and migra-
tion were partially mediated 
by ferroptosis. 

GV induced ROS generation

Increased ROS generation 
plays a key role in the induc-
tion of ferroptosis. Previous 
studies have indicated that 
GV causes elevated intracel-
lular ROS levels in lymphoma 
and melanoma cells [10, 13]. 
To explore whether GV in- 
creases the intracellular ROS 
level in HCC cells, we mea-
sured the production of ROS 
by flow cytometry. The results 
showed that ROS levels we- 
re significantly elevated after 
GV treatment. To prove that 
the accumulation of ROS was 
partially due to the activation 
of ferroptosis signaling, we 
investigated the influences of 
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suggesting that MDM2 lost its inhibitory effect 
on p53 level under GV treatment. Since Hep27 
is a MDM2 binding protein that stabilizes p53 
[18], we speculated that Hep27 might be 
involved in regulating the stability of p53 and 
MDM2. To test this, we first examined the influ-
ence of GV on the expression of Hep27 in HCC. 
We found that GV treatment increased the 
expression level of Hep27 (Figure 7). Next, we 
investigated if MDM2 level was modulated by 
Hep27. We used Hep27-specific siRNA to 
silence Hep27 gene expression. Hep27 silenc-
ing abolished the high expression levels of 
MDM2 and p53 induced by GV at both tran-
script and protein levels, as determined by qRT-
PCR and Western Blot. In addition, we also 
examined the effect of Fer-1 on GV-induced 
high expression of MDM2 and p53. Compared 
with GV only treatment, Fer-1 co-treatment did 
not affect the expression of MDM2 and p53 
(Figure 8). 

GV-induced ferroptosis was dependent on 
MDM2 and p53

Furthermore, we investigated whether GV-in- 
duced ROS production and ferroptosis were 

Fer-1 treatment in p53 (-) cells could further 
rescue GV-induced cell death. Consistent with 
the cell viability assay, ROS production was 
decreased when MDM2 or p53 was silenced by 
siRNAs (date not shown). 

GV inhibited HCC tumor growth in xenograft 
mouse model

More importantly, to examine the effect of GV 
on HCC tumor growth in vivo, we established 
xenograft HCC tumor model in BALB/c nude 
mice. Mice bearing HCC cell-derived tumors 
were treated with saline, 1 mg/kg, or 5 mg/kg 
of GV by intraperitoneal injection. Tumor vol-
umes were measured for 3 weeks. As shown  
in Figure 10, GV treatment significantly sup-
pressed the tumor growth in a dose-dependent 
manner. GV treatment had no effect on the 
body weight of mice, suggesting that the sys-
temic delivery of GV through intraperitoneal 
injection was well tolerated by mice. 

Discussion

Current research in GV’s tumor-suppressing 
function is mainly focused on in vitro study and 

Figure 5. GV induced ferroptosis in HCC. (A) Analysis of cell death in HCC cells after GV and combined GV, Fer-1 and 
(or) Z-VAD treatments for 48 h, compared with that in control-treated cells. (B) Representative pictures and histo-
gram figures of analysis of colony formation assay after GV, Fer-1, and GV+Fer-1 treatments for 2 weeks, compared 
with that in DMSO-treated cells. Wound-healing (C) and transwell invasion (D) assays after GV, Fer-1, and GV+Fer-1 
treatments for 24 h, compared with that in DMSO-treated cells. **p<0.01.

Figure 6. GV induced ROS generation. Cells were treated with DMSO, GV (100 
and 300 nM for SK-HEP-1 and SMMC-7721 cells respectively), GV+fer-1 (2 
μM) and GV+Z-VAD (10 μM) for 24 h. ROS levels was determined by flow 
cytometry using 2,7-dichlorofluorescein diacetate (DCFDA) staining. Y-axis 
showed the relative ROS level. The white, light gray, dark gray and black col-
umns represented DMSO, GV, GV+fer-1 and GV+Z-VAD treatment, respec-
tively. **p<0.01.

dependent on MDM2 and 
p53. We used MDM2- and 
p53-specific siRNA to knock-
down the expression of MDM2 
and p53 to generate MDM2  
(-) cells and p53 (-) cells and 
treated these cells with GV 
(100 nM for SK-HEP-1 and 
300 nM for SMMC-7721) for  
3 days after siRNA transfec-
tion. Cell viability assay sh- 
owed that MDM2 silencing 
alone attenuated GV-induced 
cell death to the similar level 
as the effect of Fer-1 (2 μM) 
treatment in MDM2 (+) cells. 
However, treatment of MDM2 
(-) cells with Fer-1 did not fur-
ther reduce GV-induced cell 
death (Figure 9). Similarly, the 
GV activity was also impair- 
ed by p53 silencing. However, 
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Figure 7. GV simultaneously increased the expression levels of MDM2 and p53. A. SK-HEP-1 and SMMC-7721 
cells were treated without or with GV at the concentration of 50, 100 nM or 150, 300 nM respectively, for 48 h. 
Immunoblot was carried out with the indicated antibodies. B. qRT-qPCR results showing the relative fold changes of 
MDM2 and p53 mRNA expression at the same treatment condition. C. Representative images of the H&E staining, 
and the p53 and MDM2 immunohistochemical (IHC) staining of the xenograft tumor tissues. Data were presented 
as mean ± SD. **p<0.01.
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the topical application of GV for clinical treat-
ment of cutaneous malignancies. However, in 
vivo research on GV’s effectiveness in treating 
other types of cancers, i.e., those without skin 
manifestations, will be more significant for the 
broad clinical application of GV. For this pur-
pose, we chose one of the most common solid 
tumors, HCC, as the model of our study. For the 
route of GV administration, we used intraperito-
neal (IP) injection. With IP, pharmaceutical mol-

rescue experiments with apoptosis inhibitor 
V-ZAD.

In our previous studies in investigating how GV 
influenced the transcriptome of HCC cells, we 
performed an RNA-seq analysis in SK-HEP-1 
cells treated with or without GV. Enriched path-
way analysis of the RNA-seq data suggested 
that ferroptosis signaling might be involved in 
GV-induced cell death. Ferroptosis, a type of 

Figure 8. The high expression of MDM2 and p53 was dependent on Hep27. 
Western blot detection of MDM2, p53 and Hep27 expression in SK-HEP-1 
and SMMC-7721 cells at the indicated treatment conditions for 48 h. From 
left to right for each cell line: DMSO, GV (100 nM for SK-HEP-1 and 300 nM 
for SMMC-7721), GV in cells transfected with Hep27 siRNA, GV co-treated 
with Fer-1 (2 μM). 

Figure 9. The influences of MDM2 knockdown on GV-induced killing of HCC. 
Cells were transfected with MDM2-targeting siRNAs or non-specific siRNAs 
and continue to culture for 24 h. MDM2 (+) and MDM2 (-) cells were treated 
with DMSO, GV (100 nM for SK-HEP-1 and 300 nM for SMMC-7721), Fer-1 
(2 μM), and GV+Fer-1, respectively, for 48 h. Cells were stained with Annxin 
V/PI and detected by flow cytometry. Total dead cells were determined by 
excluding the non-stained cells. Y-axis showed the percentage of cell death. 
**P<0.01. 

ecules can be completely ab- 
sorbed into systemic circula-
tion similar to intravenous (IV) 
administration [19]. We dem-
onstrated in this study that  
GV induced HCC cell death 
and suppressed tumor growth 
in vivo. By using IP injection of 
GV in xenograft HCC mouse 
model, we validated for the 
first time the effectiveness of 
the systemic application of  
GV for the treatment of non-
cutaneous solid tumor. In ad- 
dition, we found GV given th- 
rough systemic administra-
tion was well tolerated. Hen- 
ce, our findings provide the 
experimental basis for the 
potential treatment of HCC by 
GV, and more, the potential 
application of GV in the treat-
ment of a wide range of tu- 
mors via systemic admini- 
stration. 

Most anti-tumor drugs indu- 
ce cancer cell death through 
different types of cell death 
such as apoptosis, ferroptosis 
and necrosis. Among them, 
apoptosis is the most com-
mon type of programmed cell 
death triggered by anti-tumor 
drugs. Previous studies have 
found that GV induces apop-
tosis through death receptor 
and mitochondrial apoptotic 
pathways in cutaneous T-cell 
lymphoma and other types of 
cancer cells [10, 15, 20-22]. 
In our current study, we con-
firmed the GV-induced apop-
tosis in HCC, as determined 
by Annexin V/PI staining and 
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regulated cell death (RCD), is mediated by iron-
dependent lipid peroxidation. It can be induced 
by its specific inducer erastin and several anti-
tumor drugs and blocked by its specific inhibi-
tor Fer-1. Fer-1 blocks lipid hydroperoxide gen-
eration, which is the key step in the initiation of 
ferroptosis. The ability of Fer-1 to attenuate 
GV-induced cell death indicated the involve-
ment of ferroptosis [6, 22, 23]. Although induc-
tion of ferroptosis has been regarded as a new 

generation, which may lead to a decreased 
ROS production in certain biological contexts 
[15]. However, in other circumstances, GV fails 
to decrease ROS level, and on the contrary, 
increases ROS production in cancer cells [13]. 
The mechanisms underlying GV’s contradict- 
ed effect on ROS generation are not clear, 
although it is known that depending on cell type 
or treatment, ROS may be involved in either 
tumor-promoting or tumor-suppressing signal-

Figure 10. GV inhibited HCC tumor growth in xenograft mouse tumor model. 
A. The image of representing tumors surgically dissected from 5 groups of 
mice (columns 1-5) treated with 0, 1 mg, and 5 mg (GV)/kg (body weight) of 
GV, respectively, at the end of observation (21st day). B. Tumor growth curves 
as measured and calculated every 3 days for 21 days. C. The body weight 
changes of mice for each group during the 21-day treatment. Data were pre-
sented as mean ± SD. **P<0.01.

promising strategy for the 
treatment of cancers, includ-
ing HCC [6, 24, 25], whether 
GV can activate ferroptosis 
signaling in cancer cells has 
never been investigated. In 
this study, we found for the 
first time that GV triggers fer-
roptosis, in addition to apop-
tosis, in HCC. Therefore, GV 
executes its anti-tumor func-
tion through the activation  
of both apoptosis and ferro- 
ptosis, but not necrosis, as 
indicated by the assays us- 
ing specific necrosis inhibitor 
Nec-1. Apoptosis contributed 
more than ferroptosis in GV- 
induced cell death, as shown 
by the percentages of apop-
totic and ferroptotic cells de- 
tected. These results extend-
ed our understanding on the 
activity and functional me- 
chanisms of GV and provid- 
ed the rationale for the com- 
binational therapy using GV 
with other drugs to achieve 
synergistic effects in cancer 
treatment. 

The increase of ROS produc-
tion is a key step in both mito-
chondrial apoptosis and fer-
roptosis [6]. We have shown 
previously that GV increases 
ROS to enhance the transcri- 
ption of FAS ligand, thereby 
triggering FAS pathway-indu- 
ced apoptosis in T cell lym-
phoma [10]. It has also been 
reported that GV can inhibit 
NADPH oxidase (NOX), the 
main source of cellular ROS 
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ing in cancer cells [26]. In this study, we found 
that GV led to elevated ROS that could be par-
tially blocked by Fer-1, suggesting that ferropto-
sis signaling regulated ROS generation. Hence, 
as diagramed in Figure 11, we propose that 
ROS may act as a central mediator connecting 
and regulating both apoptosis and ferroptosis 
in GV-induced cell death. Because Fer-1 blocks 
ferroptosis but does not influence caspase-
3-dependent apoptosis, in which ROS also 
plays an important role [27], we also examined 
the influence of pan-caspase inhibitor V-ZAD  
on ROS generation. The results showed that 
V-ZAD did not affect ROS generation, which 
could be explained that caspases are down-
stream of ROS in the apoptotic pathway.

In addition to its role in promoting apoptosis, 
the well-known tumor suppressor p53 has re- 
cently been found to induce ferroptosis [9, 
28-31]. Several lines of evidence have indicat-
ed that GV upregulates p53 in melanoma, lung 
cancer, colon cancer and glioblastoma cell 
lines [13, 21, 32]. Here, our results showed that 
p53 was significantly upregulated by GV treat-
ment in HCC. The signaling pathways mediating 

ent from their normal crosstalk. In supporting 
this, published studies have found that MDM2 
may function as a context-dependent tumor 
suppressor despite its established role as an 
oncoprotein inhibiting p53 [10]. importantly, 
MDM2 has been found to facilitate ferroptosis 
independent of p53 by lipid remodeling through 
forming a complex with MDMX and altering 
PPAR activity [34]. Given that p53 and MDM2 
are simultaneously up-regulated, we proposed 
that MDM2 functions as a tumor suppressor  
in GV-mediated cellular responses. It loses 
p53-ubiquiting ability and indirectly augments 
apoptosis through the accumulation of p53. 
High expression of MDM2 may also act directly 
to promote ferroptosis by activating PPAR 
activity. 

The increased levels of MDM2 and p53 by GV 
treatment suggested that GV regulated the 
activity of the negative feedback circuit of the 
p53-MDM2 pair. To understand the molecular 
mechanism of this regulation, we investigated 
the role of MDM2 binding protein Hep27 
(Dehydrogenase/reductase SDR family mem-
ber 2, DHRS2), downregulation of which was 

Figure 11. The proposed molecular mechanisms of GV-induced killing of 
HCC. When NOX is inhibited by GV, Hep27 is increased, which leads to the 
blockade of the ubiquitination and degradation of p53 by MDM2. Conse-
quently, the levels of p53 and MDM2 are increased. GV also directly increas-
es p53 level. Increased p53 and MDM2 levels trigger ferroptosis and mito-
chondrial apoptosis (through the activation of caspase 8) by a coordinated 
ROS cross point and downstream signaling cascades. On the other hand, GV 
also triggers death receptor apoptosis (through the activation of caspase 9) 
by upregulating death receptors DR4/5 and ligands FAS-ligand and TRAIL. 

the GV effect on p53 are not 
clear; however, one possible 
mechanism is via NOXs. GV 
has been shown to suppress 
NOXs [15]. Since NOX-1 inhi- 
bits p53 expression, GV may 
induce p53 expression by ab- 
rogating NOX1-mediated P53 
inhibition. 

The p53-binding protein MD- 
M2 is an E3 ubiquitin ligase 
that suppresses p53 level. In 
normal condition, p53 induc-
es the transcription of MDM2, 
which, in turn, constitutively 
suppresses p53 by ubiquiti-
nating and targeting p53 for 
degradation to form a nega-
tive feedback loop, maintain-
ing the basal expression lev-
els of both p53 and MDM2 
[33]. Unexpectedly, we found 
that MDM2 level was also  
elevated simultaneously with 
p53 by GV treatment, sug-
gesting MDM2 and p53 may 
function coordinately during 
GV-induced cell death differ-
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significantly associated with the worse out-
come of cancer patients [35]. Hep27 is a mito-
chondrial protein and a NADPH-dependent oxi-
doreductase that can translocate to nucleus 
and inhibit MDM2 by binding to it and conse-
quently stabilizing p53. Hep27 expression is 
positively correlated with the levels of MDM2 
and p53 [18]. With increased Hep27 binding, 
MDM2 loses its inhibiting feedback effect on 
p53. Accumulation of p53 leads to an enhanc- 
ed p53-induced transcription of MDM2. Hep27-
MDM2 binding may also prevent MDM2 from 
degradation. In our study, knockdown of Hep-
27 by siRNA abolished GV-induced high expres-
sion of MDM2 and p53. However, Fer-1 treat-
ment did not influence the high expression of 
MDM2 and p53 caused by GV (Figure 8). This 
could be explained that Fer-1 blocked the li- 
pid peroxidation and affected ROS production 
downstream of ferroptosis signaling [7]; how-
ever, it did not inhibit the upstream compo-
nents, such as MDM2 and p53, in ferroptosis 
signaling (Figure 11). 

Increased levels of MDM2 and p53 contribute 
to GV-mediated cancer cell death by different 
but cooperative signaling pathways. For exam-
ple, MDM2 and p53 both activate ferroptosis 
signaling but p53 also promotes apoptosis 
through caspase-dependent signaling [10, 31]. 
Notably, Hep27 is a reductase and diminishes 
ROS by nature. Since GV increases cellular 
ROS, we hypothesized that the coexistence of 
high levels of Hep27 and ROS might be critical 
for the function of GV-induced cell death.

In our study, we found that MDM2 knockdown 
by siRNA attenuated the GV-induced cell death. 
This MDM2 effect was not influenced by the 
additional treatment of Fer-1 but was similar  
to the inhibitory effect of Fer-1 in GV-treated 
MDM2 (+) cells, suggesting that the induction 
of ferroptosis by GV was dependent on the ele-
vated MDM2. On the other hand, p53 knock-
down by siRNA also reversed the GV-induced 
cell death; However, additional Fer-1 treatment 
could further reverse the GV-induced cell death. 
These results, together with the data from 
Hep27 silencing experiments, indicated that 
elevated MDM2 played a key role in the induc-
tion of ferroptosis, which was mainly through 
the GV-Hep27-MDM2-p53 axis in HCC. The  
proposed mechanism of GV-induced HCC cell 
death was diagrammed in Figure 11. 

Current treatment options for HCC are still lim-
ited. GV has several advantages, such as its 
availability worldwide, low price, and well toler-
ance when used topically, which makes it a 
good candidate for a broad utilization. Here, we 
provide evidence from in vitro and in vivo stud-
ies that GV induces apoptosis and ferroptosis 
leading to tumor inhibition in HCC. GV-induced 
ferroptosis is through the generation of ROS 
and the high expression of p53 and MDM2. 
Hence, we reveal a novel mechanism of GV’s 
function, which is dependent on an Hep27-
MDM2-p53 signaling cascade. Our findings 
suggest that GV is a potential effective agent 
for the treatment of HCC and provide the ratio-
nal for a further investigation in applying GV for 
the treatment of other types of cancer. 
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