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ABSTRACT

Background: Circular RNAs (circRNAs) represent a subset of non-coding RNAs implicated in the regulation of
diverse biological processes, including tumorigenesis. However, the expression and functional implications of
circ0060467 in hepatocellular carcinoma (HCC) remain elusive. In this study, we aimed to elucidate the role of
circ0060467 in modulating the progression of HCC.

Methods: Differentially expressed circRNAs in HCC tissues were identified through circRNA microarray assays.
Quantitative reverse transcription polymerase chain reaction (QRT-PCR) assays revealed the upregulation of
circ0060467 in both HCC cell lines and tissues. Various assays were conducted to investigate the roles of
circ0060467 in HCC progression. Additionally, RNA immunoprecipitation (RIP) assays and luciferase assays were
carried out to assess the interactions between circ0060467, microRNA-6085 (miR-6085), apoptosis-inducing
factor mitochondria-associated 2 (AIFM2), and glutathione peroxidase 4 (GPX4) in HCC.

Results: Microarray and qRT-PCR analyses demonstrated a marked elevation of circ0060467 in HCC tissues and
cell lines. Knockdown of circ0060467 suppressed HCC cell proliferation. Luciferase reporter and RIP assays
confirmed the binding of circ0060467, AIFM2, and GPX4 to miR-6805. Subsequent experiments revealed that
circ0060467 competes with AIFM2 and GPX4, thereby inhibiting cancer cell ferroptosis by binding to miR-6085
and promoting hepatocellular carcinoma progression.

Conclusions: Collectively, circ0060467 modulates the levels of AIFM2 and GPX4, crucial regulators of tumor cell
ferroptosis, by acting as a sponge for miR-6085 in HCC. Thus, circ0060467 may represent a novel diagnostic
marker and therapeutic target for HCC.

INTRODUCTION

Hepatocellular carcinoma (HCC) is a common solid
tumor and a major cause of cancer-associated death
worldwide. In 2020, primary liver cancer became the
6™ frequently diagnosed carcinoma and the 3 main
cause of tumor-associated deaths globally, with about

906,000 new morbidities and 830,000 mortalities
[1]. Geographically, the incidence of HCC exhibits
notable disparities, predominantly concentrated in less
developed regions such as Eastern Asia (54.8% of
cases) and Southeastern Asia (10.8% of cases) [2-4].
Despite advancements in the treatment of HCC, the
prognostic outcomes for afflicted patients remain bleak
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[5-7]. While numerous genes are implicated in HCC
tumorigenesis, the underlying pathogenic mechanisms
remain elusive [8-10]. Consequently, there exists an
imperative need to comprehend these mechanisms
comprehensively and identify novel molecular targets to
furnish efficacious therapeutic interventions for HCC
[11].

Circular RNAs (circRNAs) represent a category of
non-coding RNAS ubiquitous across various species
[12, 13]. Distinguished by their highly stable and
evolutionarily conserved circular structures, circRNAs
inherently demonstrate resilience to RNase activity.
Moreover, specific miRNA-binding sites within circRNA
sequences endow them with the capacity to function as
miRNA sponges, thereby exerting regulatory control over
gene expression. The aberrant expression of circRNAs
is frequently discerned in progressive tumors, owing to
their role as miRNA sponges [14, 15].

Previous research has demonstrated that circRNAs
play a pivotal role in co-regulating other RNAs by
functioning as competing endogenous RNAs (ceRNAS),
thereby competing for microRNAs (miRNAs) [16].
Kong et al. reported that cirPLK1 functions as a
miR-296-5p sponge to suppress progression of triple-
negative breast cancer [17]. Similarly, CircSMARCAS5
plays a role in HCC proliferation as well as metastasis
by acting as a miRNA sponge for miR-181b-5p and
miR-17-3p [18]. These findings collectively underscore
the pivotal role of circRNAs as modulators of cancer
progression through their function as miRNA sponges.

Several circRNAs have been identified as critical
regulators in the early stages of HCC progression.
Notably, Circ-CDYL exhibits high expression levels in
early-stage HCC, where it downregulates the expression
of Hepatoma-Derived Growth Factor (HDGF) and
Hypoxia-Inducible Factor 1 Alpha Inhibitor (HIFLAN)
by acting as a ceRNA for both miR-328-3p and miR-
892a [19]. Another noteworthy circRNA, Circ-PRKCI,
functions as a miRNA-545 sponge, antagonizing the
E2F transcription factor 7 (E2F7) [20]. E2F7
significantly overexpressed in HCC, is associated with a
poor survival outcome. Moreover, the upregulation
of hsa-circ-0078710 in HCC has been closely linked
to cancer cell proliferation, migration, and invasion.
Functioning as a miR-31 sponge, has-circ-0078710
activates CDK2 and HDAC genes [21]. However, the
expression and functional role of circ0060467 in HCC
remain unclear and warrant further investigation.

Ferroptosis, a term coined by Dixon et al. in 2012 [22],
denotes a form of iron-dependent regulation of cell
death driven by an overload of lipid peroxides on the
cell membrane. It exhibits distinct morphological and

mechanistic characteristics when compared to apoptosis
and other types of cell death [22, 23]. In recent years,
enlightening progress has made in cancer research
demonstrating that ferroptosis produces either a facili-
tative or inhibitory effect on cancer development, and
has potential as a new target for cancer therapy. On the
one hand, several cancer-related signaling pathways have
been demonstrated to be closely associated with and
involved in regulating the process of ferroptosis [24].
These pathways consequently influence the metabolic,
immune, and drug-sensitive characteristics of tumor
cells [25-27]. The distinctive metabolism of tumor
cells renders them susceptible to ferroptosis, indicating
heightened sensitivity to targeted therapy in specific
types of cancer [28-30]. Therefore, investigating the
vulnerability of HCC to ferroptosis and comprehending
the specific regulatory mechanisms assumes paramount
significance in the prevention and treatment of HCC.

In this study, the expression of circ0060467 was
determined in 18 paired HCC tissues utilizing quanti-
tative reverse transcription polymerase chain reaction
(QRT-PCR) [18]. Circ0060467 was detected significantly
upregulated in HCC tissues and cell lines. Circ0060467
is located at chr20:42338602-42345122 and derived
from the MYB proto-oncogene like 2 (MYBL2) gene.
Previous studies have indicated its upregulation in
cervical cancer, contributing to increased paclitaxel
resistance, and fostering cancer proliferation by
modulating miR-665/EGFR signaling [31]. Notably, the
knockdown of circ0060467 has been shown to suppress
proliferation and enhance FLT3-ITD acute myeloid
leukemia cell differentiation by promoting FLT3 kinase
translational efficiency [32]. Here, we explored the role
of circ0060467 in HCC and found that circ0060467
knockdown suppressed cell proliferation. We confirmed
that circ0060467 bound to miR-6805. Notably, we
identified Apoptosis-Inducing Factor Mitochondria
Associated 2 (AIFM2) and Glutathione Peroxidase 4
(GPX4), pivotal regulators of tumor ferroptosis, as
direct targets of miR-6805. Consequently, our results
elucidate the pivotal role of circ0060467 as a miR-6805
sponge, orchestrating a ceRNA mechanism to modulate
the expression of AIFM2 and GPX4. This intricate
regulatory network positions circ0060467 as a potential
therapeutic target for HCC.

RESULTS

Elevated expression of circ0060467 in HCC cell lines
and tissues

The upregulation of circ0060467 has been observed in
various cancers, where it functions as an oncogene
[31, 32]. A previous investigation identified circ0060467
in 18 paired cervical cancer tissues, demonstrating its
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significance in cancer biology [18]. Specifically, it was
revealed that circ0060467 serves as a miR-361-3p sponge,
augmenting the growth and invasion of cervical tumor
cells. However, the functional and mechanistic aspects
of circ0060467 in HCC remain unclear. In this study,
an examination of circ0060467 expression revealed its
elevation in both HCC tissues and cells (Figure 1A, 1B).
The circular structure of circ0060467 was confirmed by
RNase R digestion experiments in 97H and 7402 cells
(Figure 1C). Further, findings from the actinomycin D
assay implied that the circular transcript circ0060467 in
97H and 7402 cells was highly stable, compared to its
linear transcript MYBL2 (Figure 1D).
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Suppression of circ0060467 inhibits HCC tumor
proliferation

To assess the roles of circ0060467 in HCC, RNA
interference was used to downregulate circ0060467 levels
and the successful inhibition was showed by qRT-
PCR analysis (Figure 2A). Notably, the suppression of
circ0060467 markedly inhibited cell growth (Figure 2B).
To evaluate the impact of circ0060467 on in vivo tumor
proliferation, a xenograft experiment was conducted.
It showed that tumor proliferation was significantly
suppressed with inhibition of circ0060467 (Figure 2C).
Moreover, immunohistochemical staining of xenograft
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Figure 1. Circular RNA hsa_circ_0060467 (circ0060467) is increased in hepatocellular carcinoma (HCC) cell lines and tissues.
(A) Expression level of circ0060467 in normal and HCC cell lines. (B) Expression level of circ0060467 in HCC tissues and matched normal
tissues. (C) RNase R digestion experiment was used to confirm the circular structure of circ0060467 in 97H (left) and 7402 cells (right).
(D) Stability of the circular transcript circ0060467 and linear transcript MYBL2 in 97H and 7402 cells assessed by actinomycin D assays.

**p < 0.01, *** p<0.001.
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tumor sections indicated suppression of Ki-67 levels
following the inhibition of circ0060467 (Figure 2D).

Circ0060467 functions as an miR-6085 sponge

CircRNAs can work as ceRNAs to modulate miRNAs,
thereby liberating miRNA-targeted genes. Hence, we

evaluated if circ0060467 can function as a miRNA
sponge and projected the possible molecular targets
of circ0060467 on CircBank (http://www.circbank.cn/).
The analysis revealed that the putative binding site for
miR-6085 resides within the sequence of circ0060467
(Figure 3A). qRT-PCR analysis demonstrated low ex-
pression levels of miR-6085 in HCC cells (Figure 3B).
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Figure 2. Knockdown of circ0060467 suppresses HCC tumor growth. (A) si-circ0060467 successfully knocked down circ0060467 in
7402 (left) and 97H (right) cells. (B) Cell Counting Kit-8 assay was performed to evaluate cell proliferation in 7402 and 97H cells. (C) Tumor
volume was measured every 4 days for 4 weeks. (D) Expression status of Ki67 in hematoxylin-eosin-stained sections of harvested xenograft

tumors. **p <0.01.
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Moreover, co-transfection with miR-6085 mimics led
to a suppression of luciferase activity, an effect not
observed in cells transfected with the mutant luciferase
reporter (Figure 3C). Subsequently, knockdown of
circ-0060467 in 7402 and 97h cell lines resulted in a
significant increase in miR-6085 expression (Figure
3D). To validate the direct binding between circ0060467
and miR-6085, an MS2bp-MS2bs-based RNA immuno-
precipitation (RIP) assay was conducted. MiR-6085
was highly enriched in the MS2bs-circ-0060467 group
(Figure 3E), validating the direct associations between
circ0060467 and miR-6085. Thus, circ0060467
effectively interacts with miR-6085, serving as a sponge
for miR-6085 in the context of HCC.

Circ0060467 regulates expression of GPX4 and
AIFM in HCC

The TargetScan algorithm was employed to
investigate the possible downstream targets of miR-
6085, revealing AIFM2 and GPX4 as putative target
oncogenes (Figure 4A). To confirm the interactions of
the predicted targets, expressions of AIFM2 and GPX4
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were measured in HCC cell lines and were observed
to be elevated (Figure 4B). In addition, miR-6085
mimics significantly inhibited AIFM2 and GPX4 levels
in 7402, HepG2, and 97H cells, indicating that AIFM2
and GPX4 were both regulated by miR-6085 (Figure
4C). Then, Argonaute-2 (Ago2) RIP analyses were
performed. It was found that circ0060467, AIFM2,
GPX4, and miR-6085 were highly enriched in Ago2
complexes. Furthermore, suppression of circ0060467
enhanced AIFM2 and GPX4 enrichment in Ago2
fractions and largely inhibited circ0060467 enrichment
in Ago2 complexes (Figure 4D), suggesting that
circ0060467 competes with AIFM2 and GPX4 for
binding to miR-6085.

Circ0060467 suppression enhances HCC
ferroptosis
Interestingly, AIFM2 and GPX4 have been

determined as vital regulators of tumor cell ferrop-
tosis [22]. Consequently, suppression of circ0060467
enhances cell ferroptosis via the circ0060467/miR-6085/
AIFM2 and GPX4 axis. Knockdown of circ0060467 or
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Figure 3. Circ0060467 functions as a sponge for miR-6085 in hepatocellular carcinoma (HCC) cells. (A) Predicted binding sites of
miR-6085 within the circ0060467 sequence. (B) Expression level of miR-6085 in the LO2 cell line and HCC cell lines. (C) Relative luciferase
activity of 97H and 7402 cells co-transfected with the miR-6085 mimics and the luciferase reporter vector containing the wild-type or mutant
circ0060467 sequence. (D) miR-6085 expression in 7402 and 97h cell lines with knockdown of circ-0060467. (E) MS2-based RNA
immunoprecipitation assay in 7402 cell transfected with MS2bs-circ0060467, MS2bs- circ0060467-mt, or MS2bs-Rluc. **p < 0.01.
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overexpression of miR-6085, AIFM2, and GPX4
was effective in suppressing 7402, HepG2, and 97H
cells (Figure 5A). Additionally, immunohistochemical
staining sections of harvested xenograft tumors validated
that circ0060467 suppression apparently suppressed
the levels of AIFM2 and GPX4 (Figure 5B). More-
over, circ0060467 knockdown led to a decrease in
the GSH/GSSG ratio and mitigated GPX4 activation
(Figure 5C).

DISCUSSION

Substantial circRNAs were identified through high-
throughput sequencing techniques and bioinformatics
analyses. However, the significance of circRNAs in
HCC has yet to be fully established [33]. In this study,
we identified the levels of circRNAs in HCC, with
Circ0060467 found to be elevated in both HCC tissues and
cell lines. Knockdown of circ0060467 suppressed HCC
cell proliferation. These results show that circ0060467
plays a pivotal role in HCC progression, suggesting its
potential as a novel diagnostic marker and treatment
target for HCC. Nevertheless, due to the small sample
size in this study, further investigation and validation in
a larger independent cohort are warranted to explore the
expression profile and clinicopathological significance of
circ0060467 in HCC.

Recent studies have reported that ceRNAs influence the
activity of miRNAs by acting as sponges to control
gene expression in tumors [19, 34]. The relationship
between circ0060467 and miR-6805 was validated
through a series of functional assays. In this study, miR-
6805 was shown to interact with circ0060467, AIFM2,
and GPX4, suggesting that circ0060467 may act as a
miR-6805 sponge to modulate AIFM2 and GPX4
expression via a ceRNA mechanism. Circ0060467
functions as a ceRNA, sponging miR-6805 for AIFM2
and GPX4 in HCC. Initially, bioinformatic analyses
suggested that circ0060467 and the 3’-untranslated
region (UTR) of AIFM2 and GPX4 contain specific
binding sites for miR-6805. This prediction was verified
through luciferase reporter and MS2bp-MS2bs-based
RIP assays. Furthermore, AIFM2 and GPX4 expression
were reduced following circ0060467 knockdown.
Finally, the effects of circ0060467 knockdown were
reversed by suppressing miR-6805 expression. Similar
to circRNAs in the liver metastasis of breast cancer
[35, 36], these findings demonstrate that circ0060467
regulates AIFM2 and GPX4 expression by sponging
miR-6805 via a ceRNA mechanism.

Ferroptosis constitutes a form of necrotic cell demise
facilitated by the oxidative alteration of phospholipid
membranes through an iron-dependent mechanism
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Figure 4. Circ0060467 regulates the expression of GPX4 and AIFM in HCC. (A) Predicted direct binding sites of hsa-miR-6085
(miR-6085) within the apoptosis inducing factor mitochondria associated 2 (AIFM2) and glutathione peroxidase 4 (GPX4) sequences. (B)
Expression level of GPX4 and AIFM2 in the LO2 cell line and hepatocellular carcinoma cell lines. (C) Expression levels of GPX4 and AIFM2
after transfection with miR-6085 mimics. (D) RNA immunoprecipitation (RIP) assay detected the relative enrichment of circ0060467,
GPX4, AIFM2, and miR-6085 in the anti-Argonaute 2 (Ago2) fraction (left); relative enrichment was detected by an Ago2-RIP assay

(right).
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[37, 38]. A pivotal aspect of this biological process
involves cysteine depletion, leading to the depletion of
the intracellular glutathione (reduced) (GSH) reservoir,
ultimately triggering cellular apoptosis [22]. Initially,
the regulation of ferroptosis was attributed to GPX4, an
enzyme responsible for reducing phospholipid hydro-
peroxides [39, 40] and radical-trapping antioxidants [41,
42]. But recent study implies that flavoprotein AIFM2
acts as an antiferroptotic gene. AIFM2, also identified
as ferroptosis suppressor protein 1 (FSP1), provides
protection against ferroptosis induced by GPX4 deletion
[43]. In this study, the downregulation of circ0060467
or the overexpression of miR-6805 was observed to
suppress AIFM2 and GPX4 expression in HCC cell
lines and xenograft tumors. Additionally, the knockdown
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of circ0060467 resulted in a diminished GSH/GSSG
ratio in HCC cell lines. Therefore, our findings support
the conclusion that the suppression of circ0060467
enhances ferroptosis in HCC.

CONCLUSIONS

In conclusion, circ0060467 is highly expressed in
HCC, and its depletion resulted in the suppression
of HCC cell proliferation. Functioning as a ceRNA,
circ0060467 played a pivotal role in the regulation of
AIFM2 and GPX4 levels by sponging miR-6805. The
circ0060467/miR-6805/AIFM2 and circ0060467/miR-
6805/GPX4 axes were identified as key mediators in
HCC progression through the modulation of ferroptosis.
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Figure 5. Knockdown of circ0060467 promotes ferroptosis in HCC. (A) Western blotting was performed to determine the expression
levels of AIFM2, GPX4 and B-Actin. (B) Expression status of AIFM2 and GPX4 in hematoxylin-eosin-stained sections of harvested xenograft
tumors. (C) Glutathione (GSH)/oxidized GSH (GSSG) ratio was determined with a GSH/GSSG Quantification Kit. **p < 0.01.
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Consequently, circ0060467 is a potential novel
diagnostic marker and a potential effective target to
therapy for HCC. To facilitate the clinical application
of circ0060467 as a targetable molecule in future treat-
ments, it is imperative to conduct further investigations
involving a larger cohort of samples.

MATERIALS AND METHODS
Cell lines and culture

The 97H and BEL-7402 cell lines were procured
from the American Type Culture Collection (ATCC,
Manassas, VA, USA). These cell lines were cultured
in DMEM (Invitrogen, USA) supplemented with 10%
fetal bovine serum (Gibco, USA) under conditions
of 5% CO, at 37° C. After resuscitating from frozen
aliquots, cells were strictly passaged in less than 6
months and were verified by DNA fingerprinting
every 6 months. The Ethical Committee of the First
Affiliated Hospital of University of South China
permitted this study (approval no. 2021110714001).
The study strictly adhered to the principles outlined in
the Declaration of Helsinki (revised in 2013). Before
the commencement of the study, informed consent was
obtained from all participating patients.

gRT-PCR assay

TRIzol reagent (Life Technologies, Carlsbad, CA,
USA) was utilized to extract total RNA from cells and
tissues. The PrimeScript RT reagent kit (Takara Bio,
Dalian, China) was used for cDNA synthesis, and
gRT-PCR was carried out using SYBR Premix Ex Taq
(Takara Bio) on a CFX96 Real-time PCR system (Bio-
Rad, Hercules, CA, USA). To assess the abundances
of target transcripts, U6, along with [-actin (used
as housekeeping genes), served as controls. Relative
fold changes in expressions were calculated using the
27AACt method.

RNase R digestion assay

RNA isolated from 97H and 7402 cells were treated
using RNase R (Epicenter Technologies, Madison, WI,
USA) or a buffer as control. In the RNase R group,
total RNA (2 pg) was mixed with RNase R (3 U/ug)
and incubated for 20 minutes at 37° C. The B-Actin
was used as an internal control.

Actinomycin D assay

Cells (at a density of 1x10° were seeded in 6-well
plates and exposed to actinomycin D (2 mg/L; Sigma,
USA). The treated cells were harvested at 8, 16, and

24 h intervals. The circ0060467 and MYBL2 mRNA
levels were determined by gRT-PCR test.

Cell counting kit-8 (CCK-8) and Transwell assays

A CCK-8 assay (Dojindo Laboratories, Japan, Cat. #
ck04) was performed to evaluate cell proliferation. Cells
(1x103 cells/well) were cultured in 96-well plates and
thereafter transfected at 48 h prior to the addition of the
CCK-8 solution (10 pL) to each well. After 2 h of
incubation at 37° C, light absorbance at 450 nM was
detected in a microtiter plate reader (Epoch2; BioTek,
Winooski, VT, USA). With regards to the Transwell
assay, cells (1x10* cells/mL) were inoculated into a
migration chamber (BD Biosciences, Franklin Lakes,
NJ, USA), after which the medium (supplemented with
10% FBS) was supplemented to the lower chamber as
an attractant. At 24 h post-incubation, the cells were
fixed with methanol, stained with crystal violet (0.1%),
and microscopically counted. Assays were performed in
triplicate.

Mouse xenograft models

The procedures used for the animal assays were
permitted by the Institutional Animal Experimental
Ethical Committee of the First Affiliated Hospital
of the University of South China (approval no.
2021110714001). Female BALB/c nude mice (4-week-
old; three mice per group) were subcutaneously injected
with 2x106 BEL-7402 cells. Intratumoral administration
(40 pL of si-circ0060467 or negative control siRNA)
was performed every 4 days and tumor volumes were
assessed. Then, the mice were properly sacrificed and
tumor immunohistochemistry was performed.

Immunohistochemistry

Section slides with tissue were deparaffinized in xylene
and infiltrated with graded concentrations of ethanol
(100%, 95%, 85%, and 75%). After performing the
blocking of endogenous peroxidase activity and anti-
gen retrieval, the Ki-67 (Proteintech, China, 1:200) anti-
body was added and incubated overnight at 4° C. The
sections were stained with a diaminobenzidine (DAB)
substrate (Dako) after 20 minutes of incubation at room
temperature. The sections were stained with hematoxylin
after DAB treatment. The sections slides were dried,
and the degree of staining and the positive range were
measured under a microscope. The degree of staining
(0-3 points) was negative, light yellow, light brown,
and dark brown; the positive range (1-4 points) was
respectively 0-25%, 26-50%, 51-75%, 76-100%, and
the final scores were added for comparison. And we
have added the related content to the Methods section
according to the degree of staining and the positive
range under a light microscope.
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Luciferase reporter assay

Luciferase reporter vectors with full lengths 3’-UTR
of AIFM2 and GPX4 or circ0060467 were established.
Then, mutant luciferase reporter vectors were generated
using the QuikChange XL Site-directed Mutagenesis
Kit (Stratagene, La Jolla, CA, USA). BEL-7402 cells
were seeded into 96-well plates and co-transfected
with luciferase reporter vectors and miR-6805 mimics
or miR-6805 locked nucleic acids (LNA). Cells were
incubated for 48 h, after which luciferase activity
was quantified using dual-luciferase reporter assays
(Promega, Madison, WI, USA). Cells (density, 5x10°)
were co-transfected with the established vectors and
miR-6805 mimics. After incubation for 48 h, a dual-
luciferase reporter assay system (Promega, WI, USA)
was used to evaluate relative luciferase activity.

RIP assays

BEL-7402 cells were separately transfected with
MS2bs-circ0097009 mt, MS2bs-circ0097009, or the
blank control MS2bs-Rluc, with MS2bp-GFP using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA).
After incubation for 48 h, the RIP assay was performed
using the Magna RIP RNA-Binding Protein Immuno-
precipitation Kit (Millipore, Burlington, MA, USA).
The relative levels of miR-6805 were quantified after
purification of the RNA complexes. The anti-Ago2-RIP
assay was done using anti-Ago2 antibodies (Millipore,
Burlington, MA, USA). The abundances of circ0060467,
AIFM2 and GPX4, and miR-6805 were accurately
quantified after RNA purification.

Western blot analysis

After extraction, total proteins were separated by 10%
SDS-PAGE and transferred onto PVDF membranes
(Millipore, Burlington, MA, USA), which were blocked
at room temperature using 5% skim milk for 1 h.
The membrane was then incubated with primary
anti-AIFM2 (1:1,000; Affinity Biosciences, Zhenjiang,
China, Cat. #: DF8636) or anti-GPX4 (1:1,000; Abcam,
Cambridge, MA, USA, Cat. # ab125066) or anti-p-Actin
(1:1,000; Abcam, Cat. # ab8245) antibody. Secondary
antibodies (1:5,000; Cell Signaling Technology, Danvers,
MA, USA, Cat. # 7074) were used. Chemiluminescence
was used for the detection.

Evaluation of glutathione (GSH)/oxidized GSH
(GSSG) ratios

The GSH/GSSG was determined using the GSH/
GSSG Quantification Kit Il (Dojindo, Shanghai, China).
Preparation of the sample and standard solutions, as
well as the evaluation of concentrations, were strictly

conducted according to the manufacturer’s protocols. A
microplate reader (FlexStation 3; Molecular Devices,
San Jose, CA, USA) was used to calculate relative levels.

Statistical analyses

The SPSS 25.0 (IBM, SPSS, Chicago, IL, USA)
for Windows was used for data analyses. Data were
shown as mean + SEM. Among-group comparisons
were performed by one-way ANOVA while between-
group comparisons were done by two-tailed t-tests.
p < 0.05 denoted significance.
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Authors can provide all of the datasets on reasonable
request.
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