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Quercetin Attenuates Quinocetone-Induced Cell Apoptosis In
Vitro by Activating the P38/Nrf2/HO-1 Pathway and Inhibiting
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Abstract: Quinocetone (QCT), a member of the quinoxaline 1,4-di-N-oxides (QdNOs) family, can
cause genotoxicity and hepatotoxicity, however, the precise molecular mechanisms of QCT are unclear.
This present study investigated the protective effect of quercetin on QCT-induced cytotoxicity and the
underlying molecular mechanisms in human L02 and HepG2 cells. The results showed that quercetin
treatment (at 7.5-30 uM) significantly improved QCT-induced cytotoxicity and oxidative damage
in human L02 and HepG2 cells. Meanwhile, quercetin treatment at 30 uM significantly inhibited
QCT-induced loss of mitochondrial membrane potential, an increase in the expression of the CytC
protein and the Bax/Bcl-2 ratio, and an increase in caspases-9 and -3 activity, and finally improved
cell apoptosis. Quercetin pretreatment promoted the expression of the phosphorylation of p38, Nrf2,
and HO-1 proteins. Pharmacological inhibition of p38 significantly inhibited quercetin-mediated
activation of the Nrf2/HO-1 pathway. Consistently, pharmacological inhibitions of the Nrf2 or p38
pathways both promoted QCT-induced cytotoxicity and partly abolished the protective effects of
quercetin. In conclusion, for the first time, our results reveal that quercetin could improve QCT-
induced cytotoxicity and apoptosis by activating the p38/Nrf2/HO-1 pathway and inhibiting the
ROS/mitochondrial apoptotic pathway. Our study highlights that quercetin may be a promising
candidate for preventing QdNOs-induced cytotoxicity in humans or animals.

Keywords: quercetin; quinocetone; oxidative stress; apoptosis; p38/Nrf2/HO-1 pathway;
NF-«B pathway

1. Introduction

Quinoxaline-1,4-dioxides (QdNOs), a class of quinoxaline derivatives, have been
widely employed in agricultural and medicinal fields across the world due to their antibacte-
rial, antitubercular, anticandidal, antiprotozoal, and anticancer activity [1-4]. Quinocetone
(QCT) (i.e., 3- methyl-2-quinoxalin benzenevinylketo-1, 4-dioxide, Figure 1A), a relatively
new member of QdNOs family, was first approved as an antibacterial agent in China since
2003 [5]. Animal experimental investigations revealed that oral exposure of QCT is rarely
absorbed in rats, pigs, broilers, and carp, and exhibited low toxic effects [6,7]. The LDs
doses (i.e., median lethal dose) of QCT in rats and mice were about 8687.3 mg/kg body
weight and 15,848.9 mg/kg body weight, respectively [8]. In contrast, QCT exhibited potent
cytotoxic effects on a variety of cell lines, including human L02 cells, HepG2 cells, primary
porcine adrenocortical cells, Vero cells, human adrenocortical cells (i.e., NCI-H295R cells),
and human primary peripheral lymphocytes [5,9-13]. For example, Yang et al. found that
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QCT treatment at a lower dose (i.e., at 2.5 ug/mL for 4 h) might cause significant cytotoxic-
ity and genotoxicity in human peripheral lymphocytes [12]. In addition, the chronic oral
administration of QCT in rats or mice could result in marked genotoxicity, hepatotoxicity,
nephrotoxicity, and immunotoxicity [8,11,14,15]. Therefore, understanding the precise
molecular mechanisms of QCT is required for the development of cytoprotective agents,
risk assessment, and combination therapy of QCT in clinical practice.
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Figure 1. The structure of quinocetone (QCT; (A)) and quercetin (B).

Previous research has shown that the generation of reactive oxygen species (ROS),
oxidative stress, apoptosis, mitochondrial malfunction, autophagy, and the inflamma-
tory response are all plausible molecular pathways of QCT-induced toxicity [10,16-21].
Several pathways have been identified, including NF-E2-related transcription factor 2
(Nrf2) /heme oxygenase-1 (HO-1), nuclear factor-«B (NF-«kB), activating transcription fac-
tor 6 (ATF6)/death-associated protein kinase (DAPK1) pathway, tumor necrosis factor-
o (TNF-«), phosphoinositide-3-kinase (PI3K)/protein kinase B (Akt), Wnt/3-catenin,
and mitogen-activated protein kinase (MAPK) pathways [10,17-20,22-24]. However, the
precise mechanisms of QCT remain largely unknown, resulting in a lack of effective
protective medications.

Quercetin (3,3’ 4’ ,5,7-pentahydroxyflavone; Figure 1B), a natural flavonoid compound,
could be found and isolated in various fruits, vegetables, tea, red wine, and various medic-
inal herbs [25]. Quercetin was shown to have anti-oxidative stress, anti-inflammatory;,
anti-microbial, neuroprotection, anti-cancer, and immunological regulatory properties in
multiple previous investigations [26,27]. Additionally, the recent study suggests that
quercetin may be useful in the prevention and treatment of SARS-CoV-2-related dis-
ease [28]. Moreover, several studies found that quercetin supplementation could sig-
nificantly reduce hepatotoxicity and nephrotoxicity caused by antibacterial drugs (e.g., ri-
fampicin and ciprofloxacin) or environmental toxins (e.g., copper, nickel, ochratoxin A,
and benzo(a)pyrene) by inhibiting oxidative stress and the inflammatory response [29-33].
Currently, there is limited information on whether quercetin could provide the protective
effects on QCT-induced cytotoxicity. Therefore, in the present study, the protective effects
of quercetin on QCT-induced cytotoxicity and the underlying molecular mechanisms using
in vitro cell models were investigated.

2. Materials and Methods
2.1. Chemicals and Reagents

QCT (C18HI4N203, CAS NO.81810-66-4; purity > 98%) was purchased from Zhongmu
Pharmaceutical Co. Ltd. (Wuhan, China). Quercetin (purity > 98%) was purchased from
Aladdin Reagent Co., Ltd. (Shanghai, China). Nrf2 inhibitor brusatol was purchased from
Tauto Biotech. (Shanghai, China). Dulbecco’s Modified Eagle’s Medium (DMEM) and
fetal bovine serum (FBS) were purchased from Invitrogen (Gibco, Grand Island, NY, USA).
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P38 inhibitor SB203580 and phenylmethanesulfonylfluoride (PMSF) were purchased from
Beyotime (Haimen, China). All other reagents were the analytical-reagent-grade.

2.2. Cell Culture

Human L02 (RRID: CVCL_6926; STR analysis is shown in Suppl. Table S1) and HepG2
cells were purchased from Shanghai Cell Bank of Chinese Academy of Sciences. The
detailed culture conditions have been well described in our previous study [34].

2.3. Measurement of Cell Viability

To study the protective effect of quercetin supplementation on QCT-induced cyto-
toxicity, cell viabilities were measured according to methods described in our previous
study [35]. Briefly, L02 cells at a density of 1 x 10* cells/well were seeded in a 96-well plate.
After culturing for 16 h, the cells were pre-treated with quercetin at final concentrations of
7.5,15, and 30 uM for 2 h, then co-treated with QCT at a final concentration of 5 pg/mL
for an additional 24 h. In the control group, L02 cells were treated with 0.2% DMSO as the
vehicle control. After treatment, the cells were cultured with a fresh medium containing
10 uL CCK-8 solution and incubated for 1 h at 37 °C. Then, the value of absorbance at
450 nm was read using a microplate reader (Tecan Trading AG, Médnnedorf, Switzerland).
The final values were normalized to the control group. Three independent experiments
were performed.

Similarly, HepG2 cells were pretreated with quercetin at concentrations of 7.5, 15, and
30 uM, followed by co-treatment with QCT at 10 pg/mL for an additional 24 h. The dose
of QCT followed the methods described in our previous study [17]. After treatment, cell
viabilities were measured using the CCK-8 method.

2.4. Measurement of the Levels of AST and ALT

L02 cells at a density of 2 x 10° cells/well were seeded into a 12-well plate. After 16 h,
the cells were pretreated with quercetin at concentrations of 7.5, 15, and 30 uM for 2 h, then
treated with or without QCT at a final concentration of 5 ug/mL for an additional 24 h.
Then, the culture mediums were centrifuged for 15 min at 3000 x g, and the dead cells and
debris were removed. The supernatants were collected. The levels of aspartate transferase
(AST) and alanine transaminase (ALT) were measured using an automatic biochemical
analyzer (model 7600; Hitachi Ltd., Tokyo, Japan).

2.5. Measurement of Cell Apoptosis

Cell apoptosis was analyzed using the Hoechst 33342 staining method (Beyotime,
Shanghai, China) according to methods described in our previous study [10]. In brief, L02
cells at a density of 2 x 10° cells/well were plated into a 12-well plate and pretreated with
quercetin at concentrations of 7.5, 15, and 30 uM for 2 h, followed by treatment with or
without QCT at 5 ng/mL for an additional 24 h. After treatment, the cells were stained for
30 min with 1 ng/mL Hoechst 33342 in the dark. Then, nuclear morphological changes
were observed using a fluorescence microscope at 340 nm of excitation wavelength and
460 nm of emission wavelength) (Leica Microsystems, Wetzlar, Germany). Apoptotic cells
were defined as those with increased chromatin condensation and DNA fragmentation.

To further confirm the protective effect of quercetin on QCT-induced apoptosis, HepG2
cells were treated with quercetin at concentrations of 7.5, 15, and 30 uM for 2 h, followed
by treatment with or without QCT at 10 ug/mL for an additional 24 h. Cell apoptosis rates
were measured using the Hoechst 33342 staining method mentioned above.

2.6. Measurement of DNA Damage

DNA damage was assessed by the comet assay according to methods described in
the previous study [34,36]. In brief, L02 cells at a density of 2 x 10° cells/well were plated
into a 12-well plate and pretreated with quercetin at 7.5, 15, and 30 uM for 2 h, followed by
treatment with or without QCT at 5 ug/mL for additional 4 h. In all groups, cell viabilities
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were more than > 80%. Comet assay was performed using an Oxiselect Comet Assay®kit
(Cell Biolabs, San Diego, CA, USA) according to the manufacturer’s instructions. After
staining with Vista Green DNA dye for 10 min, the changes of the comet were observed
using fluorescence microscopy (excitation wavelength: 488 nm; emission wavelength:
525 nm) (Leica Microsystems, Wetzlar, Germany). A total of 100 cells per sample were
analyzed by Comet Assay Software Project (CASP) 1.2.2 (University of Wroclaw, Wroclaw,
Poland). The percent (%) of tail DNA is calculated as below:

% of tail DNA = (% of tail DNA intensity/cell DNA intensity) x 100%

2.7. Measurement of Intracellular ROS Generation, Malondialdehyde (MDA), Superoxide
Dismutase (SOD), Catalase (CAT), and Reduced Glutathione (GSH) Levels

The levels of intracellular ROS were measured using ROS-specific fluorescent dye
2,7-dichlorofluorescein diacetate (DCFH-DA) (Beyotime, Haimen, China) according to the
previous description [37]. Briefly, 2 x 10° cells per well were seeded into a 12-well plate.
After 16 h, the cells were pretreated with quercetin at 7.5, 15, and 30 uM for 2 h, followed
by co-treatment with or without QCT at 5 ug/mL. After incubation for 24 h, L02 cells
were washed twice with PBS, then the cells were incubated with 500 uL. DMEM containing
10 uM DCFH-DA, then the cells were incubated for 30 min at 37 °C in the dark. After
three washes with PBS, the cells were observed by fluorescence microscopy (excitation
wavelength: 488 nm; emission wavelength: 525 nm). The fluorescence values in each group
were measured using Image J software.

The biomarkers of oxidative stress, including the levels of intracellular malondi-
aldehyde (MDA), superoxide dismutase (SOD), catalase (CAT), and reduced glutathione
glutathione (GSH) were measured by using commercially available MDA, SOD, CAT, and
GSH kits according to the manufacturer’s instructions (Nanjing Jiancheng Biological En-
gineering, Nanjing, China), respectively. The protein concentration of each sample was
determined by BCA assay (Thermo Fisher Scientific Inc, Waltham, MA, USA). The levels of
intracellular MDA, SOD, and CAT of each sample were finally normalized to each protein
concentration, respectively.

2.8. Measurement of Mitochondrial Membrane Potential (MMP)

The changes in mitochondrial membrane potential were examined by using rhodamine-
123 staining according to methods described in our previous study [10]. In brief, L02 cells
at a density of 2 x 10° cells/well were plated into a 12-well plate and pretreated with
quercetin at concentrations of 7.5, 15, and 30 uM for 2 h, followed by treatment with or
without QCT at 5 pg/mL for an additional 24 h. After incubation, L02 cells were washed
twice with PBS, then incubated with 500 uL DMEM containing 1 pug/mL Rh123 dye at 37 °C
in the dark. After three washes with PBS, the cells were digested with 0.25% trypsin-EDTA
and collected. A total of 1 x 10* cells were counted in each group and fluorescence values
were measured using a microplate fluorescence reader (excitation wavelength: 488 nm;
emission wavelength: 525 nm) (Tecan Trading AG, Mannedorf, Switzerland).

To further confirm the protective effect of quercetin on QCT-induced loss of mitochon-
drial membrane potential, similar treatments and measurements were also performed in
HepG2 cells.

2.9. Measurement of Levels of Cytochrome C and Caspases-3 and -9 Activity

The levels of cytochrome C (CytC), and caspases-3 and -9 activity were measured
using the commercially available CytC (Thermo Fisher, Waltham, MA, USA, caspase-9, and
caspase-3 (Beyotime, Haimen, China) kits according to commercial instructions. In brief,
L02 cells at a density of 2 x 10° cells/well were plated into a 12-well plate and pretreated
with quercetin at concentrations of 7.5, 15, and 30 uM for 2 h, followed by treatment with or
without QCT at 5 pg/mL for an additional 24 h. Then, L02 cells were washed with ice-cold
PBS and lysed using the cell lysis buffer provided by the manufacturer. The collected
lysates were centrifuged at 14,000 g at 4 °C for 10 min. The supernatants were used to



Antioxidants 2022, 11, 1498

50f18

measure the levels of CytC, and the activity of caspases- 9 and -3. Finally, the values of
CytC levels and caspases-9 and -3 activity were normalized to the protein concentrations.

2.10. Quantitative Reverse-Transcription (qRT)-PCR Examination

After treatment, the cells were washed with PBS and collected for RNA isolation.
Total RNAs were isolated using a total RNA isolation kit according to the manufacturer’s
instructions (No. RC112-01, Vazyme Biotech Co., Ltd., Nanjing, China). A total of 2 ug
RNA was used for the synthesis of cDNA using the Prime Script RT-PCR kit (Takara,
Dalian, China). The quality of RNA was assessed by evaluating the optical density (OD)
of 260 nm /280 nm. The PCR primers’ information of the Nrf2, HO-1 and (-actin genes
followed those used in our previous study [10] and documented in Suppl. Table S2. QRT-
PCR was performed using an AB7500 real-time PCR instrument (Applied Biosystems,
Foster City, CA, USA). The fold change in gene expression was calculated using the 2744t
method and normalized to [3-actin.

2.11. Western Blotting

L02 cells were pre-treated with quercetin at a final concentration of 30 uM for 2 h,
followed by treatment with QCT at 2.5, 5, and 7.5 pg/mL for an additional 24 h. After
treatment, the cells were washed with PBS and collected. After treatment, the cells were
lysed using a RIPA lysis buffer (Beyotime, Haimen, China) with a protease inhibitor cocktail
(1 pg/mL leupeptin, 1 pg/mL pepstatin A, 1 pg/mL aprotinin, and 1 mM PMSF) for 15 min
at 4 °C, then the cell samples were ultrasonicated using an Ultrasonic Processor (Branson,
MO, USA). Finally, the samples were centrifuged at 12,000 rpm at 4 °C for 15 min. The
supernatants were collected and the protein concentrations were determined using the
BCA assay kit. A total of 20 pg protein from each sample was loaded into a sodium
dodecyl sulfate-polyacrylamide gel (SDS-PAGE) and separated electrophoretically, then
transferred to a nitrocellulose membrane. The membranes were blocked with non-fat milk
for 2 h. After being washed with tris buffered saline tween (TBST), the membranes were
incubated with specific primary and secondary antibodies. Rabbit polyclonal antibodies
against phosphor (p)-p38 (1:1000 dilution; Cell Signaling Technology, Beverly, MA, USA),
HO-1, PARP1, Nrf2, Bax, and Bcl-2 (1:1000 dilution; Proteintech, Chicago, IL, USA), and
mouse monoclonal antibody against 3-actin (1:1000 dilution; Santa Cruz, CA, USA) were
employed. The corresponding anti-mouse or rabbit horseradish peroxidase-conjugated
secondary antibodies (1:10,000 dilution, Santa Cruz Biotechnology, Inc., Dallas, TX, USA)
were employed. The protein expression in each sample was normalized to 3-actin. The
values of each blot were analyzed using Image ] (National Institute of Mental Health,
Bethesda, MD, USA).

Furthermore, the effects of quercetin supplementation on QCT-induced protein ex-
pression were confirmed in HepG2 cells. In brief, HepG2 cells were treated with quercetin
at final concentrations of 7.5, 15, and 30 uM for 2 h, followed by treatment with QCT at
the dose of 10 pg/mL for an additional 24 h. The expression of HO-1, Nrf2, and p-p38
was examined.

2.12. Statistical Analysis

All data are shown as mean & SD. Statistical analysis was analyzed with a one-way
analysis of variance (ANOVA), followed by an LSD post hoc test. The p-value < 0.05 was
considered significant.

3. Results
3.1. Quercetin Supplementation Attenuates QCT-Induced Cytotoxicity

In LO2 cells, QCT treatment significantly reduced cell viability in a dose-dependent
manner when compared to the control group. QCT treatment at concentrations of 2.5, 5,
7.5,10 and 15 pg/mL for 24 h decreased the viabilities of L02 cells to 90.3%, 64.2%, 49.8%,
34.1% and 15.3% (all p < 0.05 or 0.01), respectively (Figure 2A). Quercetin supplementation
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at 7.5-30 pM significantly improved the QCT-induced decrease in cell viability (Figure 2B);
the cell viabilities increased to 68.4%, 77.3% (p < 0.05), and 83.2% (p < 0.01), respectively,
compared to QCT-alone treatment (at a final concentration of 5 tg/mL). Similarly, in HepG2
cells, cell viability assay and morphological observation both showed that quercetin could
improve QCT-induced cytotoxicity in a dose-dependent manner (Suppl. Figure S1).
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Figure 2. The effect of QCT exposure on cell viabilities and the protective effect of quercetin sup-
plementation in human L02 cells. (A), L02 cells were treated with QCT at various concentrations
(i.e, 2.5, 5,75, 10, and 15 pg/mL) for 24 h, and cell viabilities were measured using the CCK-8
method. (B), L02 cells were pretreated with quercetin at final concentrations of 7.5, 15, and 30 uM
for 2 h, followed by co-treatment with QCT at final concentrations of 5 ug/mL for an additional
24 h. Finally, cell viabilities were measured. (C,D), the effect of quercetin supplementation on the
levels of ALT (C) and AST (D) activity in the culture medium of human L02 cells. All results were
presented as mean =+ SD, from three independent experiments (1 = 3). * p < 0.05, ** p < 0.01, compared
to the vehicle control group; * p < 0.01, compared to the QCT-alone group. QCT, quinocetone;
Que, quercetin.

The levels of ALT and AST in the culture medium of LO2 cells were measured. As
shown in Figure 2C, QCT treatment at 5 ug/mL significantly increased the levels of AST and
ALT to23.6 U/L and 24.4 U/L (both p < 0.01), respectively, when compared with that in the
control group. Quercetin supplementation significantly inhibited the release of intracellular
AST and ALT. Compared with the QCT-alone treatment group, quercetin supplementation
at concentrations of 7.5, 15, and 30 uM decreased the levels of ALT to 19.7 U/L,17.2 U/L
(p < 0.01), and 14.8 U/L (p < 0.01), respectively (Figure 2C) and decreased the levels of
AST t021.8 U/L, 16.8 U/L (p < 0.01), and 13.0 U/L (p < 0.01), respectively (Figure 2D).
Quercetin-alone treatment at 30 uM had no effect on the levels of ALT and AST in the
culture medium.
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3.2. Quercetin Supplementation Attenuates QCT-Induced Apoptosis and DNA Damage

As shown in Figure 3A, compared with the control group, QCT treatment at 5 pg/mL
for 24 h induced significant chromosomal aggregation and nuclear fragmentation in L02
cells, and the cell apoptosis rates increased to 41.5% (p < 0.01). Quercetin administration
at 7.5, 15, and 30 pM substantially prevented QCT-induced cell death, with cell apoptosis
rates decreasing to 36.7%, 24.8% (p < 0.01), and 15.5% (p < 0.01), respectively, when com-
pared with the QCT-alone treatment group. Consistently, quercetin supplementation at
7.5-30 uM treatment also significantly improved QCT-induced apoptosis in HepG2 cells
(Suppl. Figure S2).
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Figure 3. The effect of quercetin supplementation on QCT-induced cell apoptosis and DNA damage
in human L02 cells. (A), the representative images of cell apoptosis and the results of quantitative
analysis. L02 cells were treated with quercetin pretreatment at concentrations of 7.5, 15, and 30 uM
for 2 h, followed by co-treatment with QCT at a final concentration of 5 pg/mL for an additional
24 h, and cell apoptosis was stained with Hoechst 33342. Finally, the representative images were
obtained using the fluorescence microscope (on the left) and apoptotic rates were quantified using
Image J (on the right). The white arrowheads indicate the apoptotic cells. (B), the results of the comet
assay. L02 cells were pretreated with quercetin at final concentrations of 7.5, 15, and 30 uM for 2 h,
followed by co-treatment with QCT at a final concentration of 5 ug/mL for 4 h, and the comet assay
was performed. The representative images were obtained using the fluorescence microscope (on the
left) and the percentage (%) of tail DNA was quantified (on the right). All results were presented
as mean + SD (n = 4 independent experiments). ** p < 0.01, compared to the vehicle control group;
# p <0.01, compared to the QCT-alone group. QCT, quinocetone; Que, quercetin; Bar = 50 um.
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Furthermore, the comet assay was performed to assess the protective effect of quercetin
on the DNA damage caused by QCT treatment in L0O2 cells. As shown in Figure 3B, com-
pared with the control, QCT treatment at 5 ng/mL for 4 h significantly increased the
percentage (%) of tail DNA to 18.8% (p < 0.01). Quercetin treatment at 15 and 30 pM signifi-
cantly decreased the % of tail DNA to 13.1% and 10.5% (both p < 0.01), respectively, when
compared with the QCT-alone treatment group. Quercetin-alone treatment at 30 uM did not
result in cell apoptosis and DNA damage in LO2 cells and HepG2 cells (Figures 3 and S2).

3.3. Quercetin Attenuates QCT-Induced Production of ROS and Oxidative Damage

QCT treatment significantly elevated the production of intracellular ROS, which was
partly inhibited by quercetin co-treatment in a dose-dependent manner. As shown in
Figure 4A, in L02 cells, QCT treatment at 5 ug/mL significantly increased the intracellular
ROS levels by 3.7-fold, when compared with the control group. Quercetin treatment at
concentrations of 7.5, 15, and 30 uM significantly decreased the intracellular ROS lev-
els by 3.3-, 2.7- (p < 0.01), and 1.9-fold (p < 0.01), when compared with the QCT-alone
treatment group. Similarly, quercetin supplementation at concentrations of 7.5, 15, and
30 uM also significantly inhibited the QCT-induced production of ROS in HepG2 cells
(Suppl. Figure S3).
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150
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Figure 4. The effect of quercetin supplementation on QCT-induced ROS production and oxidative
damage in human L02 cells. (A), Measurement of ROS production. Intracellular ROS production
was measured using the dye 2,7-dichlorofluorescein diacetate staining. The representative images
were shown (on the left) and the fluorescence intensities were quantified using Image J (on the right).
Bar =50 um. (B-E), The effect of quercetin supplementation on MDA levels (B), catalase (CAT) activity
(C), superoxide dismutase (SOD) activity (D), and glutathione (GSH) levels (E) were measured,
respectively. All results were presented as mean + SD (n = 4 independent experiments). ** p < 0.01,
compared to the vehicle control group; # p < 0.05, and * p < 0.01, compared to the QCT-alone group.
QCT, quinocetone; Que, quercetin; Bar = 50 pum.

The biomarkers of oxidative stress were further assessed in L02 cells. Our results
showed that quercetin supplementation significantly improved QCT-induced oxidative
damage. As shown in Figure 4B-D, when compared with the QCT-alone treatment group,
quercetin treatment at concentrations of 7.5, 15, and 30 uM significantly decreased the
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levels of MDA from 194.5% to 183.8%, 168.2% (p < 0.01), and 139.9% (p < 0.01), respectively;
increased the CAT activities from 61.3% to 67.8%, 75.8% (p < 0.01), and 82.3%(p < 0.01),
respectively; increased the SOD activities from 60.2% to 69.3%, 72.5% (p < 0.05), and 80.6%
(p < 0.01), respectively; and increased the GSH levels from 54.0% to 59.8%, 75.8% (p < 0.05),
and 80.5% (p < 0.01), respectively.

3.4. Quercetin Attenuates QCT-Induced Mitochondrial Dysfunction

In LO2 cells, QCT treatment at 5 ug/mL significantly induced the loss of MMP, which
was significantly alleviated by the quercetin supplement. As shown in Figure 5, QCT
treatment decreased MMP to 58.1% (p < 0.01), when compared with the control group.
Quercetin treatment at concentrations of 7.5, 15, and 30 uM significantly increased MMP
to 64.2%, 72.3% (p < 0.01), and 82.8% (p < 0.01), respectively, when compared with the
QCT-alone treatment group. Consistently, quercetin treatment at concentrations of 7.5,
15, and 30 pM also significantly improved the QCT-induced loss of MMP in HepG2 cells
(Suppl. Figure S4). In human L02 cells and HepG2 cells, quercetin administration at 30 tM
had no effect on MMP when compared with the control group (Figures 5 and S4).

S 150~
c
9
o
o
GC) —
g © 100+ H#
a ¢ i
5 8 -
€% > L
SR 50
_E ~—
c
o
5
=
= 0- | | I
3 \ A ) ] N
&) :
Q"\S Q:b 00 Q,/\ Qv\ Q:b
x x x
A % ~
O e

Figure 5. The effects of quercetin supplementation on QCT-induced loss of mitochondrial membrane
potential (MMP) in LO2 cells. All results were presented as mean £ SD (n = 4 independent experi-
ments). ** p < 0.01, compared to the vehicle control group; # p < 0.01, compared to the QCT-alone
group. QCT, quinocetone; Que, quercetin.

3.5. Quercetin Attenuates the QCT-Induced Activation of the Mitochondrial Apoptotic Pathway

QCT treatment at 5 pg/mL substantially upregulated CytC protein expression,
caspases-9 activity, caspase-3 activity, and cleaved PARP1 protein expression to 3.4-, 2.9-,
3.7-, and 2.9-fold (all p < 0.01), respectively, when compared with the control (Figure 6).
Moreover, compared to the QCT-alone treatment group, quercetin co-treatment at 15 and
30 uM significantly decreased the CytC levels to 2.1- and 1.8-fold (both p < 0.01), respec-
tively (Figure 6A); decreased the caspase-9 activity to 2.3- and 1.8-fold (both p < 0.01),
respectively (Figure 6B); decreased the caspase-3 activity to 2.7- and 2.0-fold (both p < 0.01),
respectively (Figure 6C); and decreased the cleaved-PARP1 protein expression to 1.5- and
1.3-fold (both p < 0.01), respectively (Figure 6D). There were no significant changes in the
levels of CytC, the activity of caspases-9 and -3, and the cleaved-PARP1 protein expression
in the quercetin-alone treatment, when compared with the control group (Figure 6).
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Figure 6. The changes of CytC levels (A), caspase-9 (B) and caspase -3 (C) activity, and cleaved-PARP1
protein expression (D). All results were presented as mean + SD (n = 4 independent experiments).
** p < 0.01, compared to the vehicle control group; * p < 0.01, compared to the QCT-alone group.
QCT, quinocetone; Que, quercetin.

3.6. Effects of Quercetin Supplementation on the Expression of Nrf2, HO-1, p-p38, Bcl-2, and
Bax Proteins

As shown in Figure 7, in L02 cells, QCT treatment at 2.5-7.5 pug/mL increased the
expression of Bax, p-p38, Nrf2, and HO-1 proteins while downregulated the expression of
Bcl-2 protein in a dose-dependent manner. When compared with the control group, QCT
treatment at 2.5, 5, and 7.5 pg/mL increased the ratio of Bax/Bcl-2 to 1.6-, 1.7- (p < 0.01),
and 2.0-fold (p < 0.01), respectively; increased the expression of p-p38 protein to 2.1-, 5.3-
(p <0.01), and 11.3- fold (p < 0.01), respectively; increased the expression of Nrf2 protein
to 4.3-, 2.7-, and 3.6- fold (all p < 0.01), respectively; and increased the expression of HO-1
protein to 2.6-, 4.2-, and 5.1- fold (all p < 0.01), respectively (Figure 7). Quercetin treatment at
30 uM significantly upregulated the expression of Nrf2 and HO-1 proteins, and significantly
downregulated the ratios of Bax/Bcl-2, when compared with each QCT-alone treatment
group. When compared with the vehicle control group, quercetin-alone treatment at 30 uM
increased the expression of p-p38, Nrf2, and HO-1 proteins by 8.5-, 1.6-, and 1.8-fold,
respectively (Figure 7).

Consistently, compared to the QCT-alone treatment group, quercetin treatment at
concentrations of 7.5, 15, and 30 uM significantly increased QCT-induced expressions of
these mentioned proteins in a dose-dependent manner in HepG2 cells (Suppl. Figure S5).
Quercetin-alone treatment at 30 uM significantly increased the expressions of Nrf2, HO-1
and p-p38 proteins (all p < 0.01), when compared with the untreated cells (Suppl. Figure S5).
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Figure 7. Quercetin supplementation upregulated the expression of Nrf2, HO-1, p-p38, and Bcl-2
proteins and downregulated Bax proteins in human L02 cells. QCT-alone treatment was performed
at final concentrations of 2.5, 5, and 7.5 ug/mL with or without quercetin at a final concentration of
30 uM for 24 h, and the expression of Bax, Bcl-2, p-p38, Nrf2, and HO-1 proteins was examined using
the Western blot method. The representative images were shown (on the left) and the values of each
band were quantified using Image J (on the right). All results were presented as mean &+ SD (n =3
independent experiments). * p < 0.05, ** p < 0.01, and *** p < 0.001, compared between the two groups.
QCT, quinocetone; Que, quercetin; ns, no significance.

3.7. Pharmacological Inhibition of the p38 or Nrf2 Pathways Partly Attenuates the Protective Effect
of Quercetin Supplementation on QCT-Induced Cytotoxicity

As shown in Figure 8, in L02 cells, inhibition of p38 by SB203580 significantly attenu-
ated the mRNA expression of Nrf2 and HO-1 induced by quercetin treatment (Figure 8A,B).
Moreover, pharmacological inhibition of Nrf2 by brusatol (at 40 nM) significantly pro-
moted QCT-induced cytotoxicity and reduced the protective effects of quercetin (Figure 8C).
Furthermore, pharmacological inhibition of p38 significantly increased the QCT-induced
release of CytC, and caspase-3 activity, finally exacerbated QCT-induced cytotoxicity and
reduced the protective effect of quercetin supplementation (Figure 8D-F).
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Figure 8. Inhibition of the p38 pathway attenuates the protective effect of quercetin on QCT-induced
cytotoxicity in human LO02 cells. A and B, the effect of p38 inhibitor treatment (i.e., SB203580 at 10 uM)
on the quercetin (at 30 uM) -induced expression of Nrf2 (A) and HO-1 (B) mRNAs. (C), L02 cells were
pretreated with Que at 30 uM or co-treated brusatol at 40 nM for 2 h, followed by treatment with or
without QCT at a final concentration of 5 ug/mL for an additional 24 h. Finally, the cell viability was
measured. D-F, L02 cells were pretreated with Que at 30 uM or co-treated SB203580 at 10 uM for 2 h,
followed by treatment with or without QCT at a final concentration of 5 ug/mL for an additional 24 h.
Finally, the release of CytC (D), the activation of caspase-3 (E), and cell viabilities (F) were measured,
respectively. All results were presented as mean =+ SD (n = 4 independent experiments). * p < 0.05,
**p <0.01, and *** p < 0.001, compared between the two groups. QCT, quinocetone; Que, quercetin.

4. Discussion

Many members of the QdNOs family have been employed in medicinal and agri-
cultural industries due to their powerful biological activity [38]. Since 2003, QCT, one of
the quinoxaline 1,4-di-N-Oxide derivatives, has been approved in China to treat bacterial
infections or as a food additive in veterinary medicine [38,39]. However, recent research
indicated that QCT could induce DNA damage and genotoxicity in vitro and in animal
models [9,11,40,41]. QCT or metabolites might be accumulated in the human body through
food consumption, posing a potential risk to human health [42]. Therefore, a deep under-
standing of the precise molecular mechanisms or effective toxicity prevention strategies of
QCT are required for the risk assessment and combination usage.

The current work investigated the cytotoxicity of QCT and its underlying molecular
mechanisms in human L02 cells and HepG2 cells. Our findings indicated that QCT exposure
at the low dose range (i.e., at 2.5-15 pg/mL) could result in marked oxidative stress damage,
mitochondrial dysfunction, caspase activation, and cell apoptosis in human L02 cells and
HepG2 cells (Figures 2-5 and S1-54). These findings are consistent with the previous report
on QCT’s cytotoxicity [10,17-20,22-24]. Furthermore, for the first time, our current study
found that quercetin, a flavonoid compound derived from a variety of vegetables and
Chinese herbs, could significantly improve QCT exposure-induced cytotoxicity, oxidative
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stress, and apoptosis. Mechanistically, quercetin may enhance QCT-induced cytotoxicity
and apoptosis by activating the p38/Nrf2/HO-1 pathway and inhibiting ROS generation
(Figures 2-8 and S1-S5).

Multiple studies have shown that excessive ROS accumulation may play a critical
role in QCT-induced cytotoxicity and tissue damage [9,12,16-18,20,34]. It has been demon-
strated that QCT-induced intracellular ROS accumulation is associated with its special
structure, i.e., the N-oxide group of QCT, and its reduction by the CYP450 enzyme in the
liver could cause the production of ROS [5,9,43]. This is because bidesoxy-quinocetone, the
major metabolite of QCT, exhibited fewer toxic effects than QCT per se in vitro [5]. The
endogenous antioxidant enzymes or antioxidants could neutralize ROS and play critical
roles in maintaining redox homeostasis [10,16]. Some studies found that QCT exposure
could downregulate the activities of intracellular SOD, CAT, GPx, and the levels of GSH,
then aggravate QCT-induced oxidative stress [9,12,16-18,20,34]. A previous study reported
that Pu-erh black tea supplementation could effectively improve the QCT-induced elevation
of AST and ALT, two biomarkers of liver function, and improved the QCT-induced pro-
duction of ROS and oxidative stress in the liver tissues of mice, indicating that antioxidant
supplementation may be a potential strategy to improve QCT-induced adverse effects [24].
Similarly, in the present study, our data showed that quercetin supplementation could
significantly inhibit QCT-induced increases in ALT and AST levels and the production of
ROS, then improve QCT-induced cytotoxicity in L02 and HepG2 cells (Figures 2 and 4 and
S1 and S3). Previous studies have shown that quercetin could direct scavenge the common
small free radicals, such as HOO®, *NO and O,°*~, then inhibit intracellular ROS accumula-
tion [44,45]. In addition, many studies have reported that quercetin supplementation could
effectively improve drugs, environmental toxins, and chronic diseases-induced cell or tissue
damage by inhibiting the production of ROS, oxidative stress, and cell apoptosis [45-50].
Taken together, our results suggest that inhibiting ROS generation and increasing the activ-
ity of cellular antioxidant enzymes may contribute to quercetin’s protective impact against
QCT-induced cytotoxicity in human L02 cells.

Excessive ROS production in cells could cause damage to DNA, lipid, proteins, and
other biomolecules, and finally trigger cell death [34]. Indeed, in the present study,
increased apoptosis and DNA damage rates were detected in human L02 and HepG2
cells treated with QCT (Figures 3 and S2), which is consistent with our previous stud-
ies [10,17,19,21,22,34]. Our previous study showed that inhibition of ROS production could
effectively improve QCT-induced DNA damage and apoptosis [10,17,34]. In line with
these previous studies, our current data showed that quercetin supplementation could
significantly inhibit QCT-induced DNA damage and apoptosis (Figures 3 and S2). It indi-
cated that inhibition of ROS production by quercetin could effectively inhibit QCT-induced
cell apoptosis.

Mitochondria are not only the main site of ROS production, but are also the target of
ROS [51]. Wang et al. found that QCT could target mitochondria and induce mitochondrial
DNA, which might affect oxidative phosphorylation and promote QCT-induced ROS pro-
duction [52,53]. Mitochondria are the most vulnerable targets of ROS and mitochondrial
dysfunction may trigger the mitochondrial pathway to induce cell apoptosis [54]. The loss
of MMP is an important characteristic indicative of mitochondrial dysfunction [55]. As
the data shows, QCT treatment caused a significant loss of MMP in L02 and HepG2 cells
(Figures 5 and 54). Disrupted membrane potential may promote the opening of mitochon-
drial permeability transition pores (MP1Ps), and induce the release of CytC, and activate
the activity of caspase-9 and -3, finally resulting in an increase in cleaved PARP1 and trigger-
ing cell apoptosis [54,55]. Bax and Bcl-2 are also two important markers of mitochondrial
apoptotic pathways and the increased Bax/Bcl-2 could promote the opening of MPTPs and
exacerbate mitochondrial apoptotic pathways [56]. Caspase-9 is also a biomarker of the mi-
tochondrial apoptotic pathway [57]. In the present study, quercetin treatment significantly
ameliorated the QCT-induced loss of MMP in L02 and HepG2 cells (Figures 5 and S4).
Furthermore, it was found that quercetin supplementation could decrease the ratio of
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Bax/Bcl-2, the release of CytC, and the activation of caspases-9 and -3, and an increase
in cleaved-PARP1 caused by QCT exposure in L02 cells (Figures 6 and 7). Several studies
have shown that quercetin supplementation could improve diabetes-induced testicular
anomaly [58], and d-galactosamine-induced human L02 cell damage [59], and copper-
induced apoptotic cell death [60] by inhibiting the oxidative-stress-driven mitochondrial
apoptotic pathway. Taken together, this evidence indicated that quercetin could offer a
protective effect against QCT-induced apoptosis by inhibiting mitochondrial pathways,
which may be related to the inhibitory effect on the production of ROS. The precise molecu-
lar mechanism involved in the integration and interaction between oxidative stress and
mitochondria needs further investigation.

Nrf2 is an oxidative-stress-mediated transcription factor with a variety of down-
stream targets aimed at cryoprotection against oxidative stress [61]. To date, it has been
demonstrated that Nrf2 could drive the transcription of >300 antioxidant-response-element
(ARE)-regulated genes that are involved in many critical cellular processes, including
xenobiotic detoxification, redox regulation, proteostasis, and primary metabolism [61].
Indeed, many studies reported that the activation of Nrf2 transcription activity could
improve oxidative stress damage caused by drugs or toxins, such as cadmium, colistin, and
furazolidone [10,37,54,57,62]. Nevertheless, the activation of Nrf2 could also ameliorate
QCT-induced cytotoxicity and tissue damage in vivo and in vitro, which had been con-
firmed in several studies [10,16,18]. Moreover, a previous study has demonstrated that the
inhibition of HO-1 activity could promote QCT-induced cytotoxicity and apoptosis in L02
cells [10]. HO-1 is one of the Nrf2 downstream genes and is an important mediator in the
process of Nrf2-transcriptional-activation-mediated anti-oxidative stress [61]. Consistently,
in the present study, QCT exposure also significantly increased the expression of Nrf2 and
HO-1 proteins in both L02 and HepG2 cells (Figures 7 and S5). Quercetin supplementation
could further promote the expression of Nrf2 and HO-1 proteins, then inhibit QCT-induced
mitochondrial apoptotic cell death (Figures 7 and S5). Pharmacological inhibition of Nrf2
could partly block the protective effect of quercetin (Figure 8). This evidence indicates
that Nrf2 activation plays a critical role in the protective effect of quercetin against QCT-
induced cytotoxicity. However, there is no evidence showing the direct interaction between
quercetin and the Nrf2 protein. Several studies showed that the activation of Nrf2 by
quercetin may involve p38 signaling [63—65]. In line with these previous studies, our data
showed quercetin treatment significantly increased the expression of the p-p38 protein in
both L02 cells and HepG2 cells (Figures 7 and S5). Inhibition of p38 signaling significantly
decreased the expression of Nrf2 and HO-1 mRNA in L02 cells (Figure 8). Furthermore,
we found that the inhibition of p38 signaling significantly promoted the QCT-induced
expression of CytC and caspase-3 in L02 cells, resulting in the attenuation of the protective
effect of quercetin (Figure 8). Taken together, our results indicated that the inhibition of the
mitochondrial apoptotic pathway by quercetin is partly dependent on the activation of the
p38/Nrf2/HO-1 pathway.

A clinical trial also showed that oral quercetin supplementation at 2 g/day within
24 h could reduce the occurring oxidative stress as well as inflammation in sarcoidosis
patients [66]. An early study showed that oral quercetin supplementation at 1 g/day for
3 weeks could protect against an exercise-induced inflammatory response and had no
unwanted adverse effects in humans [67]. Lu et al. found that oral supplementation at
5 g/day for 28 days showed a protective effect against liver damage caused by the hepatitis
C virus in humans and there were no toxic effects on the liver [68]. These data indicate that
quercetin supplementation was safe to use in clinical trials.

In conclusion, our study demonstrated that QCT could result in marked oxidative
stress, DNA damage, and apoptotic cell death in vitro, which may cause potential health
risks to animals or humans. Quercetin supplementation might reduce QCT-induced
cell apoptosis in vitro via activating the p38/Nrf2/HO-1 pathway and inhibiting the
ROS/mitochondrial apoptotic pathway. Our findings suggest that quercetin may be a
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promising candidate for preventing and treating QdNOs-mediated harmful effects in
humans or animals.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/antiox11081498/s1, Suppl. Table S1. STR and amelogenin geno-
typing results of L0O2 cell line. Suppl. Table S2. Primer sequences of the quantitative real-time PCR.
Suppl. Figure S1. The effect of quercetin supplementation on QCT-induced cytotoxicity in HepG2
cells. Suppl. Figure S2. The effect of quercetin supplementation on QCT-induced cell apoptosis in
HepG2 cells. Suppl. Figure S3. Effect of quercetin supplementation on QCT-induced ROS production
and oxidative damage in human HepG2 cells. Suppl. Figure S4. Effects of quercetin supplementation
on QCT-induced loss of mitochondrial membrane potential (MMP) in HepG2 cells. Suppl. Figure S5.
Quercetin supplementation upregulated the expression of Nrf2, HO-1, and p-p38 proteins in human
HepG2 cells.
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