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A B S T R A C T

Radix Bupleuri extract (RBE) is one of the most popular oriental herbal medicines, which has anti-oxidative and
anti-inflammatory properties. However, its protective effects and underlying molecular mechanisms on oxidative
damage in tilapia are still unclear. The aims of the study were to explore the anti-oxidative, anti-inflammatory
and hepatoprotective effects of RBE against oxidative damage, and to elucidate underlying molecular me-
chanisms in fish. Tilapia received diet containing three doses of RBE (0, 1 and 3 g/kg diet) for 60 days, and then
were given an intraperitoneal injection of H2O2 or saline. Before injection, RBE treatments improved growth
performance and partial anti-oxidative capacity in tilapia. After oxidative damage, RBE pretreatments were able
to signally reduce the higher serum aminotransferases, alkaline phosphatase (AKP) and liver necrosis. In serum
and liver, the abnormal lipid peroxidation level and antioxidant status induced by H2O2 injection were restored
by RBE treatments. Furthermore, RBE treatments activated erythroid 2-related factor 2 (Nrf2) signaling
pathway, which promoted the gene expression of heme oxygenase 1 (HO-1), NAD(P) H:quinone oxidoreductase
1 (NQO-1), glutathione-S-transferase (GST) and catalase (CAT). Meanwhile, RBE treatments reduced in-
flammatory response by inhibiting TLRs-MyD88-NF-κB signaling pathway, accompanied by the lower inter-
leukin-1β (IL-1β), tumor necrosis factor-α (TNF-α) and IL-8 mRNA levels. In addition, RBE treatments upre-
gulated complement (C3) gene expression and downregulated heat shock protein (HSP70) gene expression. In
conclusion, the current study suggested that RBE pretreatments protected against H2O2-induced oxidative da-
mage in tilapia. The beneficial activity of RBE may be due to the modulation of Nrf2/ARE and TLRs-Myd88-NF-
κB signaling pathway.

1. Introduction

Liver of fish is a major organ involved in multiple metabolic func-
tions and physiological processes, such as detoxification, metabolism of
nutrients, biosynthesis and immunologic defense. It is more susceptible
to injury due to the fact that liver is exposed to numerous xenobiotics
including drugs and toxins [1]. Liver damage or dysfunction can result
in metabolic disorder, growth inhibition, immunosuppression, and even
death. In intensive aquaculture, fish liver damage is one of the most

serious problems [2,3], and which is caused by many factors, such as
toxic chemicals, pathogenic microorganisms, nutritional imbalance and
uncomfortable farming condition [4–7]. Despite primary etiology of
these liver damage is different, there are similar histological char-
acteristics, including oxidative stress, lipid peroxidation, DNA damage,
inflammation and hepatocellular death [8]. Among them, oxidative
stress is considered to be a key process in the liver injury mechanism
[9]. It is resulted from the imbalance between generation and scaven-
ging in reactive oxygen species (ROS). Under oxidative stress, excessive
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ROS can lead to mitochondrial dysfunction, cell injury, lipid perox-
idation and inflammation [10]. Thus, inhibiting oxidative stress may be
a reasonable presumption for prevention of liver injury. Furthermore,
because of involvement of oxidative stress in virtually all mechanisms
of liver injury, lots of natural antioxidants are screened and used to
prevent the deleterious effects of toxicants or other stressors via
scavenging free radical [11,12].

Accumulating evidence reveals that nuclear erythroid factor 2-re-
lated factor 2 (Nrf2) is a pivotal regulator in oxidative stress-induced
liver injury [13]. In brief, Nrf2 is anchored by binding to kelch like
ECH-associated protein 1 (Keap1) in the cytoplasm under normal con-
dition. Whereas, Nrf2 is translocated into the nucleus where it mediates
the expression of downstream antioxdative genes and enzymes, such as
heme oxygenase 1 (HO-1), NAD(P) H:quinone oxidoreductase 1
(NQO1), glutathione S-transferase (GST), etc. to inhibit oxidative stress
[14]. Furthermore, long-term or severe oxidative stress can suppress
Nrf2 expression leading to depression of antioxidant or detoxification
ability [15,16].

The innate immune system has emerged as crucial component in the
development of liver injury. Toll-like receptors (TLRs), a family of
proteins regulating development and immunity, participate in early
host defense against invading pathogens [17–21]. Seventeen TLRs have
been identified in fish and grouped into six subfamilies (Reviewed by
Fan et al. [22]). In liver, TLRs are expressed in various cells, such as
hepatocytes, sinusoidal endothelial cells, Kupffer cells and hepatic
stellate cells [23]. Multiple studies have shown the in vivo requirement
of TLRs signaling in mediating oxidative stress-induced liver injury
(Reviewed by Gill et al. [24]). Stimulation of TLRs, except TLR3, in-
teracts with MyD88 (myeloid differentiation primary-response protein
88), triggers intracellular signaling cascades including activation of IL-1
receptor-associated kinases (IRAKs) and TNF receptorassociated factor
6 (TRAF6), finally leads to activation of nuclear factor κB (NF-κB) [19].
NF-κB is a vital transcription factor and its family is made up of five
proteins: Rel, Rela, Relb, NF-κB1 and NF-κB2 [25]. It is activated in
virtually every acute and chronic liver injury, including chemical, al-
coholic, nonalcoholic and viral liver injury [26,27]. Activated NF-κB
can regulate the expression of several pro-inflammatory and cytotoxic
cytokines to involve in inflammation and cells damage [28]. In oxida-
tive stress-induced liver injury, the activation of NF-κB signaling
pathway is a possible mechanism [29–31].

Radix Bupleuri (Chaihu in Chinese), as an oriental folk medicine,
has been used widely for the treatments of many diseases in China,
Japan, Korea, and other Asian countries [32]. The root of Radix Bu-
pleuri is usually the medicinal part, and which has been used in many
traditional Chinese prescriptions, such as Xiao Chai Hu Tang, to treat
liver diseases [33,34]. The pharmacological activities of extracts from
Radix Bupleuri are frequently reported, and several valuable activities
have been demonstrated, such as anti-oxidation, anti-inflammation,
antipyretic and immunomodulatory [34,35]. All of these potent effects
are due to its bioactive compounds including saponins, essential oils,
flavonoids and sterols [36]. Among them, saikosaponins, the main class
of secondary metabolites, are believed to be responsible for the most
pharmacological activates of Radix Bupleuri Extract (RBE) [37]. It has
been reported that RBE has protective effects against chemical-induced
liver injury or liver cirrhosis in rats [38,39]. In fish, RBE can prevent
dgalactosamine/lipopolysaccharide-induced liver injury [40], treat
Dactylogyrus intermedius infection [41], and improve immunity [42,43].
However, no studies have reported the effects and molecular mechan-
isms of RBE against oxidative damage in fish. Therefore, it is of interest
to examine the protective effects of RBE by using hydrogen peroxide
(H2O2)-induced oxidative damage model in tilapia (Oreochromis nilo-
ticus), with focus on Nrf2 and TLRs singling pathways.

2. Materials and methods

2.1. Materials and reagents

RBE (6.7% saikosaponins and 4.9% flavonoids) was obtained from Y
&L Biotech Co., Ltd. (Xi'an, China). H2O2 were purchased from Keygen
Biotech Co., Ltd. (Nanjing, China). Tricaine methane sulfonate (MS-
222) and saline were ordered from Sigma-Aldrich Corporation, St. Louis
(MO, USA). Real-time quantitative PCR kits were obtained from Takara
(Dalian, China). Commercial kits for glutamate pyruvate transaminase
(GPT), glutamate oxalate transaminase (GOT), alkaline phosphatase
(AKP), total protein (TP), albumin (Alb), superoxide dismutase (SOD),
total antioxidant capacity (T-AOC) and glutathione (GSH) were pur-
chased from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). Malondialdehyde (MDA) and catalase (CAT) detecting kits were
bought from Beyotime Institute of Biotechnology (Nantong, China). All
other reagents used in the experiment were of analytical grade.

2.2. Fish and treatments

The healthy tilapia (six-month-old, 96.7 ± 3.81 g) were obtained
from the Freshwater Fish Research Center of Chinese Academy of
Fishery Sciences (Wuxi, China) and acclimated to experiment condition
in a circulating water aquaculture system (water temperature,
30 ± 2 °C; pH, 6.8–7.6; dissolved oxygen,> 6mg/L) for two weeks.
The fish were fed with commercial-pellet diet (31.6% crude protein,
4.6% crude lipid, 6.4% crude ash) two times per day prior to the ex-
periment.

Tilapia were randomly assigned into 4 groups: normal control
group, H2O2 treatment group, 1 g/kg RBE treatment group and 3 g/kg
RBE treatment group. Each group consisted of 36 fish which were kept
in three tanks for 60 days. Normal control group and H2O2 treatment
group were fed with the basal diet, and two RBE-treated groups were
fed with the basal diet supplemented with RBE at doses of 1 and 3 g/kg
diet, respectively. After 60 days feeding, all fish were weighed to
evaluate the growth performance. And then, the blood, gills, liver and
muscle tissues were sampled from normal control group and RBE
treatments (12 fish/group) to evaluate the anti-oxidative effects of RBE
on tilapia.

Oxidative damage test: According to our previous experiment [44],
the remaining fish in H2O2 treatment group and RBE-treated groups
were injected intraperitoneally (i.p.) with H2O2 (300mM), while the
remaining fish in normal control group were administrated with saline.
At 24 h after injection, the blood and liver tissues were collected from
each treatment (12 fish/group) to investigate the protective effects of
RBE against oxidative damage. All sampled fish were anesthetized in
MS-222 (100mg/L) and all samples were stored at −80 °C for further
use. The experiment was performed taking into consideration the wel-
fare of animal, and the use of fish was approved by the Institutional
Animal Care and Use Committee (IACUC) of Chinese Academy of
Fishery Science.

2.3. Growth performance

The growth parameters were evaluated by weight, specific growth
rate (SGR) and feed conversion ratio (FCR). The calculation formulas
are as follows: SGR=100× (ln final weight - ln initial weight)/test
days; FCR= food consumed/biomass increment.

2.4. Biochemical analysis

Serum GPT and GOT activities were measured with commercial
assay kits according to the Reitman–Frankel method [45]. Serum AKP
activity was measured at 520 nm based on disodium phenyl phosphate
method [46]. The levels Alb and TP in serum measured following
bromocresol green method and bicinchoninic acid method, respectively
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[47,48]. The levels of SOD, CAT, T-AOC, GSH and MDA in serum, liver,
gills and muscle were determined with commercial kits according to the
manufacturer's instructions by spectrophotometry. SOD activity was
detected at 450 nm by the reduction of 4-[3-(4-iodophenyl)-2-(4-ni-
trophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate (WST-1) to water-
insoluble formazan [21]. CAT activity was assayed by detecting the
decomposition of H2O2 and production of a red product (N4-antipyryl-
3-7 chloro-5-sulfonate-p-benzoquinonemonoimine) [49]. T-AOC level
was tested by FRAP method thorough the reduction in the Fe3+‐TPTZ
(2,4,6-tripyridyl-s-triazine) complex to the ferrous form Fe2+‐TPTZ
[50]. GSH content was estimated at 412 nm by monitoring 2-Nitro-5-
thiobenzoic acid (TNB) formation using enzymatic recycling method
[51]. The amount of MDA was measured at 532 nm through the thio-
barbituric acid-reactive substances (TBARS) method [52]. The levels of
SOD, CAT, GSH, T-AOC and MDA in liver, gills and muscle were nor-
malized to the total protein levels.

2.5. Real-time quantitative PCR

Total liver RNA for each fish was isolated using RNAiso Plus reagent
(TaKaRa, Dalian, China). The amount of RNA was measured at 260 nm
with a microplate reader (SpectraMax M5, Molecular Devices,
Sunnyvale, CA), and its quality was evaluated by agarose gel electro-
phoresis and the A260/A280 ratio (1.8–2.1). Following genomic DNA
elimination (42 °C, 2min), the RNA (1 μg for each sample) was re-
versely transcribed to first-strand cDNA using PrimeScript™ RT reagent
kit with gDNA Eraser (TaKaRa) according to the manufacturer's in-
struction.

Real-time quantitative PCR (qPCR) was performed on a CFX96 Real-
Time PCR Detection System (Bio-Rad Laboratories, Inc.,Hercules CA,
USA) using TB Green™ Premix Ex Taq™ II kit (TaKaRa). Briefly, each
reaction contained 2 μL of cDNA, 12.5 μL of TB Green Premix Ex Taq II,
1 μL of forward and reverse primers (10 μM) and 8.5 μL of sterile pur-
ified water. The PCR thermal cycling conditions were as follow: initial
denaturation 95 °C/30s, then 40 cycles at 95 °C/5s and 57–61 °C/1min,
and formation melt curve at the end of the last cycle. The relative
mRNA levels of target gene were calculated on the basis of quantifi-
cation cycle (Cq) value using the 2 −△△Cq method and β-actin was
used as reference gene to normalize the Cq value [53]. The specific
primers used for qPCR are shown in Table 1.

2.6. Histological evaluation

The liver tissue of fish from each group were fixed in Bouin's solu-
tion for 24 h, dehydrated in graded alcohol series, embedded in par-
affin, and sectioned at 5–6 μm thickness according to standard proce-
dures. The sections were stained with hematoxylin and eosin (H&E,
Jiancheng Institute of Biotechnology) and examined under a light mi-
croscope.

2.7. Statistical analysis

The data from the experiment was analyzed using SPSS version 20.0
software. Results were expressed as mean ± SEM (standard error of
mean). One way analysis of variance (ANOVA) was performed followed
by the Tukey-kramer test in case of equal variances and Tamhane's T2
tests in case of unequal variances. The acceptable level of significance
was established at P<0.05.

3. Results

3.1. Effect of RBE on growth performance of tilapia

Before injection, the growth performance of tilapia fed with dif-
ferent doses of RBE was shown in Table 2. There were no differences in
final weight among different treatments after 60 days. However,

significant increase of the SGR in treatments with 1 and 3 g/kg RBE and
significant decrease of FCR in treatments with 3 g/kg RBE were ob-
served compared with the control group (0 g/kg RBE).

3.2. Effect of RBE on anti-oxidative status in different tissues of tilapia

The anti-oxidative status in different tissues of tilapia was listed in
Table 3. In serum, compared to control group (0 g/kg RBE), SOD ac-
tivity in 3 g/kg RBE treatment and T-AOC level in 1 and 3 g/kg RBE
treatments were clearly improved (P< 0.05). In liver, 3 g/kg RBE
treatment markedly increased the levels of SOD, T-AOC and GSH when
compared with control group (P<0.05); the similar increase of T-AOC
was seen in 1 g/kg RBE treatment (P<0.05). Likely, 3 g/kg RBE
treatment also improved the gills SOD activity and muscle T-AOC level
(P< 0.05).

3.3. Effects of RBE on liver injury maker of tilapia under oxidative damage

The histopathological examination showed that liver tissue from
H2O2 treatment was seriously damaged, characterized by ambiguous
cellular outline, cytomembrane breakage, karyopyknosis/hypochro-
matosis, and hepatocytes degeneration/necarosis. However, in RBE-
treated group, the damage was notably alleviated (Fig. 1). Meanwhile,
the activities of serum GPT, GOT and AKP showed a significant increase
in H2O2 treatment, but a significant decrease in RBE-treated groups
(P< 0.05; Fig. 2 ABC). In addition, the RBE treatments inhibited the
reduction of Alb induced by H2O2 injection (P< 0.05; Fig. 2 D).

3.4. Effect of RBE on antioxidant capacity in tilapia under oxidative
damage

After oxidative damage, the anti-oxidative status of tilapia was as-
sessed by measuring the levels of SOD, GSH, T-AOC, CAT and MDA in
serum and liver (Fig. 3). In serum, treatments with 1 and 3 g/kg RBE
significantly restrained the reduced SOD and T-AOC, and formation of
MDA induced by H2O2 injury (P<0.05). Moreover, 3 g/kg RBE treat-
ment also restrained the reduced GSH (P< 0.05).

Similarly, in liver, the levels of SOD, GSH, T-AOC and CAT in 3 g/kg
RBE treatment were apparently higher than that in H2O2 treatment
(P< 0.05); higher SOD and GSH were also observed in treatment with
1 g/kg RBE (P< 0.05). Nevertheless, the MDA formation in 3 g/kg RBE
treatment was strongly lowered compared with H2O2 treatment
(P< 0.05).

3.5. Effect of RBE on the antioxidant relevant pathway in tilapia under
oxidative damage

To further assess the antioxidant response influence of RBE against
the oxidative stress, the mRNA levels of antioxidant relevant genes
Nrf2, HO-1, NQO1, GSTa and CAT were carried out in a qPCR assay
(Fig. 4). In H2O2 treatment, the five genes were obviously down-
regulated as compared with normal control. However, treatments with
1 and 3 g/kg RBE effectively upregulated the Nrf2, GSTa and CAT genes
expression; similarly, the treatment with 1 g/kg RBE improved the HO-
1 and NQO1 genes expression (P< 0.05).

3.6. Effect of RBE on toll-like receptor-related genes expression in tilapia
under oxidative damage

To evaluate whether TLRs signaling pathway was involved in oxi-
dative damage, we analyzed the transcript levels of toll-like receptors
and their downstream genes (Fig. 5). QPCR analysis showed that the
mRNA levels of TLR1, TLR2, TLR13, MyD88, IRAK1, IRAK4 and TRAF6
were evidently elevated in fish treated with H2O2 alone, while the
elevation was repressed in RBE treatment at doses of 3 g/kg (P<0.05).
Also, the elevated TLR1, TLR13, IRAK4 and MyD88mRNA levels were
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restrained in tilapia treated with 1 g/kg RBE (P<0.05). In addition, the
TLR3 and TLR5 genes expression was not influenced by H2O2 or RBE.

3.7. Effect of RBE on the levels of inflammation-related genes in tilapia
under oxidative damage

To explore the anti-inflammatory effects of RBE, we examined the
mRNA levels of NF-κB (Rela, NF-κB2 and Rel), interleukin 1β (IL-1β),
tumor necrosis factor α (TNF-α), IL-8 and IL-10 in liver of tilapia under
oxidative damage (Fig. 6). In our injury model, inflammatory markers
such as NF-κB, IL-1β, TNF-α and IL-8 were induced, and IL-10 was
suppressed upon liver injury (P<0.05). With the treatment of 3 g/kg
RBE, the genes expression of NF-κB (Rela, NF-κB2 and Rel), IL-1β, TNF-
α was downregulated compared to the expression levels in H2O2

treatment (P< 0.05). With the treatment of 1 g/kg RBE, the genes

Table 1
The primers sequences used in the present study.

Type Gene Primer sequence (5′-3′) GenBank number Reference

Oxidative stress Nrf2 F: CTGCCGTAAACGCAAGATGG XM_003447296.4
R: ATCCGTTGACTGCTGAAGGG

NQO1 F: TGGATTTCAGGTTCTGGCTCC XM_019361560.1
R: TCCTGTGGAGATGCCGAGA

GSTa F: TAATGGGAGAGGGAAGATGG NM_001279635.1 [84]
R: CTCTGCGATGTAATTCAGGA

HO-1 F: CTTGCCCGTGTGGAATCACT XM_013270165.2
R: AGATCACCGAGGTAGCGAGT

CAT F: ACATGCCACCAGGAATCGAG XM_003447521
R: ATCTGCAGGTAGTTTGCCCC

TLRs pathway TLR1 F: CTACAACGCCATCCAAACGC XM_005460356.3
R: ACTGTGGCTGAAATCTCCCG

TLR2 F: AAAAGCATAGATGAGTTCCACATCC JQ809459.1
R: GTAAGACAAGGCATCACAAACACC

TLR3 F: TCACCAACAAGACCTTAGCGT XM_019360096 [85]
R: TCTGCCTGTCAAAGTTTGCTT

TLR5 F: CATTCAGCGGTCTCCCTAACT XM_019353524.1 [85]
R: CGACATGGATACTGTTCATGG

TLR13 F: TCAACACGCTCTCAAGGGAC NM_001311317.1
R: CAGAAATGCGGTTGTTGCGA

Myd88 F: CAGGTTCCTGAGGTCGACAG KJ130039.1
R: CATTTCGTGGACGAACGCAA

IRAK1 F: CCAGTGATCCAGGTCCTTGT XM_003457627.4 [86]
R: CGGGCAGGTTGAAGTACAAT

IRAK4 F: CTCAATGACTGGGGGACCAC XM_003443911.4
R: TGGACTCGGGTAGCAGAACA

TRAF6 F: AAGAGCCACCTAGAAGAGCA XM_005455728.3
R: CTGACACTTCACACTGGCAA

NF-κB NF-κB2 F: GAACATCAGACCGACGACCA XM_003457469.4
R: TCTCCGCCAGTTTCTTCCA

Rela F; CAGATGAATACAGGCTGAGTGAGAA XM_005463161.3
R: AGGTGCTGTCTATCTTGTGGAGTG

Rel F: GGTCAACAGAAATAGCGGAAGTG XM_019366581.1
R:CCCAGCCATCAGGAGAGAAG

Inflammation TNF-α F: AAGCCAAGGCAGCCATCCAT NM_001279533.1 [87]
R: TTGACCATTCCTCCACTCCAGA

IL-1β F: TCAGTTCACCAGCAGGGATG XM_019365842.1 [86]
R: GACAGATAGAGGTTTGTGCC

IL-8 F: CTGTGAAGGCATGGGTGTGGAG NM_001279704.1 [87]
R: TCGCAGTGGGAGTTGGGAAGAA

IL-10 F: CAGCAGCAGGAGCATCAGCATT KP645180.1 [87]
R: CACAGGAGGACGGTCTGAGAAGT

Detoxification HSP70 F: ATTTCAGACGGAGGGAAGCC XM_019357557.1
R: CAGCGTTGGACACCTTTTGG

CYP1a F: CGTCGTCGTCTCTGTTGCC NM_001279489.1 [87]
R: CATCGTCGTGGTGGTCATAGC

Immune LZM F: AAGGGAAGCAGCAGCAGTTGTG XM_003460550.2 [88]
R: CGTCCATGCCGTTAGCCTTGAG

IgM F: ACCGAATCGAAAAATGCGGC KJ676389.1
R: AACACAACCAGGACATTGGTTC

C3 F: GGTGTGGATGCACCTGAGAA XM_013274267.2
R: GGGAAATCGGTACTTGGCCT

Internal β-actin F: CCTGAGCGTAAATACTCCGTCTG KJ126772.1 [89]
reference R: AAGCACTTGCGGTGGACGAT

Table 2
Effects of RBE on specific growth rate and feed conversion efficiency of tilapia.

Parameters 0 g/kg RBE 1 g/kg RBE 3 g/kg RBE

Initial average weight (g) 104.1 ± 6.81 103.9 ± 5.27 105.8 ± 4.15
Final average weight (g) 171.4 ± 4.25 181.4 ± 4.81 184.2 ± 6.07
Specific growth rate (%) 0.83 ± 0.05a 0.93 ± 0.04 b 0.92 ± 0.07 b

Feed conversion ratio 3.06 ± 0.31a 2.64 ± 0.08 ab 2.56 ± 0.09 b

Values are expressed as mean ± SEM (n=12).
Data with different letters are significantly different (P< 0.05) among different
treatments.
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expression of Rela and IL-8 was also downregulated (P<0.05). More-
over, there were no significant differences in IL-10 gene expression
between H2O2 treatment and RBE treatments (P>0.05).

3.8. Effects of RBE on the levels of immune-related genes in tilapia under
oxidative damage

The effects of RBE on immune response in tilapia under oxidative
damage were assessed by measuring immune parameters like lysozyme
(LZM), complement 3 (C3) and immune globulin M (IgM). As detailed
in Fig. 7, the mRNA levels of C3, LZM and IgM were much lower in the
H2O2 treatment than the normal control group (P< 0.05), but the
lower genes expression was upregulated in RBE treatments, although
there were no clearly differences in these values except C3 in 1 g/kg
RBE treatment.

3.9. Effect of RBE on HSP70 and CYP1A gene expressions in tilapia under
oxidative damage

Compared with the normal control group, H2O2 treatment aug-
mented heat shock protein 70 (HSP70) gene expression, and down-
regulated cytochrome P450 1a (CYP1a) gene expression (P< 0.05;
Fig. 8). But the augmentation of HSP70 was availably suppressed when
fish were pre-treated with RBE at doses of 1 and 3 g/kg (P< 0.05).
CYP1a gene expression was not changed in RBE treatments.

4. Discussion

This work set out to evaluate anti-oxidative and protective effects of
RBE in attenuating oxidative damage in tilapia, followed by assessing
the underlying mechanisms. In the present study, we used H2O2 injec-
tion to induce oxidative damage model, and further analyzed the anti-

oxidative status, inflammation and immune response as well as relevant
signaling pathways (Nrf2 and TLRs pathway) in RBE and/or treated-
tilapia. Accordingly, our experiments have demonstrated that RBE ex-
erted anti-oxidative, anti-inflammatory and hepatoprotective effects
against oxidative damage in fish.

It has been reported that RBE was used in the treatment of liver
diseases, including chronic or acute hepatic injury. In vivo studies
showed that the oral administration of RBE exerted a protective effect
on inacetaminophen or diethylnitrosamine (DEN)-induced liver injury
in rats via decreasing serum GPT and GOT [39,54]. In vitro studies
demonstrated that RBE modulated the cell membrane constituents to
affect the permeability of cultured BRL cells [55]. RBE also enhanced 5-
fluorouracil-induced cytotoxicity in HepG2 to protect normal lympho-
cytes [56]. In fish, RBE as a hepatoprotective agent prevented dga-
lactosamine/lipopolysaccharide induced liver injury, and effectively
suppressed the adverse alteration of GPT, GOT, AKP and Alb in serum
[40]. In line with earlier studies, our work observed a sharp increase in
activities of GPT, GOT and APK, and decrease in levels of TP and Alb in
tilapia treated with H2O2 alone, indicating a serious liver injury.
Meanwhile the injury was further confirmed by the histological
changes. However, the injury phenomenon was visibly reversed in RBE
treatments, where these injury markers almost returned to the levels of
normal control, suggesting that RBE was able to ameliorate liver injury
induced by oxidative stress in fish.

The accepted mechanism of RBE is recognized for its antioxidant
activity and its ability as a free radical scavenger [57]. RBE could
prevent the formation of ROS and reduction of SOD activity in SH-SY5Y
Cells [58]. RBE also inhibited oxidative redox imbalance and lipid
peroxidation in DEN-injured rats [39]. Similarly, our results showed
excellent anti-oxidative properties of RBE in both tilapia before and
under oxidative damage; RBE was able to depress oxidative damage,
preserve the normal values of SOD, GSH, CAT and T-AOC, and prevent

Table 3
Effects of RBE on anti-oxidative status tilapia.

Parameters 0 g/kg RBE 1 g/kg RBE 3 g/kg RBE

Serum SOD (U/mL) 10.15 ± 0.68a 12.38 ± 0.97 ab 13.08 ± 0.51b

GSH (μM) 44.38 ± 5.22 46.88 ± 1.30 47.27 ± 2.58
T-AOC (mM) 0.85 ± 0.06a 1.36 ± 0.22 b 1.26 ± 0.14 b

MDA (μM) 5.41 ± 1.60 5.47 ± 1.11 5.38 ± 0.92
Liver SOD (U/mgprot) 71.80 ± 1.93a 85.76 ± 5.07 ab 89.81 ± 1.67 b

GSH (μmol/gprot) 19.16 ± 0.94a 27.13 ± 1.96b 25.62 ± 0.59 b

T-AOC (μmol/gprot) 61.65 ± 7.53a 78.92 ± 6.29 ab 84.79 ± 3.63 b

MDA (μmol/gprot) 0.43 ± 0.13 0.29 ± 0.04 0.32 ± 0.03
Gills SOD (U/mgprot) 21.01 ± 0.50a 21.52 ± 0.59a 27.37 ± 2.96 b

GSH (μmol/gprot) 9.16 ± 0.58 11.01 ± 2.33 10.10 ± 1.67
T-AOC (μmol/gprot) 53.44 ± 1.36 48.19 ± 4.15 46.62 ± 4.79
MDA (μmol/gprot) 1.59 ± 0.196 1.90 ± 0.37 1.83 ± 0.42

Muscle SOD (U/mgprot) 13.84 ± 0.66 11.76 ± 1.17 13.61 ± 0.58
GSH (μmol/gprot) 13.01 ± 0.94 11.24 ± 0.32 11.54 ± 1.67
T-AOC (μmol/gprot) 13.47 ± 1.58a 13.15 ± 1.04a 16.26 ± 0.95 b

MDA (μmol/gprot) 0.30 ± 0.05 0.31 ± 0.08 0.22 ± 0.07

Values are expressed as mean ± SEM (n=12).
Data with different letters are significantly different (P< 0.05) among different treatments.

Fig. 1. Histopathological examination by H&E staining for liver injury of tilapia,× 400.
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Fig. 2. Effects of RBE on blood biochemical parameters in tilapia under oxidative damage. The values are means ± SEM (n=12). Different letters denote significant
differences between different treatments (P< 0.05).

Fig. 3. Effects of RBE on antioxidative status in serum (A–E) and liver (F–J) of tilapia under oxidative damage. The values are means ± SEM (n=12). Different
letters denote significant differences between different treatments (P<0.05).
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MDA formation in liver and blood tissues. This is well in accordance
with already published results where reduced antioxidant components
(e.g. SOD, CAT and GSH) and elevated lipid peroxidation were signally
attenuated by concomitant administration with RBE in DEN or acet-
aminophen-injured rats [54,59] and dgalactosamine-induced hybrid
grouper [40]. In addition, the powerful anti-oxidative properties of RBE
were further proven by its effectiveness to improve anti-oxidative ca-
pacities in blood, liver, gills and muscle of tilapia before oxidative da-
mage.

Among these antioxidant enzymes, CAT plays a more significant
role, as it can convert H2O2 into molecular oxygen and water. In oxi-
dative stress, the CAT activity increases to keep the balance between
H2O2 generation and elimination, which is an adaptive response.
Nevertheless, the accumulation of H2O2 can accelerate the consumption
of CAT, which may result in decrease of CAT activity [60]. In agreement
with previous studies, our results showed a decreased CAT activity and
mRNA level when tilapia were injected with H2O2 after 24 h. Interest-
ingly, the activity and mRNA level of CAT were almost as well as
normal level when tilapia were pretreated with RBE, which suggested
that RBE could upregulate CAT gene expression and improve CAT ac-
tivity. Moreover, the increase of CAT may be related to activation of

Nrf2/ARE signaling pathway [16,61].
It has been suggested that Nrf2/ARE (antioxidant response element)

pathway is a potential therapeutic target in various types of liver dis-
ease [62,63]. Numerous research have discovered that Nrf2 and its
downstream genes were downregulated in oxidative damage
[13,15,16]. Similarly, the results were also observed in the present
study, where the levels of gene expression of Nrf2, HO-1, NQO1, GSTa
and CAT were markedly downregulated in tilapia injured by H2O2.
Inversely, RBE treatments enhanced these genes expression relative to
H2O2 treatment. Consistent with our results, recent studies showed that
saikosaponin A, a bioactive constituent of RBE, can prevent oxidative
stress and inflammatory responses through activating Nrf2 signaling
pathway in mice [64,65]. These results demonstrated that RBE may
improve anti-oxidative capacity via activation of Nrf2/ARE signaling
pathway in liver of tilapia.

On the other hand, inflammatory signaling pathway and innate
immune response play pivotal role in development of liver injury [66].
Accumulating evidence manifested that pattern recognition receptors of
the innate immune system, such as TLRs, might be involved in med-
iating inflammatory response in liver injury from oxidative stress [24].
Under oxidative stress, some TLRs are activated, and then utilize

Fig. 4. Effects of RBE on the antioxidant relevant pathway in liver of tilapia under oxidative damage. The values are normalized to control values and expressed as
means ± SEM (n=12). Different letters denote significant differences between different treatments (P< 0.05).
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MyD88 to initiate intracellular signaling cascade pathway including
IRAK1, IRAK4, TRAF6, and finally NF-κB, which will lead to the pro-
duction of inflammatory mediators [67]. In liver injury induced by
various toxicants, TLRs-MyD88 signaling pathway was activated, and
the TLRs (e.g.TLR2, TLR4 and TLR9) expression was upregulated
[67–69]. Here, we also found the expression of TLR1, TLR2 and TLR13
was upregulated in liver injured by H2O2. Following the expression of
TLRs, subsequent transcription of genes such as MyD88, IRAK1, IRAK4
and TRAF6 was also upregulated in H2O2 treatment. However, the ex-
pression of TLRs and their subsequent genes was evidently lowered by
RBE pretreatments, suggesting that RBE attenuated inflammatory re-
sponse and liver injury through inhibition of TLRs-MyD88 signaling
pathway. We speculated that the property of RBE for inhibition of TLRs-
MyD88 signaling pathway was possibly related to its bioactive con-
stituent (saikosaponin A), as it can prevent TLR translocation [70].

Activation of TLRs-MyD88 signaling pathway further induces NF-κB
to drive production of inflammatory cytokines such as IL-1β, IL-8 and
TNF-α under oxidative stress [19]. Indeed, in H2O2 treated tilapia, the
oxidative stress was capable of activating the NF-κB signaling pathway
which in turn, upregulated the levels of pro-inflammatory cytokines
like IL-1β, IL-8 and TNF-α. Interestingly, the upregulation of NF-κB and
pro-inflammatory cytokines was depressed by RBE, further inducting
the restoration of normal liver function under RBE treatment. Inhibition
of pro-inflammatory cytokines is a common method in detecting liver
recovery from injury. Under pathological condition, pro-inflammatory
cytokines IL-1β and TNF-α contributes to the pathogenesis of liver in-
flammatory response, and high levels of IL-1β and TNF-α further pro-
mote the activation of NF-κB signaling pathway, which may worsen
inflammation [25]. Studies have reported RBE administration relieved
liver injury through downregulating pro-inflammatory cytokines (e.g.

IL-1β, IL-6 and TNF-α) [40]. Also, Bui et al. reported that RBE blocked
NF-κB signaling pathway to inhibit secretion of IL-1β, IL-4, IL-5, IL-6
and TNF-α, which ameliorated inflammatory response in a ovalbumin-
induced allergic asthma mice model [71]. Moreover, some evidence
suggested that anti-inflammatory effect of RBE seemed to be ascribed to
its major pharmacologically-active components (saikosaponin A and D)
that can attenuate inflammation and hepatotoxicity by suppressing
activation of NF-κB signaling pathway [72,73]. Based on previous re-
ports and our data, we hold the opinion that TLRs-MyD88-NF-κB sig-
naling pathway played a vital role in anti-inflammatory and protective
effects of RBE against oxidative damage in tilapia.

Beside anti-oxidative and anti-inflammatory effects, considerable
evidence supported that RBE could enhance immune function in an-
imal. RBE administration significantly promoted lymphocyte pro-
liferation [74], increased Ig secretion [75], and improved non-specific
immune responses [76] in mice or Litopenaeus vannamei. In the present
study, RBE treatment only reversed the abnormal gene expression of
C3, but not evidently influenced the expression of LZM and IgM genes
in spite of the upward trend. Earlier investigations have demonstrated
that the complement system participates in the pathogenesis of various
liver injury, such as alcoholic liver injury, viral hepatitis, fibrosis, and
liver ischemia/reperfusion injury [77,78]. C3 deficiency leads to se-
verely defective liver regeneration, accompanied by transient or fatal
liver failure [79]. Thus the restoration of C3 in RBE treatment might be
beneficial to liver regeneration after liver oxidative damage induced by
H2O2 in tilapia.

In addition, our study found that RBE effectively blocked the up-
regulation of HSP70 gene in liver injury induced oxidative stress, but
not change the expression of CYP1a. The two genes were frequently
used to evaluate cellular stress responses to various stimulus. CYP1a, a

Fig. 5. Effects of RBE on the expression of toll like receptor-related genes in liver of tilapia under oxidative damage. The values are normalized to control values and
expressed as means ± SEM (n=12). Different letters denote significant differences between different treatments (P< 0.05).
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Fig. 6. Effects of RBE on the levels of inflammation-related genes in liver of tilapia under oxidative damage. The values are normalized to control values and
expressed as means ± SEM (n=12). Different letters denote significant differences between different treatments (P< 0.05).

Fig. 7. Effects of RBE on the levels of immune-related genes in liver of tilapia under oxidative damage. The values are normalized to control values and expressed as
means ± SEM (n=12). Different letters denote significant differences between different treatments (P< 0.05).

Fig. 8. Effects of RBE on HSP70 and CYP1a gene expressions in tilapia under oxidative damage. The values are normalized to control values and expressed as
means ± SEM (n=12). Different letters denote significant differences between different treatments (P< 0.05).
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ubiquitous member of the P450 superfamily, is known to be reduced in
oxidative stress-induced liver injury, implying the abnormal activity of
drug-metabolizing enzymes [80,81]. HSP70, the most fundamental and
prominent HSP in fish, is a pervasive adaptation mechanism of organ-
isms to promote protein synthesis. Its induction under oxidative stress
has been reported in previous our and other studies [44,82,83]. The
downregulation of HSP70 in RBE treatments might be reflect the alle-
viation of oxidative damage in tilapia.

5. Conclusion

In summary, our results indicated that RBE exerted anti-oxidative,
anti-inflammatory and hepatoprotective effects in tilapia under oxida-
tive damage. The beneficial activity of RBE may be due to enhancing
Nrf2/ARE signaling pathway and inhibiting TLRs-MyD88-NF-κB sig-
naling pathway (Fig. 9). The enhancement of Nrf2/ARE pathway in-
duced production of phase II detoxifying/antioxidant enzymes such as
HO-1, SOD, NQO1 and GSTa, while the inhibition of TLRs-MyD88-NF-
κB pathway led to reduction of pro-inflammatory cytokines like IL-1β,
IL-8 and TNF-α.

Conflicts of interest

The authors declare that there are no conflicts of interest.

Acknowledgments

This work was supported by Central Public-interest Scientific
Institution Basal Research Fund, Freshwater Fisheries Research Center,
CAFS (NO.2017JBFZ01); National Natural Science Foundation of China
(NO.31702318); and Jiangsu Provincial Natural Science Foundation of
China (NO.BK20170218).

References

[1] J.C. Wolf, M.J. Wolfe, A brief overview of nonneoplastic hepatic toxicity in fish,
Toxicol. Pathol. 33 (2005) 75–85.

[2] X. Li, Z. Xiao, M. Tang, Causes and prevention strategies of fish liver and gallbladder
syndrome, Henan Fish. 2 (2012) 26–27.

[3] Z. Du, Causes of fatty liver in farmed fish: a review and new perspectives, J. Fish.
China 38 (2014) 1628–1638.

[4] A. Slaninova, M. Smutna, H. Modra, Z. Svobodova, A review: oxidative stress in fish
induced by pesticides, Neuroendocrinol. Lett. 30 (2009) 2–12.

[5] P. Blier, Fish health: an oxidative stress perspective, Fish. Aquac. J. 5 (2014) e105.
[6] I. Sayeed, S. Parvez, S. Pandey, B. Bin-Hafeez, R. Haque, S. Raisuddin, Oxidative

stress biomarkers of exposure to deltamethrin in freshwater fish, Channa punctatus
Bloch, Ecotoxicol. Environ. Saf. 56 (2003) 295–301.

[7] A.I. Prieto, A. Jos, S. Pichardo, I. Moreno, A.M. Cameán, Differential oxidative stress
responses to microcystins LR and RR in intraperitoneally exposed tilapia fish
(Oreochromis sp.), Aquat. Toxicol. 77 (2006) 314–321.

[8] N. Kaplowitz, Mechanisms of liver cell injury, J. Hepatol. 32 (2000) 39–47.
[9] A. Ramachandran, H. Jaeschke, Oxidative stress and acute hepatic injury, Curr.

Opin. Toxicol. 7 (2018) 17–21.
[10] D. Ezhilarasan, Oxidative stress is bane in chronic liver diseases: clinical and ex-

perimental perspective, Arab J. Gastroenterol. 19 (2018) 56–64.
[11] R. Heidari, H. Niknahad, A. Sadeghi, H. Mohammadi, V. Ghanbarinejad,

M.M. Ommati, et al., Betaine treatment protects liver through regulating mi-
tochondrial function and counteracting oxidative stress in acute and chronic animal
models of hepatic injury, Biomed. Pharmacother. 103 (2018) 75–86.

[12] A. Li, J.-Y. Zhang, X. Xiao, S.-S. Wang, J.-B. Wan, Y.-S. Chai, et al., Hepatorenal
protective effects of medicinal herbs in An-Gong-Niu-Huang Wan (AGNH) against
cinnabar- and realgar-induced oxidative stress and inflammatory damage in mice,
Food Chem. Toxicol. 119 (2018) 445–456.

[13] J.W. Kaspar, S.K. Niture, A.K. Jaiswal, Nrf2:INrf2 (Keap1) signaling in oxidative
stress, Free Radical Biol. Med. 47 (2009) 1304–1309.

[14] T. Nguyen, P. Nioi, C.B. Pickett, The Nrf2-antioxidant response element signaling
pathway and its activation by oxidative stress, J. Biol. Chem. 284 (2009) 13291.

[15] O.A. Ahmed-Farid, H.A. Rizk, A.M. Shehata, Hydrogen peroxide modulates redox
status, energy metabolism, and gene expression in a dose- and time-dependent
manner in rat liver, J. Biochem. Mol. Toxicol. 32 (2018) e22199.

[16] J. Ma, M. Li, P.K. Kalavagunta, J. Li, Q. He, Y. Zhang, et al., Protective effects of
cichoric acid on H2O2-induced oxidative injury in hepatocytes and larval zebrafish
models, Biomed. Pharmacother. 104 (2018) 679–685.

[17] R. Jia, Y. Li, L. Cao, J. Du, T. Zheng, H. Qian, et al., Antioxidative, anti-in-
flammatory and hepatoprotective effects of resveratrol on oxidative stress-induced
liver damage in tilapia (Oreochromis niloticus), Comp. Biochem. Physiol. C Toxicol.
Pharmacol. 215 (2019) 56–66.

[18] B. Qi, C. Shi, J. Meng, S. Xu, J. Liu, Resveratrol alleviates ethanol-induced neu-
roinflammation in vivo and in vitro: involvement of TLR2-MyD88-NF-kappaB
pathway, Int. J. Biochem. Cell Biol. 103 (2018) 56–64.

[19] S. Akira, K. Takeda, Toll-like receptor signalling, Nat. Rev. Immunol. 4 (2004)
499–511.

[20] K.P.L. Bhat, J.W. Kosmeder 2nd, J.M. Pezzuto, Biological effects of resveratrol,
Antioxidants Redox Signal. 3 (2001) 1041–1064.

[21] A.V. Peskin, C.C. Winterbourn, A microtiter plate assay for superoxide dismutase
using a water-soluble tetrazolium salt (WST-1). Clinica chimica acta, Int. J. Clin.
Chem. 293 (2000) 157–166.

[22] Z.-J. Fan, P.-F. Zou, C.-L. Yao, TOLL-LIKE RECEPTORS (TLR) AND ITS SIGNALING
PATHWAY IN TELEOST, Acta Hydrobiol. Sin. 39 (2015) 173–184.

[23] E. Seki, D.A. Brenner, R.F. Schwabe, Toll-like receptor signaling in the liver, in:
L.A.J. O'Neill, E. Brint (Eds.), Toll-like Receptors in Inflammation, Birkhäuser Basel,
Basel, 2005, pp. 125–142.

[24] R. Gill, A. Tsung, T. Billiar, Linking oxidative stress to inflammation: toll-like re-
ceptors, Free Radic. Biol. Med. 48 (2010) 1121–1132.

[25] A. Lasar, R. Marienfeld, T. Wirth, B. Baumann, NF-κB: critical regulator of in-
flammation and the immune response, in: M. Gossen, J. Kaufmann, S.J. Triezenberg
(Eds.), Transcription Factors, Springer Berlin Heidelberg, Berlin, Heidelberg, 2004,
pp. 325–376.

[26] Y.-L. Xie, J.-G. Chu, X.-M. Jian, J.-Z. Dong, L.-P. Wang, G.-X. Li, et al., Curcumin
attenuates lipopolysaccharide/d-galactosamine-induced acute liver injury by acti-
vating Nrf2 nuclear translocation and inhibiting NF-kB activation, Biomed.
Pharmacother. 91 (2017) 70–77.

[27] T. Luedde, R.F. Schwabe, NF-κB in the liver–linking injury, fibrosis and hepato-
cellular carcinoma, Nat. Rev. Gastroenterol. Hepatol. 8 (2011) 108–118.

[28] T. Luedde, N. Beraza, C. Trautwein, Evaluation of the role of nuclear factor-κB
signaling in liver injury using genetic animal models, J. Gastroenterol. Hepatol. 21
(2010) S43–S46.

[29] R. Jia, L.P. Cao, J.L. Du, J.H. Wang, Y.J. Liu, G. Jeney, et al., Effects of carbon
tetrachloride on oxidative stress, inflammatory response and hepatocyte apoptosis
in common carp (Cyprinus carpio), Aquat. Toxicol. 152 (2014) 11–19.

[30] L.L. Liau, M. Suzana, A.G.N. Azurah, K.H. Chua, Hydrogen peroxide induces acute
injury and up-regulates inflammatory gene expression in hepatocytes: an in vitro
model, Sains Malays. 45 (2016) 451–458.

[31] M.J. May, S. Ghosh, Rel/NF-kappa B and I kappa B proteins: an overview, Semin.
Cancer Biol. 8 (1997) 63–73.

[32] J. Wang, L. Wang, G.-H. Lou, H.-R. Zeng, J. Hu, Q.-W. Huang, et al., Radix Bupleuri :
a comprehensive review of its traditional uses, botany, phytochemistry, pharma-
cology and toxicology, BioMed Res. Int. (2017) 1–22 2017.

[33] C. Yan, W. Jinyan, Y. Ling, Z. Lei, J. Xiaobin, T. Xiaobin, Interaction of the main
components from the traditional Chinese drug pair Chaihu-Shaoyao based on rat
intestinal absorption, Molecules 16 (2011) 9600–9610.

[34] B. Yuan, R. Yang, Y. Ma, S. Zhou, X. Zhang, Y. Liu, A systematic review of the active
saikosaponins and extracts isolated from Radix Bupleuri and their applications,
Pharm. Biol. 55 (2017) 620–635.

[35] M.L. Ashour, M. Wink, Genus Bupleurum: a review of its phytochemistry,

Fig. 9. Possible mechanisms of antioxidant and anti-inflammatory activities of
RBE in the tilapia liver under oxidative damage. (→) indicates stimulatory
modification, (Т indicates stimulatory modification.

R. Jia, et al. Fish and Shellfish Immunology 93 (2019) 395–405

404

http://refhub.elsevier.com/S1050-4648(19)30790-9/sref1
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref1
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref2
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref2
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref3
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref3
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref4
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref4
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref5
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref6
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref6
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref6
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref7
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref7
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref7
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref8
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref9
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref9
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref10
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref10
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref11
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref11
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref11
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref11
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref12
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref12
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref12
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref12
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref13
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref13
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref14
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref14
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref15
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref15
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref15
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref16
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref16
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref16
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref17
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref17
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref17
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref17
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref18
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref18
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref18
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref19
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref19
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref20
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref20
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref21
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref21
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref21
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref22
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref22
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref23
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref23
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref23
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref24
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref24
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref25
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref25
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref25
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref25
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref26
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref26
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref26
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref26
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref27
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref27
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref28
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref28
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref28
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref29
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref29
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref29
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref30
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref30
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref30
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref31
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref31
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref32
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref32
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref32
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref33
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref33
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref33
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref34
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref34
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref34
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref35


pharmacology and modes of action, J. Pharm. Pharmacol. 63 (2015) 305–321.
[36] Z.-Y. Li, H.-M. Sun, J. Xing, X.-M. Qin, G.-H. Du, Chemical and biological com-

parison of raw and vinegar-baked Radix Bupleuri, J. Ethnopharmacol. 165 (2015)
20–28.

[37] W. Huang, L.V. Zheng, R. Sun, Research development on chemincal compositions in
bupleurum chinense related with efficacy and toxicity, Chin. J. Pharmacovigilance
10 (2013) 545–548.

[38] J. Xing, H.-M. Sun, J.-P. Jia, X.-M. Qin, Z.-Y. Li, Integrative hepatoprotective effi-
cacy comparison of raw and vinegar-baked Radix Bupleuri using nuclear magnetic
resonance-based metabolomics, J. Pharm. Biomed. Anal. 138 (2017) 215–222.

[39] W.H. Tang, Q.W. Yang, L. Xiao, G. Zhang, Z.W. Hu, J.L. Tan, Protective effect of
Radix Bupleuri extract against liver cirrhosis in rats, Trop. J. Pharm. Res. 15 (2016)
2629–2632.

[40] C. Zou, X. Tan, H. Ye, Z. Sun, S. Chen, Q. Liu, et al., The hepatoprotective effects of
Radix Bupleuri extracts against D-galactosamine/lipopolysaccharide induced liver
injury in hybrid grouper (Epinephelus lanceolatus♂ ou C, Tan X, Ye H, Sun Z, C♀),
Fish Shellfish Immunol. 83 (2018) 8–17.

[41] S. Zhu, F. Ling, Q.Z. Zhang, G.L. Liu, X. Tu, C. Jiang, et al., Anthelmintic activity of
saikosaponins a and d from radix bupleuri against Dactylogyrus spp. infecting
goldfish, Dis. Aquat. Org. 111 (2014) 177–182.

[42] T. Pan, M. Yan, S. Chen, X. Wang, Effects of ten traditional Chinese herbs on im-
mune response and disease resistance of sciaenops ocellatus (actinopterygii: per-
ciformes: sciaenidae), Acta Ichthyol. Piscatoria 43 (2013) 41–49.

[43] C. Zou, N. Su, J. Wu, M. Xu, Z. Sun, Q. Liu, et al., Dietary Radix Bupleuri Extracts
Improves Hepatic Lipid Accumulation and Immune Response of Hybrid Grouper
(Epinephelus lanceolatus♂ ou C, su N, Wu J, xu M, Sun♀), Fish Shellfish Immunol.
88 (2019) 496–507.

[44] R. Jia, J. Du, L. Cao, Y. Li, O. Johnson, Z. Gu, et al., Antioxidative, inflammatory
and immune responses in hydrogen peroxide-induced liver injury of tilapia (GIFT,
Oreochromis niloticus), Fish Shellfish Immunol. 84 (2019) 894–905.

[45] S. Reitman, S. Frankel, A colorimetric method for the determination of SGPT and
SGOT, Am. J. Clin. Pathol. 28 (1957) 56–62.

[46] J. Cao, X. Ding, L. Wang, D. Wei, An assay for the determination of alkaline
phosphatase activity using disodium p-acetylphenylphosphate as a substrate, Chin.
J. Clin. Lab. Sci. 27 (2009) 349–350.

[47] P.K. Smith, R.I. Krohn, G.T. Hermanson, A.K. Mallia, F.H. Gartner,
M.D. Provenzano, et al., Measurement of protein using bicinchoninic acid, Anal.
Biochem. 150 (1985) 76–85.

[48] A.H. Bignell, K.D. Webster, E.C. Attwood, An assessment of the suitability of bro-
mocresol green for the determination of serum albumin, Clin. Chim. Acta 53 (1974)
101–108.

[49] X. Huang, J. Zhuang, X. Teng, L. Li, D. Chen, The promotion of human malignant
melanoma growth by mesoporous silica nanoparticles through decreased reactive
oxygen species, Biomaterials 31 (2010) 6142–6153.

[50] I.F. Benzie, J.J. Strain, The ferric reducing ability of plasma (FRAP) as a measure of
"antioxidant power": the FRAP assay, Anal. Biochem. 239 (1996) 70–76.

[51] X. Zhang, X. Zhao, Z. Ma, PYDDT, a novel phase 2 enzymes inducer, activates
Keap1-Nrf2 pathway via depleting the cellular level of glutathione, Toxicol. Lett.
199 (2010) 93–101.

[52] H. Ohkawa, N. Ohishi, K. Yagi, Assay for lipid peroxides in animal tissues by
thiobarbituric acid reaction, Anal. Biochem. 95 (1979) 351–358.

[53] K. Livak, T. Schmittgen, Analysis of relative gene expression data using real-time
quantitative PCR and the 2(-Delta Delta C(T)) Method, Methods-A Companion
Methods Enzymol. 25 (2001) 402–408.

[54] Y.-M. Kweon, J.-E.P. Lee, Sun-Dong, The preventive effect of Bupleuri radix on liver
damage induced by acetaminophen in the rats, Korea J. Herbol. 19 (2004) 91.

[55] R. Zhao, L. Liu, Y. Wang, Z. Xiao, Vinegar-baked Radix Bupleuri modulates the cell
membrane constituents and inhibits the P-gp activity in rat hepatocytes, BMC
Complement Altern. Med. 14 (2014) 357.

[56] S.J. Kang, Y.J. Lee, B.M. Kim, Y.J. Kim, H.D. Woo, H.K. Jeon, et al., Effect of bu-
pleuri radix extracts on the toxicity of 5-fluorouracil in HepG2 hepatoma cells and
normal human lymphocytes, Basic Clin. Pharmacol. Toxicol. 103 (2008) 305–313.

[57] M.L. Ashour, M. Wink, Genus Bupleurum: a review of its phytochemistry, phar-
macology and modes of action, J. Pharm. Pharmacol. 63 (2011) 305–321.

[58] M.K. Seo, H.Y. Cho, C.H. Lee, K.A. Koo, Y.K. Park, J.G. Lee, et al., Antioxidant and
proliferative activities of bupleuri radix extract against serum deprivation in SH-
SY5Y cells, Psychiatr. Invest. 10 (2013) 81–88.

[59] M.H. Yen, T.C. Weng, S.Y. Liu, C.Y. Chai, C.C. Lin, The hepatoprotective effect of
Bupleurum kaoi, an endemic plant to Taiwan, against dimethylnitrosamine-induced
hepatic fibrosis in rats, Biol. Pharm. Bull. 28 (2005) 442–448.

[60] W. Chao, Y. Xin, L. Xia, L. Baozhong, The role of catalase in the immune response to
oxidative stress and pathogen challenge in the clam Meretrix meretrix, Fish
Shellfish Immunol. 34 (2013) 91–99.

[61] M. Narasimhan, A.K. Riar, M.L. Rathinam, D. Vedpathak, G. Henderson,
L. Mahimainathan, Hydrogen peroxide responsive miR153 targets Nrf2/ARE cyto-
protection in paraquat induced dopaminergic neurotoxicity, Toxicol. Lett. 228
(2014) 179–191.

[62] M. Domitrovin, A.K. Riar, M.L. Rathinam, D. Vedpathak, G. Henderson,
L. Mahimainathan, Hydrogen peroxide responsaction and clinical perspectives,
Arch. Toxicol. 90 (2016) 39–79.

[63] M.S. Sang, H.Y. Ji, S.H. Ki, Role of the Nrf2-ARE pathway in liver diseases,

Oxidative Med. Cell. Longev. (2013) 763257 2013.
[64] J. Wang, W. Wang, Y. Pang, Saikosaponin a inhibits LPS-induced endometritis in

mice through activating Nrf2 signaling pathway, Inflammation (2018) 1–7.
[65] R.J. Chen, X.Y. Guo, B.H. Cheng, Y.Q. Gong, B.Y. Ying, M.X. Lin, Saikosaponin a

inhibits cigarette smoke-induced oxidant stress and inflammatory responses by
activation of Nrf2, Inflammation (2018) 1–7.

[66] F. Tacke, T. Luedde, C. Trautwein, Inflammatory pathways in liver homeostasis and
liver injury, Clin. Rev. Allergy Immunol. 36 (2009) 4–12.

[67] Y. Chen, R. Sun, Toll-like receptors in acute liver injury and regeneration, Int.
Immunopharmacol. 11 (2011) 1433–1441.

[68] C.T. Tu, B. Han, Q.Y. Yao, Y.A. Zhang, H.C. Liu, S.C. Zhang, Curcumin attenuates
Concanavalin A-induced liver injury in mice by inhibition of Toll-like receptor
(TLR) 2, TLR4 and TLR9 expression, Int. Immunopharmacol. 12 (2012) 151–157.

[69] J. Guo, S.L. Friedman, Toll-like receptor 4 signaling in liver injury and hepatic
fibrogenesis, Fibrogenesis Tissue Repair 3 (2010) 21.

[70] Y.H. Fu, X.Y. Hu, Y.G. Cao, Z.C. Zhang, N.S. Zhang, Saikosaponin a inhibits lipo-
polysaccharide-oxidative stress and inflammation in Human umbilical vein en-
dothelial cells via preventing TLR4 translocation into lipid rafts, Free Radic. Biol.
Med. 89 (2015) 777–785.

[71] T.T. Bui, C.H. Piao, C.H. Song, H.S. Shin, O.H. Chai, Bupleurum chinense extract
ameliorates an OVA-induced murine allergic asthma through the reduction of the
Th2 and Th17 cytokines production by inactivation of NFκB pathway, Biomed.
Pharmacother. 91 (2017) 1085–1095.

[72] C.N. Lu, Z.G. Yuan, X.L. Zhang, R. Yan, Y.Q. Zhao, M. Liao, et al., Saikosaponin a
and its epimer saikosaponin d exhibit anti-inflammatory activity by suppressing
activation of NF-κB signaling pathway, Int. Immunopharmacol. 14 (2012) 121–126.

[73] A.M. Liu, N. Tanaka, L. Sun, B. Guo, J.H. Kim, K.W. Krausz, et al., Saikosaponin d
protects against acetaminophen-induced hepatotoxicity by inhibiting NF-kappa B
and STAT3 signaling, Chem. Biol. Interact. 223 (2014) 80–86.

[74] H.-X. Sun, Haemolytic activities and adjuvant effect of Bupleurum chinense sapo-
nins on the immune responses to ovalbumin in mice, Vaccine 24 (2006) 1324–1331.

[75] M.-H. Yen, C.-C. Lin, C.-M. Yen, The immunomodulatory effect of saikosaponin
derivatives and the root extract of Bupleurum kaoi in mice, Phytother Res. 9 (1995)
351–358.

[76] Y.-S. Wu, M.-C. Lee, C.-T. Huang, T.-C. Kung, C.-Y. Huang, F.-H. Nan, Effects of
traditional medical herbs “minor bupleurum decoction” on the non-specific im-
mune responses of white shrimp (Litopenaeus vannamei), Fish Shellfish Immunol.
64 (2017) 218–225.

[77] Z. Wu, M. Han, T. Chen, W. Yan, Q. Ning, Acute liver failure: mechanisms of im-
mune-mediated liver injury, Liver Int. : Off. J. Int. Assoc. Stud. Liver 30 (2010)
782–794.

[78] Xuebin, The complement system in liver diseases, Cell. Mol. Immunol. 3 (2006)
333–340.

[79] C.W. Strey, M. Markiewski, D. Mastellos, R. Tudoran, L.A. Spruce, L.E. Greenbaum,
et al., The proinflammatory mediators C3a and C5a are essential for liver re-
generation, J. Exp. Med. 198 (2003) 913–923.

[80] T. Wu, J. Li, Y. Li, H. Song, Antioxidant and hepatoprotective effect of swertiamarin
on carbon tetrachloride-induced hepatotoxicity via the Nrf2/HO-1 pathway, Cell.
Physiol. Biochem. : Int. J. Exper. Cell. Phys. BIochem. Pharmacol. 41 (2017)
2242–2254.

[81] M.C. Bastien, F. Leblond, V. Pichette, J.P. Villeneuve, Differential alteration of
cytochrome P450 isoenzymes in two experimental models of cirrhosis, Can. J.
Physiol. Pharmacol. 78 (2000) 912–919.

[82] E. El Golli-Bennour, R. Timoumi, M. Koroit, H. Bacha, S. Abid-Essefi, Protective
effects of kefir against zearalenone toxicity mediated by oxidative stress in cultured
HCT-116 cells, Toxicon 157 (2019) 25–34.

[83] V. Calabrese, A.M. Stella, D.A. Butterfield, G. Scapagnini, Redox regulation in
neurodegeneration and longevity: role of the heme oxygenase and HSP70 systems
in brain stress tolerance, Antioxidants Redox Signal. 6 (2004) 895–913.

[84] M. Puerto, D. Gutiérrezpraena, A.I. Prieto, S. Pichardo, A. Jos, J.L. Miguelcarrasco,
et al., Subchronic effects of cyanobacterial cells on the transcription of antioxidant
enzyme genes in tilapia (Oreochromis niloticus), Ecotoxicology 20 (2011) 479–490.

[85] J. Pang, Expression of Toll-like Receptor Signaling Pathway Gene in Nile tilapia,
Shanghai Ocean University, Shanghai, 2016.

[86] C.F. Ken, C.N. Chen, C.H. Ting, C.Y. Pan, J.Y. Chen, Transcriptome analysis of
hybrid tilapia (Oreochromis spp.) with Streptococcus agalactiae infection identifies
Toll-like receptor pathway-mediated induction of NADPH oxidase complex and
piscidins as primary immune-related responses, Fish Shellfish Immunol. 70 (2017)
106–120.

[87] S.M. Limbu, L. Zhou, S.X. Sun, M.L. Zhang, Z.Y. Du, Chronic exposure to low en-
vironmental concentrations and legal aquaculture doses of antibiotics cause sys-
temic adverse effects in Nile tilapia and provoke differential human health risk,
Environ. Int. 115 (2018) 205–219.

[88] J. Qiang, J. He, H. Yang, P. Xu, H.M. Habte-Tsion, X.Y. Ma, et al., The changes in
cortisol and expression of immune genes of GIFT tilapia Oreochromis niloticus (L.)
at different rearing densities under Streptococcus iniae infection, Aquacult. Int. 24
(2016) 1–14.

[89] Y. Liang, L. Huang, K. Huang, Y. Zhou, Y. Cheng, L. Wu, Effects of fat, choline and
feeding regime on catalase gene expression in the liver of GIFT (Oreochromis ni-
loticus), Aquacult. Res. 49 (2018) 1250–1261.

R. Jia, et al. Fish and Shellfish Immunology 93 (2019) 395–405

405

http://refhub.elsevier.com/S1050-4648(19)30790-9/sref35
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref36
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref36
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref36
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref37
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref37
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref37
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref38
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref38
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref38
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref39
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref39
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref39
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref40
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref40
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref40
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref40
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref41
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref41
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref41
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref42
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref42
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref42
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref43
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref43
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref43
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref43
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref44
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref44
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref44
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref45
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref45
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref46
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref46
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref46
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref47
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref47
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref47
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref48
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref48
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref48
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref49
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref49
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref49
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref50
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref50
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref51
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref51
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref51
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref52
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref52
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref53
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref53
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref53
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref54
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref54
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref55
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref55
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref55
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref56
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref56
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref56
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref57
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref57
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref58
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref58
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref58
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref59
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref59
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref59
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref60
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref60
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref60
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref61
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref61
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref61
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref61
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref62
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref62
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref62
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref63
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref63
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref64
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref64
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref65
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref65
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref65
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref66
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref66
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref67
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref67
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref68
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref68
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref68
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref69
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref69
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref70
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref70
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref70
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref70
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref71
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref71
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref71
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref71
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref72
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref72
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref72
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref73
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref73
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref73
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref74
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref74
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref75
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref75
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref75
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref76
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref76
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref76
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref76
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref77
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref77
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref77
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref78
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref78
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref79
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref79
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref79
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref80
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref80
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref80
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref80
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref81
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref81
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref81
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref82
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref82
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref82
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref83
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref83
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref83
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref84
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref84
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref84
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref85
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref85
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref86
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref86
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref86
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref86
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref86
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref87
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref87
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref87
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref87
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref88
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref88
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref88
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref88
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref89
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref89
http://refhub.elsevier.com/S1050-4648(19)30790-9/sref89

	Anti-oxidative, anti-inflammatory and hepatoprotective effects of Radix Bupleuri extract against oxidative damage in tilapia (Oreochromis niloticus) via Nrf2 and TLRs signaling pathway
	Introduction
	Materials and methods
	Materials and reagents
	Fish and treatments
	Growth performance
	Biochemical analysis
	Real-time quantitative PCR
	Histological evaluation
	Statistical analysis

	Results
	Effect of RBE on growth performance of tilapia
	Effect of RBE on anti-oxidative status in different tissues of tilapia
	Effects of RBE on liver injury maker of tilapia under oxidative damage
	Effect of RBE on antioxidant capacity in tilapia under oxidative damage
	Effect of RBE on the antioxidant relevant pathway in tilapia under oxidative damage
	Effect of RBE on toll-like receptor-related genes expression in tilapia under oxidative damage
	Effect of RBE on the levels of inflammation-related genes in tilapia under oxidative damage
	Effects of RBE on the levels of immune-related genes in tilapia under oxidative damage
	Effect of RBE on HSP70 and CYP1A gene expressions in tilapia under oxidative damage

	Discussion
	Conclusion
	Conflicts of interest

	Acknowledgments
	References




