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A B S T R A C T

Excessive lipid accumulation and chemical abuse can induce fatty liver diseases in fish, but the underlying
mechanism and therapies are unknown. The present study aims to evaluate the effects of Xiaochaihu Decoction
(XCHD) on the growth performance, lipid metabolism and antioxidant function of hybrid grouper in vitro and in
vivo, and provide evidence as to whether it can be potentially used as a medicine for liver diseases in aqua-
culture. In vitro, steatosis model of hybrid grouper primary hepatocytes were incubated for 48 h in control or
lipid emulsion (LE)-containing medium with or without 24 h post-treatment with XCHD. XCHD treatment re-
versed the LE-induced intracellular lipid accumulation, cell viability and hepatocytes morphological structure. In
vivo, a total of 300 hybrid grouper with an average initial weight of 25.43 ± 0.18 g were fed diets containing
five graded levels of XCHD at 150–1200mg/kg diet for 8 weeks. After that, a challenge trial was conducted by
injection of D-GalN/LPS to induce liver injury. As a result, dietary supplementation with 150–300mg/kg XCHD
diets can significant improve growth performance and feed utilization (P < 0.05). Dietary XCHD down-regu-
lated the expression of lipogenic-related genes (G6PD, DGAT2 and ME1) and up-regulated lipolysis-related genes
(ATGL, PPARα and LPL) expression in the liver of hybrid grouper. Livers challenged with D-GalN/LPS exhibited
extensive areas of vacuolization with the disappearance of nuclei and the loss of hepatic architecture. These
pathological alterations were ameliorated by XCHD treatment. XCHD significantly down-regulated the D-GalN/
LPS induced apoptosis-related genes caspase-3, caspase-9 and p53 mRNA expression and up-regulated the an-
tioxidant-related genes CAT and MnSOD mRNA expression in dose dependent manner, respectively. XCHD
potently reduced hepatic lipid accumulation and enhanced antioxidant capability in hybrid grouper and may be
a potential fish-feed additive to prevent fatty liver diseases onset and progression.

1. Introduction

In most fish species, lipids are essential nutrient, both as the source
of energy and essential fatty acids for normal growth and development
[1]. In recent years, high-lipid diets have increasingly been used for
cost-effective farming in aquaculture [2]. High dietary lipids have
growth-promoting effect in short time, however, it often leads to ex-
cessive lipid accumulation in the livers (or other tissues), inducing a
condition referred to as fatty liver diseases [3,4]. The liver is a major
lipid storage organ, it plays important role in the health of fish [5].
Fatty liver diseases is a pathological condition because it is deleterious
to the health of farmed fish [6]. It often lead to low feed efficiency, poor

growth and reduction of the edible yield [7]. Fatty liver diseases are a
major problem in aquaculture causing heavy loss to fish farmers. In
addition, in an attempt to control diseases, antibiotics and che-
motherapeutics have been generally used in the fish culture [8]. That
can result in a series of adverse effects for the cultured species, the
environment and the final consumer, such as the development of a
drug-resistant bacteria, environmental pollution, residues in fish [5].
According to Li et al., fatty liver diseases also occurs when fish are
abused chemical drugs [9]. Therefore, it is necessary to seek safe and
secure disease-preventative measures to ensure the sustainability of
aquaculture. Although studies have been carried out for decades, the
underlying mechanisms related to nutrition and drug/chemical-induced
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liver injury are not fully understood. There are no effective therapeutic
strategies or specific medicines for these liver diseases.

The application of herbals has a long history in our country and it is
widely used in the treatment of diseases. Many Chinese medicinal herbs
have been used for the treatment of liver diseases in China [10–12].
They have the advantages of having little side effects, absence of
bioaccumulation being easily degradable, causing disease resistance,
and being easily available [13]. In aquatic animals, growing interests
have also been paid to the use of Chinese medicinal herbs for control-
ling the liver diseases in recent years [14]. Xiaochaihu Decoction
(XCHD) is an important multiherbal medicine in traditional Chinese
medicine. It was first described in the Shang Han Lun, a treatise on
exogenous febrile diseases by the famous physician Zhang Zhongjing,
who lived from 150 to 219 A.D. during the Chinese Eastern Han Dy-
nasty [15]. XCHD is composed of seven herbs including Radix bupleuri,
Radix scutellariae, Radix glycyrrhizae, Radix ginseng, Rhizoma pinelliae,
Rhizoma zingiberis recens, and Fructus jujubae [16]. Radix Bupleuri ac-
counted for the largest proportion in preparations of Xiaochaihu De-
coction, which is nearly three times as heavy as the other single herbs.
Therefore, it can be said that Radix Bupleuri is the most important
component in XCHD. Previous study showed that the XCHD contains
considerable active components such as saikosaponin, baicalin, poly-
saccharide, ginsenoside, glycyrrhizin, and so on [17]. XCHD is widely
used to treat chronic liver diseases [18]. In addition, many studies in
animal models or cell lines have demonstrated that XCHD has cyto-
protective effects in experimental liver injuries [19,20]. It also has an
anti-inflammatory effect on chronic hepatitis which may decrease he-
patic fibrosis via the inhibition of hepatic stellate cells and prevent lipid
peroxidation in mammalian hepatocytes [21]. However, the effects of
XCHD against liver diseases in aquatic animals and its associated me-
chanisms particularly at the molecular level, are scarce in fish. This is
the first time to use the in vitro and in vivo models to study the hepa-
toprotective effects of XCHD in fish.

The hybrid grouper, Epinephelus fuscoguttatus× Epinephelus lanceo-
latus is a commercially important cultivated marine teleost in the
Southeast Asia [22]. It has several advantages than its original type as
an aquaculture species especially in terms of faster growth, high disease
resistance and high tolerance to low salinity water [23]. Although they
are relatively expensive, but there is a high demand for it [24]. When a
shift from natural to artificial diets occurs, lipid deposition is a very
frequent finding. However, excessive hepatic lipid deposition in fish
may affect disease resistance, the quality of harvest and induce liver
disease [2]. Liver disease in fish had become one of the major limiting
factor for the sustainable development of the species in the world [25].
Studies about the liver diseases are important, not only to clarify the
mechanisms underlying this disorder, but also from a commercial point
of view. In order to further elucidate possible hepatoprotective me-
chanisms of Chinese medicinal herbs in fish, steatosis and liver damage
models induced by high-lipid diets and D-GalN/LPS in hepatocytes and
hybrid grouper were established. We explored the molecular mechan-
isms by Chinese medicinal herbs influences lipid metabolism and anti-
oxidant response in vitro and in vivo. Therefore, the objectives of the
present study were to evaluate the efficacy and tolerance of dietary
XCHD by its effects on growth performance, lipid metabolism, anti-
oxidant response, apoptosis and hepatosis in hybrid grouper. We also
aimed to explore XCHD's potential as a feed additive in aquaculture.

2. Materials and methods

2.1. In vitro study

Hepatocyte primary isolation and culture was carried out as pre-
viously described [26]. Hepatocytes were cultured in MEM medium
(Gibco, Thermo Fisher, Suzhou) supplemented with 10% fetal bovine
serum (FBS V/V, Sigma) and 100 IU mL−1 of each penicillin and
streptomycin (Sigma Chemical Company, St. Louis, MO), then

maintained at 25 °C in an incubator, 5% CO2 atmosphere. After
10–15 d, cells were counted using Trypan Blue (Gibco, Life Technolo-
gies, USA) to confirm that cell viability exceeded 92% for subsequent
experimentation. To determine the effects of Xiaochaihu Decoction
(XCHD) influencing lipid metabolism and hepatoprotective, in vitro
experiment was performed. The hybrid grouper primary hepatocytes
received 1 of 6 treatments: control, model, recovery, XCHD100,
XCHD200 and XCHD400. Control group (hepatocytes neither treated
with 2ml/L 20% lipid emulsion (LE) nor XCHD), model group (hepa-
tocytes treated with 2ml/L 20% LE alone for 72 h), recovery group
(hepatocytes treated with 2ml/L 20% LE for 48 h, then incubated with
normal medium for 24 h) and XCHD (100, 200 and 400) groups (he-
patocytes were incubated with 2ml/L 20% LE for 48 h, then post-in-
cubated with 100, 200 or 400 μg/mL of XCHD for 24 h) were set for
experiment. Sampling occurred after 72 h of treatment. 20% lipid
emulsion (LE) was purchased from Panyu Armed Police Hospital. XCHD
(40:1) was purchased from NANJING DASF BIO-TECHNOLOGY CO.,
LTD.

2.2. In vivo study with dietary XCHD addition

2.2.1. Diet preparation and experimental procedures
The composition of experimental diets are presented in Table 2. Five

experimental diets were prepared with XCHD supplemental levels at 0,
150, 300, 600 and 1200mg/kg. Then, all diets were air-dried at room
temperature (25–30 °C) and stored at −20 °C until used. Hybrid
grouper were obtained from Marine Fisheries Development Center of
Guangdong Province (Huizhou, China) and transported to the outdoor
cement ponds (10m×3m×1m) with running water and continuous
aeration. At the beginning of the feeding experiment, 300 fish
(25.43 ± 0.18 g) were randomly distributed into 15 floating cages
(three cages for each treatment). The floating cages were rectangular
polyvinylchloride cages (L100 cm×W100 cm×H70 cm). The ex-
perimental feed consisted of five diets and were coded as XCHD0,
XCHD150, XCHD300, XCHD600 and XCHD1200. The fish were reared
under natural photoperiod for 56 days. The water temperature ranged
from 24 to 28 °C over the course of the feeding experiment.

At the end of the growth trial, fish from each cage were fasted for
24 h, then were batch weighed. Eighteen fish for each treatment (6 fish
from each cage) were randomly selected and anaesthetized with MS222

Table 1a
Primer sequences for real-time PCR.

Primers qPCR primers, forward/reverse (5′to3′)

DGAT2 F: CATCTTCTGCTTTGGTGCTTTC
R: GCATTTCCCGTCCCGTTA

FAS F: CGGGTGTCTACATTGGGGTG
R: GAATAGCGTGGAAGGCGTTT

G6PD F: GCTTCACATCCTTGTATCTGCTC
R: GCGTTCCTTTCATTCTCCG

ME1 F: GAAGTTGTTCTACCGCTTGCTG
R: AGAGTCCTCGTGGTCTCCTGA

ATGL F: ATTGAGCACCTTCCACCCA
R: CCGAATCCATCCCACATCTT

LPL F: TTCAACAGCACCTCCAAAACC
R: GTGAGCCAGTCCACCACGAT

ACO1 F: CGGCATGGACTTCCTGTATG
R: CCTGGTGTGCGTGTTGTGTT

PPARα F: CATCGACAATGACGCCCTC
R: GCCGCTATCCCGTAAACAAC

β-Actin F: TACGAGCTGCCTGACGGACA
R: GGCTGTGATCTCCTTCTGC

F: forward primer; R: reverse primer. DGAT2, acyl CoA diacylglycerol
acyltransferase 2; FAS, fatty acid synthase; G6PD, glucose 6-phosphate
dehydrogenase; ME1, malic enzyme 1; ATGL, adipose triglyceride lipase;
LPL, lipoprotein lipase; ACO1, acyl-CoA oxidase 1; PPARα, peroxisome
proliferator-activated receptor alpha.
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(100mg L−1). The body weight, body length, liver and viscera weight
were recorded individually to calculate condition factor (CF), hepato-
somatic index (HSI), and viscerosomatic index (VSI), respectively.
Blood samples were drawn from the caudal part of the sedated fish in
each group. Two liver samples in each cage were collected to hema-
toxylin and eosin staining and Oil Red O staining. The six fish livers
from each floating cage was excised, fast frozen in liquid nitrogen for
RNA isolation. All samples were stored at −80 °C until analysis.

2.2.2. Challenge trial
After the growth trial, ten fish were picked out randomly from each

cage for the challenge test. Fish were arbitrarily divided into six groups.
Then, fish were injected by intraperitoneal injection with D-GalN
(500mg/kg, Yuanye Biologigal, Shanghai, China) and LPS (20 μg/kg,
Sigma, USA) in sterile phosphate buffered saline (pH 7.4). Control
group (without feeding XCHD) were given the same volume injection of
sterile saline only. Model group (without feeding XCHD) received D-
GalN/LPS and served as toxic control. XCHD groups were prophy-
lactically treated with XCHD at a dose of 150, 300, 600 or 1200mg/kg
each, respectively, and then received D-GalN/LPS. After 24 h of D-
GalN/LPS induced hepatotoxicity, blood and liver samples were

collected.

2.3. Sample analysis

2.3.1. Measurement of cell viability and hepatocytes function test
Hepatocytes were seeded into 96-well plates, and 2ml/L 20% LE or

XCHD (appropriate concentrations) was added 72 h later. Then, 10 μl of
CCK-8 (ABP Biosciences, Virginia,USA) was added, and the cells were
incubated for 2–4 h. The microplate reader (Thermo, MA, USA) was
used to determine the OD450. Proliferation inhibition rate (%)= ex-
periment well A450/control well A450× 100%. Each experiment was
repeated five times.

The cells under the different treatment conditions were collected,
then subjected to low-temperature sonication, followed by centrifuga-
tion at 12,000 rpm for 5min. The supernatant was collected, and the
cellular levels of triglycerides (TG) and cholesterol (CHOL) were de-
termined according to the manufacturer's instructions (TG: Zhicheng
Biological Technology, Shanghai, China; CHOL: Beckman Coulter,
Suzhou, China).

2.3.2. The hepatocytes morphological structure
Hematoxylin and eosin (H&E) staining was carried out to detect the

degree of hepatocyte steatosis and injury. Hepatocytes grown in 6-well
plates were collected, washed with phosphate buffered saline (PBS),
immobilized with 4% paraformaldhyde for 20min, washed in 0.1M
PBS four times for 2min each time. Then, dyed with hematoxylin and
eosin for 3–5min, immersed with isopropanol for 15s-1min, and then
pictured with microscope (200× , MshOt MS60). Tests were performed
in triplicates.

2.3.3. Growth performance and morphometric parameters
The fish in each cage were weighed and counted at the beginning

and the end of the experiment. Six fish per cage were randomly selected
for proximate analysis. The fish were dissected to calculate the weight
gain (WG), feed efficiency (FE), condition factor (CF), hepatosomatic
index (HSI) and viscerosomatic index (VSI). The formulae were calcu-
lated as following:

Weight gain (WG, %)= 100× (final body weight-initial body weight)/
initial body weight;

Feed efficiency (FE)=wet weight gain (g)/dry feed intake (g);
Condition factor (CF, g/cm3)= 100× (body weight, g)/(body length,
cm)3;

Viscerosomatic index (VSI, %)=100× (viscera weight, g)/(whole
body weight, g);

Hepatosomatic index (HSI, %)= 100× (liver weight, g)/(whole body
weight, g).

2.3.4. Chemical analysis
Whole body and muscle tissue were sampled for moisture, protein,

lipid and ash contents analyse. The moisture was analyzed by drying
the samples to a constant weight at 105 °C. Crude protein (N×6.25)
was determined using a Kjeldahl (FOSS 8400, Hoganos, Sweden) by the
Kjeldahl method after acid digestion. Crude lipid was analyzed through
ether extraction using Soxtec™ 2055 (FOSS, Hoganos, Sweden). Ash was
analyzed in a muffle furnace (FO610C, Yamato Scientific Co., Ltd.,
Tokyo, Japan) at 550 °C for 24 h.

2.3.5. Serum biochemical analysis
Blood samples were centrifuged at 3000 rpm for 15min at 4 °C to

obtain serum. Hematological parameters, including serum alkaline
phosphatase (ALP), alanine transaminase (ALT), aspartate transaminase
(AST), cholesterol (CHOL), lactate dehydrogenase (LDH), triglycerides
(TG), Cholinesterase (CHE) and total biliary acid (TBA) levels were

Table 1b
Primer sequences for real-time PCR.

Primers qPCR primers, forward/reverse (5′to3′)

CAT F: GCGTTTGGTTACTTTGAGGTGA
R: GAGAAGCGGACAGCAATAGGT

MnSOD F: TACGAGAAGGAGAGCGGAAGA
R: ATACCGAGGAGGGGGATGA

Keap1 F: CCAGAAGGAATGTGTGGCTAAA
R: TGGTTGGTCATCGGGTTGTA

Caspase-3 F: CGCAAAGAGTAGCGACGGA
R: CGATGCTGGGGAAATTCAGAC

Caspase-9 F: TTTTCCTGGTTATGTTTCGTGG
R: TTGCTTGTAGAGCCCTTTTGC

P53 F: GGCACCAAACAAACCAAAAAAC
R: GTCAAGCAACTCCAGACCATCA

β-Actin F: TACGAGCTGCCTGACGGACA
R: GGCTGTGATCTCCTTCTGC

F: forward primer; R: reverse primer. CAT, catalase; MnSOD, manganese
superoxide dismutase; Keap1, Kelch-like-ECH-associated protein 1.

Table 2
Composition and nutrient levels of experimental diets (g/kg).

Ingredients XCHD0 XCHD150 XCHD300 XCHD600 XCHD1200

Fish meal 450.00 450.00 450.00 450.00 450.00
Soybean meal 180.00 180.00 180.00 180.00 180.00
Flour 200.00 199.85 199.70 199.40 198.80
Soybean oil 50.00 50.00 50.00 50.00 50.00
Fish oil 50.00 50.00 50.00 50.00 50.00
Beer yeast powder 20.00 20.00 20.00 20.00 20.00
Monocalcium

phosphate
10.00 10.00 10.00 10.00 10.00

Lecithin 10.00 10.00 10.00 10.00 10.00
Choline chloride

(50%)
5.00 5.00 5.00 5.00 5.00

Vitamin C 5.00 5.00 5.00 5.00 5.00
Vitamin and mineral

premix
20.00 20.00 20.00 20.00 20.00

Xiaochaihu
Decoction

0.00 0.15 0.30 0.60 1.20

Nutrient levels (%)
Moisture 5.67 5.38 6.07 6.08 5.31
Crude protein 47.71 47.69 46.94 47.83 47.37
Crude lipid 15.27 15.17 15.31 15.30 14.90
Ash 12.31 12.09 12.11 12.00 12.13

Vitamin and mineral premix provided by Guangzhou Chengyi Aquatic Co., Ltd.,
China.

C. Zou, et al. Fish and Shellfish Immunology 91 (2019) 293–305

295



determined by standard spectrophotometric procedures in Guanzhou
First People's Hospital.

2.3.6. Liver histological and histochemical analyses
Liver specimens were dissected and fixed immediately in 4% neutral

buffered formalin after the fish were sacrificed. After the fixation, the
liver samples were dehydrated in ethanol, embedded in paraffin, sec-
tioned via hematoxylin and eosin (HE) stained. Formalinfixed (not
embedded in paraffin) and frozen fresh samples were cut in cryostat for
intracellular lipid detection by staining with Oil Red O. The relative
area of vacuolation and lipid droplets were analyzed by Image-Pro Plus
6.0.

2.3.7. RNA isolation and gene expression analysis
Total RNA was extracted from hepatocytes (or liver tissue) using

Trizol reagent (Invitrogen, Carlsbad, CA), and complementary DNA
(cDNA) was obtained using a RT-PCR kit (Transgen Biotech, Beijing,
China) according to the manufacturer's instructions. Relative mRNA
levels were assayed by quantitative real-time PCR (qPCR) method. The
primers used in this study are listed in Table 1a [27] and Table 1b [28].
SYBR dyes were purchased from YEASEN (Yeasen Biotech Co., Ltd.,
Shanghai, China) for real-time RT-PCR detection. The program was set
to run for one cycle at 94 °C for 1min, 40 cycles at 94 °C for 10 s, 40
cycles at 60 °C for 20 s and at 72 °C for 30 s. The relative amounts of
mRNAs were calculated using the 2−ΔΔCt method [29].

2.4. Statistical analyse

Statistical analyses were carried out using SPSS version 17.0 soft-
ware. Results are expressed as mean ± SD. The differences between
different groups were analyzed using one-way analysis of variance
(ANOVA). P value < 0.05 was considered statistically significant.

3. Results

3.1. In vitro

3.1.1. Effect of XCHD on LE-induced hepatocytes steatosis
To determine the cytotoxic effect, we used CCK-8 to detect the vi-

abilities of primary hepatocytes treated with different concentrations of
XCHD (Fig. 1A). The results showed that with 50–400 μg/ml of XCHD
were non-toxic to hepatocytes. However, XCHD at doses over 800 μg/
ml reduced cell viabilities. Thus, we chose 100, 200 and 400 μg/ml
XCHD as the low-, medium-, and high-dose groups for next experi-
ments. To confirm that XCHD could mitigate the lipid emulsion (LE)
induced decrease in hepatocytes viability, we pre-incubated hepato-
cytes for 48 h using 2ml/L 20% LE and then with a range of XCHD
concentrations incubated hepatocytes for 24 h; next, the cell viability
was analyzed (Fig. 1B). The results showed that XCHD significantly
reversed the LE-induced decrease in hepatocytes viability.

The cell lysis solution of both triglycerides (TG) and cholesterol
(CHOL) increased in model group to 2.1-fold and 1.6-fold, respectively,
compared with those in the control group (Fig. 1C). However, pre-
treatment with XCHD attenuated these increases.

As showed in Fig. 2, hepatocytes hematoxylin and eosin (H&E)
staining was performed to judge the hepatocytes structure of fatty de-
generation. There were remarkable differences between the normal and
model groups. The normal hepatocytes had almost no cell structure
injury and vacuole formation were observed in the model group. He-
patocyte swelling and hepatocyte vacuolization were slightly improve
in recovery group compared to model group. The cell structure injury
relieved significantly in XCHD treated groups compared with recovery
group. The relief of XCHD200 group was more obvious than those of the
other two groups.

3.1.2. Effect of XCHD on the expression of genes related to lipid metabolism
The mRNA levels of lipid metabolism related genes in hepatocytes

were determined by quantitative real-time PCR (Fig. 3). Adipogenesis
related genes (G6PD, ME1, FAS) mRNA levels in the model groups were
1.67, 1.97 and 1.30 times higher, respectively, than in the control group
(P < 0.05). Compared with the model group, the ME1 and FAS mRNA
levels were decreased in the recovery groups (P < 0.05), and the G6PD
mRNA levels showed no significant changes in these two groups
(P > 0.05). However, the mRNA expression of G6PD, ME1 and FAS
were clearly suppressed in the XCHD200 group, compared to the re-
covery groups (P < 0.05). There were no significant differences in
ATGL and PPARα mRNA levels among control, model and recovery
groups (P > 0.05). But the mRNA levels of ATGL and PPARα in he-
patocytes showed an increasing trend with XCHD levels up to 200 μg/
ml. The mRNA levels of LPL were significantly down-regulated in model
group, compared with the control group (P < 0.05). In the recovery
group, the expression of LPL was significantly higher than in the model
group (P < 0.05). Whereas the mRNA levels of LPL was significantly
higher in the XCHD post-treatment groups than in the recovery group
(P < 0.05).

3.2. In vivo

3.2.1. Growth performance, feed utilization and morphological parameters
Results of growth performance, feed utilization and morphometric

parameters for hybrid grouper fed different experimental diets for 8
weeks were shown in Table 3 and Table 4, respectively. Weight gain
(WG) of fish in the XCHD150 and the XCHD300 groups were sig-
nificantly higher than that of fish in the XCHD0 group (P < 0.05). Fish
in the XCHD0 group had the lower feed efficiency (FE) values than that
of fish in the other experimental groups (P < 0.05), except XCHD1600
group (P > 0.05). There was no significant difference in hepatosomatic
index (HSI) among all groups (P > 0.05).

3.2.2. Whole body and muscle composition as well as serum parameters
The effects of dietary XCHD on whole body and tissue composition

were shown in Table 5. Fish in the XCHD600 group contributed to re-
duced whole-body and muscle lipid levels (P < 0.05). The crude pro-
tein contents of whole-body and muscle in the XCHD300 and XCHD600
groups were significantly higher than that of fish in the XCHD0 group
(P < 0.05). No significant differences were obtained in moisture and
ash contents in whole body and muscle (P > 0.05).

There were significant differences in alkaline phosphatase (ALP),
alanine transaminase (ALT), aspartate transaminase (AST), cholesterol
(CHOL) and triglycerides (TG) concentrations among the treatment
groups (Table 6). ALP and AST of fish in the XCHD0 group was sig-
nificantly higher than that of fish in the XCHD300, XCHD600 and
XCHD1200 groups (P < 0.05). ALT and CHOL of fish in the XCHD300
and XCHD600 groups were significantly lower than that of fish in the
XCHD0 group (P < 0.05). The lowest TG contents were observed of
fish in the XCHD300 group, they were significantly lower than those of
the other groups (P < 0.05).

3.2.3. Histology and histochemistry of the liver
Findings of histopathological changes in liver of fish fed XCHD diets

are shown in Fig. 4. The results showed the XCHD0 group displayed
hepatocyte swelling, hepatocyte vacuolization and inflammatory cell
collection. However, compared to that of the XCHD0 group, dietary
supplementation with XCHD significantly improved vacuolation areas
(P < 0.05), especially with the 300 and 600mg/kg dose XCHD.

The dietary XCHD addition reduced the amount of hepatic lipid
droplets (Fig. 5A–E). These observations were further confirmed by the
areas quantified for lipid droplets in the Oil Red O-stained samples
(Fig. 5F). Quantification of the lipid content in the liver of fish in the
XCHD300 and XCHD600 groups were significantly lower than those in
the XCHD0 group (P < 0.05).
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3.2.4. Liver lipid metabolism related gene
Considering the important relationship between liver and lipid

metabolism, we further investigated the effect of XCHD on the tran-
scriptions of adipogenesis and lipolysis related genes (Fig. 6). The re-
sults showed the mRNA expression of adipogenesis-related genes
(G6PD, DGAT2 and ME1) were up-regulated in the XCHD0 group, while
concomitant with the improvement of steatosis, their expression re-
duced in the XCHD300, XCHD600 and XCHD1200 groups. In contrast,
lipolysis-related genes (ATGL, PPARα and LPL) transcription were no-
tably up-regulated by XCHD treating.

3.2.5. Challenge trial
Table 7 summarized the effect of XCHD and subsequent treatment of

D-GalN/LPS on the serum enzymatic in the experimental animals. The
parameters were abnormally altered due to D-GalN/LPS exposure. The
levels of alanine transaminase (ALT), aspartate transaminase (AST),
lactate dehydrogenase (LDH) and total biliary acid (TBA) in serum

increased significantly (P < 0.05) in model group, compared with the
control group. This trend was inhibited by the addition of XCHD, and
from the results, XCHD at the concentration of 300mg/kg reduced the
levels of these serum indices more than the other concentrations.

The extent of liver damage caused by D-GalN/LPS toxicity was
clearly evident through the hematoxylin-eosin staining in the histo-
pathological studies (Fig. 7A and B). Extensive hepatocellular damage
in the model group could be described through the presence of hepa-
tocyte vacuolization and deformed cellular margins. The signs of he-
patic damage were also visible in the XCHD treated groups, however
the extent of damage was much lower than the model group. This de-
monstrated amelioration of D-GalN/LPS induced liver damage by the
XCHD.

The mRNA levels of liver caspase-3, caspase-9, P53, catalase (CAT),
manganese superoxide dismutase (MnSOD) and Kelch-like-ECH-asso-
ciated protein 1 (Keap1) are presented in Fig. 7C. The hepatic levels of
caspase-3, caspase-9 and P53 mRNA in control animals were low, but

Fig. 1. Effects of XCHD on the cell viability and biochemical parameters of the primary hepatocytes from hybrid grouper. (A) Hepatocytes were incubated with XCHD
(50, 100, 200, 400 and 800 μg/ml) for 24 h, 48 h and 72 h. (B) Lipid emulsion (LE) (2ml/L) was used to pre-incubate hepatocytes for 48 h, and then, XCHD (100, 200
and 400 μg/ml) was used to incubate the cells for 24 h. (C) Effects of XCHD on the cell lysis solution TG and CHOL contents in 20% LE-induced hepatocytes. Control:
hepatocytes neither treated with 20% LE (2ml/L) nor XCHD; Model: hepatocytes treated with 20% LE (2ml/L) alone for 72 h; Recovery: hepatocytes treated with
20% LE (2ml/L) for 48 h, then incubated with normal medium for 24 h; XCHD (100, 200 and 400): hepatocytes were incubated with 20% LE (2ml/L) for 48 h, then
post-incubated with 100, 200 and 400 μg/mL of XCHD for 24 h. Cell viability was determined using the CCK-8 assay according to the absorbance value. Fig. 1A and B
experiments were repeated five times. Fig. 1C experiments were repeated three times. Means in the same raw with different superscripts are significantly different
(P < 0.05).

Fig. 2. Hematoxylin and eosin (H&E) staining to vi-
sualize the morphology of hepatocytes. (A) Control:
hepatocytes neither treated with 20% LE (2 ml/L) nor
XCHD; (B) Model: hepatocytes treated with 20% LE
(2 ml/L) alone for 72 h; (C) Recovery: hepatocytes
treated with 20% LE (2 ml/L) for 48 h, then in-
cubated with normal medium for 24 h; (D) XCHD100:
XCHD (100 μg/ml) + 20% LE (2 ml/L); (E)
XCHD200: XCHD (200 μg/ml) + 20% LE (2 ml/L);
(F) XCHD400: XCHD (400 μg/ml) + 20% LE (2 ml/
L); Each experiment was repeated three times. cn:
cell nucleus; st: structure injury; bar = 100 μm. All
slides are 200× magnification.
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24 h after D-GalN/LPS injection, the levels of caspase3, caspase9 and
P53 mRNA expression increased to 1.51-, 3.58- and 1.3-fold, respec-
tively, compared with those in the control group. These increases were
attenuated by pretreatment with XCHD. CAT and MnSOD showed a
significant reduce 24 h after D-GalN/LPS injection to 0.61 and 0.47
times, respectively, compared those of the control group. These reduces
were increased by XCHD pretreatment.

4. Discussion

Liver plays a pivotal role in metabolism and detoxification of en-
dogenous and exogenous hepatotoxicants [30,31]. Recently, fish fatty
liver diseases have been frequently reported and caused dramatic eco-
nomic loss in China [32,33]. It was proposed that high-lipid diets and
chemicals drug abuse may be the important causes of the disease [34].
So far, no effective methods have been found for the treatment for fatty
liver, and much attention has been focused on the use of medicinal
herbs to prevent and control this disease [35,36]. Our previous study
showed that Radix Bupleuri extracts (RBE) have significantly reduce
lipid accumulation effect and hepatoprotective in fish (unpublished
data). Importantly, Radix Bupleuri is usually used as monarch drug in
Xiaochaihu Decoction (XCHD) prescriptions [11]. The XCHD has been
widely used for several centuries as a folk medicine to ameliorate he-
patitis in China [37], whereas there have been no studies on the he-
patoprotective effect of this medicinal herbs in fish. Therefore, in the
present investigation, the hepatoprotective effects of XCHD were stu-
died using a lipid emulsion (LE)-induced steatosis model in primary
cultured hybrid grouper hepatocytes and a D-GalN/LPS-induced he-
patic damage model in hybrid grouper which were fed high lipid diets.

Lipid emulsion (LE) could be successfully used for cell model con-
struction. Previous reports showed that fish hepatocytes treated with
different concentration gradients of LE can induce fatty degeneration
[38]. The present study represents the first attempt to use the in vitro
model of LE-induced hepatocyte steatosis to study the hepatoprotective

effects of XCHD in fish. The levels of TG and CHOL in the LE model
group were significantly different from those in the control group, in-
dicating that hepatocytes had accumulated a lot of lipid. In general, TG
accumulation depends on the balance of hepatic lipid formation and
usage [39]. Similarly, previous study showed that hepatic triglycerides
had markedly accumulated in the treated fatty degenerated hepatocytes
of the grass carp Ctenopharyngodon idellus [40]. The hepatocytes mor-
phological changes were synchronous with the changes in TG and
CHOL contents. This observation indicated that hybrid grouper hepa-
tocytes fatty degeneration and the characteristics TG and CHOL in-
crease can be successfully induced by 20% LE. As expected, our results
confirmed that XCHD reduced LE-induced hepatocytes steatosis in a
dose-dependent manner, as evidenced by its restoring the cell viability,
reducing the lipid accumulated and improving the cell morphology. The
hepatocytes morphological structure strongly support these results; LE
caused various histological changes to the hepatocytes, including
multiple cell structure injury and karyopyknosis. These alterations were
attenuated by XCHD post-treatment with the affected hepatocytes
showing only mild necrosis and mild cell structure injury. Our results
suggest that XCHD may have potential applications for treating liver
diseases in fish.

Many studies have shown that hepatic steatosis is tightly associated
with lipid homeostasis [41]. Under normal physiological conditions,
there is a balance between the lipogenic and lipolysis of lipid, however,
the blocking lipid of the liver lipolysis is responsible for hepatic lipid
accumulation [42]. In addition to test lipid contents increase, our study
also provides evidence that treatment with XCHD could effectively
regulate the expression of certain lipid metabolism-related genes in
hepatocytes. At the molecular level, we found that XCHD significantly
down-regulated the expression of G6PD, ME1 and FAS, the key genes
involved in adipogenesis in hepatocytes. Reduced lipogenic enzymatic
expressions indicated that treatment XCHD could inhibit the lipogenic
rate, which in turn reduced lipid deposition in hepatocytes. Thus, the
reduction in lipid content for XCHD groups were the consequences of

Fig. 3. XCHD suppressed lipogenesis while enhancing lipolysis in 20% LE-treated hepatocytes. (A) Adipogenesis genes (G6PD, ME1 and FAS) and (B) lipolysis genes
(ATGL, LPL and PPARα) mRNA levels were measured by qRT-PCR. After pre-incubation with the 20% LE for 48 h, the cells were incubated with XCHD for 24 h in
MEM medium. Each experiment was repeated three times. Means in the same raw with different superscripts are significantly different (P < 0.05). G6PD: glucose 6-
phosphate dehydrogenase; ME1: malic enzyme 1; FAS: fatty acid synthase; ATGL: adipose triglyceride lipase; LPL: lipoprotein lipase; PPARα: peroxisome proliferator-
activated receptor alpha.

Table 3
Effects of dietary Xiaochaihu Decoction (XCHD) on growth performance and feed utilization in hybrid grouper.

Items XCHD0 XCHD150 XCHD300 XCHD600 XCHD1200

IBW(g) 25.42 ± 0.26 25.44 ± 0.31 25.37 ± 0.09 25.39 ± 0.17 25.53 ± 0.14
FBW(g) 78.91 ± 0.74a 85.89 ± 2.45bc 89.50 ± 2.12c 82.09 ± 4.12 ab 81.93 ± 4.34 ab
WG (%) 210.50 ± 3.55a 237.56 ± 5.76bc 252.62 ± 6.59c 222.12 ± 14.93 ab 219.91 ± 16.41 ab
FE 0.90 ± 0.01a 0.95 ± 0.07b 0.99 ± 0.02c 1.01 ± 0.04c 0.93 ± 0.01 ab

Values are means ± SD (n= 6) of three replications. Means in the same raw with different superscripts are significantly different (P < 0.05). IBW: initial body
weight; FBW: final body weight; WG: weight gain rate; FE: feed efficiency.
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decrease in the mRNA expression of genes encoding lipogenic enzymes.
Additionally, the mRNA levels of three pivotal genes involved in lipo-
lysis, including ATGL, LPL and PPARα, were significantly up-regulated
in hepatocytes. Previous evidences indicated that glycerol mainly ori-
ginated from the hydrolysis of triglycerides [43]. ATGL is the rate-
limiting enzyme that catalyzes the first step of TG hydrolysis to dia-
cylglycerol and fatty acids [44]. The suppressed ATGL expressions may
reflect a decrease in fatty acids from intracellular TG for oxidation and
export [45]. In fish, it was reported that dietary lipid levels could affect
LPL expression, lipid catabolic metabolism and lipogenesis [46,47]. LPL
acts on the triacylglycerols to release fatty acids that are transported to
the adipose tissue for storage or to other organs for oxidation [48].
PPARα is the key transcription factors that are involved in lipid meta-
bolism, which plays key roles in the regulation of catabolism of fatty
acids [49]. It activates lipid catabolism by regulating the expression of
target genes encoding enzymes in the liver [50]. Kim et al. found that,
PPARα mRNA is generally up-regulated by a high-fat diet in mammals,
which is in contrast to the current study [51]. Our study showed that
PPARα mRNA concentrations increased with increasing addition XCHD
concentrations. The up regulation of PPARα expression corresponded
well with the enhancement of the mRNA abundances of the lipolytic
gene ATGL and LPL. Thus, it was possible that treatment XCHD might
increase PPARα expression and up-regulate ATGL and LPL mRNA
concentrations and stimulate lipolysis, which in turn reduces lipid de-
position. Taken together, our results indicated that XCHD reduced the
expression of lipid biosynthesis genes and enhanced the expression of
key lipolysis-related genes, which affect lipid metabolism in the hepa-
tocytes of hybrid grouper.

In fish, the in vitro model of lipid emulsion (LE)-induced hybrid
grouper hepatocyte steatosis is established and applied in the present
study for the evaluation of the hepatoprotective effects of XCHD.
However, the effects of dietary XCHD on growth performance, serum
biochemical parameters, liver histology, and lipid metabolism, apop-
tosis and antioxidant-related genes expression of hybrid grouper are
unknown. So, a basal diet supplemented with XCHD at 0, 150, 300, 600
and 1200mg/kg was fed to hybrid grouper for 8 weeks, and then a
challenge trial was conducted by injection of D-GalN/LPS. Some studies
have shown that suitable dietary lipid requirement of hybrid grouper
was estimated to be 7–13% and that higher lipid levels in the diets
induce negative effects on growth and body lipid deposition [52,53].

The lipid content was significantly increased in the whole body and
liver when dietary lipids were increased to 15%, which was supported
by the findings of Tan et al. in the same fish species [54]. Bou et al. and
Guo et al. reported that high-lipid diet intake lead to an unwanted lipid
accumulation in tissue [55,56]. Increases in lipid accumulated also
increase the occurrence of fatty liver diseases [57]. Fatty liver diseases
not only suppress growth but also affects the health of fish [2]. Like
other fish, hybrid grouper fed high-lipid diets showed poor growth
performance and feeding efficiency [58]. During the 8-week feeding
trial, XCHD had significant effect on the growth rate of hybrid grouper.
Hybrid grouper fed XCHD150 and XCHD300 diets possessed markedly
higher weight gain (WG) than XCHD0 groups. Overdose of a XCHD will
produce negative effect on the growth performance of fish. Our pre-
vious studies reported that dietary medicinal herbs supplementation
resulted in higher WG but excess dose had adverse effects on growth
and feed utilization [28]. Punitha et al. showed that fish fed with a diet
supplemented with a mixture of medicinal herbs had higher weight
gain than the control fish, indicating that feeding with the herbal
mixture promotes weight gain [59]. Moreover, the feed efficiency (FE)
increased with increasing dietary XCHD concentrations. Previous study
showed that medicinal herbs significantly improved digestibility and
availability of nutrients resulting in an increase in feed conversion and
leading to a higher protein synthesis [60,61]. These results indicated
that XCHD can promote weight gain when they are administered to
cultured fish.

In fish, de novo lipogenesis mainly takes place in the liver and is
negligible in muscle and adipose tissue [62]. Long-term lipid accumu-
lation in hepatocytes induces liver dysfunction, which develops into
pathological damage [63]. Previous study showed that excessive ac-
cumulation of fat in the cytoplasm of liver was generally accompanied
by nuclear atrophy to a level such that the fish can be described as
having a pathological liver [64]. Blanchard et al. reported that when
the nucleus does not occupy the center of the cell is suggested patho-
logical accumulation of lipid [63]. When animals ingest high-fat diets,
large amounts of triglyceride are synthesized and deposited in vacuoles,
leading to steatosis [65]. Tan et al. also reported that the administration
of high lipid diets significantly increased occurrence rates of the he-
patocyte swelling, hepatocyte vacuolization [28]. In the present study,
histological examination of liver morphology with H&E staining in-
dicated that XCHD treatment resulted in a reduction in indices of

Table 4
Effects of dietary Xiaochaihu Decoction (XCHD) on morphometric parameters in hybrid grouper.

Items XCHD0 XCHD150 XCHD300 XCHD600 XCHD1200

HSI (%) 3.32 ± 0.19 2.99 ± 0.15 3.35 ± 0.08 3.21 ± 0.11 3.33 ± 0.31
VSI (%) 10.19 ± 0.04a 10.18 ± 0.11a 10.78 ± 0.04b 10.44 ± 0.19 ab 10.35 ± 0.50 ab
CF (g/cm3) 2.98 ± 0.11b 2.75 ± 0.09a 2.82 ± 0.08 ab 2.90 ± 0.07 ab 2.86 ± 0.05 ab

Values are means ± SD (n=6) of three replications. Means in the same raw with different superscripts are significantly different (P < 0.05). HSI: hepatosomatic
index; VSI: viscerosomatic index; CF: condition factor.

Table 5
Effects of dietary Xiaochaihu Decoction (XCHD) on whole body and muscle proximate composition in hybrid grouper.

Items XCHD0 XCHD150 XCHD300 XCHD600 XCHD1200

Whole body (%)
Moisture 70.82 ± 1.20 68.61 ± 2.61 70.48 ± 1.12 69.18 ± 0.53 68.50 ± 1.09
Crude protein 16.30 ± 0.18a 17.09 ± 0.38 ab 17.90 ± 1.23b 17.89 ± 0.39b 17.61 ± 0.95 ab
Crude lipid 7.53 ± 0.44b 6.93 ± 0.28 ab 6.62 ± 0.35 ab 6.36 ± 0.45a 7.27 ± 0.21 ab
Ash 4.45 ± 0.05 4.64 ± 0.25 4.59 ± 0.31 4.61 ± 0.15 4.66 ± 0.11
Muscle (%)
Moisture 77.91 ± 1.12 77.19 ± 0.34 76.60 ± 0.54 76.69 ± 0.88 77.34 ± 0.35
Crude protein 19.13 ± 0.33a 20.14 ± 0.12 ab 20.66 ± 0.64b 20.96 ± 0.87b 20.01 ± 0.08 ab
Crude lipid 2.63 ± 0.04c 2.50 ± 0.08bc 2.39 ± 0.08 ab 2.30 ± 0.06a 2.29 ± 0.07a
Ash 1.04 ± 0.08a 1.09 ± 0.03 ab 1.07 ± 0.01 ab 1.17 ± 0.07b 1.11 ± 0.03 ab

Values are means ± SD (n= 6) of three replications. Means in the same raw with different superscripts are significantly different (P < 0.05).
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hepatocellular damage such as swelling of hepatocytes, reduced hepa-
tocyte vacuolization and marked decrease nuclei shifting to the cellular
periphery, which suggested that XCHD is important for the prevention
of lipid accumulation in hepatocyte store after fed high lipid diets.
These findings indicate that XCHD treatment may normalize liver size.
Tian et al. and Jiang et al. also reported that degree of liver fibrosis of
the treatment XCHD were markedly lessened on the experimental he-
patic injury induced by carbon tetrachloride in rats [66,67]. XCHD
could significantly decrease liver distortion in architecture, ameliorate
cirrhotic nodule formation and preserve liver function in rats induced
by dimethylnitrosamine (DMN) [68]. Previous study also showed that
dietary supplementation with the optimum levels of medicinal herbs
could significantly improve apoptosis occurred in hepatocytes in GIFT
tilapia, Oreochromis niloticus [69]. In general, increases in dietary lipid
levels are associated with increases in lipid deposits in the tissue
[70,71]. In the present study, we used Oil Red O staining to examine the
effect of XCHD on lipogenesis in fish. Previous studies have indicated
that Xiaochaihu decoction low and high dose groups (0.6 and 1.2 g/mL)
were notably mitigated the degree of hepatocyte steatosis and induced
the content of lipid drops in rats [72]. XCHD also could induce liver
lipid deposition in diet-induced rat nonalcoholic hepatitis model [73].
To our knowledge, no study to date has investigated the effects of
dietary XCHD on liver histochemistry in fish, which makes comparison
rather difficult. However, lipid droplet content were remarkably re-
duced by the administration of XCHD, in good agreement with the re-
sults of biochemical tests and in vitro research. The XCHD

supplementation significantly decreased the liver lipid content in the
current study, which further confirms that XCHD has lipid-lowering
effects. Dietary XCHD supplementation reduced the lipid content in the
liver and hepatocytes. To investigate the mechanism for the variation of
lipid accumulation as a response to dietary XCHD addition, the mRNA
expression of genes related to lipid metabolism were analyzed. In the
present study, dietary XCHD supplementation was found to down-reg-
ulate adipogenesis genes mRNA levels but to up-regulate lipolysis genes
mRNA levels in the liver, which again correlated well with the reported
results in vitro. The present findings demonstrated the hepatoprotective
effects of XCHD against lipid deposition induced by high lipid diets in
fish.

It is known that liver disease can also be induced by chemical [74].
However, the pathogenesis of chemical induced hepatic injury in fish is
still unclear. D-GalN/LPS-induced hepatitis is a well-established model
of liver injury in human and other mammals [75]. This model has been
widely used to investigate the molecular mechanisms underlying the
pathophysiology of liver injury and evaluate the biological activities of
hepatoprotective agents [76]. Our previous study showed that the in
vitro and in vivo models of D-GalN/LPS induced hybrid grouper liver
injury was established and applied in study for the evaluation of the
hepatoprotective of medicinal herbs [25]. At 24 h after the D-GalN/LPS
injection, extensive apoptosis and necrosis injury occurred as a result of
D-GalN/LPS-induced fulminant hepatic injury. Our results are in
agreement with previous observations, where administration of D-
GalN/LPS resulted in an increase in serum AST, ALT, LDH and TBA

Table 6
Effects of dietary Xiaochaihu Decoction (XCHD) on hematological parameters in hybrid grouper.

Items XCHD0 XCHD150 XCHD300 XCHD600 XCHD1200

ALP (U/L) 175.67 ± 3.21b 149.50 ± 12.02 ab 128.50 ± 0.71a 140.50 ± 26.16a 138.00 ± 18.38a
ALT (U/L) 2741.00 ± 36.77b 2237.50 ± 62.93a 2216.50 ± 195.87a 2348.00 ± 260.22 ab 2498.50 ± 242.54 ab
AST (U/L) 165.00 ± 8.89b 165.50 ± 10.61b 119.50 ± 24.75a 123.50 ± 4.95a 126.00 ± 11.31a
CHOL (U/L) 9.24 ± 0.52b 7.44 ± 0.62a 7.31 ± 0.58a 8.11 ± 0.49 ab 8.46 ± 0.39 ab
TG (U/L) 2.40 ± 0.25b 1.71 ± 0.43 ab 1.15 ± 0.09a 1.70 ± 0.24 ab 1.80 ± 0.26 ab

Values are means ± SD (n= 6) of three replications. Means in the same raw with different superscripts are significantly different (P < 0.05). ALP: alkaline
phosphatase; ALT: alanine transaminase; AST: aspartate transaminase; CHOL: cholesterol; TG: triglycerides.

Fig. 4. Photomicrographs (400× ) of the histopathological examinations in the liver samples of different groups. (A) Liver from fish fed 0mg/kg XCHD (XCHD0); (B)
Liver from fish fed 150mg/kg XCHD (XCHD150); (C) Liver from fish fed 300mg/kg XCHD (XCHD300); (D) Liver from fish fed 600mg/kg XCHD (XCHD600); (E)
Liver from fish fed 1200mg/kg XCHD (XCHD1200); (F) Relative areas for hepatic vacuoles in H&E staining. Each experiment was repeated three times. Means in the
same column with different superscripts are significantly different (P < 0.05). ns: nuclei shifted to the periphery of the hepatocytes; va: vacuolation. bar= 50 μm.
All slides are 400× magnification.

C. Zou, et al. Fish and Shellfish Immunology 91 (2019) 293–305

300



levels, suggestive of liver injury. In the whole animal model, the in-
creased levels of AST, ALT, LDH and TBA are classical indicators of liver
damage [7]. The hepatoprotective effect of XCHD was evidenced by its
ability to decrease the AST, ALT, LDH and TBA levels after marked
release of AST, ALT, LDH and TBA into the circulation during D-GalN/
LPS intoxication. Simultaneously, according to histopathological ex-
aminations, livers challenged with D-GalN/LPS exhibited extensive
areas of vacuolization with the disappearance of nuclei and the loss of
hepatic architecture. However, severe hepatic lesions induced by D-
GalN/LPS were remarkably reduced by the administration of XCHD, in
good agreement with the results of biochemical tests. Apart from mild
hepatic damage, the liver had a nearly normal appearance in D-GalN/
LPS plus XCHD-treated hybrid grouper. These results were in ac-
cordance with our previous results as well [25]. XCHD pretreatment
showed a potent protective effect against D-GalN/LPS-caused acute
liver injury in fish, evidenced by a significant reduction of serum en-
zyme levels and the improvement of liver histopathology.

Oxidative stress is a recognized phenomenon in D-GalN/LPS-in-
duced liver damage. Previous study indicated that D-GalN/LPS-treat-
ment decreased the content of reduced the enzyme activities and the
mRNA expression of genes related to antioxidative in hybrid grouper
[25]. It has been documented that challenge with D-GalN/LPS resulted
in overproduction of ROS which plays a critical role in the development
of liver injury [77]. If there is an imbalance between the antioxidant
defense systems and production of ROS, oxidative stress will occur and
cause damage to cells through direct or indirect pathways [78]. Cells
have many mechanisms to protect themselves from the toxic effects of
free radicals, such as free radical scavengers and chain reaction ter-
minators [79]. In this study, the D-GalN/LPS challenge caused a sig-
nificant oxidative stress in the liver characterized by the formation of
lipidperoxides. However, we observed that mRNA levels of CAT and
MnSOD in the liver increased with increasing dietary XCHD levels up to
a certain level, whereas down-regulated the mRNA levels of Keap1 in
the liver of fish, compared to the model group. Therefore,

Fig. 5. Lipid visualization and quantification by Oil Red O staining show reduced lipid storage in the liver of hybrid grouper. (A) Liver from fish fed 0mg/kg XCHD
(XCHD0); (B) Liver from fish fed 150mg/kg XCHD (XCHD150); (C) Liver from fish fed 300mg/kg XCHD (XCHD300); (D) Liver from fish fed 600mg/kg XCHD
(XCHD600); (E) Liver from fish fed 1200mg/kg XCHD (XCHD1200); (F) Relative areas for lipid droplets in Oil Red O staining. Lipids appear red, and nuclei appear
blue after staining with Oil Red O. Each experiment was repeated three times. Means in the same raw with different superscripts are significantly different
(P < 0.05). Ld: lipid droplet. bar= 50 μm. All slides are 400× magnification. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 6. XCHD improved the hepatic mRNA expression of lipid metabolism related genes in hybrid grouper.(A) Lipogenic-related genes; (B) Lipolysis-related genes.
The results are presented as the mean ± SD of three replications. Means in the same column with different superscripts are significantly different (P < 0.05). G6PD:
glucose 6-phosphate dehydrogenase; DGAT2: acyl CoA diacylglycerol acyltransferase 2; ME1: malic enzyme 1; ATGL: adipose triglyceride lipase; PPARα: peroxisome
proliferator-activated receptor alpha; LPL: lipoprotein lipase; ACO1: acyl-CoA oxidase 1 .
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hepatoprotection of XCHD may be achieved by scavenging free radicals
and enhancing the activity of original natural hepatic-antioxidant en-
zymes to ameliorate oxidate stress from chemical-induced injury. It
suggests that the beneficial effect of XCHD is partially associated with
its anti-oxidative capacities.

In addition, we further investigated the mechanisms underlying
XCHD-mediated hepatoprotection, which may be related to its anti-
apoptotic properties. The anti-apoptotic property of XCHD was first
examined in fish. Indeed, previous studies have revealed that XCHD can
reduce apoptotic cell death in numerous injury models [79]. In D-GalN/

Table 7
Effects of dietary Xiaochaihu Decoction (XCHD) on serum biochemical indices in hybrid grouper.

Items Xiaochaihu Decoction (XCHD) concentration

Control (XCHD0) Model (XCHD0+D-GalN/LPS) XCHD150+D-GalN/LPS XCHD300+D-GalN/LPS XCHD600+D-GalN/LPS XCHD1200+D-GalN/LPS

ALP 143.00 ± 12.73a 185.00 ± 5.67b 152.00 ± 11.31 ab 139.50 ± 9.19a 166.50 ± 12.02 ab 172.50 ± 27.58 ab
ALT 2673.50 ± 74.25a 3497.67 ± 384.99b 2347.00 ± 208.02a 2542.50 ± 78.49a 2586.00 ± 216.37a 2797.00 ± 65.05a
AST 162.00 ± 5.66b 208.00 ± 9.90c 177.00 ± 2.83b 124.50 ± 2.12a 177.00 ± 8.49b 174.00 ± 5.66b
CHE 175.50 ± 3.54 ab 186.00 ± 14.14b 164.00 ± 8.49 ab 158.33 ± 6.51a 174.50 ± 9.19 ab 164.00 ± 19.80 ab
TBA 3.67 ± 0.23a 5.20 ± 0.14c 4.35 ± 0.49b 4.23 ± 0.15b 4.30 ± 0.14b 4.15 ± 0.07 ab
LDH 198.50 ± 3.54a 418.00 ± 89.10b 244.00 ± 16.97a 212.50 ± 65.76a 238.00 ± 16.97a 240.50 ± 24.75a

Note: Values are means ± SD (n=6) of three replications. Means in the same raw with different superscripts are significantly different (P < 0.05). Control:
injection of sterile saline only and without feeding XCHD; Model: injection of D-GalN (500mg/kg) and LPS (20 μg/kg) only and without feeding XCHD; ALP: alkaline
phosphatase; ALT: alanine transaminase; AST: aspartate transaminase; CHE: Cholinesterase; TBA: total biliary acid; LDH: lactate dehydrogenase.

Fig. 7. Effects of XCHD on D-GalN/LPS-induced liver injury. (A) Photomicrographs (400× ) of the histopathological examinations of the liver samples of different
groups. (B) Relative areas for hepatic vacuoles in H&E staining. (C) The mRNA expression of apoptosis genes (caspase-3, caspase-9 and P53) and antioxidant enzyme
genes (CAT, MnSOD and Keap1) were detected by qRT-PCR. Control: injection of sterile saline only and without feeding XCHD; (B) Model: injection of D-GalN/LPS
only and without feeding XCHD. The results are presented as the mean ± SD of three replications. Means in the same raw with different superscripts are significantly
different (P < 0.05). Typical images were chosen from each experimental group (original magnification 400×). sw: swelling cells; va: vacuolation; bar= 50 μm. All
slides are 400× magnification. CAT: catalase; MnSOD: manganese superoxide dismutase; Keap: Kelch-like- ECH-associated protein 1.
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LPS model, hepatocyte apoptosis is also assumed to be a key feature
involving liver damage and is associated with the initiation and pro-
gression of multiple inflammatory responses [80]. We also examined
the expression of the caspase-3, caspase-9 and p53 genes. As the most
important apoptosis-inducing genes in organisms, they play a central
role in inducing cell apoptosis [81]. In mammals, there are at least three
distinct but interactive apoptotic pathways: mitochondrial-mediated,
endoplasmic reticulum stress-mediated and death receptor-initiated
pathways [82]. Previous studies demonstrated that LPS increases the
permeability of cells and induces structural mitochondrial damage with
caspase-mediated apoptosis [82]. Caspases are a family of genes im-
portant for maintaining homeostasis by regulating apoptosis and in-
flammation [83]. Hepatocyte apoptosis has been recognized as a major
contributing mechanism for liver injury [84]. Caspases have been ca-
tegorized as either pro-apoptotic or pro-inflammatory factors, de-
pending on their participation in these cellular responses [85]. Caspase-
3 is closely associated with both death receptor- and mitochondrion-
dependent apoptosis [86]. It is the primary terminal cleavage and will
lead to hepatocyte apoptosis and eventually induce liver damage [87].
In our present study, caspase-3, caspase-9 and P53 levels markedly
increased in hybrid grouper challenged by D-GalN/LPS. These altera-
tions were attenuated by XCHD pretreatment, which suggests that
XCHD simultaneously down-regulates caspase-3, caspase-9 and P53
expression. P53 can stimulate a wide network of signals that act
through at least two apoptotic pathways, the intrinsic, mitochondrial
pathway and the extrinsic, death receptor pathway [88]. Similarly,
previous studies reported that P53 mRNA levels in the HepG2 and
Hep3B cells treated with saikosaponin D (one of radix bupleuri major
pharmacologically-active components) significantly decreased [89].
Apoptotic cells were also revealed in the high dose of XCHD groups,
which may be attributed to XCHD absorption through guts, resulting in
liver impairment. Since caspase-3, caspase-9 and P53 expression were
significantly up-regulated in fish fed high doses of XCHD, the present
study also demonstrated that addition of high doses of XCHD may in-
duce apoptosis and impaired the health of liver tissues.

The results presented herein demonstrate the hepatoprotective ef-
fects of XCHD in primary hybrid grouper hepatocytes against hepato-
toxicant and in hybrid grouper with hepatic damage. The detailed
mechanism of hepatoprotective action and the interactions among the
different components responsible for the hepatoprotective effect of
XCHD need to be investigated further. Additional, more detailed studies
are currently in progress.

In conclusion, the present study demonstrates, for the first time in
fish, XCHD reduces hepatic lipid accumulation and liver injury in hy-
brid grouper both in vitro and in vivo. It is showed that dietary admin-
istration of XCHD at concentrations of 150–300mg/kg for 56 days has
the potential to modulate growth parameters and expression of lipid
metabolism genes in hybrid grouper. In addition, XCHD pretreatment
also ameliorated the degree of structural damage and down-regulate
the apoptotic genes in D-GalN/LPS inflicted liver injury. These results
also provide useful information for dietary interventions to inhibit lipid
accumulation and improve the health of fish. XCHD can be used as a
hepatoprotective agent for treatment for fatty liver diseases.
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