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Abstract: Colon cancer (CC) is a prevalent malignancy worldwide. Approaches to specifically induce tumor cell death 
have historically been a popular research topic. Honokiol (HNK), which exhibits highly efficient and specific antican-
cer effects, is a biphenolic compound found in Magnolia grandiflora. In the present study, we aim to study the effect 
of HNK on CC cells and elucidate the potential underlying mechanisms. Seven CC cell lines (RKO, HCT116, SW48, 
HT29, LS174T, HCT8, and SW480) were used. Cells were exposed to HNK and subjected to a series of assays to 
evaluate characteristics such as cellular activity, reactive oxygen species (ROS) levels and ferroptosis-related protein 
expression levels. Lentiviral transduction was also used to verify molecular mechanisms in vivo and in vitro. We here 
observed that HNK reduced the viability of CC cell lines by increasing ROS and Fe2+ levels. Transmission electron 
microscopy revealed HNK-induced changes in mitochondrial morphology. HNK decreased the activity of Glutathione 
Peroxidase 4 (GPX4) but did not affect system Xc-. Thus, our datas indicated that HNK can induce ferroptosis in CC 
cells by reducing the activity of GPX4. As a potential therapeutic drug, HNK showed good anticancer effects through 
diverse signal transduction mechanisms and multiple pathways.
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Introduction

Over the past decade, researchers have inves-
tigated various methods to induce programmed 
cell death. Apoptosis is the primary form of  
programmed cell death induced by different  
anticancer drugs [1, 2]. However, nonapoptotic 
forms of cell death, such as autophagy and 
regulatory necrosis, have recently attracted 
considerable interest [3]. As cancer cells resist 
apoptosis almost systematically, these non-
apoptotic forms are increasingly considered to 
be a prospective area of research to improve 
cancer treatment [4, 5].

Recently, “ferroptosis”, a newly identified type 
of cell necrosis, has gradually gained attention 
[6, 7]. Unlike events during other forms of cell 
death, such as cell membrane rupture and con-

tent release during necrosis, double-layer 
autophagic vacuole formation during autopha-
gy or chromatin condensation during apoptosis 
[8], the causative event of ferroptosis is the fail-
ure of glutathione (GSH)-dependent antioxidant 
defense systems. Ferroptosis does not lead to 
morphological changes but is distinguished by 
a number of lipid reactive oxygen species (ROS) 
and a decrease in the density of the mitochon-
drial membrane [9-11].

According to previous reports of ferroptosis, 
iron ions are not only important trace elements 
in the human body but are also the primary par-
ticles involved in the occurrence of ferroptosis 
[12]. The main form of extracellular circulating 
iron is the trivalent iron cation (Fe3+). Fe3+ enters 
the cell membrane through the iron transfer 
protein Transferrin (TFR) and is then localized in 
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the nucleosome, where it is reduced to ferrous 
iron (Fe2+) through the iron reductase activity of 
Six-Transmembrane Epithelial Antigen of Pro- 
state 3 (STEAP3). Finally, divalent metals medi-
ate the release of Fe2+ from the nucleus into the 
unstable iron pool in the cytoplasm mediated 
by membrane iron transporters (e.g., Ferropor- 
tin, FPN1) [13]. The imbalance between Trans- 
ferrin and Ferroportin can increase the intracel-
lular content of Fe2+. Excessive iron results in 
ROS production through the Fenton reaction 
and eventually induces ferroptosis.

Ferroptosis inducers and inhibitors have re- 
cently been reported. For example, classic 
inducer erastin reduces GSH levels by directly 
inhibiting the activity of the cystine/glutamate 
antiporter system Xc- [14, 15]. This process 
accelerates the accumulation of ROS during 
ferroptosis. Other ferroptosis inducers and 
inhibitors include RSL3, RSL5, and the first-line 
chemotherapeutic drug for hepatocellular car-
cinoma, sulfasalazine [16, 17]. Most antitumor 
drugs reported to date exert their anticancer 
effects through a variety of molecular regulato-
ry mechanisms. For example, Guang Liang et 
al. found that in head and neck carcinoma, 
Dihydroartemisinin induced ferroptosis and 
caused cell cycle arrest [18]. Understanding 
the mechanisms underlying the anticancer 
effects of these effective natural pharmaceuti-
cal ingredients is highly valuable for fully explor-
ing the potential of drugs and for developing 
new ideas for tumor therapy.

Honokiol (HNK) is a bisphenol compound that 
can be extracted from various parts of Magnolia 
officinalis [19]. HNK has been reported to inhib-
it the growth of various cancers in vitro and in 
vivo by inducing apoptosis and cell cycle arrest 
and is thus considered a highly versatile cancer 
cell “killer” because it can induce cell death 
through both nonapoptotic and apoptotic 
mechanisms [20-22]. However, the mecha-
nisms underlying the antitumorigenic activities 
of HNK are undefined.

In this study, we utilized a panel of CC lines to 
investigate the biological antitumor effects of 
HNK.

Materials and methods

Chemicals and antibodies

The small molecule drug HNK was obtained 
from Selleck Chemicals (Houston, TX, USA). The 

iron ion chelating agent deferoxamine (DFO), 
was also purchased from Selleck Chemicals. 
The rabbit primary antibody specific for GPX4 
was purchased from Cell Signaling Technology 
(CST, Danvers, MA). Primary antibodies specific 
for Transferrin and Ferroportin were purchased 
from Abcam (Cambridge, MA, UK). The primary 
antibody specific for GAPDH, which was used 
as the loading control, was purchased from 
Proteintech (Wuhan, China).

Cell culture

The human CC cell lines SW48, HT29, LS174T, 
HCT116, HCT8, RKO, and SW480 were obtained 
from the Xiangya Medical College Cell Bank 
Institutes (Changsha, China). The cells were cul-
tured in 25-cm2 flasks in RPMI-1640 medium or 
DMEM supplemented with 10% fetal bovine 
serum, penicillin, and streptomycin. These cells 
were cultured in flasks at 37°C in a 5% CO2 
incubator.

ROS determination

The level of intracellular ROS was determined 
with a 2,7-Dichlorodi-hydrofluorescein diace-
tate (DCFH-DA) probe (Solarbio, Beijing, China). 
Cells were seeded in a 6-well plate and incu-
bated with HNK for 12 h. The original DCFH-DA 
solution was diluted 1:1000 with serum-free 
medium and was then added to each well and 
incubated at 37°C for 20 min. Cells were col-
lected and washed three times with PBS solu-
tion to remove the residual DCFH-DA probe. 
The fluorescence intensities of the resuspend-
ed cells were measured in a flow cytometer 
using a 488 nm excitation wavelength and a 
525 nm bandpass filter for DCF detection 
(FACSCanto II, BD Biosciences, San Jose, CA).

Cell death assay

Cell death was assessed using a Cell Counting 
Kit-8 (CCK8, Biosharp, Hefei, China). In brief, 
2×105 cells were inoculated in a 96-well cell 
culture plate. After 12 h, HNK was added to the 
complete culture medium at the following final 
concentrations: 0, 0.1, 1, 10, 20, 30, 50, 70, 
and 100 μM. Then, 10 μL of CCK8 reagent was 
added to each well and incubated at 37°C for 1 
h. The OD value of each well was measured at 
450 nm, and the cell survival rate was calcu-
lated. Quantification was performed from data 
generated in at least 3 independent experi- 
ments.
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We also used an Annexin V/PI apoptosis detec-
tion kit (BD Biosciences) to determine the cell 
death rate. In brief, after the indicated treat-
ments, cells were collected and resuspended 
in 500 μL of binding buffer. FITC-conjugated 
Annexin V reagent (5 μL) was added, and cells 
were stained for 10 min. Then, 1 μL of PI was 
added and incubated for 5 min. The cell death 
rate was determined with a FACSCalibur flow 
cytometer (BD Biosciences) and FlowJo soft-
ware. These assays were performed in tripli- 
cate.

Fe2+ level measurement

The level of Fe2+ was measured using Mito-
FerroGreen (Dojindo Molecular Technologies, 
Tokyo, Japan). In brief, cells were seeded on 
TC-treated crawlers and subjected to different 
treatments. Then, the Mito-FerroGreen working 
solution (5 μM, 200 μL) was added to the cells 
and incubated for 30 min. The supernatant was 
discarded, and the cells were washed three 
times with HBSS. A serum-free medium con-
taining HNK and/or DFO was added to the cells 
and incubated for 6 h in a 5% CO2 atmosphere. 
The cells were observed by confocal fluores-
cence microscopy.

Transmission electron microscopy

The mitochondrial morphology of cells was 
inspected using a transmission electron micro-
scope made by Biofcen Corporation (Shanghai, 
China). Treated cells were washed with PBS, 
and cell clusters were collected by centrifuga-
tion. Cell clusters were fixed with glutaralde-
hyde (2.5%) solution overnight at 4°C. The sam-
ples were sent to the Biofcen Company after 
osmium tetroxide treatment, acetone dehydra-
tion, Duruban resin embedding, and lead citrate 
staining. Sections (70 nm) were imaged with a 
JEM1230 electron microscope (JEOL Corpora- 
tion, Tokyo, Japan) at 40-120 kV.

Western blot analysis

Total protein was extracted from cells with RIPA 
lysis buffer, and the protein concentration was 
determined with a BCA kit (Biosharp). Proteins 
(40 µg) were separated by 10% SDS-PAGE and 
subsequently transferred to PVDF membranes 
(0.45 μm). After blocking for 1 h, these mem-
branes were incubated overnight at 4°C with 
primary antibodies (anti-Transferrin, anti-Ferro-

portin, anti-GPX4, and anti-GAPDH). The next 
day, the membranes were washed in TBST solu-
tion and incubated with the secondary antibod-
ies for 1 h at room temperature. Bands were 
visualized in a ChemiDoc XRS+ system (Bio-
Rad, Hercules, CA). GAPDH was used as the 
endogenous reference.

Construction of cell lines with GPX4 overex-
pression

To explore the role of GPX4 in vivo and in vitro, 
the candidate human GPX4 sequence contain-
ing the open reading frame (GenBank Accession 
No: NM_002085) was cloned into the plenti-
EF1a-P2A-Puro-CMV-MCS-3Flag vector to gen-
erate GPX4 overexpression plasmid, and a len-
tiviral vector was constructed by Obio Tech- 
nology (Shanghai) Corp., Ltd. We defined cells 
transfected with GPX4 or vector plasmids as 
GPX4-overexpression (GPX4-OE) or vector. And 
cells infected by lentivirus were named as  
lentivirus-GPX4 (Lv-GPX4) or lentivirus-negative 
control (Lv-NC).

The titers of Lv-GPX4 and the vector-containing 
lentivirus were 1×107 TU/mL. The constructed 
plasmids and lentivirus were transfected into 
cells using Lipofectamine 3000 reagent. Puro- 
mycin was used to screen stable CC cell lines 
with overexpression of GPX4. Constructed plas-
mids were used for in vitro experiments and 
lentivirus for animal experiments. Transfection 
efficiency was confirmed by qRT-PCR and west-
ern blot. 

Glutamic acid and GSH measurement

A glutamic acid detection kit was purchased 
from Sigma (catalog number MAK004, St. 
Louis, MO). In brief, the reaction mixes were set 
up based on the scheme in the protocol sup-
plied by Sigma, and standard curves were gen-
erated. A total of 1×106 cells were collected in 
assay buffer (150 μL) and subsequently homog-
enized. The cells were centrifuged at 13000×g 
for 10 min to remove insoluble material. Each 
well was mixed by vortexing and incubated at 
37°C for 30 min. The intracellular glutamate 
content was measured according to the absor-
bance of the marker enzyme at 450 nm.

A Total Glutathione Assay Kit was purchased 
from Beyotime Corporation (catalog number 
S0052, Beyotime Biotechnology, China). Cells 



Honokiol induces ferroptosis in colon cancer

3042	 Am J Cancer Res 2021;11(6):3039-3054

were collected for removal of the supernatant 
after centrifugation. An appropriate amount of 
reagent S was added, and the samples were 
fully vortexed to remove protein. Then, the sam-
ples were subjected to two rapid freeze-thaw 
cycles using liquid nitrogen and a 37°C water 
bath, placed at 4°C or in an ice bath for 5 min, 
and centrifuged at 10000×g for 10 min at 4°C. 
The supernatant was collected for determina-
tion of the total GSH content. The sample or 
standard product was added sequentially to a 
96-well plate, and the absorbance of the mark-
er enzyme at 405 nm was measured to gener-
ate the standard curve and calculate the total 
GSH content.

Xenograft models

Ten BALB/c nude mice (male, 4 weeks old, 18.0 
± 2.0 g) were randomly divided into two groups 
for the in vivo xenograft assay. Mice were inject-
ed with 5×106 RKO cells with stable overex-
pression GPX4 (described Lv-GPX4 group), con-
trol vector (described Lv-NC group). Cells were 
subcutaneously injected into the right anterior 
axilla of mice in both groups. Mice then received 
HNK (0.5 mg/kg/w) by intraperitoneal injection 
for 4 weeks. The subcutaneous tumor volumes 
in the nude mice in the two groups were record-
ed every two days. All animal experiments and 
procedures were directed and approved by the 
Experimental Animal Ethics Committee of 
Central South University (20170232).

Statistical analysis

The data are presented as the mean ± SD val-
ues and were analyzed with GraphPad Prism 
software (Version 7.04, San Diego, CA). Stu- 
dent’s t-test and one-way ANOVA followed by 
post hoc tests for multiple comparisons were 
used to compare the differences between 2 
groups and more than 2 groups of data, respec-
tively. A difference was considered to be statis-
tically significant only if the P-value was less 
than 0.05.

Results

HNK reduced the viability of CC cells

CCK8 assays were conducted to assess viabili-
ty after cells were exposed or not exposed to 
HNK for 24 h and 48 h. The abovementioned 7 
cell lines represented different subtypes of CC. 
All seven cell lines showed dose-dependent 

and time-independent reductions in viability in 
response to HNK (P<0.05, Figure 1A-C). Since 
only a few cells were alive 48 h after HNK incu-
bation, we selected 24 h as the time point for 
further in these experiments. The concentra-
tion of HNK that decreased cell viability by 50% 
(IC50) ranged from 11.42 μM for RKO cells to 
47.65 μM for HCT116 cells. According to the 
IC50 value, we selected two of the cell lines with 
the highest sensitivity to HNK-i.e., RKO (11.42 
μM) and SW480 (15.14 μM). Previous studies 
showed that the molecular mechanism of HNK 
acts through a reduction in tumor cell viability 
via the apoptotic pathway. Our results showed 
that HNK induced CC cell death in a dose-
dependent manner.

HNK increased the levels of ROS and Fe2+ in 
CC cells

ROS are byproducts generated from the normal 
mitochondrial respiration. A variety of antitu-
mor drugs kill tumor cells by increasing ROS. 
Here, we investigated the specific molecular 
mechanism by which HNK kills CC cells. We 
investigated the ROS levels in SW480 and RKO 
cells after incubation with HNK at different con-
centrations for 24 h.

Recently, ferroptosis has been favored by 
researchers as a newly identified type of unpro-
grammed cell death. Ferroptosis is character-
ized by the accumulation of lipid peroxide and 
Fe2+ ion. Therefore, we first measured the level 
of ROS and Fe2+ ion. As displayed in Figure 2A, 
HNK increased the ROS level in a dose-depen-
dent manner in CC cells (P<0.05). We then 
introduced deferoxamine (DFO), an iron ion che-
lating agent which can significantly inhibit the 
occurrence of ferroptosis, and divided the cells 
into four groups: the NC group, HNK group, DFO 
group, and HNK+DFO group. The survival rate 
of the cells in each group was measured by 
CCK8 assay. As shown in Figure 2B and 2C, 
DFO significantly impaired HNK-induced CC cell 
death (P<0.05, Figure 2B and 2C). The Fe2+ ion 
level was determined by Mito-FerroGreen fluo-
rescent dye. The green fluorescence in the 
cytoplasm in Figure 2D presented the staining 
by Mito-FerroGreen a specific probe for labeling 
of Fe2+ ions. The green fluorescence signal in 
HNK group cells was significantly enhanced as 
compared with that in NC group cells (P<0.05, 
Figure 2D). However, the fluorescence signal in 
DFO group cells was significantly reduced com-
pared with that in NC group cells (P<0.05). 
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Figure 1. HNK reduced the viability of CC cells. A. To evaluated the anti-tumor effect of HNK on CC cells, A CCK8 assay was carried out to determine the IC50 values 
of HNK in six CC cell lines at 24 h and 48 h. B. Sytox staining was also used to assess cell death in CC cells treated with different concentrations of HNK (original 
magnification: 100×). The green f﻿luorescent labeled cells are dead cells in the image, while others without fluorescent labeled are live cells. C. The cell death rates 
of RKO and SW480 cells were determined by flow cytometry with Annexin V/PI staining. And cells were incubated or not incubated with HNK for 48 h. The data are 
shown as the mean ± SD values. Compared to 0 μM group, *: P<0.05, **: P<0.01, ***: P<0.001, ****: P<0.0001.
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Furthermore, treatment with DFO alone did not 
increase ROS levels (P>0.05, Figure 2E). How- 
ever, the ROS level in the DFO+HNK group was 
significantly decreased compared with that in 
the DFO group (P<0.05, Figure 2E). After incu-
bation with HNK, the protein level of Transferrin 
increased significantly, while that of Ferroportin 
decreased sharply (P<0.05, Figure 2F). Further- 
more, after DFO treatment, the protein levels of 
both Transferrin and Ferroportin decreased sig-
nificantly (P<0.05, Figure 2F).

Mitochondrial morphology was altered in cells 
treated with HNK

Specific ultrastructural changes also occurred 
in mitochondria after ferroptosis. As evidenced 
by electron microscopy, the size of intracellular 
mitochondria decreased, the membrane den-
sity increased, the mitochondrial ridge shrank 
or disappeared, and the bilayer membrane den-
sity increased. As shown in Figure 3, in SW480 
and RKO cells, the mitochondrial membrane 
density increased and the mitochondrial ridge 
shrank or disappeared in the HNK-treated 
groups after 12 h of HNK treatment, as evi-
denced by transmission electron microscopy 
(20000× magnification). However, no signifi-
cant abnormal changes occurred in mitochon-
dria in the DFO groups. The mitochondrial vol-
ume was smaller in the HNK+DFO group than in 
the NC group, and the density of the mitochon-
drial membrane was higher in the HNK+DFO 
group than in the NC group. These results sug-
gested that HNK treatment may induce ferrop-
tosis-like changes in mitochondria.

HNK decreased the activity of GPX4 but did 
not affect system Xc-

Studies have repeatedly indicated that cell via-
bility decreases in response to inactivation of 

GPX4, which results in the accumulation of lipid 
ROS on membranes. Therefore, we first investi-
gated the influence of HNK on ROS. We found 
that HNK increased ROS level above, so we fur-
ther investigated the influence of HNK on GPX4. 
As shown in Figure 4A, the GPX4 protein levels 
in the two CC cell lines decreased significantly 
in a concentration-dependent manner after 
exposure to HNK for 24 h (P<0.05, Figure 4A). 
To further verify the role of GPX4 in the HNK 
regulatory network, we constructed GPX4 over-
expression plasmids and transfected CC cell 
lines with GPX4 overexpression plasmid or the 
vector plasmid. Figure 4B and 4E showed a sig-
nificant decrease in cell death in GPX4 overex-
pression cells when compared with the vector 
cells. In addition, the levels of both ROS and 
Fe2+ were significantly lower in the GPX4-OE 
overexpression group than in the vector group 
(Figure 4C and 4D, P<0.05). These results sug-
gested that GPX4 may be the key molecule that 
regulates HNK-induced ferroptosis in CC cells.

At the molecular level, the cystine/glutamic 
acid reverse exchange transporters (system 
Xc-) GSH and GPX4, which transport cystine, 
form a barrier to ferroptosis. Disrupting any of 
these links impacts the sensitivity of cells to 
ferroptosis. Therefore, we explored the effect of 
HNK on the level of upstream molecules in 
GPX4 regulatory networks. As shown in Figure 
4F, HNK treatment did not change the levels of 
the upstream system Xc- factors glutamic acid 
or GSH level (P>0.05). Therefore, we concluded 
that HNK affects the ROS-induced cell death 
process mediated by GPX4-modulated Fe2+ iron 
level.

CC cell growth was inhibited by HNK in vivo

In vitro, the increase in ROS levels caused by 
GPX4 inactivation was identified as a key mech-

Figure 2. HNK increased the levels of ROS and Fe2+ in CC cells. (A) We use DCFH-DA fluorescence probe to investi-
gate the level of intracellular ROS in CC cells by a flow cytometer. The mean fluorescence intensity (MFI) was used to 
compare ROS levels in CC cells. (B) DFO has the effect of reversing ferroptosis process. We introduced it to rescue 
test, and the groups are as follows: the NC group, HNK group, DFO group, and HNK+DFO group. The survival rate of 
the cells in each group was measured by flow cytometry with Annexin V/PI staining kit. (C) Sytox green staining was 
used to assess cell death in different groups (original magnification: 200×). (D) The Mito-FerroGreen fluorescent dye 
kit was used to label Fe2+ ions, and the image of green fluorescence signal in the cytoplasm indicates the probe is 
specific, which are captured by confocal instrument. (E) The ROS level in CC cells were measured by flow cytometer. 
The ROS level in the DFO+HNK group was significantly decreased compared with that in the DFO group (P<0.05). 
(F) Western blot was used to determine the protein level of Transferrin and Ferroportin after incubation with HNK. 
Compared with NC group, the protein level of Transferrin increased significantly in the DFO+HNK group, and the 
protein level of Ferroportin also decreased sharply (P<0.05, (F)). All experiments were repeated in triplicate, and 
the data are shown as the mean ± SD values. Compared to NC group, *: P<0.05, **: P<0.01, ***: P<0.001, ****: 
P<0.0001. Compared to HNK group, #: P<0.05, ##: P<0.01.
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anism through which HNK kills CC cells. RKO 
cells stably overexpressing GPX4 (Lv-GPX4 
cells) or normal control vector (Lv-NC cells) 
were generated, for establishing a xenograft 
model in nude mice via subcutaneous injec-
tion. Figure 5A shows that the tumor volumes 
and weights were significantly lower in the 
Lv-NC group than in the Lv-GPX4 group (P< 
0.05). These results suggested that GPX4 is 
the key molecule through which HNK exerts its 
tumoricidal effects.

Discussion

Programmed and unprogrammed cell death 
mechanisms, including apoptosis, autophagy, 
and necrosis, are important processes of nor-
mal metabolism [23]. Approaches to induce 
tumor cell death efficiently and specifically 
have historically been the focus of numerous 
medical researchers [24].

In the current study, HNK, a low-toxicity plant 
extract from the Magnolia genus, was the main 
research object. HNK exerts significant anti-
cancer effects in many kinds of human tumors 
via apoptosis and autophagy pathways [25, 

26]. Consistent with these observations, we 
treated CC cells and found that HNK induced 
CC cell apoptosis. The chemical structure of 
HNK contains two phenol groups that may have 
antioxidant properties, namely, vitamin C and 
vitamin E. Reports indicate that HNK may func-
tion as a strong ROS scavenger in cell-free sys-
tems and melanoma cells. Interestingly, several 
reports indicate that HNK induces an increase 
in the ROS level in tumor cells [21, 27]. However, 
paradoxically, HNK may have both antioxidant 
and pro-oxidant activities. However, regarding 
these phenotypes, vitamins C and E consistent-
ly have similar characteristics, exhibiting both 
antioxidant and pro-oxidant effects [28-30]. 
Overall, these observations suggest that ROS 
production is a determining factor of HNK cyto-
toxicity. In this study, HNK significantly in- 
creased ROS accumulation in CC cells. How- 
ever, the exact mechanism underlying the pro-
oxidant activity of HNK is unclear in CC.

An increase in lipid peroxide levels is another 
characteristic of ferroptosis, and an increase in 
lipid ROS levels was detected in this study. We 
speculated that ferroptosis is also a molecular 
mechanism of HNK. To verify our hypothesis, 

Figure 3. HNK induced changes in the mitochondrial morphology in cells. The transmission electron microscope 
was used to inspect mitochondrial morphology of cells. The mitochondrial morphologic changes of the cells in each 
group was pointed out by lack arrow in figure representively (20000× magnification). In the group of HNK-treated of 
SW480 and RKO, the density of the mitochondrial membrane increased and the mitochondrial ridge shrank or dis-
appeared. There are no significant abnormal changes occurred in mitochondria in the DFO groups, as compared to 
NC group. The mitochondrial volume in the HNK+DFO group was smaller than that in the NC group, and the density 
of the mitochondrial membrane was higher than that in the NC group. 
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Figure 4. HNK decreased the activity of GPX4 but did not affect system Xc-. A. GPX4 protein expression was measured by Western blot analysis and was normalized 
to GAPDH protein expression. B. The cell death rates of CC cells with GPX4 overexpression were determined by flow cytometry with Annexin V/PI staining. C. The 
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we introduced the iron chelator DFO, a specific 
inhibitor of ferroptosis, and established multi-
ple control groups to detect cell death rates 
[31]. Interestingly, DFO significantly reversed 
the important phenotypes of cell death induced 
by HNK and ferroptosis induced by ROS accu-
mulation. Moreover, the cell death rate was sig-
nificantly decreased with DFO treatment and, 
importantly, cellular ROS levels also decreased. 
These effects were confirmed by subsequent 
measurement of ROS and Fe2+ levels. Iron ions 
are the primary particles involved in the occur-
rence of ferroptosis. The stability of the cell iron 
pool is maintained under precise regulation by 
Transferrin and Ferroportin. After HNK treat-
ment, the level of ferroportin decreased signifi-
cantly. In contrast, the level of transferrin, 

which contributes to iron transport into cells, 
increased significantly.

Furthermore, specific ultrastructural changes 
occurred in mitochondria after ferroptosis. As 
evidenced by electron microscopy, the size of 
intracellular mitochondria decreased, the 
membrane density increased, the mitochondri-
al ridge shrank or disappeared, and the bilayer 
membrane density increased. As shown in 
Figure 3, after incubation with HNK for 12 h, 
intracellular mitochondria showed phenotypic 
changes typical of ferroptosis, including a 
decreased size, an increased membrane den-
sity, and a shrunken or absent mitochondrial 
ridge. We retrieved the recent documents on 
ferroptosis mechanisms, suggesting that the 

Fe2+ level was determined with Mito-FerroGreen dye, which is captured by confocal instrument (original magnifica-
tion: 400×). D. The level of ROS after overexpression of GPX4 in SW480 and RKO cell lines was investigated. E. To 
determine the effect of GPX4 overexpression on CC cells, a CCK8 assay was carried out to determine the IC50 values 
of HNK in CC cells after GPX4 overexpression. F. The levels of cystine and the intermediate product Glu in system 
Xc- upstream of GPX4 were measured. Compared to 0 μM group and vector group, *: P<0.05, **: P<0.01, ***: 
P<0.001, ****: P<0.0001.

Figure 5. CC cell growth was inhibited by HNK in vivo. In vitro, the increase in ROS levels caused by GPX4 inactivation 
was identified as a key mechanism through which HNK kills CC cells. Thus, RKO cells stably overexpressing GPX4 
were generated, and a xenograft model was established in nude mice via subcutaneous injection. A. The xenograft 
experiment showed that the tumor volumes and weights were significantly higher in the Lv-GPX4 group than in the 
Lv-NC group, as we recorded the subcutaneous tumor volume of each mouse every two days. B. Paraffin sections 
of subcutaneous tumors were carried and IHC was used to detect the level of GPX4 in xenograft tumors. The data 
shown that the protein level of GPX4 was significantly increased in the Lv-GPX4 group compared with the Lv-NC 
group (original magnification: 200×). The data are shown as the mean ± SD values. Compared to Lv-NC group, *: 
P<0.05, **: P<0.01.
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mechanisms of ferroptosis can be classified 
GPX4 dependent and non GPX4 dependent 
regulatory pathways. (1). GPX4 dependent 
pathway. Direct or indirect regulation of GPX4 
activity are considered the important mecha-
nisms of ferroptosis [32]. New compounds 
DPI2 [33], FIN56 [34] and RSL3 [35] induce cell 
ferroptosis by direct or indirect inhibition of 
GPX4, to produce ROS. (2). non GPX4 depen-
dent regulatory pathways. Recently, studies 
have indicated FSAP1 regulated ferroptosis sig-
naling pathways, which independent of GPX4. 
Moreover, oxidative stress and autophagy are 
also involved in the regulation of ferroptosis 
[36-39]. However, GPX4 is the most classical 
and core regulatory mechanism of ferroptosis. 
By inhibiting GPX4 to induce ferroptosis, it is 
expected to be a therapeutic strategy to treat 
some cancers [40, 41]. 

Previous studies revealed that ferroptosis is 
induced by the inactivation of GPX4, which 
leads to the accumulation of reactive lipid ROS 
on membranes, and iron ions are essential 
players in ROS accumulation. Therefore, we 
first investigated the regulatory effect of HNK 
on GPX4. When CC cells were treated with HNK 
in a concentration gradient, the expression of 
GPX4 decreased. Then, we constructed GPX4-
overexpressed plasmids and found that overex-
pression of GPX4 significantly decreased the 
antitumor effect of HNK in vitro, suggesting 
that GPX4 may be a vital regulator of HNK-
induced CC cell death. Furthermore, by investi-
gating the classical ferroptosis inducers report-
ed to date, we found that ferroptosis inducers 
are divided into two main molecular types. By 
regulating cystine/glutamic acid antiporter (sys-
tem Xc-), affects the formation of Glu, the sub-
strate of GPX4, and like erastin, indirectly 
affects the activity of GPX4. Inhibitors of the 
other molecular type, for example, RSL3, direct-
ly target GPX4 to promote the formation of lipid 
peroxides. According to one study [42], overex-
pression of GPX4 suppresses RSL3-induced 
ferroptosis. However, knockdown of GPX4 
enhances it, suggesting that inhibition of GPX4 
activity contributes to ferroptosis. In this study, 
HNK-induced CC cell death decreased the 
GPX4 protein level in a concentration way. In 
most recent studies, at the molecular level, sys-
tem Xc-, which transports cystine, as well as 
GSH and GPX4, form a barrier to ferroptosis. 
Disrupting any of these links increases the sen-
sitivity of cells to ferroptosis. Therefore, as an 

important regulatory pathway of GPX4 depen-
dence, the Xc- system was investigated further-
ly which indirectly deactivates GPX4 by deplet-
ing substrate GSH thereby. We explored the 
expression of cystine and the intermediate 
product GSH system Xc- upstream of GPX4 and 
found that HNK did not affect the level of mol-
ecules related to system Xc-. These datas sug-
gested that GPX4 to be a key molecule HNK 
mediates ferroptosis in CC cells in vitro. 
Furthermore, we constructed a stable cell line 
overexpressing GPX4 and used a subcutane-
ous xenograft model for in vivo experiment. The 
tumor volumes were significantly lower in the 
vector group than in the GPX4 overexpression 
group (Figure 5A).

In conclusion, Our datas showed that HNK can 
induce ferroptosis in CC cells and play a role in 
GPX4 dependent pathway, which suggest a 
new clue and theoretical support for the antitu-
mor activity of CC cancer.

Conclusions

HNK induces ferroptosis in CC cells by reducing 
the activity of GPX4. As a potential therapeutic 
drug, HNK showed good anticancer effects 
through a variety of signal transduction mecha-
nisms and multiple pathways.
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