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A B S T R A C T

The objective of this work was to investigate the effect of berberine (BBR) on the Cell viability, lipid accumu-
lation, apoptosis, cytochrome c, caspase-9 and caspase-3 in lipid accumulation-hepatocytes induced by sodium
palmitate in vitro. The lipid accumulation-hepatocytes (induced by 0.5 mM sodium palmitate for 24 h) were
treated with 5 μM berberine for 12 h. Then, the Cell viability, intracellular triglyceride (TG) content, lipid
peroxide (LPO), malonaldehyde (MDA) content, cytochrome c, caspase-9, caspase-3 and apoptosis were de-
tected. Sodium palmitate decreased Cell viability and increased intracellular TG content, lipid droplet accu-
mulation, LPO and MDA concentrations, caused caspase-3 and caspase-9 activation, then led to apoptosis ac-
companied by cytochrome c release from mitochondria into the cytoplasm. Beberine could improve intracellular
lipid droplet accumulation and oxidative stress, while reduce apoptosis induced by sodium palmitate.

1. Introduction

The dietary fat could not only provide energy in replacement of
protein, but also provide the essential fatty acid to promote growth for
fish. Raising the dietary fat level could decreased production costs.
Therefore, the use of fat-rich feeds was the current trend in intensive
aquaculture [1–4]. However, dietary fat level toward or over an upper
limit often led to excessive lipid accumulation in the some organs or
tissues of fish, especially in the liver [1,3,5]. The main form of lipids
stored in lipid droplets is triglyceride (TG) [6].

Liver is the main organ of lipid synthesis in fish, in which 90% lipid
was synthesized. The liver was the most active organ in the organism
which played an important role in detoxification of environmental
toxins and maintained the dynamic balance of amino acid-, carbohy-
drate- and fatty acid metabolism [7,8]. The excessive lipid accumula-
tion in fish caused serious health problems and reduced harvest yields
in farmer fish, which posed a great threat and caused considerable
economic losses. Indeed, some reports showed that excessive lipid ac-
cumulation caused metabolic alterations, abnormal oxidative status and
impairments of nutritional value and transformation yield, as well as
affecting organoleptic and physical properties in fish [9–11]. To im-
prove the situation of excessive lipid accumulation in fish, a series of
functional feed additives had been developed. Tea Catechin,Algae,

Radix isatidis, Eucommia ulmoides and pericarp had obvious effects on
the enhancement of fish immunity [12,13] Recently, berberine (BBR), a
kind of Chinese herbs, had received more attention to alleviate ex-
cessive lipid accumulation.

Berberine is a kind of isoquinoline alkaloid isolated from Chinese
medicinal herb, such as Coptidis Rhizoma, Coptis chinensis, Coptis teeta,
which had been used in traditional Chinese medicine (TCM) for cen-
turies [14,15]. Studies revealed that BBR might be used for the im-
provement of chronic ailments or diseases including diabetes. Berberine
had processed activity that exerted hepatoprotective, antioxidation,
anti-inflammator, blood glucose-lowering, antiarrhythmic, lipid-low-
ering effects [16,17]. In later studies on fish, berberine attenuated liver
damage induced by the high fat via the protection for mitochondria
[18]. Furthermore, berberine to high fat diet could improve liver fat
deposition and disorders. The lipid-lowering effects of berberine ap-
peared to be mediated by activating genes related with fatty acid oxi-
dation and decreasing genes for fatty acid uptake [19]. Our lab had
reported that berberine as a functional feed additive significantly in-
hibited the progression of oxidative stress, reduced the apoptosis and
enhanced the immunity of fish fed with high-fat diet [20–23].

However, all the above studies were experiments in vivo, lacking of
experiments in vitro. Hepatocytes were the main parts of the liver.
Some reports showed excessive nutrient intake and drug caused
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hepatocyte lipid accumulation [24,25] to harm liver. The hepatocyte
culture system in vitro had been used as a tool for xenobiotic meta-
bolism and toxicity studies recently [26–28]. In mammals, some scho-
lars had established the fatty liver model induced by free fatty acid via
constructing the cell culture system and screened some functional
components [29–31]. In fish, few scholars also established hepatocytes
fat accumulation model induced by free fatty acid or damage model
induced by carbon tetrachloride and explored the effect of Chinese
herbs in vitro [7,32,33].

In this study, we established sodium palmitate-induced hepatocyte
lipid accumulation model and explored the effects of berberine on lipid
accumulation, oxidative stress and apoptosis. The data might be im-
portant to elucidate if berberine could alleviate hepatocytes lipid ac-
cumulation, since this widely used dietary supplement could be a useful
modality for improvement fish lipid metabolism.

2. Materials and methods

2.1. Materials

The grass carp(Ctenopharyngodon idella) hepatocytes were obtained
from China Center for Type Culture Collection (Wuhan, Hubei, China).
MEMα, fetal bovine serum (FBS) were obtained from Gibco (Grand
Island, NY, USA). Penicillin, streptomycin, DPBS, 0.25% trypsin (in-
cluding EDTA) were purchased from thermo fisher scientific (Waltham,
MA,UK). Berberine (purity> 90%), Oil Red O, sodium palmitate were
purchased from Sigma-Aldrich(St.Louis, MO, USA). CCK-8 Assay Kit,
BCA Protein Assay Kit, Triglyceride Assay Kit, LPO Assay Kit, MDA
Assay Kit, Caspase-9 Activity Assay Kit, Caspase-3 Activity Assay Kit
were purchased from Jian Cheng Bioengineering Institute (Nanjing,
Jiangsu, China). Immunosorbent kit was obtained from ADL Co-Lab in
USA. The mitochondria/cytosol Fractionation Kit Beyotime Inst.
Biotech (Peking, China).

2.2. Cell culture and model establishment

The hepatocytes of grass carp were cultured using a previously
described methods [26–28] with some modifications. Briefly, the he-
patocytes were maintained in MEMα medium, supplemented with 10%
fetal bovine serum (FBS), 100 U/ml penicillin, and 100 U/ml strepto-
mycin in a humid atmosphere of 5% CO2 at 28 °C. The hepatocytes were
treated with different concentrations of sodium palmitate (SP, 0, 0.5,1,2
and 4mM) for 6, 12 and 24 h, respectively [32–36]. Four replicates
were performed for each treatment.

2.3. Cell treatments with berberine

Cell were seeded into cell culture plate for 24 h to 70–80% fusion
and pretreated with SP according to 2.2 experiment result. Then cell
were treated with 5 μM berberine(berberine was dissolved in 0.1%
DMSO)for 12 h [37]. The cells incubated with only SP and without SP
were taken as positive and negative controls respectively. 0.1% DMSO
was also used as a control. Four replicates were performed for each
treatment.

2.4. Cell viability assay

The cells were seeded on 96-well plates, after incubation with SP or
BBR, the Cell viability was measured using CCK-8 method according to
the manufacture's protocol [38]. In brief, 10 μl cck-8 solution was
added to individual well and incubated 2 h in a humidified incubator of
5% CO2 at 28 °C. Finally, the absorbance at 450 nm was measured using
an automatic micro plate spectrophotometer (Bio-Rad, USA). The cal-
culation formula was as follow: Cell viability (%) = (OD in treatment
group/OD in control)× 100%

2.5. Oil Red O staining and intracellular triglyceride (TG) content assay

Lipid accumulation in cells was evaluated by Oil Red O staining and
the measurement of triglyceride (TG) content. Intracellular lipid dro-
plets were detected by Oil Red O Staining as described previously [39].
The cells were seeded on 6-well plates, after incubation with SP or BBR,
cells were washed three times with DPBS and fixed with 10% for-
maldehyde for 30min. After fixation, cells were washed 3 times with
DPBS and stained with Oil Red O solution (60% Oil Red O stock solu-
tion and 40% distilled water) for 30min at 28 °C. After staining, in-
tracellular lipid droplets were observed using microscope (TE2000-E,
Nikon).

The cells were seeded on 6-well plates, after treatment, cells were
collected, and then centrifuged at 1, 000 rpm for 5min. The cell pellet
was resuspended in 1mL of cold Lysis buffer for 30min. The cell lysates
were used to measure TG level and protein content. Intracellular TG
level was measured with GPO-POD method using Triglyceride
Colorimetric Assay Kit (Nanjing, Jiangsu, China). The content of protein
in each sample was determined by BCA Protein Assay Kit (Nanjing,
Jiangsu, China). TG content was represented as μmol mg−1 cellular
protein.

2.6. Intracellular MDA and LPO contents measurement

The cells were seeded on 6-well plates, after BBR treatment, cells
were placed directly on ice and washed twice with cold DPBS and then
were scraped into Lysis buffer collected the solution. The supernatant
was obtained by centrifugation at 10, 000×g for 10min at 4 °C.The cell
lysates were used to measure MDA, LPO content and protein content
according to the instructions (Nanjing, Jiangsu, China). Lipid peroxide
level was determined by measuring the formation of MDA using the
method of Ohkawa et al. [40]. The MDA content was represented as
with nmol mg−1 cellular protein and the LPO content was expressed
with nmol mg−1 cellular protein [41].

2.7. Intracellular cytochrome c analysis

Cytochrome c in mitochondrial and cytosolic fractions was isolated
using the mitochondria/cytosol Fractionation Kit (Beyotime, Nantong,
China) [41]. After BBR treatment, cells were harvested and centrifuged
at 800r at 4 °C for 10min, the pellets combined with 0.2 mL of 20mM
N-2-hydroxyethylpiperazine-N0-20-ethanesulfonic acid (HEPES) buffer
containing protease inhibitor (phenylmethanesulfonyl fluoride,
1 mmol L−1), and disrupted using a glass tissue grinder. Homogenates
were centrifuged at 800r at 4 °C for 10min, the resulting supernatants
transferred to 0.5mL conical tubes, and further centrifuged at 10000r at
4 °C for 20min. The final supernatants and pellets, containing the cy-
tosolic and mitochondrial fractions, respectively, were analyzed for
protein content [42]. Cytochrome c concentration were determined
using ELISA Assay Kit (Nanjing Jiancheng, Jiangsu, China). The re-
maining steps were carried out according to the instructions supplied by
the manufacturer of the assay kit. The absorbance of each microwell
was read using 450 nm as the primary wavelength on an ELISA reader
[43].

2.8. Caspase-9 and caspase-3 activity assay

Caspase-9 and Caspase-3 activities were measured by spectro-
photometry using the Caspase 3/9 Activity Assay Kit (Nanjing
Jiancheng, Jiangsu, China). Caspase 3 can catalyze the substrates Ac-
DEVD-pNA (acetyl-asp-glu-val -Asp p-nitroanilide) to pNA (p-nitroani-
line). Caspase 9 can catalyze the substrates Ac-LEHD-pNA(acetyl-Leu-
Glu-His-Asp p-nitroanilide) to pNA (p-nitroaniline) which was strongly
absorbed near 405 nm (lambda= 405 nm or 400 nm). After BBR
treatment, 50 μL of cell lysates was mixed with 100 μL reaction buffer
and 5 μL of caspase-3 substrate or caspase-9 substrate, incubated at
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25 °C in the dark for 4 h, and the OD measured at 405 nm [42]. The
calculation formula was as follow: Caspase-9/or Caspase-3 ac-
tivity=measured OD value/control OD.

2.9. Cell apoptosis

Apoptotic cells were detected by Annexin V/FITC as described
previously [44]. After BBR treatment, cell suspensions were collected
and calculated. The cells (1× 105/ml) were centrifuged at 1000r/min
for 5min, collected and suspended with 500 μl binding buffer. 500 μl
cells suspension were stained by mixing with 5 μl each of Annexin V
–FITC and PI and incubated at room temperature in the dark for 10min.
Then the number of apoptotic cells was analyzed immediately using the
flow cytometer.

2.10. Statistical analysis

All results were shown as the mean ± standard error (X± SEM)
and were analyzed using SPSS 20.0 statistics software. Data were sub-
jected to one-way analysis of variance and Duncan's multiple range
tests. P < 0.05 was considered to be significant statistically. According
previous study, prior to statistical analysis, normality and homogeneity
of variance were checked by using the Shapiro–Wilk test (Farrell &
Rogers-Stewart 2006) and Levene's test (Brown & Forsythe 1974), re-
spectively.

3. Result

3.1. Hepatocyte viability

As shown in Table 1, hepatocyte viability was significantly
(P<0.05) affected by sodium palmitate concentration. The hepatocyte
viability significantly (P<0.05) decreased with the concentration of
sodium palmitate increased compared with the control. In addition,
hepatocyte viabilities in 1, 2 and 4mM sodium palmitate groups were
significantly (P< 0.05) lower than that of in 0.5mM group.

3.2. Hepatocyte lipid accumulation

As shown in Fig. 1, the hepatocytes in 0.5, 1, 2, 4 mM sodium pal-
mitate groups were stained by Oil Red O dye compared with the con-
trol. As shown in Fig. 2, compared with the control, the intracellular TG
content in 0.5, 1, and 2mM sodium palmitate groups significantly
(P<0.05) increased, while that in 4mM group significantly(P<0.05)
decreased. When the concentration of sodium palmitate was 0.5 mM,
intracellular triglyceride (TG) content was the most.

3.3. Berberine on sodium palmitate-induced hepatocyte viability

As shown in Fig. 3, compared with the control, the hepatocytes
viabilities in DMSO and BBR groups had no significant(P> 0.05)
change, the hepatocytes viability in SP group significantly (P<0.05)
decreased. Compared with the SP group, the hepatocytes viability in
SP + BBR group increased significantly (P < 0.05).

3.4. Berberine on sodium palmitate-induced hepatocyte lipid accumulation

As shown in Fig. 4, compared with the control group, the hepato-
cytes in SP group were stained obviously by Oil Red O solution. Com-
pared with the SP group, the hepatocytes in SP + BBR group were
stained slighter. At the same time, the intracellular TG content was
measured quantitatively by TG Assay Kit. As shown in Fig. 5, compared
with the control, the intracellular TG contents in SP group and
SP + BBR group significantly (P< 0.05) increased, while TG content in
BBR group significantly (P<0.05) decreased. Compared with the SP
group, intracellular TG content in SP + BBR group significantly
(P< 0.05) decreased.

3.5. Berberine on sodium palmitate-induced hepatocyte LPO and MDA
contents

As shown in Fig. 6, compared with the control, the intracellular LPO
content in SP group significantly (P<0.05) increased. Compared with
the SP group, the LPO content in SP + BBR group significantly
(P< 0.05) decreased. As shown in Fig. 7, the change of intracellular
MDA content was same to LPO. Compared with the control, the MDA
content in SP and SP + BBR groups significantly (P< 0.05) increased.

3.6. Berberine on sodium palmitate-induced hepatocyte apoptosis

As shown in Fig. 8, compared with the control, the levels of apop-
tosis in SP, BBR and SP + BBR groups significantly (P< 0.05) in-
creased. Compared with the SP group, the levels of apoptosis in
SP + BBR group significantly (P<0.05) decreased.

3.7. Berberine on sodium palmitate-induced hepatocyte cytochrome c
content

As shown in Fig. 9, compared with the control, the mitochondrial
cytochrome c in SP group significantly (P<0.05) decreased, while
there were no no significant (P> 0.05) changes in DMSO, BBR and
SP + BBR groups. The cytoplasm cytochrome c in SP, BBR and
SP + BBR groups significantly (P< 0.05) increased. Compared with
the SP group, the mitochondrial cytochrome c in SP + BBR group
significantly (P<0.05) increased, and the cytoplasm cytochrome c in
SP + BBR group significantly (P<0.05) decreased.

3.8. Berberine on sodium palmitate-induced hepatocyte caspase-9 and
caspase-3 activity

As shown in Fig. 10, compared with the control, the intracellular
caspase-9 and caspase-3 activities in SP, BBR and SP + BBR groups
significantly (P<0.05) increased. Compared with the SP group, cas-
pase-9 and caspase-3 activities in SP + BBR group significantly
(P< 0.05) decreased.

4. Discussion

In the present study, we had demonstrated that berberine (5 μM
berberine) could alleviate cellular lipid metabolic disorder, including

Table 1
Sodium palmitate on grass carp hepatocyte activity.

T T/C%

0mM (control) 0.5mM 1mM 2mM 4mM

6 h 100.00 ± 0.00a 72.36 ± 5.52b 56.49 ± 3.72c 53.33 ± 5.02c 48.54 ± 2.48c

12 h 100.00 ± 0.00a 70.71 ± 6.10b 61.45 ± 4.31c 55.97 ± 4.66c 43.35 ± 2.72d

24 h 100.00 ± 0.00a 77.58 ± 3.23b 58.02 ± 4.23c 54.50 ± 4.15c 42.29 ± 3.85d

Data were expressed with mean ± SEM (n=4). Bars assigned with different lines were significantly (P< 0.05) different.
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lipid peroxidation level and apoptosis in sodium palmitate-induced
(0.5 mM, for 24 h) lipid accumulation hepatocytes in vitro. This was in
agreement with our previous studies that had shown BBR played an
important role in improvements high-fat diet-induced fish lipid meta-
bolic disorder by reducing oxidative stress in vivo.

Firstly, in this study, lipid accumulation-hepatocytes model was
established successfully. The hepatocyte viability decreased while in-
tracellular TG content increased in a dose-dependent manner with the

concentration of palmitic acid increased. The results were same to Hu
et al. [45] and Jambor de Sousa et al. [46] studies. In this present study,
the results indicated that 0.5 mM sodium palmitic increased hepato-
cytes TG content, MDA,LPO content, decreased Cell viability and in-
duced apoptosis. According to the results of Cell viability and lipid
accumulation, it suggested 0.5 mM sodium palmitate was used in this
model of lipid accumulation in vitro. It was reported 0.5mM paltimate
acid could induce lipid accumulation in RIN-5F cell line [47]. Li et al.
[48] used 0.25mM palmitic acid to induce lipid accumulation in NIT-1
pancreatic β cells. Subsequently, 01mM palmitate induced triglyceride
accumulation in primary culture bovine satellite cells [49]. And Xiao
et al. [35] used 0.4mM palmitic acid to induce intracellular lipid ac-
cumulation in HepG2 cells. The different concentration of palmitic acid
was used to induce lipid accumulation in cells, which might be due to
the difference of cell types, sources and culture conditions. Most
available studies demonstrate that fatty acid increased cell lipid accu-
mulation [7,32,34], induced oxidative stress [50,51], decreased Cell
viability [45,46] and caused apoptosis [34,45,52].

Recently, berberine as a regulating agent played an important role
in attenuating PA-induced lipid accumulation [53–55], ameliorating
fatty acid-induced oxidative stress [56] and reducing PA-induced
apoptosis [57] of cells in vitro. Zhao et al. [48]reported that BBR could
inhibit palmitic acid-induced lipid accumulation by decreasing lipo-
genesis and increasing lipid oxidation in NIT-1 pancreatic β cells. Ber-
berine could alleviate lipid accumulation in endothelial cell induced by

Fig. 1. Hepatocyte lipid accumulation.

Fig. 2. S> odium palmitate> on hepatocyte TG content.
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oleic acid, which might be due to the activation of the AMPK-eNOS
signaling pathway [58]. Therefore, we conclude that berberine plays a
significant role in lipid accumulation within hepatocytes. Consistent
with those data, this study demonstrates berberine could improve lipid
accumulation in hepatocytes induced by 0.5 mM sodium palmitate.
How did berberine decrease hepatocytes lipid accumulation?

Though, our previous study demonstrated that berberine as a
functional feed additive significantly inhibited the progression of oxi-
dative stress, reduced the apoptosis and enhanced the immunity of fish
fed with high-fat diet [20–22,59]. Hasanein et al. had reported that
berberine alleviated lipid peroxidation induced by lead acetate in rats
[60]. Lee et al. suggested that berberine might improve colitis by in-
hibiting lipid peroxidation, enterobacterial growth and NF-κB

activation [61]. Based on those, we inferred that berberine could reg-
ulate oxidative stress and immunity, improve cell function including
Cell viability, cell apoptosis to ameliorate the metabolic properties of
cells. Furthermore, we verified preliminarily via experiments in vitro.
In this study, we found berberine could decrease lipid peroxidation
level in hepatocytes. It was consistent with the above studies.

Apoptosis was one of major types of cell death, a key and active
process to keep tissue homeostasis and to clear potentially harmful cells
away in multicellular organisms [62], and inappropriate apoptosis was
widely involved in the pathophysiology of diseases [63]. It was re-
ported that free fatty acids induce JNK-dependent hepatocyte lipoa-
poptosis. Recently, many literature reported that palmitic acid could
induce apoptosis of many kinds of cells, such as Huh-7 cells [64], AML

Fig. 3. Berberine on> sodium palmitate> -induced hepatocyte viability.

Fig. 4. Berberine on> sodium palmitate> -induced hepatocyte lipid accumulation.
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Fig. 5. Berberine on> sodium palmitate> -induced hepatocyte TG content.

Fig. 6. Berberine on> sodium palmitate> -induced hepatocyte LPO content.

Fig. 7. Berberine on> sodium palmitate> -induced hepatocyte MDA content.
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Fig. 8. Berberine on> sodium palmitate> -induced hepatocyte apoptosis.

S.-S. Yang, et al. Fish and Shellfish Immunology 88 (2019) 518–527

524



12 cells [65], astrocytes [66], pancreatic NIT-1 beta cells [67], podo-
cyte [52], cardiomyocyte [68], sertoli cell [69], and kidney tubular
cells. In the present study, we demonstrated that sodium palmitate in-
creased hepatocyte apoptosis which was consistent with the above re-
ports. To understand the role of berberine on lipid accumulation-he-
patocyte apoptosis, some parameters related to cell apoptosis were
measured including apoptosis, cytochrome c, caspase-9 and caspase-3.
The result indicated that berberine could significantly (P<0.05) de-
creased cell apoptosis, the content of cytochrome c in cytoplasm, the
activity of caspase-9 and caspase-3 in lipid accumulation-hepatocytes.
It was reported that caspase-3 could be activated through the mi-
tochondria, by the release of cytochrome c, which activated the apop-
totic protease apoptotic protease-activating factor 1 (Apaf-1), leading to
the activation of caspase-9 [70]. The result of the present study con-
tributed to the overall understanding of the mechanism that berberine
decrease cell apoptosis induced by sodium palmitate.

As a whole, the current study demonstrated that berberine could
improve intracellular lipid droplet accumulation and oxidative stress,
while reduce cell apoptosis induced by sodium palmitate in vitro. The
result was consistent with our previous studies in vivo. These findings
provided theoretical basis for that berberine could be considered a
potential candidate to improve the excessive lipid accumulation in fish.
How did berberine decrease hepatocytes lipid accumulation? What was

the connection of berberine and immunity? Further studies were still
needed to elucidate those using cell culture system in vitro.

Acknowledgments

This work was supported by the the National Natural Science
Foundation of China (NSFC) (31472292) and Agri-X2017003.

References

[1] K.L. Lu, W.N. Xu, X.F. Li, W.B. Liu, L.N. Wang, C.N. Zhang, Hepatic triacylglycerol
secretion, lipid transport and tissue lipid uptake in blunt snout bream (Megalobrama
amblycephala) fed high-fat diet, Aquaculture 408–409 (2013) 160–168.

[2] K.L. Lu, W.N. Xu, W.B. Liu, L.N. Wang, C.N. Zhang, X.F. Li, Association of mi-
tochondrial dysfunction with oxidative stress and immune suppression in blunt
snout bream Megalobrama amblycephala fed a high-fat diet, J. Aquat. Anim. Health
26 (2) (2014) 100–112.

[3] S.M. Lee, I.G. Jeon, J.Y. Lee, Effects of digestible protein and lipid levels in practical
diets on growth, protein utilization and body composition of juvenile rockfish
(Sebastes schlegeli), Aquaculture 211 (1) (2002) 227–239.

[4] X. Li, Y. Jiang, W. Liu, X. Ge, Protein-sparing effect of dietary lipid in practical diets
for blunt snout bream (Megalobrama amblycephala) fingerlings: effects on digestive
and metabolic responses, Fish Physiol. Biochem. 38 (2) (2012) 529–541.

[5] M.P. Richards, M. Proszkowiec-Weglarz, Mechanisms regulating feed intake, energy
expenditure, and body weight in poultry, Poultry Sci. 86 (7) (2007) 1478–1490.

[6] W. Liu, R.D. Baker, T. Bhatia, L. Zhu, S.S. Baker, Pathogenesis of nonalcoholic
steatohepatitis, Cell. Mol. Life Sci. 73 (10) (2016) 1969–1987.

Fig. 9. Berberine on> sodium palmitate> -induced hepatocyte cytochrome c.

Fig. 10. Berberine on> sodium palmitate> -induced hepatocyte caspase-9 and caspase-3 activity.

S.-S. Yang, et al. Fish and Shellfish Immunology 88 (2019) 518–527

525

http://refhub.elsevier.com/S1050-4648(19)30129-9/sref1
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref1
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref1
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref2
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref2
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref2
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref2
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref3
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref3
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref3
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref4
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref4
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref4
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref5
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref5
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref6
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref6


[7] R. Lu, X. Liang, J. Sun, F. Yang, M. Wang, X. Li, X. Bai, Establishment of a model of
grass carp hepatocyte steatosis and analysis of lipid metabolism gene expression,
China Science Journal 22 (1) (2015) 24–32.

[8] P. Gjesdal, Assessment of Growth Performance and Liver Lipid Accumulation in
Atlantic Salmon (Salmo salar) Fed an Insect-Based Diet, The University of Bergen,
Norway, 2018, pp. 1–12.

[9] Y. Li, Z. Jia, X. Liang, D. Matulic, M. Hussein, J. Gao, Growth performance, fatty-
acid composition, lipid deposition and hepatic-lipid metabolism-related gene ex-
pression in juvenile pond loach Misgurnus anguillicaudatus fed diets with different
dietary soybean oil levels, J. Fish. Biol. 92 (1) (2018) 17–33.

[10] Y. Li, Y. Zhao, Y. Zhang, X. Liang, Y. Zhang, J. Gao, Growth performance, fatty acid
composition, peroxisome proliferator‐activated receptors gene expressions, and
antioxidant abilities of blunt snout bream, Megalobrama amblycephala, fingerlings
fed different dietary oil sources, J. World Aquacult. Soc. 46 (4) (2015) 395–408.

[11] Z.Y. Du, P. Clouet, W.H. Zheng, P. Degrace, L.X. Tian, Y.J. Liu, Biochemical hepatic
alterations and body lipid composition in the herbivorous grass carp
(Ctenopharyngodon idella) fed high-fat diets, Br. J. Nutr. 95 (5) (2006) 905–915.

[12] Y.T. Wu, J. Li, J.L. Zhen, X.Y. Sun, H.L. Sun, Application of functional feed additives
in the aquaculture, China Feed (10) (2007) 24–26.

[13] H. Nakagawa, Control of lipid levels in cultured fish, Aquaculture Science 45 (3)
(1997) 417–421.

[14] H.L. Tan, K.G. Chan, P. Pusparajah, A. Duangjai, S. Saokaew, T. Mehmood Khan,
L.H. Lee, B.H. Goh, Rhizoma Coptidis: a potential cardiovascular protective agent,
Front. Pharmacol. 7 (2016) 362.

[15] A. Kumar, Ekavali, K. Chopra, M. Mukherjee, R. Pottabathini, D.K. Dhull, Current
knowledge and pharmacological profile of berberine: an update, Eur. J. Pharmacol.
761 (2015) 288–297.

[16] X. Ma, Z. Chen, L. Wang, G. Wang, Z. Wang, X. Dong, B. Wen, Z. Zhang, The pa-
thogenesis of diabetes mellitus by oxidative stress and inflammation: its inhibition
by berberine, Front. Pharmacol. 9 (2018) 782.

[17] C.H. Huang, Z.W. Huang, F.M. Ho, W.H. Chan, Berberine impairs embryonic de-
velopment in vitro and in vivo through oxidative stress‐mediated apoptotic pro-
cesses, Environ. Toxicol. 33 (3) (2018) 280–294.

[18] K.L. Lu, L.N. Wang, D.D. Zhang, W.B. Liu, W.N. Xu, Berberine attenuates oxidative
stress and hepatocytes apoptosis via protecting mitochondria in blunt snout bream
Megalobrama amblycephala fed high-fat diets, Fish Physiol. Biochem. 43 (1) (2017)
65–76.

[19] W. Zhou, S. Rahimnejad, K. Lu, L. Wang, W. Liu, Effects of berberine on growth,
liver histology, and expression of lipid-related genes in blunt snout bream
(Megalobrama amblycephala) fed high-fat diets, Fish Physiol. Biochem. (2018) 1–9.

[20] K.L. Lu, D.D. Zhang, L.N. Wang, W.N. Xu, W.B. Liu, Molecular characterization of
carnitine palmitoyltransferase IA in Megalobrama amblycephala and effects on its
expression of feeding status and dietary lipid and berberine, Comp. Biochem.
Physiol. B Biochem. Mol. Biol. 191 (2016) 20–25.

[21] W.N. Xu, D.H. Chen, Q.Q. Chen, W.B. Liu, Growth performance, innate immune
responses and disease resistance of fingerling blunt snout bream, Megalobrama
amblycephala adapted to different berberine-dietary feeding modes, Fish Shellfish
Immunol. 68 (2017) 458–465.

[22] W.N. Xu, D.H. Chen, W.B. Liu, J.X. Xu, S.S. Yang, Molecular characterization of
microtubule-associated protein 1-light chain 3B in Megalobrama amblycephala fed
with high fat/berberine diets, J. Appl. Genet. 59 (3) (2018) 345–355.

[23] Q.Q. Chen, W.B. Liu, M. Zhou, Y.J. Dai, C. Xu, H.Y. Tian, W.N. Xu, Effects of ber-
berine on the growth and immune performance in response to ammonia stress and
high-fat dietary in blunt snout bream Megalobrama amblycephala, Fish Shellfish
Immunol. 55 (2016) 165–172.

[24] N. Sahini, J. Borlak, Recent insights into the molecular pathophysiology of lipid
droplet formation in hepatocytes, Prog. Lipid Res. 54 (2014) 86–112.

[25] H. Xu, C. Wang, Y. Zhang, Y. Wei, M. Liang, Moderate levels of dietary arachidonic
acid reduced lipid accumulation and tended to inhibit cell cycle progression in the
liver of Japanese seabass Lateolabrax japonicus, Sci. Rep. 8 (1) (2018) 10682.

[26] H. Li, X. Zhang, Q. Qiu, Z. An, Y. Qi, D. Huang, Y. Zhang, 2,4-dichlorophenol in-
duces apoptosis in primary hepatocytes of grass carp (Ctenopharyngodon idella)
through mitochondrial pathway, Aquat. Toxicol. 140–141 (2013) 117–122.

[27] B. Liu, Y. Cui, P.B. Brown, X. Ge, J. Xie, P. Xu, Cytotoxic effects and apoptosis
induction of enrofloxacin in hepatic cell line of grass carp (Ctenopharyngodon
idellus), Fish Shellfish Immunol. 47 (2) (2015) 639–644.

[28] Y.T. Cui, B. Liu, J. Xie, P. Xu, H.M. Habte-Tsion, Y.Y. Zhang, The effect of emodin on
cytotoxicity, apoptosis and antioxidant capacity in the hepatic cells of grass carp
(Ctenopharyngodon idellus), Fish Shellfish Immunol. 38 (1) (2014) 74–79.

[29] J.H. Chu, H. Wang, Y. Ye, P.K. Chan, S.Y. Pan, W.F. Fong, Z.L. Yu, Inhibitory effect
of schisandrin B on free fatty acid-induced steatosis in L-02 cells, World J.
Gastroenterol. 17 (19) (2011) 2379–2388.

[30] H.Y. Kwan, W.F. Fong, Z. Yang, Z.-L. Yu, W.-L.W. Hsiao, Inhibition of DNA-de-
pendent protein kinase reduced palmitate and oleate-induced lipid accumulation in
HepG2 cells, Eur. J. Nutr. 52 (6) (2012) 1621–1630.

[31] X.X. Li, J. Sun, H. Ji, H.J. Chen, Influence of fatty acids on lipid accumulation and
apoptosis status of grass carp ctenopharyngodon idellus hepatocyte in vitro, Acta
Hydrobiol. Sin. 41 (1) (2017) 56–63.

[32] J. Du, R. Jia, L.P. Cao, W. Ding, P. Xu, G. Yin, Effects of Rhizoma Alismatis extract
on biochemical indices and adipose gene expression in oleic acid-induced hepato-
cyte injury in Jian carp (Cyprinus carpio var. Jian), Fish Physiol. Biochem. 44 (3)
(2018) 747–768.

[33] Y.J. Liu, J.L. Du, L.P. Cao, R. Jia, Y.J. Shen, C.Y. Zhao, P. Xu, G.J. Yin, Anti-in-
flammatory and hepatoprotective effects of Ganoderma lucidum polysaccharides on
carbon tetrachloride-induced hepatocyte damage in common carp (Cyprinus carpio
L.), Int. Immunopharmacol. 25 (1) (2015) 112–120.

[34] M. Ricchi, M.R. Odoardi, L. Carulli, C. Anzivino, S. Ballestri, A. Pinetti, L.I. Fantoni,
F. Marra, M. Bertolotti, S. Banni, Differential effect of oleic and palmitic acid on
lipid accumulation and apoptosis in cultured hepatocytes, J. Gastroenterol.
Hepatol. 24 (5) (2010) 830–840.

[35] X. Xiao, H. Li, X. Qi, Y. Wang, C. Xu, G. Liu, G. Wen, J. Liu, Zinc alpha2 glycoprotein
alleviates palmitic acid-induced intracellular lipid accumulation in hepatocytes,
Mol. Cell. Endocrinol. 439 (2016) 155.

[36] H.Y. Kwan, W.F. Fong, Z.J. Yang, Z.L. Yu, W.L.W. Hsiao, Inhibition of DNA-de-
pendent protein kinase reduced palmitate and;oleate-induced lipid accumulation in
HepG2 cells, Eur. J. Nutr. 52 (6) (2013) 1621–1630.

[37] D.H. Chen, Q.Q. Chen, H.Y. Tian, H.J. Shi, W.B. Liu, Chinese herbal extract ber-
berine on oxidative stress and apoptosis in the hepatic cells of grass carp
(Ctenopharyngodon idellus), J. Fish. Sci. China 25 (6) (2018) 1281–1288.

[38] K. Yoshimura, A. Tanimoto, T. Abe, M. Ogawa, T. Yutsudo, M. Kashimura,
S. Yoshida, Shiga toxin 1 and 2 induce apoptosis in the amniotic cell line WISH, J.
Soc. Gynecol. Invest. 9 (1) (2002) 22.

[39] Y.T. Yeh, Y.Y. Cho, S.C. Hsieh, A.N. Chiang, Chinese olive extract ameliorates he-
patic lipid accumulation in vitro and in vivo by regulating lipid metabolism, Sci.
Rep. 8 (1) (2018) 1057.

[40] H. Ohkawa, N. Ohishi, K. Yagi, Assay for lipid peroxides in animal tissues by
thiobarbituric acid reaction, Anal. Biochem. 95 (2) (1979) 351–358.

[41] C.E. Hanzel, S.V. Verstraeten, Tl (I) and Tl (III) activate both mitochondrial and
extrinsic pathways of apoptosis in rat pheochromocytoma (PC12) cells, Toxicol.
Appl. Pharmacol. 236 (1) (2009) 59–70.

[42] M.M. Bradford, A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding, Anal. Biochem.
72 (1–2) (1976) 248–254.

[43] W.N. Xu, W.B. Liu, Z.P. Liu, Trichlorfon-induced apoptosis in hepatocyte primary
cultures of Carassius auratus gibelio, Chemosphere 77 (7) (2009) 895–901.

[44] L. Ren, Z. Li, C. Dai, D. Zhao, Y. Wang, C. Ma, C. Liu, Chrysophanol inhibits viability
and induces apoptosis through NF-kappaB/cyclin D1 and NF-kappaB/Bcl-2 sig-
naling cascade in breast cancer cell lines, Mol. Med. Rep. 17 (3) (2018) 4376–4382.

[45] X. Hu, X. Ge, W. Liang, Y. Shao, J. Jing, C. Wang, R. Zeng, B. Yao, Effects of sa-
turated palmitic acid and omega-3 polyunsaturated fatty acids on Sertoli cell
apoptosis, Syst. Biol. Reprod. Med. 64 (5) (2018) 368–380.

[46] U.L. Jambor de Sousa, M.D. Koss, M. Fillies, A. Gahl, M.R. Scheeder, M.C. Cardoso,
H. Leonhardt, N. Geary, W. Langhans, M. Leonhardt, CPT1alpha over-expression
increases long-chain fatty acid oxidation and reduces cell viability with incremental
palmitic acid concentration in 293T cells, Biochem. Biophys. Res. Commun. 338 (2)
(2005) 757–761.

[47] R. Varshney, R. Varshney, R. Mishra, S. Gupta, D. Sircar, P. Roy, Kaempferol alle-
viates palmitic acid-induced lipid stores, endoplasmic reticulum stress and pan-
creatic β-cell dysfunction through AMPK/mTOR-mediated lipophagy, J. Nutr.
Biochem. 57 (2018) 212–227.

[48] L. Zhao, S.J. Jiang, F.E. Lu, L.J. Xu, X. Zou, K.F. Wang, H. Dong, Effects of berberine
and cinnamic acid on palmitic acid-induced intracellular triglyceride accumulation
in NIT-1 pancreatic beta cells, Chin. J. Integr. Med. 22 (7) (2016) 496–502.

[49] S.A. Belal, D.R. Kang, A.S. Sivakumar, H.S. Choe, K.S. Shim, Effect of long chain
fatty acids on triacylglycerol accumulation, fatty acid composition and related gene
expression in primary cultured bovine satellite cells, Anim. Biotechnol. (2018) 1.

[50] Q. Xu, S.Y. Chen, L.D. Deng, L.P. Feng, L.Z. Huang, R.R. Yu, Antioxidant effect of
mogrosides against oxidative stress induced by palmitic acid in mouse insulinoma
NIT-1 cells, Braz. J. Med. Biol. Res. 46 (11) (2013) 949–955.

[51] X.U. Wen, Y. Guo, L.I. Xu, H.E. Meirong, S. Liu, D.O. Gastroenterology, N. Hospital,
S.M. University, Palmitic acid induces hepatocellular oxidative stress and activation
of inflammasomes, J. South. Med. Univ. 36 (5) (2016) 655.

[52] T. Liu, X.M. Chen, J.Y. Sun, X.S. Jiang, Y. Wu, S. Yang, H.Z. Huang, X.Z. Ruan,
X.G. Du, Palmitic acid-induced podocyte apoptosis via the reactive oxygen species-
dependentmitochondrial pathway, Kidney Blood Press. Res. 43 (1) (2018) 206–219.

[53] L. Zhao, S.J. Jiang, F.E. Lu, L.J. Xu, X. Zou, K.F. Wang, H. Dong, Effects of berberine
and cinnamic acid on palmitic acid-induced intracellular triglyceride accumulation
in NIT-1 pancreatic β cells, Chin. J. Integr. Med. 22 (7) (2016) 496–502.

[54] X.Q. Zhou, R.H. Shi, E. Studer, P.B. Hylemon, W.M. Pandak, A.J. Sanyal, H.P. Zhou,
Berberine prevents free fatty acid-induced lipid accumulation by activating ERK
through sphingosine-1-phosphate receptor 2 in hepatocytes, Chin. Phys. Lett. 22
(12) (2005) 3071–3073.

[55] A.M. Ashour, Smoking among patients with diabetes in the KSA: open-blind ran-
domized controlled clinical trial on nicotine patch and behavioral interventions
used for smoking cessation, J. Diabetes Metabol. 07 (07) (2016) 70.

[56] Y. Sun, X. Yuan, F. Zhang, Y. Han, X. Chang, X. Xu, Y. Li, X. Gao, Berberine ame-
liorates fatty acid-induced oxidative stress in human hepatoma cells, Sci. Rep. 7 (1)
(2017) 11340.

[57] J. Sun, X. Chen, T. Liu, X. Jiang, Y. Wu, S. Yang, W. Hua, Z. Li, H. Huang, X. Ruan,
X. Du, Berberine protects against palmitate-induced apoptosis in tubular epithelial
cells by promoting fatty acid oxidation, Med. Sci. Mon. Int. Med. J. Exp. Clin. Res. :
Int. Med. J. Exp. Clin. Res. 24 (2018) 1484–1492.

[58] H. Zhou, J. Liu, W. Hou, Y. Wang, W. Zhang, X.U. Bo, M.A. Chengjun, L.I. Ji,
Q. Meng, X. Sun, Protective Effect of berberine on oleic acid-induced injury in
human aortic endothelial cells via AMPK-eNOS activation, Food Sci. (N. Y.) 39 (05)
(2018) 213–218.

[59] Q.Q. Chen, W.B. Liu, M. Zhou, Y.J. Dai, C. Xu, H.Y. Tian, W.N. Xu, Effects of ber-
berine on the growth and immune performance in response to ammonia stress and
high-fat dietary in blunt snout bream Megalobrama amblycephala, Fish Shellfish
Immunol. 55 (2016) 165–172.

[60] P. Hasanein, M. Ghafari-Vahed, I. Khodadadi, Effects of isoquinoline alkaloid ber-
berine on lipid peroxidation, antioxidant defense system, and liver damage induced

S.-S. Yang, et al. Fish and Shellfish Immunology 88 (2019) 518–527

526

http://refhub.elsevier.com/S1050-4648(19)30129-9/sref7
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref7
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref7
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref8
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref8
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref8
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref9
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref9
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref9
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref9
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref10
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref10
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref10
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref10
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref11
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref11
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref11
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref12
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref12
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref13
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref13
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref14
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref14
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref14
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref15
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref15
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref15
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref16
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref16
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref16
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref17
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref17
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref17
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref18
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref18
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref18
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref18
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref19
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref19
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref19
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref20
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref20
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref20
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref20
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref21
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref21
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref21
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref21
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref22
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref22
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref22
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref23
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref23
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref23
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref23
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref24
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref24
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref25
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref25
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref25
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref26
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref26
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref26
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref27
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref27
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref27
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref28
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref28
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref28
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref29
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref29
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref29
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref30
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref30
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref30
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref31
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref31
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref31
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref32
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref32
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref32
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref32
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref33
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref33
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref33
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref33
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref34
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref34
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref34
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref34
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref35
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref35
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref35
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref36
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref36
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref36
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref37
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref37
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref37
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref38
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref38
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref38
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref39
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref39
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref39
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref40
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref40
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref41
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref41
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref41
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref42
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref42
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref42
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref43
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref43
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref44
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref44
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref44
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref45
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref45
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref45
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref46
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref46
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref46
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref46
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref46
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref47
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref47
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref47
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref47
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref48
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref48
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref48
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref49
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref49
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref49
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref50
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref50
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref50
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref51
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref51
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref51
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref52
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref52
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref52
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref53
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref53
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref53
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref54
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref54
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref54
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref54
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref55
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref55
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref55
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref56
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref56
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref56
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref57
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref57
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref57
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref57
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref58
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref58
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref58
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref58
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref59
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref59
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref59
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref59
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref60
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref60


by lead acetate in rats, Redox Rep. 22 (1) (2017) 42–50.
[61] I.A. Lee, Y.J. Hyun, D.H. Kim, Berberine ameliorates TNBS-induced colitis by in-

hibiting lipid peroxidation, enterobacterial growth and NF-kappaB activation, Eur.
J. Pharmacol. 648 (1–3) (2010) 162–170.

[62] D.R. Green, F. Llambi, Cell death signaling, Cold Spring Harb Perspect Biol 7 (12)
(2015) 1–24.

[63] S. Elmore, Apoptosis: a Review of programmed cell death, Toxicol. Pathol. 35 (4)
(2007) 495–516.

[64] I. Takahara, Y. Akazawa, M. Tabuchi, K. Matsuda, H. Miyaaki, Y. Kido, Y. Kanda,
N. Taura, K. Ohnita, F. Takeshima, Toyocamycin attenuates free fatty acid-induced
hepatic steatosis and apoptosis in cultured hepatocytes and ameliorates nonalco-
holic fatty liver disease in mice, PLoS One 12 (3) (2017) 0170591.

[65] J.F. Ji, W.Z. Jiao, Y. Cheng, H. Yan, F. Su, L.L. Chi, ShenFu preparation protects
AML12 cells against palmitic acid-induced injury through inhibition of both JNK/
Nox4 and JNK/NFkappaB pathways, Cell. Physiol. Biochem. 45 (4) (2018)

1617–1630.
[66] M.A. Fei, S. Shi, L.I. Jiang, X.L. Wang, Role of CD36 in palmitic acid-induced

apoptosis of astrocytes, Acta Pharm. Sin. 53 (6) (2018) 950–957.
[67] Y. Wang, J. Liu, Z. Liu, J. Chen, X. Hu, Y. Hu, Y. Yuan, G. Wu, Z. Dai, Y. Xu, Sall2

knockdown exacerbates palmitic acid induced dysfunction and apoptosis of pan-
creatic NIT-1 beta cells, Biomed. Pharmacother. 104 (2018) 375–382.

[68] A.N. Qi, X.S. Yang, W.U. Ji-Liang, S.O. Pharmacy, Synergistic effect of celastrol on
palmitic acid induced cardiomyocyte apoptosis, J. Hubei Univ. Sci. Technol. 32 (2)
(2018) 93–96.

[69] X. Hu, X. Ge, W. Liang, Y. Shao, J. Jing, C. Wang, R. Zeng, B. Yao, Effects of sa-
turated palmitic acid and omega-3 polyunsaturated fatty acids on Sertoli cell
apoptosis, Syst. Biol. Reprod. Med. (2018) 1–13.

[70] Z. Zhou, C. Zhu, Z. Cai, F. Zhao, L. He, X. Lou, X. Qi, Betulin induces cytochrome c
release and apoptosis in colon cancer cells via NOXA, Oncology Letters 15 (5)
(2018) 7319–7327.

S.-S. Yang, et al. Fish and Shellfish Immunology 88 (2019) 518–527

527

http://refhub.elsevier.com/S1050-4648(19)30129-9/sref60
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref61
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref61
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref61
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref62
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref62
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref63
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref63
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref64
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref64
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref64
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref64
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref65
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref65
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref65
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref65
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref66
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref66
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref67
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref67
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref67
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref68
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref68
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref68
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref69
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref69
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref69
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref70
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref70
http://refhub.elsevier.com/S1050-4648(19)30129-9/sref70

	Berberine attenuates sodium palmitate-induced lipid accumulation, oxidative stress and apoptosis in grass carp(Ctenopharyngodon idella)hepatocyte in vitro
	Introduction
	Materials and methods
	Materials
	Cell culture and model establishment
	Cell treatments with berberine
	Cell viability assay
	Oil Red O staining and intracellular triglyceride (TG) content assay
	Intracellular MDA and LPO contents measurement
	Intracellular cytochrome c analysis
	Caspase-9 and caspase-3 activity assay
	Cell apoptosis
	Statistical analysis

	Result
	Hepatocyte viability
	Hepatocyte lipid accumulation
	Berberine on sodium palmitate-induced hepatocyte viability
	Berberine on sodium palmitate-induced hepatocyte lipid accumulation
	Berberine on sodium palmitate-induced hepatocyte LPO and MDA contents
	Berberine on sodium palmitate-induced hepatocyte apoptosis
	Berberine on sodium palmitate-induced hepatocyte cytochrome c content
	Berberine on sodium palmitate-induced hepatocyte caspase-9 and caspase-3 activity

	Discussion
	Acknowledgments
	References




