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Olaquindox (OLA), a member of the quinoxaline-N,N-dioxide family, has been widely used as a growth-promoting feed additive
and treatment for bacterial infections. The toxicity has been a major concern, and the precise molecular mechanism remains poorly
understood. The present study was aimed at investigating the roles of oxidative stress and p53 in OLA-caused liver damage. In a
mouse model, OLA administration could markedly cause liver injury as well as the induction of oxidative stress and activation
of p53. Antioxidant N-acetylcysteine (NAC) inhibited OLA-induced oxidative stress and p53 activation in vivo. Furthermore,
knockout of the p53 gene could significantly inhibit OLA-induced liver damage by inhibiting oxidative stress and the
mitochondria apoptotic pathway, compared to the p53 wild-type liver tissue. The cell model in vitro further demonstrated that
p53 knockout or knockdown in the HCT116 cell and L02 cell significantly inhibited cell apoptosis and increased cell viability,
presented by suppressing ROS production, oxidative stress, and the Nrf2/HO-1 pathway. Moreover, loss of p53 decreased OLA-
induced mitochondrial dysfunction and caspase activations, with the evidence of inhibited activation of phosphorylation- (p-)
p38 and p-JNK and upregulated cell autophagy via activation of the LC3 and Beclin1 pathway in HCT116 and L02 cells. Taken
together, our findings provided a support that p53 primarily played a proapoptotic role in OLA-induced liver damage against
oxidative stress and mitochondrial dysfunction, which were largely dependent on suppression of the JNK/p38 pathway and
upregulation of the autophagy pathway via activation of LC3 and Beclin1.

1. Introduction

Olaquindox (OLA) is one member of the quinoxaline 1,4-
dioxide (QdNOs) family. A series of QdNOs compounds
have been identified and widely used in agricultural and
medicinal fields. OLA contains many pharmacological activ-
ities, such as antimicrobial, antitumoral, antitrypanosome,
anti-inflammatory, and antioxidant activities [1, 2]. OLA
has been widely used as one of the growth-promoting feed
additives and treatment for bacterial infections in the animal
clinic. The antibacterial mechanism of OLA is to inhibit
DNA synthesis, which is particularly effective against
Gram-negative bacteria (E. coli, Pasteurella, Shigella, etc.).
It is also sensitive to some Gram-positive bacteria such as

Staphylococcus and Streptococcus. The growth-promoting
mechanism of OLA is mainly through strengthening the
activity of digestive enzymes in animals, which can promote
protein assimilation and increase feed conversion rate.
However, the potential toxicity of OLA, such as genotoxicity,
cytotoxicity, reproduction toxicity, nephrotoxicity, and hepa-
totoxicity, has seen wide concern [3]. OLA has been widely
used in animal feed and aquatic environments, which could
pollute animal food and water sources. Furthermore, high
concentrations of OLA in manure applied to agriculture
could eventually lead to their residues in surface water, which
will further damage animal and human health.

Previous studies have demonstrated that OLA-induced
cytotoxicity and genotoxicity were dependent on the
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production of reactive oxygen species (ROS) and DNA dam-
age [4]. It has also been reported that OLA induced cytotox-
icity and tissue damage involving apoptosis and autophagy
[5, 6]. There are multiple evidences to demonstrate that the
excessive production of ROS is a major contributor in
QdNOs-induced oxidative stress and DNA damage, such as
OLA, quinocetone, carbadox, 2-benzoyl-3-phenyl-6,7-
dichloroquinoxaline 1,4-dioxide (DCQ), and mequindox
[7–10]. It was later found to be due to the special structure
of the QdNOs molecule’s N-O group [11, 12]. In addition,
the pathway of caspase-dependent mitochondria has been
suggested to contribute to the cell apoptosis induced by
OLA and quinocetone [13]. OLA could activate cell autoph-
agy which was dependent on the activation of the ROS/JNK
pathway [14]. Moreover, OLA played an important role in
cell cycle arrest, which involved the activation of p53,
GADD45a, p21, cyclin A, and Cdk2 protein [15, 16]. Our
previous study found that p21 knockdown regulated OLA-
induced mitochondrial apoptosis and cell cycle arrest
through the upregulation of AKT and downregulation of
Nrf2/HO-1 pathways [17].

p53, a tumor suppressor, could be activated by a variety
of stress stimuli, including oxidative stress, which orches-
trates an extremely complex transcriptional program that
inhibits proliferation and promotes apoptosis [18]. It has
been demonstrated that p53 played an important role in
quinocetone-induced apoptosis [19]. However, El-Khatib
et al. showed that DCQ-induced cell apoptosis was indepen-
dent on the activation of p53 and p21 [20]. Yang et al. sug-
gested that OLA-induced apoptosis was involved in the
activation of p53 in human 293 cells [15, 21]. However, the
precise molecular mechanism remains unknown. The pres-
ent study is aimed at investigating the crosstalk of oxidative
stress and p53 in OLA-induced liver damage and excavating
the underlying molecular mechanisms in vitro and in vivo.

2. Materials and Methods

2.1. Chemicals and Reagents. The OLA (purity ≥ 98%) was
provided by the China Institute of Veterinary Drug Control
(Beijing, China). 3-(4,5-Dimetylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) and N-acetylcysteine (NAC)
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Dulbecco’s modified Eagle’s medium (DMEM) and fetal
bovine serum (FBS) were purchased from Life Technologies
Corporation (Grand Island, NY, USA). Rhodamine (Rh)
123 and dichlorofluorescein diacetate (DCFH-DA) were
offered by Beyotime Institute of Biotechnology Co., Ltd.
(Haimen, China). All other chemicals and reagents were of
the highest analytical grade.

2.2. Animal Experiments. All animal experiments were
approved by the Institutional Animal Ethics and Use Com-
mittee at the China Agricultural University. Male adult
C57BL/6 mice (20 to 22 g) were obtained from Vital River
Animal Technology Co., Ltd. (Beijing, China). p53 knockout
and paired wild-type mice (20-22 g) were purchased from
Beijing Biocytogen Co., Ltd. (Beijing, China). The mice were
housed under standard laboratory conditions and allowed

free access to water and food during all experimental periods.
Mice were randomly divided into control, OLA100, OLA200,
OLA400, NAC, NAC+OLA (n = 10 in each group). OLA was
suspended in 0.5% carboxyl methyl cellulose sodium. OLA
groups were orally administrated with OLA at the doses of
100, 200, and 400mg/kg/day, respectively, for 28 consecutive
days, while the NAC+OLA group was gavaged with NAC
(100mg/kg) 2 h in advance; followed by OLA (400mg/kg)
administration, the control group was orally administered
as the equal vehicle, whereas the p53 knockout (p53-/-)
and paired wild-type (p53 wt) mice were administrated
with OLA at the concentration of 400mg/kg/day for 28
consecutive days or the equal vehicle. After 24h following
the last gavage, all mice were euthanized by intraperitone-
ally injecting a high dose of sodium pentobarbital
(80mg/kg) (Sigma-Aldrich, St. Louis, MO, USA). The
blood samples were collected, and the serum was separated
by centrifugation (3000 g for 15min) and stored at −80°C
until assayed.

2.3. Measurement of Serum Enzymes Aspartate Transaminase
(AST) and Alanine Aminotransferase (ALT) and Biomarkers
of Oxidative Stress and the Activity of Caspase 3/9. Levels of
serum aspartate transaminase (AST) and alanine amino-
transferase (ALT) were detected using commercially stan-
dard diagnostic kits (Nanjing Jiancheng Bio-Corporation)
via an Automated Chemical Analyzer (Hitachi 7080, Hitachi
High-Technologies Corporation). The superoxide dismutase
(SOD), catalase (CAT) activity, and malondialdehyde
(MDA) level were measured using specific assay kits as per
the respective manufacturer’s instructions (Nanjing Jian-
cheng Bio-Corporation). The activities of caspase 3/9 in the
liver tissues were determined using the caspase 3/9 activity
detection ELISAPlus kit (Roche Applied Sciences, Basel,
Switzerland).

2.4. Histological Analysis. The liver of each mouse was fixed
in formalin for more than 48 h at room temperature. Then,
the fixed liver tissues were washed with tap water, dehydrated
with gradient alcohol, paraffin-embedded, and partially
stained with hematoxylin-eosin (HE) according to our previ-
ous study [22]. Another portion was stored at 4°C for immu-
nohistochemical staining. For the immunohistochemical
analysis, the liver tissue slices were deparaffinized in a ther-
motank at 60°C for 30min and dehydrated in graded alcohol.
The antigens were repaired by microwave, soaked in 3%
H2O2 for 10min, and blocked with 5% goat serum for
30min. The primary antibody was directly incubated over-
night. The primary antibody concentrations were as follows:
rabbit polyclonal anti-Bax (1 : 200) and Bcl-2 (1 : 100). The
next day, the samples were incubated with biotinylated goat
anti-rabbit IgG-horseradish peroxidase (HRP) conjugated
for 30min. Afterwards, the sections were developed with
DAB for 3min, followed by hematoxylin staining for 5min,
washed twice, underwent alcohol gradient dehydration, and
mounted in a xylene-based mountant. Immunohistochemi-
cal results were evaluated by the software of ImageJ 1.46
(National Institute of Mental Health, Bethesda, MD, USA).
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2.5. Transmission Electron Microscopy Examination. The
ultrastructure of the liver was examined as our previous study
described [23]. In short, the liver tissue was cut into 1mm3

tissue pieces and placed in a 2.5% glutaraldehyde solution
for 2 h, followed by fixing with 1% osmium tetroxide for
1.5 h. Then, the tissue was dehydrated with alcohol, trans-
ferred to a 90% ethanol : 90% acetone (1 : 1) mixed solution
for 15min, and placed in 100% acetone for 10min. Subse-
quently, the tissues were treated with 100% acetone and
embedding agent (Epon812) for 2 h. The next day, the tissue
was embedded with Epon812. After drying in an oven at
37°C, ultrathin sectioning was performed. The section thick-
ness of 50-70 nm was stained with 4% uranyl acetate and lead
citrate for 15min. The ultrastructure was observed under a
transmission electron microscope (JEOL Ltd., Tokyo, Japan).

2.6. Cell Culture and Treatments.Human HL-7702 (L02) cell
line was purchased from the Shanghai Institute of Cell Biol-
ogy, Chinese Academy of Sciences. HCT116 (p53+/+) and
HCT116 (p53-/-) cell lines were provided by Professor Jun
Tang, China Agricultural University. Cells were incubated
in RPMI-1640 (Gibco, Grand Island, NY, USA) complemen-
ted with 10% fetal bovine serum and 100U/mL penicillin and
streptomycin in a cell incubator at 37°C with 5% CO2. OLA
was prepared as previous study described [4]. The cells were
treated with OLA for 24 h.

2.7. Cell Viability Assay. Cell viability was assessed via MTT
assay according to the manufacturer instructions. In short,
cells (1 × 104) were seeded into 96-well culture plates for
24 h and treated with different concentrations of OLA. After
24 h, the OLA was removed, and cells were incubated with
100μL fresh RPMI-1640 containing 500μg/mL MTT for
4 h. Then, 100μL DMSO was added to dissolve the formazan
crystals. The formation of formazan was recorded by a
microplate reader at 570nm (Molecular Devices, Sunnyvale,
CA, USA).

2.8. Plasmid Transfection. The p53 interfering plasmid was
preserved in our laboratory: p53 interference target sequence
(shRNA p53)—GACTCCAGTGGTAATCTAC; p53 nega-
tive control plasmid sequence (vector)—ACTACTGGACT
CTTGGCA. L02 cells (1 × 105) were cultured in six-well
plates for 24 h and mixed with 2μg plasmid (shRNA or vec-
tor) and 6μL of transfection reagent (Roche, Basel, Switzer-
land), according to the manufacturer’s instructions. After
48 h, the cells were collected for western blot or other
experiments.

2.9. Measurement of Apoptosis. Annexin V-FITC/PI staining:
apoptosis was detected using Annexin V-FITC/PI detection
kit (Vazyme Biotech Co., Ltd., Nanjing, China). After treat-
ment with OLA, cells were digested by 0.25% trypsin without
EDTA. Cells were resuspended in Binding Buffer and
Annexin V-FITC/PI staining was added. Apoptosis cells were
measured by flow cytometer (BD FACSAria™). The data
were analyzed using BD FACSDiva software (BD Biosci-
ences, San Jose, CA, USA). Hoechst 33342 staining: cells
treated with OLA for 24h. After staining in the dark with
1μg/mL Hoechst 33342 (Vigorous Biotechnology, Beijing,

China) for 20min, the cells were observed under a fluores-
cence microscope (Leica Microsystems, Wetzlar, Germany).
Cells which showed chromatin condensation were counted
as apoptotic cells.

2.10. Reactive Oxygen Species (ROS) Measurement. ROS level
was determined by the fluorescence probe DCFH-DA. After
OLA treatment, the cell was incubated with KRBBS buffer
containing 10μg/mL DCFH-DA staining for 20min. Cells
were washed with PBS for three times and observed with a
fluorescence microscope (Leica Microsystems, Wetzlar,
Germany).

2.11. Measurement of Mitochondrial Membrane Potential
(MMP). Rhodamine 123 (Rh123) is a green fluorescent dye
that could be used as an indicator of MMP (Sigma-Aldrich,
St. Louis, MO, USA). After OLA treatment, cells were stained
with Rh123 (10μg/mL) for 30min in the dark. Subsequently,
cells were washed with PBS for three times and observed
under a fluorescence microscope (Leica Microsystems, Wet-
zlar, Germany). The images were evaluated using the soft-
ware of ImageJ (Media Cybernetics, Inc., Silver Spring, MD).

2.12. Western Blotting Assay. Protein extraction from cells
and tissues and western blot are according to our previous
description. The concentrations of protein were measured
with a BCA protein assay kit (Beyotime Institute of Biotech-
nology Co., Ltd, Haimen, China). The concentrations of pri-
mary antibodies were prepared as follows: rabbit polyclonal
antibodies against Beclin1 (1 : 1000), p53 (1 : 1000; Santa
Cruz, CA, USA), Bax (1 : 2000), Bcl-2 (1 : 1000), LC3
(1 : 1000) (ProteinTech Group, Inc., Chicago, IL, USA), cas-
pase 3 (1 : 500), caspase 9 (1 : 500; Cell Signaling Technology,
Beverly, MA, USA), and PARP (1 : 1000; Beyotime, Haimen,
China) and mouse polyclonal antibodies against β-actin
(1 : 1000) and Cytochrome C (Cyt C) (1 : 1000, Zhongshan
Golden Bridge, Beijing, China). The bands were detected by
ECL luminescent (Vigorous Biotechnology, Beijing, China)
and analyzed using the software of ImageJ (National Institute
of Mental Health, Bethesda, MD, USA).

2.13. Monodansylcadaverine (MDC) Measurement.MDC is a
fluorescent dye used as a tracer for the autophagocytic vesicle
agent. In brief, cells were inoculated in 6-well plates with 1
× 106 cells per well. After OLA treatment for 24 h, MDC
(final concentration: 50μM) was added to each well and
incubated in a constant temperature incubator at 37°C
20min in darkness. The result was observed with a fluores-
cence microscope (Leica Microsystems, Wetzlar, Germany).

2.14. Statistical Analysis. All data were presented as mean ±
SD. Figures were performed via GraphPad Prism 8.0 (Graph-
Pad Software, Inc., La Jolla, CA, USA). The software of SPSS
(SPSS 17.0, Inc., Chicago, USA) was used for statistical anal-
ysis. A p value less than 0.05 (p < 0:05) was considered as
significant.
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3. Results

3.1. OLA Induced Hepatic Dysfunction, Oxidative Stress, and
p53 Activation in Mice. Mice gavaged with OLA at doses of

200 and 400mg/kg/day for 28 days significantly increased
the activities of AST and ALT (Figures 1(a) and 1(b)), respec-
tively. Transmission electron microscopy results of mouse
liver tissue showed that normal hepatocytes in the control

40

30

20

A
LT

 (U
/L

)
10

0
Control 100 200

Olaquindox (mg/kg)
400

⁎
⁎

(a)

50

30

40

20

A
ST

 (U
/L

)

10

0
Control 100 200

Olaquindox (mg/kg)
400

⁎
⁎⁎

(b)

Control OLA 100 OLA 200 OLA 400

(c)

80

40

60

20

SO
D

 (U
/m

g 
to

ta
l p

ro
)

0
Control 100 200

Olaquindox (mg/kg)
400

⁎

(d)

2.5

1.5

2.0

1.0

0.5

M
D

A
 (m

m
ol

/m
g 

to
ta

l p
ro

)

0.0
Control 100 200

Olaquindox (mg/kg)
400

⁎
⁎⁎

(e)

150

100

50

CA
T 

(U
/m

g 
to

ta
l p

ro
)

0
Control 100 200

Olaquindox (mg/kg)
400

⁎
⁎

(f)

Control

53 kD- p53

𝛽-Actin42 kD-

100 200 400

Olaquindox (mg/kg)

(g)

5

4

3

2

1

Re
la

tiv
e e

xp
re

ss
io

n 
of

 p
ro

te
in

(fo
ld

 o
f c

on
tr

ol
)

0
0 100 200

Olaquindox (mg/kg)

p53

400

⁎⁎

⁎⁎

(h)

Figure 1: OLA induced hepatic dysfunction, oxidative stress, and p53 activation in mice. C57BL/6 mice were orally administrated with OLA
at the doses of 100, 200, and 400mg/kg for 28 consecutive days. (a) ALT serum levels. (b) AST serum levels. (c) Effect of OLA on
ultrastructure changes in mouse liver observed by electron microscope (1200x). (d–f) Impact of OLA treatment on SOD activity, MDA
levels, and CAT activity. (g) p53 protein expressions in the liver tissue of mice were analyzed by western blotting. (h) The densitometry
analysis of p53 by ImageJ 1.46 software. The results represent mean ± SD (n = 10). Compared with the control, ∗p < 0:05, ∗∗p < 0:01.
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group were in the middle, with abundant mitochondria and
clear cell boundaries. With the increase of the OLA dose,
the cytoplasm was dissolved followed with mitochondrial
swelling (small arrow) and chromatin consolidation (big
arrow) (Figure 1(c)). Oxidative stress biomarkers of SOD,
CAT, andMDAwere assessed in OLA-induced liver damage.
Compared with the control, in the OLA 200mg/kg and
400mg/kg groups, the MDA level increased from 1:55 ±
0:04mmol/mg to 1:72 ± 0:13mmol/mg and 1:92 ± 0:05
mmol/mg (Figure 1(e)). The activity of SOD in the OLA
400mg/kg group decreased from 59:2 ± 3:2U/mg to 43:2 ±
4:2U/mg (Figure 1(d)). The activity of CAT decreased from
101:3 ± 2:2U/mg to 81:7 ± 5:6U/mg and 71:3 ± 5:4U/mg
in OLA 200mg/kg and 400mg/kg groups (Figure 1(f)). Fur-
thermore, the results showed that OLA activated p53 in a
dose-dependent way (Figure 1(g)).

3.2. Inhibition of Oxidative Stress Attenuated p53 Activation
Induced by OLA.As shown in Figure 2, the result showed that
in the absence of p53, the activities of SOD and CAT

increased (Figure 2), compared to those of the OLA-alone
group. Meanwhile, NAC pretreatment markedly attenuated
OLA-induced hepatic p53 expression (Figure 3(d)).

3.3. p53 Knockout Decreased OLA-Induced Liver Damage and
Oxidative Stress in Mice. p53 knockout mice were selected to
demonstrate the role of p53 in OLA-induced damage. As
shown in Figure 3(a), the results showed that the p53 protein
was not detected in p53 knockout mice. OLA-induced serum
ALT and AST levels of mice were significantly decreased in
the p53-/- group, compared with the p53 wt+OLA group
(Figures 3(b) and 3(c)). Histopathological results showed
that the hepatic cords were arranged neatly, and the structure
of the hepatocytes was intact and clear in OLA-untreated
groups. However, p53 knockout attenuated OLA-induced
liver tissue damage with the evidences of decrease in the dis-
order of hepatocyte arrangement, cytoplasmic lysis, and
cytoplasmic vacuolization, compared with the p53 wt+OLA
group (Figure 3(d)). As shown in Figure 3, p53 knockout
effectively reduced the MDA level induced by OLA
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Figure 2: Inhibition of oxidative stress attenuated p53 activation induced by OLA. (a–c) The activities of SOD and CAT and the level of MDA
in NAC pretreatment OLA-induced mice. (d, e) p53 protein expression in the liver tissue of mice was analyzed by western blotting from the
control and NAC pretreated OLA groups. The results represent mean ± SD (n = 10). Compared with the control, ∗∗p < 0:01; compared with
the OLA alone group, #p < 0:05.
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(Figure 3(e)), significantly increased SOD activity in liver tis-
sues (Figure 3(g)), and showed no significant change in CAT
activity (Figure 3(f)).

3.4. Depletion of p53 Attenuated OLA-Induced Mitochondrial
Apoptosis Pathway. As shown in Figure 4, the expressions of
Bax and Bcl-2 in the liver tissues were measured by immuno-
histochemical analysis. In mice treated with OLA
(400mg/kg) for 28 days, the expression of Bax was signifi-
cantly increased, while the expression of Bcl-2 significantly
decreased, compared with that of the p53 wt group
(Figures 4(a) and 4(b)). However, p53 knockout decreased
the OLA-induced expression of Bax and increased the
expression of Bcl-2, compared with the p53 wt+OLA group
(Figures 2(f) and 2(g)). Moreover, depletion of p53 attenu-

ated OLA-induced mitochondrial swelling (red arrow)
(Figure 4(c)). Meanwhile, the activities of caspase 9 and cas-
pase 3 significantly decreased in the homogenates of OLA-
treated liver tissue, compared with the p53 wt+OLA group
(Figures 4(d) and 4(e)).

3.5. p53 Knockout or Knockdown Attenuated OLA-Induced
Apoptosis in HCT116 and L02 Cells. To further investigate
the effect of p53 on OLA-induced cell death in vitro, we
selected p53 deletion cell lines HCT116 (p53+/+) and
HCT116 (p53-/-). As shown in Figure 5(a), the cell viabil-
ity was significantly increased after p53 deletion, compared
with the HCT116 (p53+/+) group. Hoechst 33342 staining
results showed that the blue fluorescence and nuclear con-
densation in the p53 deletion group was markedly lower
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Figure 3: p53 knockout decreased OLA-induced liver damage and oxidative stress in mice. (a) p53 protein expression was analyzed by
western blotting in p53 wild type and p53 knockout groups. (b, c) Effect of p53 on OLA-induced ALT and AST serum levels. (d)
Histopathological images of HE-stained liver sections from OLA-treated p53 wild type and p53 knockout mice. (e–g) Effect of p53 on
OLA-induced MDA levels and CAT and SOD activities in mice. The results represent mean ± SD (n = 10). Compared with the p53 wt
group, ∗∗p < 0:01; compared with the p53 wt+OLA group, #p < 0:05.
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than that in the p53 normal group (Figure 5(b)).
Compared with the HCT116 (p53+/+) group, the apopto-
sis rate decreased from 51:35 ± 4:28% to 38:74 ± 4:65%
treated with 800μg/mL OLA in the p53 deletion group
(Figures 5(d) and 5(e)). Therefore, we used the p53 inter-
fering plasmid to interfere with the expression of p53 in
L02 cells for verification. The results showed that interfer-
ing with p53 increased the cell viability induced by OLA
and decreased the OLA-induced apoptosis in L02 cells
(Figures 5(e)–5(g)), which were consistent with the results
of HCT116 cells.

3.6. Loss of p53 Inhibited OLA-Induced Oxidative Stress In
Vitro. Thus, we investigated the effect of p53 on intracellular
ROS levels induced by OLA. The results showed that ROS
production was significantly reduced in the HCT116 (p53-
/-) group (decreased from 4.5- to 2.6-folds treated with
800μg/mL OLA), compared with the p53+/+ group
(Figure 6(a)). Meanwhile, the p53 knockout reduced OLA-
induced oxidative stress and inhibited antioxidant pathway
Nrf2/HO-1 activation in HCT116 cells (Figures 6(b) and
6(c)). Furthermore, we used the L02 cell model to examine
the role of p53 on oxidative stress and the Nrf2/HO-1
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Figure 4: Depletion of p53 attenuated OLA-induced mitochondrial apoptosis pathway. (a, b) The expression of BAX and Bcl-2 was analyzed
via immunohistochemistry. (c) Effects of p53 on OLA-induced ultrastructure changes in mouse liver observed by electron microscope
(1200x). (d, e) Effects of p53 on OLA-induced activities of caspase 9 and caspase 3. The results represent mean ± SD (n = 10). Compared
with the p53 wt group, ∗∗p < 0:01; compared with the p53 wt+OLA group, #p < 0:05 and ##p < 0:01.
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Figure 5: p53 knockout or knockdown attenuated OLA-induced apoptosis in HCT116 and L02 cells. (a) Cell viability of HCT116 cells was
estimated by MTT assays. (b) HCT116 cells were stained with Hoechst 33342 and observed under an inverted fluorescence microscopy
(400x). (c) The histogram depicted the mean apoptotic rate of HCT116 cells. (d) HCT116 cells were stained with Annexin V-FITC/PI and
detected by flow cytometry. (e) Cell viability of L02 cells was estimated by MTT assays. (f) L02 cells were stained with Annexin V-
FITC/PI and detected by flow cytometry. (g) The histogram depicted the mean apoptotic rate of L02. The results represent the means ±
SD of three independent experiments. ∗p < 0:05 and ∗∗p < 0:01, compared with the control; #p < 0:05 and ##p < 0:01, compared with the
p53 normal group.
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pathway. The results showed that knockdown of p53 further
reduced OLA-induced oxidative stress and considerably
enhanced the activities of SOD and CAT, compared to the
OLA-alone group (Figure 6(d)). As shown in Figure 6(e),
knockdown of p53 inhibited the activation of the Nrf2/HO-
1 pathway treated with OLA, which is consistent with the
result of the HCT116 cells.

3.7. Ablation of p53 Attenuated OLA-Induced Mitochondrial
Dysfunction In Vitro. As shown in Figure 7(a), compared
with the HCT116 (p53+/+) group, the mitochondrial mem-
brane potential of the HCT116 (p53-/-) group was restored
after treatment with OLA, and the 800μg/mL group was
increased from 38.3% to 51.6%. Then, we examined the
marker protein of the mitochondrial apoptosis pathway.
Compared with the HCT116 (p53+/+) group, the ratio of
Bax/Bcl-2 was reduced, and the release of Cyt C from the
mitochondria into the cytoplasm was also reduced in the
HCT116 (p53-/-) group (Figures 7(b) and 7(c)). The deletion
of p53 significantly inhibited the cleaving of caspase 9 and
PARP protein expression induced by OLA 400 and
800μg/mL (Figures 5(b) and 5(c)). As for L02 cells, the p53
interfering plasmid significantly inhibited the protein expres-
sion of p53 (Figure 7(d)). Furthermore, interfering with p53
observably inhibited the OLA-induced mitochondrial apo-
ptosis pathway (Figures 7(d) and 7(e)).

3.8. Loss of p53 Partially Inhibited the JNK/P38 Pathway and
Activated the Autophagy Pathway. As shown in Figure 8(a),
the expression levels of p-JNK and p-p38 in the OLA 400
and 800μg/mL groups were significantly reduced after p53
deletion, compared to those of the HCT116 (p53+/+) groups.
Furthermore, the expression of LC3 and Beclin1 induced by
OLA increased significantly in the p53 knockout group
(Figure 8(a)), indicating that p53 may have inhibited the acti-
vation of the autophagy pathway. In addition, interfering
with p53 inhibited the OLA-induced activation of JNK/p38
pathways and activated the expression of LC3 and Beclin1
in L02 cells (Figure 8(c)). Moreover, fluorescence microscopy

was performed with MDC staining to qualitatively analyze
the occurrence of autophagy in L02 cells. As shown in
Figure 8(e), the fluorescence intensity was weak, and the
punctate structure was less in the vector and shRNA groups
without OLA. After the interference with p53, the fluores-
cence intensity was significantly higher than that of the nor-
mal p53 group treated with OLA, and obvious aggregation of
fluorescent particles could be seen in the cytoplasm, indicat-
ing that interference with p53 could cause autophagy in L02
cells (Figure 8(e)).

4. Discussion

The p53 signaling pathway participated in the transmis-
sion of apoptotic signals in the process of cell death
[24]. It suggested that the balance between oxidative stress
and antioxidant systems was critical for cell survival in the
process of p53-induced oxidative stress and apoptosis [25].
The effects of p53 on antioxidation or prooxidation
depend on the level of oxidative stress production.
Although OLA has been banned as a feed additive in
many countries due to the reproductive toxicity and geno-
toxicity [3], the abuse of OLA in feed additives of food-
production animals is still serious, as well as other quinox-
alines, such as quinocetone and mequindox. The liver may
be the main target organ for toxicity of OLA with the evi-
dence that high concentrations of OLA could noticeably
induce liver injury and liver dysfunction [26, 27].

To investigate the role of p53 in OLA-induced liver dam-
age, a mouse model and a cell model treated by OLA were
established. It has been known that AST and ALTmainly exist
in the liver. Under oxidative stress, damaged liver cell mem-
branes lead to the release of AST and ALT into the blood,
which significantly increases the content of AST and ALT in
the serum. In the current study, the data showed that the
serum levels of ALT and AST were coincident with the histo-
pathological and ultrastructural damage of mice treated with
OLA in a dose-dependent manner (Figure 1), indicating that
the mouse model was successfully established. Oxidative stress
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Figure 6: Loss of p53 inhibited OLA-induced oxidative stress in vitro. (a) HCT116 cells were incubated with 10mM DCFH-DA for 30min.
The fluorescence intensity was observed by fluorescence microscope (400x). Fluorescence intensity was analyzed by Image-Pro Plus 5.0
software. (b) Effect of p53 on OLA-induced MDA levels and SOD and CAT activities in HCT116 cells. (c) The impact of p53 on
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the means ± SD of three independent experiments. ∗p < 0:05 and ∗∗p < 0:01, compared with the control; #p < 0:05 and ##p < 0:01,
compared with the p53 normal group.
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is the imbalance between oxidation and antioxidation in the
body, which is recognized as an important factor in aging
and disease [28]. MDA is a biomarker of lipid peroxidation,
and SOD and CAT belong to the enzyme antioxidant system
in vivo [29]. SOD is the first enzyme in the antioxidant enzyme
system to combine with the active oxygen radical in vivo,
which could degrade the superoxide anion (O2-) to form
H2O2 and then combine CAT with H2O2 to decompose it into
water and oxygen molecules [13]. In this study, MDA, SOD,
and CAT in the liver of mice were further detected. The results
revealed that the level of MDA was remarkably enhanced,
whereas SOD and CAT activities declined after continuous
administration of OLA for 28 days (Figures 2(d)–2(f)), indicat-
ing that oxidative stress was involved in OLA-induced liver
injury. Previous studies showed that the intracellular ROS con-
tent was significantly increased after treatment with OLA,
which was consistent with the results of this study
(Figure 6(a)). Thus, the production of ROS was considered as
an early factor of cytotoxicity induced by OLA [1].

Moreover, our consequences displayed that the p53 path-
way was dramatically activated in mouse and cell models
(Figure 1(g) and Figures 7(b) and 7(d)), indicating that hep-
atotoxicity induced by OLA was associated with the p53
pathway. Therefore, p53 knockout mice and p53 deletion cell
lines were used to further investigate OLA-induced liver
damage and the underlying molecular mechanisms. Our
results showed that p53 knockout alleviated OLA-induced
liver injury and oxidative stress (Figure 3). Accumulating evi-
dences showed that knockout of p53 alleviated the damage
caused by oxidative stress [30, 31]. Previous reports showed
that depletion of p53 attenuated cocaine-induced hepato-

toxicity in mice, which demonstrated that the inhibition
of p53 was important for protection against oxidative
stress and proapoptotic events [32]. Moreover, p53 dele-
tion prevented ischemic renal injury through attenuating
both renal histologic damage and oxidative stress [31].
Importantly, in response to high levels of oxidative stress,
p53 shows prooxidative activity, which further increases
the stress level and leads to cell apoptosis [33]. Our fur-
ther results discovered that p53 deletion increased OLA-
induced cell viability (Figures 5(a) and 5(e)), while
decreasing OLA-induced apoptosis (Figures 5(d) and 5(f
)) and production of ROS (Figure 6(a)), indicating that it
may be related to the reduction of OLA-induced oxidative
stress by the absence of p53. Previous research has shown
that apoptosis was completely abrogated by ionizing radi-
ation in the absence of p53 [34]. p53 exerts as an antiox-
idant, neutralizing free radicals and protecting the genome
from ROS-induced injury, which regulates many antioxi-
dant genes and protects cells from low levels of ROS-
induced damage [35]. However, high contents of ROS or
sustaining stress will increase p53 and stimulate the oxi-
dant to further promote ROS generation. Therefore, trig-
gering the p53-dependent apoptosis could contribute to
clear the injured cells [36, 37]. Furthermore, p53 also
affects the production of mitochondrial ROS and tilts the
redox balance toward cell death [38]. The above results
indicated that OLA-induced liver damage involved the
crosstalk of oxidative stress and p53.

Not surprisingly, previous reports showed that the
mitochondrial apoptosis pathway was the main pathway
of OLA-induced apoptosis [5, 39]. Mitochondrial damage
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Figure 7: Ablation of p53 attenuated OLA-induced mitochondrial dysfunction in vitro. (a) Cells were stained by Rhodamine 123 (10 μg/mL)
and observed under a fluorescence microscope (400x). (b) Expressions of p53 Bax, Bcl-2, Cyt C caspase 9, and PARP in HCT116 cells were
detected by western blotting analysis. (c) The densitometry analysis of p53, Bax/Bcl-2, Cyt C, caspase 9, and PARP by the ImageJ 1.46
software. (d) Expressions of p53 Bax, Bcl-2, caspase 9, caspase 3, and PARP in L02 cells were detected by western blotting analysis. (e) The
densitometry analysis via the ImageJ 1.46 software. The results represent the means ± SD of three independent experiments. ∗p < 0:05 and
∗∗p < 0:01, compared with the control; #p < 0:05 and ##p < 0:01, compared with the p53 normal groups.
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increases the permeability of the mitochondrial membrane,
leading to the release of Cyt C into the cytoplasm, which
in turn results in a caspase cascade reaction, thus leading
to apoptosis [23]. Furthermore, p53 could activate Bax
directly, which leads to the decrease of MMP, followed
with the release of Cyt C and activation of caspases, which
triggers apoptosis [40]. In our study, p53 knockout atten-
uated OLA-induced mitochondrial damage and the levels
of caspase 3 and caspase 9 in mice (Figure 4). Our further
results discovered that knockout of p53 significantly allevi-
ated the decrease of the mitochondrial membrane poten-
tial (Figure 7(a)) and inhibited the OLA-induced
mitochondrial apoptosis pathway in HCT116 and L02 cells
(Figures 7(b) and 7(d)). Taken together, these investiga-
tions implied that p53 was able to dependently regulate
OLA-induced mitochondrial dysfunction and apoptosis
in vivo and in vitro. Cell apoptosis, an internal response
to definite pressures, happens via p53-dependent and
p53-independent pathways [41]. Notably, certain stressors,
such as anoxia, oxidative damage, drug treatment, and

oncogene abnormalities, could eventually trigger the p53-
mediated cell death pathway in the cell [42]. Based on
the above results, we further explored the mechanism of
p53-regulated OLA-induced liver damage in vivo and
in vitro.

Our findings showed that knockout or knockdown of
p53 effectively alleviated the activation of the JNK/p38
pathway (Figures 8(a) and 8(c)), suggesting that p53 may
act as the upstream of JNK/p38 pathways in OLA-
induced toxicity. Our previous study demonstrated that
JNK/p38 inhibitors (SP600125 and SB203580) significantly
affected OLA-induced apoptosis [17], indicating that the
JNK/P38 pathway participated in OLA-induced apoptosis.
The JNK/p38 signaling pathway is activated or altered in
a variety of cancers and regulates a variety of cellular pro-
cesses including survival, proliferation, metabolism, angio-
genesis, and metastasis [43]. p53 activation has been
shown to induce more autophagosomes in wild-type p53
MEF cells than in p53-inactive MEF cells in response to
stress, which occurs through p53 inhibition of the
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Figure 8: Loss of p53 partially inhibited JNK/p38 pathway and activated autophagy pathway. (a)Western blot analysis for JNK, p38, LC3, and
Beclin1 in HCT116 cells. (b) The densitometric analysis of the bands in HCT116 cells were performed via the ImageJ 1.46 software. (c)
Western blot analysis for JNK, p38, LC3, and Beclin1 in L02 cells. (d) The densitometric analyses of the bands in L02 cells were performed
by the ImageJ 1.46 software. (e) Fluorescence microscopy was used to observe the distribution of autophagosomes in L02 cells after MDC
staining (400x). The results represent the means ± SD of three independent experiments. ∗p < 0:05 and ∗∗p < 0:01, compared with the
control; #p < 0:05 and ##p < 0:01, compared with p53 normal groups.
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AKT/mTOR pathway or through regulation of certain p53
target genes directly involved in autophagy [44]. More
intriguingly, LC3 and Beclin1 were further activated in
OLA treatment after p53 knockout or knockdown,
followed with obvious aggregation of autophagosomes in
the cytoplasm (Figure 8(e)), suggesting that inhibition of
p53 enhanced autophagy in L02 cells. It has been demon-
strated that p53 knockout in HCT116 cells could increase
the expression of cytosol HMGB1 and induce autophagy
[45]. In our previous study, inhibition of autophagy signif-
icantly increased the OLA-induced apoptotic rate [14],
suggesting that the interaction between apoptosis and
autophagy was mutual inhibition. Collectively, our results
provided a support that p53 knockout alleviated OLA-
induced liver injury, which may be associated with upreg-
ulation of the autophagy pathway and inhibition of the
JNK/p38 pathway.

5. Conclusions

In conclusion, as illustrated in Figure 9, our findings demon-
strated that p53 primarily played a proapoptosis role in OLA-
induced liver damage. Knockout of p53 effectively protected
liver injury against oxidative stress and ROS production,
which was largely dependent on inhibition of the JNK/p38
signaling pathway and upregulation of the autophagy via
activating LC3 and Beclin1. Therefore, the mechanism of

p53 in response to oxidative stress and the outcomes of the
interaction between p53 and other signaling pathways need
further elucidation. This study will shed light on the molecu-
lar toxicity of OLA and other quinoxalines.
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