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ABSTRACT Duck hepatitis A virus type 1 (DHAV-1)
is the main pathogen of duck viral hepatitis, but the ef-
ficacy of the licensed commercial vaccine needs to be
further improved. Therapeutic measures of specific drugs
for DHAV-1-infected ducklings need to be urgently
developed. Baicalin possesses good antiviral effects. This
study aims to investigate the mechanism of baicalin in
protecting hepatic mitochondrial function from DHAV-
1. The ELISA method was used to detect changes of
hepatic and mitochondrial catalase (CAT), superoxide
dismutase (SOD), glutathione peroxidase (GPX),
inducible nitric oxide synthase (iNOS), adenosine
triphosphate (ATP), and malondialdehyde (MDA)
levels in vivo and vitro. Hematoxylin and eosin sections
and transmission electron microscopy were used to
observe liver pathological changes and mitochondrial
structural changes. The changes in mitochondrial mem-
brane potential were detected by JC-1 staining method.
Western blot and quantitative real-time PCR were
employed to analyze the gene and protein expressions in
the nuclear erythroid 2-related factor 2 (Nrf2)/antioxi-
dant responsive element (ARE) pathway in duck em-
bryonic hepatocytes infected with DHAV-1. Results
showed the administration of baicalin increased the

survival rate of ducklings, and alleviated hepatic damage
caused by DHAV-1 by enhancing the antioxidant
enzyme activities of the liver and mitochondria,
including SOD, GPX, CAT, and reducing lipid perox-
idative damage (MDA content) and iNOS activities. The
mitochondrial ultrastructure changed and the significant
increase of ATP content showed that baicalin main-
tained the structural integrity and ameliorated mito-
chondrial dysfunction after DHAV-1 infection. In vitro,
DHAV-1 infection led to loss of mitochondrial membrane
potential and lipid peroxidation and decreased anti-
oxidative enzyme activities (SOD, GPX) and mito-
chondrial respiratory chain complex activities (succinate
dehydrogenase, cytochrome ¢ oxidase). Baicalin relieved
the above changes caused by DHAV-1 and activated the
gene and protein expressions of Nrf2, which activated
ARE-dependent genes including heme oxygenase-1 (HO-
1), nicotinamide adenine dinucleotide phosphate
quinone oxidoreductase 1 (NQO1), SOD-1, and GPX-1.
In addition, baicalin increased the protein expressions of
antioxidative enzymes (SOD, GPX). Hence, baicalin
protects the liver against oxidative stress in hepatic
mitochondria caused by DHAV-1 via activating the
Nrf2/ARE signaling pathway.
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INTRODUCTION

Duck hepatitis A virus (DHAV), the major causative
agent of duck viral hepatitis (DVH), has been further
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divided into 3 serotypes or genotypes, including
DHAV-1, DHAV-2, and DHAV-3 (Wang et al., 2008).
Of these 3 DHAV types, the most virulent and wide-
spread is DHAV-1, which can cause mortality of up to
95% in young ducklings within 1 wk of age (Kamomae
et al., 2017). Beginning in 2013, 2 officially approved
live-attenuated vaccines against DHAV-1 strains
(CH60 and A66) had been widely used to vaccinate
breeder ducks in China (Wen et al., 2018). Due to inad-
equate protection of the vaccine, DVH still occurred,
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even on farms where vaccination had been implemented
(Kang et al., 2018).

There is an urgent need to find specific drugs or active
ingredients for DHAV-1 infection.

Recently, upregulation of these antioxidant enzymes
by chemical or natural products has become a common
strategy to protect cells in the disease. Baicalin exhibits
a wide variety of health enhancing biological effects such
as anti-inflammatory, antioxidant, antitumor, and anti-
bacterial activities (Oo et al., 2018). As one of the ingre-
dients in traditional Chinese medicine, baicalin has
attenuated oxidative stress in vitro and increased the ex-
pressions of anti-inflammatory genes (Chen et al., 2017).
Additionally, baicalin inhibited DHAV-1 replication by
suppressing protein translation (Chen et al., 2018a).
Previous reports demonstrated that baicalin treatment
conspicuously promoted the expression level of mito-
chondrial dynamics and prevented mitochondrial
dysfunction during Mycoplasma gallisepticum infection
(Ishfaq et al., 2019).

It has been demonstrated that DHAV-1 could activate
the mitochondrial apoptotic pathway through
decreasing the mitochondrial membrane potential
(MMP) (Lai et al., 2019). Mitochondrial disruption
tends to provoke and aggravate liver disorders and it is
a common link in most hepatic diseases (Auger et al.,
2015). Previous studies had documented that oxidative
stress led to the disruption of mitochondrial metabolism
(Jin et al., 2017). The nuclear erythroid 2-related factor
2 (Nrf2)/antioxidant responsive element (ARE)
pathway involved in oxidative stress and inflammation
is a new potential pharmacological target for the treat-
ment of many diseases (de Freitas et al., 2018). Nrf2
highlights the relevance of this transcription factor in
pathophenotypes associated with liver damage
(Cuadrado et al., 2018). Mitochondria in hepatocytes
are particularly prone to the effects of altered substrate
influx along with triggering signaling pathways which
may lead to cell injury (e.g., cytochrome c release) or
cell protection (e.g., increased adenosine triphosphate
[ATP|generation) (Grattagliano et al., 2019). Through
the induction of heme oxygenase-1 (HO-1) and nicotin-
amide adenine dinucleotide phosphate quinone oxidore-
ductase 1 (NQO1) gene expressions, Nrf2 is capable of
maintaining mitochondrial function and promoting the
removal of damaged mitochondrial units (Strom et al.,
2016). This study aims to determine whether baicalin
demonstrates an oxidative protective effect to alleviate
mitochondrial dysfunction through the Nrf2/ARE
pathway.

Although several studies have investigated the anti-
inflammatory and antiviral effects of baicalin, investiga-
tion of the antioxidative effects of baicalin on duckling
liver based on the perspective of mitochondrial dynamics
has not been reported. These issues were the focus of this
study to determine the potential of baicalin. Thus, we
proposed a new mechanism underlying baicalin therapy
of DHAV-1. In the present study, we artificially estab-
lished the duckling model of DHAV-1 infection followed
by observation of ultrastructural changes of hepatic

mitochondria and the detection of the activities of en-
zymes related to liver injury and antioxidative enzymes.
Mitochondrial respiratory chain complexes-related indi-
cators and expression levels of mRNA and proteins were
also identified. The purpose was to investigate the roles
of baicalin in mitochondrial function during DHAV-1-
induced peroxidative damage in ducklings’ liver.

MATERIALS AND METHODS

Reagents and Virus

ATP assay kit, superoxide dismutase (SOD) assay kit,
GSH-PX assay kit, catalase (CAT) assay kit, and induc-
ible nitric oxide synthase (iNOS) assay kit were obtained
from Nanjing Jiancheng Bioengineering Institute (Nanj-
ing, China). Mitochondrial extraction kit, cytochrome ¢
oxidase (COX) assay kit, malondialdehyde (MDA)
assay kit, and succinate dehydrogenase (SDH) assay
kit were purchased from Beijing Solarbio Science &
Technology Co., Ltd. (Beijing, China). HiScript IIT RT
SuperMix for qPCR (+gDNA wiper) and ChamQ Uni-
versal SYBR qPCR Master Mix were purchased from
Vazyme (Jiangsu, China). Dulbecco’s Modified Eagle’s
Medium (DMEM, Hyclone, Logan, UT,) supplemented
with penicillin 100 TU/mL, streptomycin 100 TU/mL,
and 10% fetal bovine serum was used as a nutritive me-
dium. The concentration of fetal bovine serum in DMEM
was replaced to 1% as maintenance medium (MM). D-
Hank’s solution was used for washing the embryo tissue
fragments and cells. Baicalin (85%) was purchased from
Shanghai Jieli Biotechnology Co., Ltd. (Shanghai,
China). The DHAV-1 (strain L)) used in the challenge
experiments was supplied by the Shandong Institute of
Poultry (Shandong, China) and was diluted into 50 tis-
sue culture infectious dose 50 with MM.

Animals and Treatments

A total of 180 one-day-old cherry valley ducklings
were purchased from Chaoyang hatchery. After 5 d of
adaptive breeding, ducklings were divided into 3 groups
randomly and named as blank control (BC) group (sepa-
rately reared), virus treatment (VC) group, and baicalin
treatment (BA) group. The VC and BA groups were
intramuscularly injected with 0.2 mL of DHAV-1
(10 X LDsp, LDjg is 2.5 XlOfl) solution per duckling.
The BC group was injected with the same volume of
normal saline. One hour after being challenged, the BA
group was administered with aqueous baicalin in drink-
ing water at a dose of 3 mg/kg-weight per duckling for
3 d, once a day. The BC and VC groups were orally
administered with the same volume of solvent-added
solution.

Clinical Curative Effects of Baicalin

The number of dead ducklings were monitored daily
until no death was found. The survival rate in each
group was calculated according to the formula: survival
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rate (%) = number of surviving ducklings/number of to-
tal ducklings X 100%.

Histopathological Evaluation

Liver tissues were obtained from 5 ducklings in each
group at the acute phase (4 and 8 h) and stable phase
(54 h) after injecting DHAV-1. These ducklings (15
feathers per group) were also anesthetized with COq
and were not included in the survival rate. Liver tissue
was stored in paraformaldehyde or 2.5% glutaraldehyde,
respectively, for histopathological observation. Sections
(5-pm thickness) were obtained and stained with hema-
toxylin and eosin, and then examined under a light mi-
croscope (Olympus Corporation, Tokyo, Japan).

Mitochondrial Ultrastructure Analysis in
Liver Tissue

The isolated liver tissues were fixed with 2.5% glutaral-
dehyde for 2 h at least and washed twice with buffer. Then
the tissues were fixed with 1% osmium tetrachloride for
2 h and dehydrated gradually with ethanol and acetone.
Next, the tissues were embedded with the embedding
agent and sliced by Leica EM U37 (Leica, Germany).
The contrast was enhanced by staining with uranium
dioxane acetate and lead citrate. The mitochondrial ultra-
structure damage in liver was analyzed by using transmis-
sion electron microscopy and observed with Hitachi TEM-
1011 (Hitachi, Tokyo, Japan).

Indexes of Liver Injury and Mitochondrial
Oxidative Stress In Vivo

Blood samples and liver tissues were obtained from 5
ducklings in each group at 4, 8, and 54 h after injecting
DHAV-1. The samples were centrifuged to collect serum
after coagulation. Serum alanine aminotransferase
(ALT), aspartate aminotransferase (AST), alkaline
phosphatase (ALP), lactate dehydrogenase (LDH), and
total cholesterol (T-CHO) levels were determined using
enzymatic colorimetric assay kits on an automatic
biochemistry analyzer (UniCel DxC 600 Synchron,
Beckman Coulter, Brea, CA). The liver tissues were
dissected and homogenized in iced saline immediately.
Then, the homogenates were centrifuged at 2,500 g for
10 min. The supernatants were collected and stored at
—70°C for posterior hepatic SOD, CAT, glutathione
peroxidase (GPX), iNOS activities, and MDA content
examination.The ATP levels in liver tissues were
measured by using the ATP assay kit, according to the
instructions. Liver mitochondrion was isolated by using
low-temperature differential centrifugation according to
the kit instructions and stored at —70°C for posterior
mitochondrial SOD, CAT, GPX, iNOS activities, and
MDA content examination.

Preparation of Duck Embryonic
Hepatocytes (DEHSs)

Liver tissue from a 14-day-old duckling was minced
and digested with 0.20% trypsin. After washing thrice
with D-Hank’s solution, DEHs were cultured in
DMEM at 37°C in a humid atmosphere of 5% COs.
The cell seeding density was adjusted to about 0.8 to
1.2 X 10° cells/mL. DMEM was removed when the
DEHs grew into a monolayer.

Detection of Mitochondrial Damage Indexes
on DEHs

DEHs preparation and pre-processing were performed
as described above. The mitochondrion was isolated by
using low-temperature differential centrifugation ac-
cording to the kit instructions and stored at —70°C for
posterior mitochondrial SOD, COX, GPX, SDH activ-
ities, and MDA content examination. All cells were
grown on ®24 mm circular cell slides (WHB, Shanghai,
China) and pre-processed as described above. Then,
cell samples were stained with JC-1 (Beyotime Institute
of Biotechnology, Shanghai, China) for 20 min in a cell
culture incubator and examined by standard epifluores-
cence microscopy (LSM 710, Zeiss, Germany). Either
green fluorescence or red fluorescence was detected.
Green fluorescence indicated the uptake of JC-1 mono-
mers. Red fluorescence indicated the presence of J-aggre-
gates. Using a long-pass filter system, which allows the
visualization of red and green fluorescence simulta-
neously, orange fluorescence was detected in regions
where both green and red fluorescence coexisted.

Quantitative Real-Time PCR Detection of
Pathway-Relative mRNA Expression

DEHs preparation and pre-processing were performed
as described above. The quantity and integrity of the total
extracted RNA from the collected cells were evaluated
with a NanoDrop spectrophotometer. Semi-quantitative
analysis of the oxidative indexes was conducted using a
real-time PCR instrument (QuantStudio 5 Real-Time
PCR System, Applied Biosystems, Foster City, CA).
The sequences of the primers were SOD-1 forward, 5'-
CCTGTGGTGTCATCGGAATA-3"; SOD-1 reverse, 5'-
TTGAACGAGGAAGAGCAAGTA-3; GPX-1 forward,
5-CAGTACATCATCTGGTCGCC-3'; GPX-1 reverse,
5-CCTGGATCTTGATGGTTTCG-3'; Nrf2 forward,
5-AGCCACTTTATTCTTGCCTCT-3"; Nrf2 reverse,
5-AAAATCATCAATCTCCCTGTCG-3; NQO1 for-
ward, 5-GGTTCAATCCCGTGCTCTCA-3; NQOI
reverse, 5-CGTTCATGTCGCCGTTGATG-3; HO-1
forward, 5-GGTCTCCCAGATAGCGAGTGT-3’; and
HO-1 reverse, 5-CCCAGTTTATGCCCCTGTTTA-3'.
The reaction parameters were as described above. The re-
sults were normalized to B-actin expression levels. The
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27 AACT method was used to analyze relative gene expres-

sion data.

Western Blot Analysis of Pathway-Relative
Protein Expression

DEHs were harvested and suspended in the lysis
buffer (no. 78510, Thermo Pierce, Waltham, MA)
containing halt protease and phosphatase inhibitor
cocktail (no. 78440, Thermo Pierce). The concentra-
tion of the protein extract was determined by a
BCA protein assay kit (Beyotime Institute of
Biotechnology). Protein (60 pg) was diluted in sam-
ple loading buffer and boiled for 5 min. Afterward,
the samples were separated by 12% SDS-PAGE
and transferred to polyvinylidene difluoride mem-
branes. Subsequently, the membrane was blocked

4h

8h

54h

with Tris buffered saline with Tween containing
5% bovine serum albumin at room temperature for
1 h and incubated overnight with specific primary
antibodies (anti-Nrf2, anti-GPX, anti-SOD, anti-f-
actin), respectively, at 4°C. Then the membrane
was washed with Tris buffered saline with Tween
and incubated in secondary antibodies at room tem-
perature for 1 h. Finally, Western blot images were
visualized using a standard enhanced chemilumines-
cence system (Bio-Rad Laboratories, Hercules, CA).

Statistical Analysis

All data were analyzed by IBM SPSS statistics 20.0
software (IBM Corporation, Armonk, NY). Compari-
sons among the experimental groups were carried out us-
ing one-way ANOVA and Duncan’s multiple range test
was used to analyze the differences. Results were

Figure 1. Visual assessment of liver pathology. 4, 8, and 54 h mean 4 h, 8 h and 54 h post-injection DHAV-1 solution, respectively. The livers of
ducklings in the BC group were normal without pathological changes at the 3 time points. The amount of ecchymosis of the VC group gradually
increased from 4 to 54 h. Administration of baicalin in the BA group alleviated the pathological changes induced by DHAV-1. Abbreviations: BA,
baicalin treatment after virus incubation; BC, blank control; VC, virus control.
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Table 1. Changes in liver damage indexes of ducklings.

Index Time (h) Group BC Group VC Group BA
ALP (U/L) 4 42.65 + 1.73 45.74 +  3.88% 58.57 = 7.41%
8 37.38 = 1.27° 60.34 + 4.27° 54.55 + 5.61*
54 88.88 = 3.07° 128.14 = 7.65" 104.07 = 4.16°
ALT (U/L) 4 16.45 = 0.84° 28.34 = 5.37 25.47 + 2.56°
8 15.68 = 0.69" 26.20 =+ 1.64* 23.08 = 2.10"
54 16.43 = 1.68" 61.65 = 12.85" 28.90 = 3.10°
AST (U/L) 4 17.73 = 3.07° 99.97 +  4.01* 58.87 = 9.38"
8 14.21 + 0.20° 28.44 + 1.03 28.96 = 5.91°
54 13.70 = 0.90° 101.48 = 4.28" 41.87 + 2.41°
LDH (U/L) 4 97.70 + 2.02°  281.60 * 23.59 122.69 + 17.92"
8 106.03 = 11.84° 23523 + 21.58" 65.45 + 1.46°
54 133.02 = 3.32°  862.96 * 255.17* 176.93 + 19.70"
T-CHO (mmol/L) 4 4.73 £ 0.59* 434+ 0.19 4.66 + 0.10°
8 5.62 = 0.35° 6.18 + 0.17° 6.93 = 0.80%
54 6.04 = 0.42° 3.60 = 0.28" 5.55 = 0.39%

#“Data in the same index at the same time point without the same superscripts differ signifi-

cantly (P < 0.05).

Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; BA, baicalin treatment after virus incubation; BC, blank control; LDH, lactate
dehydrogenase; T-CHO, total cholesterol; VC, virus treatment.

expressed as means = SE. P-values <0.05 were consid-
ered statistically significant.

RESULTS

Clinical Effect and Hepatic Pathologic
Changes

The pathological changes in the liver are shown in
Figure 1. The livers of ducklings in the BC group were
normal without the appearance of pathological changes
during the sampling period. In the VC group, ecchymoses
could be observed on the surface of the liver 4 h after chal-
lenge. From 8 to 54 h, ecchymoses increased and the area
expanded gradually. In contrast, results of the BA group
were significantly improved, especially at 54 h. The sur-
vival rates in BC, VC, and BA groups were 45/45, 7/45,
and 14/45, respectively. Administration of baicalin
doubled the survival rate compared with the VC group.

Changes of Liver Injury Indexes In Vivo

Table 1 lists the serum indexes of hepatic injury in
each group at different sampling time points after expo-
sure to DHAV-1. At all time points (4, 8, and 54 h), the
LDH levels of BC and BA groups tended to be consistent
and both were significantly lower than that of the VC
group (P < 0.05). Difference of the ALP levels among
the 3 groups at 4 h was not statistically significant.
The ALP levels of VC and BA groups were both conspic-
uously greater than that of the BC group at 8 h (P <
0.05). Until 54 h, baicalin was remarkable for amelio-
rating the ALP level in the BA group. The trend of the
ALT level was similar to that of the ALP level. At 4 h,
the AST levels of VC and BA groups were dramatically
elevated (P < 0.05) and the VC group showed the high-
est value. At 8 h, the AST levels of the VC and BA
groups were remarkably higher than that of the BC
group (P < 0.05). The trend at 54 h was consistent
with that at 4 h. The T-CHO levels were similar among

the 3 groups in the early (4 and 8 h) stages of infection.
There was no statistical difference in the T-CHO level
between BC and BA groups; both were markedly higher
than that of the VC group at 54 h (P < 0.05).

Changes of Hepatic Peroxidative Damage
Evaluation Indexes

Results of the hepatic peroxidation indexes are shown in
Figure 2. At the early (4 and 8 h) stage, there was an incon-
spicuous difference in the various indexes among the 3
groups. At 54 h, the CAT, SOD, and GPX levels of the
VC group were significantly lower than those of the BC
group (P < 0.05). However, the iNOS and MDA levels of
the VC group were markedly greater than those of the BC
group (P<0.05). The SOD and GPX levelsof the BA group
were remarkably higher than those of the VC group (P <
0.05). There was no conspicuous difference in the CAT,
iNOS, and MDA levels of the BA group compared with
those of the BC or VC group. However, the CAT level of
the BA group was higher than that of the VC group and
the iNOS and MDA levels of the BA group were lower
than those of the VC group.

Changes of Hepatic Mitochondrial
Ultrastructure and ATP Content

Changes in the hepatic mitochondrial structure were
observed after 8 h of DHAV-1 exposure (Figure 3).
There was no evidence of mitochondrial damage in the
BC group. Compared with the BC group, early swellings
could be observed in VC and BA groups; even a vacuol-
ized mitochondrion was visible in the VC group at 8 h.
The separation of cristae and clearing of matrix density
in the VC and BA groups were also observed. It is worth
noting that more marked swelling was accompanied by
an architectural disruption in the VC group as the dis-
ease progressed. Furthermore, the inner and outer mito-
chondrial membranes were ruptured and no discernible
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Figure 2. Changes of hepatic peroxidation indexes at 4, 8, and 54 h. Liver tissue (A) CAT, (B) SOD, (C) GPX, (D) iNOS activities, and (E) MDA
content were detected with the corresponding assay kits. * “Data without the same superscripts differ significantly (P < 0.05). Abbreviations: BA,
baicalin treatment after virus incubation; BC, blank control; CAT, catalase; GPX, glutathione peroxidase; iNOS, inducible nitric oxide synthase;

MDA, malondialdehyde; SOD, superoxide dismutase; VC, virus control.

regional difference was noted in the degree of severity
induced. By contrast, the morphology of mitochondrial
was more integrated in the BA group, and manifested
by fewer vacuoles and less swelling. As illustrated in
Figure 4, the ATP contents of the VC group were signif-
icantly lower than those of BC and BA groups at 8 or
54 h (P < 0.05).

Changes of Hepatic Mitochondrial
Peroxidation Indexes

To further explore the effects of baicalin on liver func-
tion, we tested the indexes related to mitochondrial per-
oxidative evaluation at 8 and 54 h (Figure 5), including
CAT, SOD, GPX, iNOS levels, and MDA content. At 8

Figure 3. Mitochondrial ultrastructure of liver tissue at 8 and 54 h. Liver tissue samples were obtained from individual ducklings of each group at
the indicated time points. The changes of mitochondrial ultrastructure were analyzed by using TEM. Scale bar, 0.5 pm. Abbreviations: BA, baicalin
treatment after virus incubation; BC, blank control; TEM, transmission electron microscopy; VC, virus control.
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BA, baicalin treatment after virus incubation; BC, blank control; VC,
virus control.

and 54 h, the CAT levels of VC and BA groups were
significantly lower than that of the BC group, and the
BA group showed significantly higher values than the
VC group (P < 0.05). The trend of the SOD level was
consistent with that of the CAT level. At 8 h, there
was an inconspicuous difference in the GPX level of
VC and BA groups; both were markedly lower than
that of the BC group (P < 0.05). Compared with the
VC group, the GPX level noticeably increased with the
administration of baicalin (P < 0.05). At 8 and 54 h,
the levels of iINOS and MDA in the VC group were signif-
icantly higher than those in the BC group (P < 0.05).
The iNOS level of the BA group notably increased after
the ducklings were exposed to DHAV-1 (P < 0.05). Until
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54 h, it returned to normal levels due to the effects of bai-
calin. However, there was no statistical difference in the
MDA content of BA and BC groups at 8 h. By 54 h, the
MDA content of the BA group was greatly increased but
still lower than that of the VC group.

Changes in MMP of DEHs

To verify the effects of DHAV-1 and baicalin on DEHs
mitochondria, we used a fluorescent probe method to
detect the MMP. JC-1 has complex spectral properties
such that at low concentrations it is monomeric and emits
green light, while at high concentrations, there is a spec-
tral shift to red emission due to the so-called “J-aggregate”
formation. As Figure 6 showed, untreated cells (BC
group) strongly emitted red fluorescence than green fluo-
rescence, which indicated that the mitochondrial func-
tion of the BC group was normal. The cells exposed to
DHAV-1 (VC group) had minimal red fluorescence.
The administration of baicalin increased the J-aggregate
and emitted red fluorescence (BA group). The fluores-
cence intensity was calculated as the ratio of red fluores-
cence to green fluorescence by Image J (National
Institutes of Health, Stapleton, NY). Results revealed
that the BC group was the strongest and VC group was
significantly lighter than the other 2 groups (P < 0.05).

Changes of Mitochondrial Peroxidation
Indexes In Vitro

Results of the mitochondrial SOD, GPX, and MDA
levels in DEHs are presented in Figure 7. Mitochondrial
SOD activity was significantly reduced when exposed
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Figure 5. Changes of peroxidative evaluation indexes in mitochondria. Liver tissue samples were obtained from individual ducklings of each group
at the indicated time points to isolate mitochondria. Then, the mitochondrial (A) CAT, (B) SOD, (C) GPX, (D) iNOS activities, and MDA (E) con-
tents were detected with the corresponding assay kits. * “Bars in the same index at the same time point without the same superscripts differ signifi-
cantly (P < 0.05). Abbreviations: BA, baicalin treatment after virus incubation; BC, blank control; CAT, catalase; GPX, glutathione peroxidase;
iNOS, inducible nitric oxide synthase; MDA, malondialdehyde; SOD, superoxide dismutase; VC, virus control.
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tential; VC, virus control

to DHAV-1 (P < 0.05). Under the effect of baicalin, mito-
chondrial SOD activity noticeably improved as time pro-
gressed (P < 0.05), which was inconspicuously different
from the BC group. At 12 h, the GPX activities among
the BC, VC, and BA groups were at the same level and
no conspicuous difference was observed. Starting from
24 h, the GPX activities of VC and BA groups reduced
significantly, while for the BA group it was evidently
higher than the BC group (P < 0.05). The GPX activity
of the BA group was at the same level as that of the BC
group until 36 h. From 12 to 36 h, baicalin downregulated
the MDA content compared with the VC group. At 12
and 36 h, the MDA content of the BA group had no sta-
tistical differences compared with VC or BC groups.

Changes on Characteristic Enzymes of
Mitochondria In Vitro

As shown in Figure 8, the levels of SDH among BC,
VC, and BA groups at 12 h were at the same level and

a BC
&= ve
B BA

The level of SOD
The level of GPX

il

T
24h
Time(h)

24h

Time(h)

inconspicuous difference was observed. However, the
COX levels of VC and BA groups decreased dramati-
cally compared with the BC group, and the VC group
was significantly lower than the BA group (P < 0.05).
At 24 h, the SDH activities of VC and BA groups were
markedly decreased (P < 0.05). The COX activities of
VC and BA groups were still conspicuously lower than
that of the BC group (P < 0.05). At 36 h, the SDH
and COX levels of the BA group were greatly improved.

Expression of Nrf2|ARE Signaling Pathway-
Related Genes

Table 2 lists the expressions of antioxidant-related
genes. The Nrf2, NQO1, and HO-1 gene expression levels
of VC and BA groups declined sharply, but that of the
BA group was significantly greater than the VC group
(P < 0.05). The GPX-1 and SOD-1 gene expressions of
the VC group decreased markedly (P < 0.05) and baica-
lin alleviated the downward trend.

BC BC
=3 Ve &= Ve
E BA B BA

24h
Time(h)

Figure 7. Detection of mitochondrial SOD, GPX, and MDA levels at different time points. Mitochondria were isolated from the corresponding cells
of different groups. Then the mitochondrial (A) SOD, (B) GPX activities, and (C) MDA content were detected with the corresponding assay kits. *
“Bars in the same index at the same time point without the same superscripts differ significantly (P < 0.05). Abbreviations: BA, baicalin treatment
after virus incubation; BC, blank control; GPX, glutathione peroxidase; MDA, malondialdehyde; SOD, superoxide dismutase; VC, virus control.
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Figure 8. Evaluation of the levels of SDH and COX in each group. (A) SDH and (B) COX activities were detected with the corresponding assay
kits. * “Bars in the same index at the same time point without the same superscripts differ significantly (P < 0.05). Abbreviations: BA, baicalin treat-
ment after virus incubation; BC, blank control; COX, cytochrome c oxidase; SDH, succinate dehydrogenase; VC, virus control.

Expression of Nrf2/ARE Signaling Pathway-
Related Proteins

As shown in Figure 9, the expressions of SOD, GPX,
and Nrf2 proteins in VC and BA groups were markedly
lower than those in the BC group (P < 0.05). However,
the detection indexes of the BA group were significantly
higher than those of the VC group (P < 0.05).

DISCUSSION

Liver damage is the most typical pathological symp-
tom of DHAV-1 infection. It has been reported that
the liver is typically enlarged with petechial and ecchy-
motic hemorrhages throughout at autopsy which duck-
lings infected DHAV-1 (Yugo et al., 2016). Baicalin
has been proven to reduce hepatic liver oxidative dam-
age in ducklings caused by DHAV-1 infection (Chen
et al., 2018b). Based on the experiment in vitro, we
designed an animal regression experiment to confirm
that baicalin did increase the survival rate of ducklings
infected with DHAV-1. More specifically, the survival
rate dropped from 15.2 to 30.4%, with a reduced level
of liver ecchymosis from visual pathological pictures
(Figure 1). Meanwhile, administration of baicalin stabi-
lized the serum hepatic indexes after the acute phase of
infection, including ALP, ALT, AST, LDH, and T-

Table 2. Influence of antioxidant-related gene expression on
DEHs.

Index Group BC Group VC Group BA
Nrf2 1.01 + 0.09* 0.20 = 0.02° 0.62 + 0.03"
GPX-1 1.07 + 0.06* 0.81 * 0.02" 1.01 = 0.09*"
SOD-1 1.01 * 0.10* 0.58 * 0.01° 1.07 = 0.06*
NQO1 1.00 % 0.02° 0.28 = 0.01° 0.49 * 0.09"
HO-1 1.01 = 0.10* 0.37 + 0.03° 0.64 = 0.00"

#“Data in the same index without the same superscripts differ signifi-
cantly (P < 0.05).

Abbreviations: BA, baicalin treatment after virus incubation; BC,
blank control; DEHs, duck embryonic hepatocytes; GPX-1, glutathione
peroxidase 1; HO-1, heme oxygenase; NQO1, nicotinamide adenine dinu-
cleotide phosphate quinone oxidoreductase 1.; Nrf2, nuclear erythroid 2-
related factor 2; SOD-1, superoxide dismutase 1; VC, virus treatment.

CHO (El- Nekeety et al., 2014; Baradaran et al., 2019),
which are widely used indicators to evaluate liver dam-
age caused by hepatitis (Table 1).

Oxidative stress is associated with cell injury by
DHAV-1 (Du et al., 2016). In the late stage of DVH
infection, it seems that oxidative stress caused severe
damage to hepatocytes and aggravated the severity of
DVH in the DHAV-1-infected group (Xiong et al.,
2014). In our research, the CAT, SOD, and GPX activ-
ities in liver tissues at 54 h after injection of DHAV-1 so-
lution were significantly reduced; besides, the iNOS
activity and MDA content were significantly increased.
Changes of the above-mentioned indexes can be
explained by the oxidative stress to the liver caused by
DHAV-1, which is consistent with the results of Xiong
et al. (2014). MDA is a recognized marker of lipid oxida-
tive decay (Pisoschi and Pop, 2015), which reflects the
degree of cell damage. SOD is responsible for the detox-
ification of superoxide radicals. The product of this reac-
tion called hydroperoxide is toxic, which must be
removed from the cell. GPX and CAT are responsible
for the detoxification of hydroperoxide by converting it
to water (Surai and Kochish, 2019). Meanwhile, iNOS
often participates in diverse biological mechanisms,
such as regulating mitochondrial functions, apoptosis,
and inflammation (Cheng et al., 2017). In our study,
SOD, CAT, and GPX activities in liver tissues of duck-
lings administered baicalin gradually increased; besides
iNOS activity and MDA content decreased. These indi-
cators reflect that baicalin can reverse oxidative damage
to the liver caused by DHAV-1.

The function of the liver depends on mitochondria
producing ATP for biosynthesis and detoxification
(Zhang et al., 2019). As a major source of reactive oxy-
gen species (ROS) production, mitochondria also could
be the major target of ROS attack (Petrosillo et al.,
2007). Here, we proposed a hypothesis that mitochon-
dria were also damaged by oxidative stress caused by
DHAV-1. Thus, by comparing the hepatic mitochon-
drial ultrastructure of the VC group with that of the
BA group, we proved that the structural integrity of
mitochondria was destroyed in ducklings infected with
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Figure 9. Influence of baicalin treatment on cellular SOD, GPX, and Nrf2 expressions. The relative expressions of SOD, GPX and Nrf2 proteins
were detected by Western blot. * “Bars in the same index without the same superscripts differ significantly (P < 0.05). Abbreviations: BA, baicalin
treatment after virus incubation; BC, blank control; GPX, glutathione peroxidase; Nrf2, nuclear erythroid 2-related factor 2; SOD, superoxide dis-

mutase; VC, virus control.

DHAV-1 at 8 and 54 h (Figure 3). As illustrated in
Figure 4, we found that the level of ATP production of
liver tissue in the VC group was significantly reduced,
but administration of baicalin could significantly elevate
the level of ATP production over the period from 8 to
54 h. In addition, we found that the changing trend
among these groups was consistent with that of liver tis-
sue via evaluating the peroxidative indexes in mitochon-
dria. The results indicated that mitochondria was
responsible for damage caused by DHAV-1 and that
the damage occurred before hepatocyte and baicalin
could improve it.

The above results showed that baicalin had a curative
effect on the mitochondrial damage of duckling liver tis-
sue infected by DHAV-1. Does it have a similar effect on
the mitochondria of hepatocytes cultured in vitro? What
is the pathway of action? The effect of baicalin on mito-
chondria undergoing DHAV-induced oxidative stress,
in vitro, further confirmed our hypothesis. MMP is an in-
dicator of mitochondrial activity and it plays a major
role in ATP production, redox balance, signaling, and
metabolism (Al-Zubaidi et al., 2019). As shown in
Figure 6, the uninfected cells in the BC group had
good cell activities and normal MMP with weak green
fluorescence and strong red fluorescence. Sporadic distri-
bution of red fluorescence could be observed in the VC
group. Noteworthily, MMP gradually recovered in cells
incubated with the virus and baicalin of the BA group.
It implied that the MMP was attenuated and mitochon-
drial membrane permeability changed in cells infected
by DHAV-1, and baicalin could protect mitochondria
from the virus. Our study demonstrated that baicalin
gradually increased the mitochondrial SOD and GPX
activities in DEHs, which was decreased by DHAV-1 so-
lution (Figure 7). The MDA content of the VC group
was always significantly higher than that of the BC
group. The effects of baicalin on DEHs revealed a trend
of fluctuations in MDA content for 24 h after incubation,
but it also stabilized the MDA level. Both the mitochon-
drial respiratory chain and the electron transport chain

are closely related to enzymes. Larger quantities of NO
were released from iNOS during inflammatory or immu-
nological defense reactions and were involved in host tis-
sue damage. NO binds to COX, and thus activates
cellular signaling cascades. This action can also lead to
the release of superoxide anion from the mitochondrial
respiratory chain (Moncada and Bolanos, 2006). SDH
is the main source of ROS generation in the mitochon-
dria (Bezawork-Geleta et al., 2017). By detecting the
characteristic enzymes on the mitochondrial membrane,
SDH and COX, we found that DHAV-1 reduced the
SDH and COX activities in DEHs and strongly affected
the physiological functions of mitochondria, leading to
the accumulation of superoxide. After treatment with
baicalin, the SDH activity resumed 24 h post-infection
and the COX activity resumed earlier than the SDH ac-
tivity (Figure 8). Therefore, we established that the anti-
oxidative effect of baicalin not only worked on liver
tissue and mitochondria in vivo, but also affected the
mitochondria in vitro.

The mechanism of baicalin-mediated protection
against oxidative stress remains to be fully elucidated.
The Nrf2/ARE signaling pathway is an important medi-
ator of cellular response during an oxidative stress condi-
tion (Shaw and Chattopadhyay, 2020). Nrf2 is the key
regulator of expression levels for more than 100 genes
coding for antioxidants via the ARE located in their up-
stream promoter region (Deramaudt et al., 2013),
including NQO1, HO-1, SOD-1, and GPX. It was re-
ported that the activity of Nrf2 may profoundly influ-
ence health and disease by altering mitochondrial
metabolism (Ludtmann et al., 2014). Overexpression of
Nrf2 prevented HyO, from inducing changes in the mito-
chondria of isolated cardiomyocytes, such as disruption
of mitochondrial networks, loss of MMP, and decreased
expression of cytochrome ¢ (Strom et al., 2016). Genetic
activation of Nrf2 increases the mitochondrial mem-
brane potential and ATP levels, the rate of respiration,
and the efficiency of oxidative phosphorylation
(Holmstrom et al., 2013). To identify the molecular
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mechanism related to the attenuation of the DHAV-
induced oxidative stress and mitochondrial damage by
baicalin treatment, we identified the relative gene and
protein expressions of Nrf2/ARE pathway components.
Both the gene expression of Nrf2 and the downstream
antioxidant enzymes (GPX-1, SOD-1, NQO1, HO-1)
on DEHs were caused by DHAV-1. There was a gradual
upward trend of gene expression after treatment by bai-
calin, especially the increase in SOD-1 consistent with
uninfected cells (Table 2). What’s more, the protein
expression trends of SOD, GPX, and Nrf2 were consis-
tent with gene expression trends by Western blot
(Figure 9). Thus, we conclude that baicalin activated
the Nrf2/ARE pathway in DEHs

It is noteworthy that baicalin is still challenging to
promote clinical applications due to its low bioavail-
ability (Huang et al., 2019). Since 1984, the outbreak
of the DHAV-1 infection in China (Guo Yupu, 1984),
pathological symptoms have gradually changed. It has
been reported that the liver and pancreas are important
target organs for DHAV (Liu et al., 2019). Our research
only focused on the liver tissue of DHAV-1-affected
ducklings, which exhibited limitations. Furthermore,
the current treatment of ducklings suffering from DVH
is still unsatisfactory, and the development of vaccines
is challenging. Even worse, the emergence of a new viral
subtype (Liu et al., 2019) poses a greater threat to
breeding farmers.
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