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Abstract
Oxidative stress is a risk factor for mammary health, resulting in decreasedmilk yield andmilk
quality. Application of exogenous bioactive compounds has been a research focus of antioxi-
dation of animals in the mammary gland. Quercetin is a flavonoid extracted from vegetables,
fruits and tea and has been shown to have a variety of biological activities, but the effect of
quercetin on redox imbalance in mammary epithelial cells is unclear. In this study, cells of
HC11, a mouse mammary epithelial cell line, were treated with quercetin, and the effects and
molecular mechanisms of quercetin protection on hydrogen peroxide-induced oxidative stress
were studied. Results showed that 20 μMquercetin attenuated hydrogen peroxide-induced lac-
tate dehydrogenase release and reactive oxygen species (ROS) accumulation and alleviated the
reduction of cell viability and antioxidant capacity. Quercetin significantly restored the acti-
vation of mitogen-activated protein kinase (MAPK) and nuclear factor E2-related factor 2
(Nrf2) pathways induced by hydrogen peroxide. Importantly, the inhibitors of p38 MAPK and
extracellular regulated protein pathways affected the activation of Nrf2 pathway. All inhibitors
of MAPK and Nrf2 pathways reduced the protective effects of quercetin on cell prolifera-
tion, the activity of catalase and the expression of glutamate-cysteine ligase modifier subunit.
Meanwhile, the effects of quercetin on the production of ROS and expression of glutamate/cys-
tine reverse transporter light chain were mainly dependent on Nrf2 pathway. In summary, the
protective effect of quercetin in mammary epithelial cells was mediated via MAPK and Nrf2
pathways.

Introduction

Milk consumption is critical for the survival, growth and development of mammal neonates,
and mammary health is important for milk production (Garwolinska et al. 2018; Li et al. 2019).
Oxidative stress is a common factor that impairs mammary health and the function of milk
synthesis (Li et al. 2019; Spitzer et al. 2020). Oxidative stress occurs when the scavenging capac-
ity of reactive oxidants is lower than their production, resulting in excessive accumulation of
oxidative damages in the mammary gland which leads to decreased milk production and milk
quality (Jakubczyk et al. 2020; Spitzer et al. 2020). Studies showed that some nature substances
have great potential to combat oxidative stress (Xu et al. 2019, 2021). Quercetin, a kind of
flavonoid substance found in vegetables, fruits, tea, wine and other foods, is one of examples
(Polera et al. 2019; Xu et al. 2019). In drug research and development, quercetin has been found
to have great potential for its antioxidant activity (Song et al. 2020; Xu et al. 2019). Studies
showed that quercetin improved the expression of antioxidant enzymes in lipopolysaccharide
(LPS) -challenged human aortic endothelial cells (Li et al. 2016), and quercetin protected human
umbilical vein endothelial cells against H2O2-induced oxidative damages (Tian et al. 2019),
suggesting its antioxidant capacity in cardiovascular diseases. However, whether quercetin has
protective effects on oxidative stress in the mammary gland has not been well studied.

It is believed that nuclear factor E2-related factor 2 (Nrf2) signaling pathway is the
main regulatory pathway of cellular antioxidant defense system (Shaw and Chattopadhyay
2020). When oxidative stress occurs, Nrf2 pathway is activated and regulates the activity
of antioxidant enzymes and the expression of stress-resistant proteins to maintain redox
homeostasis (Jin et al. 2016; Shaw and Chattopadhyay 2020). Severe oxidative stress leads
to cell proliferation obstruction, autophagy and apoptosis. The mitogen-activated protein
kinase (MAPK) pathway plays an important role in cell survival and death and thus may
be closely related to oxidative stress (Kumar et al. 2021; Liu et al. 2020a; Luo et al. 2019).
The MAPK family mainly consists of three subtypes: p38 MAPK, extracellular regulated
protein kinase (ERK) and c-Jun N-terminal kinase (JNK) (Jin et al. 2016). It has been
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reported that three subtypes ofMAPK pathway had positive effects
on the redox imbalance in melanocytes and sertoli cells (Li et al.
2020a; Liu et al. 2020a). However, it is not clear whether quercetin
alleviates oxidative stress via Nrf2 and MAPK pathways in the
mammary gland. Therefore, the aim of this study was to investi-
gate the effect and underlying molecular mechanisms of quercetin
against redox imbalance in mammary epithelial cells. Our study
provided evidence to support the development and utilization of
quercetin as an antioxidant additive in lactating animals.

Materials and methods

Reagent

Quercetin (Q4951) was purchased from Sigma Chemical
(St. Louis, MO, USA) with the purity ≥95%. Hydrogen peroxide
(H2O2, 323381-500 mL), bovine insulin (I6634) and epidermal
growth factor (E4127) were also purchased from Sigma Chemical.
Fetal bovine serum (No. 900-108) was purchased from Gemini
Bio (Calabasas, California, USA). Nrf2 inhibitor (ML385), p38
MAPK inhibitor (SB203580), ERK inhibitor (PD98059) and JNK
inhibitor (SP600125) were purchased from Selleck Chemicals
(Houston, TX, USA).

Cell culture

The HC11 mammary epithelial cells, derived from female mouse
mammary gland, were obtained from American type culture col-
lection (ATCC) (Manassas, Virginia, USA; CRL-3062) and cul-
tured in RPMI 1640 supplemented with 10% fetal bovine serum,
bovine insulin (5 μg/mL), epidermal growth factor (10 ng/mL),
penicillin (100 U/mL) and streptomycin (0.1 mg/mL) in a humid
incubator with 5% CO2 and 95% air at 37∘C.

Cell treatment

After HC11 cells adhered to the 96-well plates and grew to
40% confluence, the culture medium was changed to serum-free
medium added with H2O2 (50–1000 μM) or serum-containing
medium added with quercetin (5–25 μM) for 24 h to determine
the changes of cell proliferation and lactate dehydrogenase (LDH)
release. The powder of quercetin was dissolved in dimethyl sulfox-
ide (DMSO) (D2650, Sigma) to obtain 25 mM and 20 mM storage
solution, respectively, based on the highest concentrations required
for individual experiment.The inhibitor was dissolved inDMSO to
produce a storage solution of 1000 times the concentration of the
working solution. At each use, the storage solution of quercetin and
inhibitors were diluted with the medium used in the experiment.
In experiments with quercetin treatment, 0.1% DMSO was added
in the control group. In experiments, after the HC11 cells adhered
to the 6-well plates and grew to 40% confluence, HC11 cells were
pretreated with 20 μM quercetin for 2 h, followed by treatment of
100 μM H2O2 for 24 h to determine the effects of quercetin pre-
treatment on H2O2-induced redox imbalance and the activation
of MAPK and Nrf2 pathways. In the experiments with signaling
molecule inhibitors, HC11 cells were pretreated with an individual
inhibitor for 1 h, and then treated with 20 μM quercetin for 2 h,
followed by treatment with 100 μMH2O2 for 24 h.

Cell viability and cytotoxicity assay

Cell viability was quantified by Cell Counting Kit-8 (Beyotime,
Shanghai, China). The 96-well plates were inoculated with about

8000 cells/well. After HC11 cells adhered and grew to 40% con-
fluence, the cell treatments were carried out as described above.
The CCK8 solution was added to each well and incubated for 1 h,
and the absorbance at 450 nm was detected by microplate reader
(Molecular Devices, California, USA).The cytotoxicity of cells was
determined by LDH Cytotoxicity Assay Kit (Beyotime). When 1 h
before the predetermined time reached, LDH releasing reagent
was added to the “sample maximum enzyme activity control well.”
Then, theHC11 cells were cultured for 1 h followed by centrifuging
at 400 × g for 5 min. A 90 μL volume of supernatant/each well was
transferred to a new 96-well plate, and the absorbance at 490 nm
wasmeasured bymicroplate reader (MolecularDevices). In the cell
viability and cytotoxicity experiments, six wells were used for one
treatment in each experiment, and the experiment was conducted
three times independently.

Cellular reactive oxygen species (ROS) assay

The production of cellular ROS was determined by
DCFDA/H2DCFDA Cellular ROS Assay Kit (ab113851) pur-
chased from Abcam (Waltham, MA, USA) using flow cytometry
(BD FACSVerse™, BD Biosciences, CA, USA) with BD FAC
Suite software (BD Biosciences). According to the manufactures’
instructions, HC11 cells were cultured and treated with 100 μM
H2O2 for 4 h. Then, the cells were prepared into a single cell sus-
pension and incubated in 10 μM 2’,7’–dichlorofluorescin diacetate
(DCFDA) working solution at 37∘C for 30 min in dark. After that,
the cells were gently blowing with a pipette to ensure that single
cells were suspended, and then 10,000 cells were collected and
analyzed in each group by flow cytometry. The excitation wave-
length of fluorescence was 485 nm, and the emission wavelength
was 535 nm. The fluorescein Isothiocyanate-protein A (FITC-A)
mean value was used to analyze the differences between groups.

Assay of total antioxidant capacity (T-AOC), catalase (CAT) and
superoxide dismutase (SOD) enzyme activities

The T-AOC was defined as the ratio of reducing efficiency of the
samples to the reducing efficiency of Trolox which determined by
Total Antioxidant Capacity Assay Kit. The assays for CAT activ-
ity, SOD activity and protein concentration were performed using
the Catalase Assay Kit, Total Superoxide Dismutase Assay Kit with
WST-8 and BCA Assay Kit (Beyotime), respectively, according to
the manufactures’ instructions. The activities of CAT and SOD
enzymes and T-AOC were normalized by the protein concentra-
tion of the samples.

Western blot analysis

Cells were lysed using Radio Immunoprecipitation Assay
(RIPA) lysate buffer with 1 mM phenylmethanesulfonyl fluoride
(Beyotime). The lysates were centrifuged at 12,000 × g for 10 min,
and the supernatants were collected. The protein concentration
was determined using BCA Assay Kit (Beyotime). The western
blot analysis used 20 μg protein per well. All protein samples were
used within 1 week after extraction. Other procedures of western
blot were performed according to the previous description (Chen
et al. 2020). Primary antibodies used for western blot were all
rabbit anti-mouse antibodies which obtained fromAbcam,HuaAn
Biotechnology (Hangzhou, China) and Cell Signaling Technology
(MA, USA). More information about the antibodies was listed in
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Table S1, and the secondary antibody was horseradish peroxidase
(HRP)-conjugated goat anti-rabbit immunoglobulin G (IgG)
antibody (Bioker, Hangzhou, China). The Super ECL Detection
Reagent (Bioker) was used for chemiluminescence using an
imager from Shanghai CLINX Science Instruments Co., Ltd
(Shanghai, China). The relative intensity of bands was quantified
using Fusion FX software (Vilber, France) and normalized by
reference protein β-actin in the same sample.

Statistical analysis

Data were presented as mean ± standard error of mean (SEM).
One-way analysis of variance (ANOVA) followed by Tukey’s mul-
tiple comparison was carried out to determine the differences
between treatments using IBM SPSS Statistics 19 (IBM, Armonk,
NY, USA). P < 0.05 was considered statistically significant.

Graphing was carried out using GraphPad Prism Software version
6.0 (GraphPad Software Inc., La Jolla, CA, USA).

Results

Effects of quercetin on H2O2-induced changes in cell viability
and LDH release in HC11 cells

Cell viability was significantly reduced by 50–1000 μM H2O2,
whereas 100–1000 μM H2O2 significantly increased LDH release
in HC11 cells (Fig. 1A–B). The cell viability was reduced to about
60% of the control group, and LDH release was increased by about
25% when the cells were treated with 100 μM H2O2 for 24 h
(Fig. 1A–B). Thus, treatment of cells with 100 μM H2O2 for 24 h
was used as the cell injury model for subsequent experiments.
Treatment of cells with 5–20 μM quercetin alone did not affect
the cell viability, whereas 25 μM quercetin significantly reduced

Figure 1. Effects of different concentrations of hydrogen peroxide (H2O2) and quercetin on cell viability and lactate dehydrogenase (LDH) release in HC11 cells. (A) Cell
viability and (B) LDH release in HC11 cells after 24 h treatment with different concentrations of H2O2 (0, 50, 100, 250, 500, 750 and 1000 μM). (C) Cell viability and (D) LDH
release in HC11 cells after 24 h treatment with different concentrations of quercetin (0, 5, 10, 15, 20 and 25 μM). (E) Cell viability and (F) LDH release in HC11 cells pretreated
with different concentrations of quercetin (0–25 μM) for 2 h, followed by treatment of 100 μM H2O2 for 24 h. One-way ANOVA followed by Tukey’s multiple comparison was
used to determine the differences between the groups. Data represent the mean ± SEM. Data marked with different small letters (a, b, c and d) indicated P < 0.05, while
data with the same letter indicated no significant difference.
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Figure 2. The ameliorating effects of quercetin on redox balance in HC11 cells. HC11 cells were pretreated with or without 20 μM quercetin for 2 h, followed by treatment
with or without 100 μM H2O2 for 24 h to determine (A and B) the production of ROS, (C) T-AOC, enzyme activity of (D) CAT and (E) SOD. (F) Representative grayscale
photographs of immunoblots and quantitative protein expression of (G) xCT, (H) GCLM and (I) TXNRD1. One-way ANOVA followed by Tukey’s multiple comparison was used
to determine the differences between four groups. Data represent mean ± SEM. Data marked with different lowercase letters (a, b and c) indicated P < 0.05, while data with
the same letter indicated no significant difference.
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the cell viability (Fig. 1C). In addition, 5–25 μM quercetin did not
affect the release of LDH from the cells (Fig. 1D).The LDH release
induced by H2O2 was significantly reduced by 5–25 μMquercetin,
and cell viability decreased by H2O2 was improved by 10–25 μM
quercetin (Fig. 1E–F). As a result, 20 μM was the most effective
concentration of quercetin in alleviating HC11 cell damage caused
by H2O2.

Effect of quercetin on H2O2-induced redox imbalance

The production of ROS in HC11 cells increased by 100 μM H2O2
treatment, and quercetin pretreatment restored that to the control
level (Fig. 2A–B). H2O2 treatment reduced the T-AOC in HC11
cells, which was significantly improved by quercetin pretreat-
ment (Fig. 2C). H2O2 treatment significantly reduced the activity
of CAT and increased the activity of SOD in the cells (Fig. 2D–E),
and quercetin pretreatment significantly improved the activity
of CAT reduced by H2O2 (Fig. 2D). H2O2 significantly inhib-
ited the expression of glutamate/cystine reverse transporter light
chain (xCT) and thioredoxin reductase 1 (TXNRD1), and the
inhibition on the expression of xCT was completely removed by

quercetin pretreatment (Fig. 2F–G, I). Quercetin partially restored
the expression of TXNRD1 under H2O2 (Fig. 2F, I). Although
H2O2 treatment did not affect the expression of glutamate-cysteine
ligase modifier subunit (GCLM), quercetin treatment with or
withoutH2O2 upregulated the expression ofGCLMcomparedwith
the control group (Fig. 2F, H).

Effect of quercetin on the activation of MAPK pathway
induced by H2O2

Hydrogen peroxide increased the level of phosphorylation of p38
MAPK and the ratio of p-p38 MAPK/p38 MAPK, and quercetin
pretreatment restored the phosphorylation level of p38 MAPK
and the ratio of p-p38 MAPK/p38 MAPK to the control lev-
els (Fig. 3A–D). Similarly, H2O2 increased the phosphorylation
level of ERKprotein and the ratio of p-ERK/ERK and decreased the
total protein level of ERK (Fig. 3A, E–G). Quercetin pretreatment
restored the phosphorylation level of ERK, the ratio of p-ERK/ERK
and the protein expression of ERK to a great extent (Fig. 3A, E–G).
Meanwhile, H2O2 increased the ratio of p-JNK/JNK and decreased

Figure 3. Effects of quercetin on the H2O2-induced activation of MAPK pathway in HC11 cells. HC11 cells were pretreated with or without 20 μM quercetin for 2 h, followed
by treatment with or without 100 μM H2O2 for 24 h. (A) Representative grayscale photographs of immunoblots. Quantitative protein expression of (B) p-p38/p38, (C) p38,
(D) p-p38, (E) p-ERK/ERK, (F) ERK, (G) p-ERK, (H) p-JNK/JNK, (I) JNK and (J) p-JNK. One-way ANOVA followed by Tukey’s multiple comparison was used to determine the
differences between four groups. Data represent the mean ± SEM. Data marked with different lowercase letters (a, b and c) indicated P < 0.05, while data with the same
letter indicated no significant difference.
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Figure 4. Effects of quercetin on the H2O2-induced activation of Nrf2 pathway in HC11 cells. HC11 cells were pretreated with or without 20 μM quercetin for 2 h, followed by
treatment with or without 100 μM H2O2 for 24 h. (A) Representative grayscale photographs of immunoblots. (B) Quantitative presentation of the ratio of p-NRF2/NRF2
protein and protein expression level of (C) NRF2 and (D) p-NRF2. One-way ANOVA followed by Tukey’s multiple comparison was used to determine the differences between
four groups. Data represent mean ± SEM. Data marked with different lowercase letters (a and b) indicated P < 0.05, while data with the same letter indicated no significant
difference.

the total protein level of JNK but did not affect the phosphorylation
level of JNK, and quercetin pretreatment upregulated the level of
JNK and downregulated the ratio of p-JNK/JNK to the control level
in H2O2 treated cells (Fig. 3A, H–J).

Effect of quercetin on the activation of Nrf2 pathway
induced by H2O2

Hydrogen peroxide significantly increased the protein expression
of p-NRF2 and the ratio of p-NRF2/NRF2 but did not affect the
total protein expression of NRF2 (Fig. 4A–D). Quercetin pretreat-
ment restored the expression of p-NRF2 to the level in control cells,
and the ratio of p-NRF2/NRF2 in quercetin pretreatment group
was significantly lower than that in H2O2 group (Fig. 4).

Role of MAPK pathway in ameliorating H2O2-induced activation
of Nrf2 pathway by quercetin

The p38 MAPK inhibitor (SB203580, 25 μM), ERK inhibitor
(PD98059, 100 μM), JNK inhibitor (SP600125, 10 μM) and
Nrf2 inhibitor (ML385, 5 μM) inhibited the activation of MAPK
and Nrf2 pathways, respectively (Figure S1). The ERK inhibitor
PD98059 significantly upregulated the ratio of p-NRF2/NRF2 and
completely eliminated the recovery effect of quercetin on H2O2-
induced activation of Nrf2 pathway in HC11 cells (Fig. 5). The
p38 MAPK inhibitor SB203580 significantly reduced the protein
expression of p-NRF2, whereas the JNK inhibitor SP600125 did
not affect Nrf2 signaling pathway significantly in cells treated with
H2O2 (Fig. 5).

Roles of MAPK and Nrf2 pathways in quercetin’s ameliorating
effect on H2O2-induced oxidative stress

All p38 MAPK, ERK and JNK inhibitors significantly reduced
the protective effect of quercetin on cell viability (Fig. 6A). There
were no differences in cell viability between any group of Nrf2,
p38 MAPK and ERK inhibitors and the H2O2 group (Fig. 6A). No
inhibitors significantly affected quercetin’s alleviation in the release
of LDH induced by H2O2 (Fig. 6B). Nrf2 inhibitor, but not MAPK
pathway inhibitors, blocked the protective effect of quercetin on
the level of ROS to a certain degree (Fig. 6C–D). In addition,
the p38 MAPK, ERK and Nrf2 inhibitors decreased the recovery
effect of quercetin on T-AOC of HC11 cells, and the inhibition
of ERK pathway reduced the T-AOC to the level of the control
group (Fig. 6E). Four inhibitors decreased quercetin’s upregulation
of CAT activity to different degrees (Fig. 6F). Nrf2 inhibitor, but
not MAPK pathway inhibitors, significantly reduced the upregula-
tion of quercetin on the protein level of xCT to the basal level of
H2O2 group (Fig. 6G–H). Furthermore, the Nrf2 inhibitor elimi-
nated the upregulation of quercetin on the expression of GCLM
and restored it to the level of H2O2 group, whereas the expression
of GCLM in three MAPK pathway inhibitor groups was between
the H2O2 group and quercetin group. There was no difference in
protein level of GCLM between the Nrf2 inhibitor and p38 MAPK
inhibitor groups (Fig. 6G, I).

Discussion

Oxidative stress impacts mammary health seriously, resulting in
decreased milk yield and milk quality (Li et al. 2019; Spitzer et al.
2020). Alleviating oxidative stress by using exogenous substances
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Figure 5. Effects of the p38 MAPK inhibitor SB203580 (25 μM), ERK inhibitor PD98059 (100 μM) and JNK inhibitor SP600125 (10 μM) on the quercetin’s ameliorating effect
on H2O2-induced activation of Nrf2 pathway in HC11 cells. HC11 cells were pretreated with or without an individual inhibitor for 1 h, then the cells were treated with or
without 20 μM quercetin for 2 h, followed by treatment with or without 100 μM H2O2 for 24 h. (A) Representative grayscale photographs of immunoblots. (B) Quantitative
presentation of the ratio of p-NRF2/NRF2 protein and the protein expression level of (C) NRF2 and (D) p-NRF2. One-way ANOVA followed by Tukey’s multiple comparison was
used to determine the differences between the groups. Data represent mean ± SEM. Data marked with different lowercase letters (a, b and c) indicated P < 0.05, while data
with the same letter indicated no significant difference.

has been the focus of antioxidation research in the mammary
gland (Koch et al. 2019; Xu et al. 2019). Mammary epithelial
cells are lactigenous cells and directly related to the health and
function of the mammary gland (Mizusawa et al. 2019; Yuan
et al. 2019). Therefore, a model of cellular oxidative stress was
adapted in HC11 mouse mammary epithelial cells with H2O2
treatment. In this model, the cell viability was gradually decreased
by increasing H2O2 concentration from 50 μM to 250 μM. The
100 μMH2O2 reduced cell viability to about 60% of control group
and significantly increased the release of LDH from the cells,
which was then used for subsequent experiments. Quercetin is a
flavonoid extracted from a variety of plants (Polera et al. 2019).
Quercetin has shown to have antioxidant properties in previous
studies (Song et al. 2020; Xu et al. 2019). In our study, HC11
cells were treated with quercetin at commonly used concentra-
tions (Li et al. 2016; Smith et al. 2020) and found that quercetin
below 25 μM had no negative effect on cell viability and LDH
release from the cells. However, 5–20 μM quercetin had signifi-
cant protective effects on the viability of HC11 cells treated with
H2O2, and 20 μM quercetin showed the maximal effects, which
was then used in subsequent experiments to study the underlying
mechanisms.

ROS include reductive oxygen-containing free radicals and
non-free radical reactive oxidants (Sessa et al. 2020). In this study,
H2O2 treatment increased ROS production and decreased the
T-AOC in HC11 cells, indicating that H2O2 resulted in redox
imbalance, which was consistent with previous reports (Jin et al.
2016). There are numbers of antioxidant enzymes and non-
enzymatic antioxidants in the body, such as CAT, SOD and xCT
(Vucetic et al. 2017), which constitute the antioxidant defense sys-
tem. Quercetin increased T-AOC and the activity of CAT reduced
by H2O2, verifying that quercetin restored H2O2-induced redox
imbalance inHC11 cells.The xCT is amember of the cystine/gluta-
mate antiporter family and promotes cystine uptakes and protects
cells from oxidative stress and cell death (Koppula et al. 2018).
In this study, quercetin completely eliminated the reduction of
xCT induced by H2O2 and partially restored the level of stress-
resistant protein TXNRD1 inHC11 cells.These effects of quercetin
on stress-resistant proteins were consistent with previous in vivo
studies in pancreatic tissue of type 2 diabetes mice (Li et al. 2020b),
proving quercetin’s antioxidation function in vivo and in vitro.
Moreover, GCLM is the regulatory subunit of GCL which affects
the synthesis of glutathione (GSH) (Chen et al. 2019; Nishizawa
et al. 2020). The mRNA abundance of GCLM was found to be
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Figure 6. Effects of the p38 MAPK inhibitor SB203580 (25 μM), ERK inhibitor PD98059 (100 μM), JNK inhibitor SP600125 (10 μM) and Nrf2 inhibitor ML385 (5 μM) on the
quercetin’s ameliorating effects on H2O2-induced oxidative stress in HC11 cells. HC11 cells were pretreated with or without an individual inhibitor for 1 h, then the cells were
treated with or without 20 μM quercetin for 2 h, followed by treatment with or without 100 μM H2O2 for 24 h to determine (A) cell proliferation, (B) LDH release, (C and D)
the production of ROS, (E) T-AOC and (F) CAT enzyme activity. (G) Representative grayscale photographs of immunoblots. Quantitative protein expression of (H) xCT and (I)
GCLM. One-way ANOVA followed by Tukey’s multiple comparison was used to determine the differences between the groups. Data represent mean ± SEM. Data marked with
different lowercase letters (a, b, c, d and e) indicated P < 0.05, while data with the same letter indicated no significant difference.

downregulated after H2O2 treatment in human retinal pigment
epithelial cells (ARPE-19 cells) (Yuan et al. 2020). In the present
study, the protein level of GCLM was not changed by H2O2, but
it was induced by quercetin treatment, indicating that GCLM
may still be one of the important molecules involved in quercetin
protection in HC11 cells.

The MAPK signaling pathway is a key pathway that regulates
cell proliferation and respond to exogenous stimuli, and MAPK
signalingmoleculesmainly include p38MAPK, ERK and JNK sub-
types (Lanna et al. 2017; Santarpia et al. 2012). Studies on cardiac
fibroblasts have shown that quercetin reduces the phosphoryla-
tion of ERK, p38 and JNK induced by free radicals, but there have
only a few studies which investigated the relationship between
quercetin and MAPK pathway in mammary epithelial cells (Min
et al. 2019). In this study, H2O2 activated the p38 MAPK, ERK
and JNK molecules by phosphorylation, and quercetin restored
the activation of these molecules, revealing that MAPK pathway
might play a role in the protective effects of quercetin in mam-
mary epithelial cells. Similarly, quercetin decreased p-NRF2/NRF2
ratio in cells treated with H2O2, proving that Nrf2 pathway may

also likely to be involved in quercetin’s protective role to oxidative
stress. These results are consistent with the reports that quercetin
is a Nrf2-interacting nutrient in improving Alzheimer’s disease,
insulin resistance and lung injury (Bousquet et al. 2020; Zaplatic
et al. 2019).

To investigate the molecular mechanisms of quercetin protec-
tion against oxidative stress in HC11 cells, the specific inhibitors
of Nrf2 (ML385), p38 MAPK (SB203580), ERK (PD98059) and
JNK (SP600125) molecule (Jin et al. 2016; Martin-Acosta and Xiao
2021; Zarrin et al. 2021) were used to explore the role of each
of these pathways in quercetin’s function. The inhibition of ERK
upregulated the ratio of p-NRF2/NRF2 and eliminated the recov-
ery effect of quercetin on Nrf2 signaling pathway, whereas p38
MAPK inhibition reduced the protein level of p-NRF2, indicat-
ing that quercetin may protect HC11 cells by activating ERK-Nrf2
and p38 MAPK-Nrf2 pathways simultaneously. The relationship
between MAPK and Nrf2 signaling pathways has not been con-
sistent in different studies (Jin et al. 2016; Li et al. 2020a; Liu
et al. 2020a). For example, ERK inhibition decreased, whereas p38
MAPK inhibition increased the activation state of Nrf2 signaling
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pathway under resveratrol treatment (Jin et al. 2016). All three
MAPK pathway inhibitors activated the expression of Nrf2 in par-
ticulate matter (PM)2.5-induced spermatogenesis dysfunction (Liu
et al. 2020a).Thus, the roles ofMAPK andNrf2 signaling pathways
may be cell-specific or rely on the biological activity of different
antioxidants.

Yao et al. (2007) found that the inhibitors of p38 MAPK and
ERK blocked the protective effects of quercetin on alcoholic liver
injury, whereas JNK inhibitor failed to do that. In this study,
the Nrf2, p38 MAPK and ERK inhibitors completely blocked the
effect of quercetin on cell proliferation, but the JNK inhibitor
only blocked partially. Our observation was similar to the result
of Yao et al. (2007) in alcoholic liver injury, suggesting that the
antioxidation mechanisms of quercetin might be at least partially
determined by the structure and characteristics of quercetin itself.
Besides, the level of ROS is an indicator of cellular oxidation stress
(Bottje 2019). Previous reports showed that p38 MAPK inhibitor
reduced the elevation of ROS induced by ochratoxin A, and Nrf2
knockdown upregulated ROS level in rat hippocampal neurons,
but the effects of Nrf2 andMAPK inhibitors on ROS of HC11 cells
were not clear (Dai et al. 2018; Han et al. 2019). In this study, Nrf2
inhibitor, but not MAPK inhibitors, partially blocked the down-
regulation effect of quercetin on ROS production. However, due to
the presence of ERK-Nrf2 and p38 MAPK-Nrf2 pathways, MAPK
pathway may also indirectly affect ROS production at other time
points.Moreover, our observations indicated that p38MAPK, ERK
andNrf2 pathways are all necessary in the enhancement of T-AOC
by quercetin in HC11 cells, whereas JNK pathway is not. But inter-
estingly, the JNK inhibitor had the greatest effect on CAT activity
among four inhibitors. The changes of T-AOC and CAT activ-
ity were not completely consistent after 24 h of H2O2 treatment,
suggesting that T-AOC in HC11 cells was determined by many
antioxidant substances other than CAT enzyme, as other reports
in the liver (Jia et al. 2019; Liu et al. 2020b).

Several studies have confirmed that xCT is a downstream gene
of the Nrf2-antioxidant response element pathway (Xie et al. 2020;
Xie et al. 2020). Repression of the activation of Nrf2-antioxidant
response element pathway by si-RNA or overexpression of Nrf2’s
anchor protein KEAP1 inhibited the expression of xCT (Ali et al.
2016;Habib et al. 2015). In this study, theNrf2 inhibitor completely
blocked H2O2-induced protein expression of xCT, which was con-
sistent with other studies in vivo and in vitro (Ali et al. 2016; Xie
et al. 2020). However, three MAPK inhibitors did not affect the
expression of xCT. Hence, the effect of quercetin on xCT in HC11
cells was mainly dependent on the Nrf2 pathway. Ishikado et al.
found that different si-RNAs of Nrf2 inhibited the expression of
GCLM in liver and vascular endothelial cells, and the inhibitor or
si-RNA of p38 MAPK also had the inhibitory effects on GCLM
(Gu et al. 2016; Ishikado et al. 2013; Ji et al. 2015). In HC11 cells,
the recovery effect of quercetin on the protein level of GCLM was
largely dependent on Nrf2 and p38 MAPK pathways and also par-
tially relied on JNK and ERK pathways, proving that the level of
GCLMmay be affected by two pathways simultaneously.

Conclusion

In summary, our study showed that quercetin protected HC11
cells against H2O2-induced redox imbalance by regulating cell
viability, ROS production, enzyme activity of CAT and the expres-
sion of stress-resistant proteins via MAPK and Nrf2 signaling
pathways.
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