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Abstract High-fat diets may have favorable effects

on growth and cost, but high-fat diets often induce

excessive fat deposition, resulting in liver damage. This

study aimed to identify the hepatoprotective of a

Chinese herb (berberine) for blunt snout bream (Mega-

lobrama amblycephala). Fish were fed with a normal

diet (LFD, 5 % fat), high-fat diet (HFD, 15 % fat) or

berberine-supplemented diets (BSD, 15 % fat with

berberine 50 or 100 mg/kg level) for 8 weeks. After the

feeding, histology, oxidative status and mitochondrial

function of liver were assessed. The results showed that

HFD caused fat accumulation, oxidative stress and

apoptosis in hepatocytes of fish. Hepatocytes in HFD

group appeared to be hypertrophied, with larger liver

cells diameter than these of LFD group. Berberine-

supplemented diets could attenuate oxidative stress and

hepatocytes apoptosis. HFD induced the decreasing

mitochondrial complexes activities andbulk density and

surface area density. Berberine improved function of

mitochondrial respiratory chain via increasing the

complex activities. Moreover, the histological results

showed that berberine has the potential to repair

mitochondrial ultrastructural damage and elevate the

density in cells. In conclusion, our study demonstrated

that berberine has attenuated liver damage induced by

the high fat mainly via the protection for mitochondria.
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Introduction

Dietary lipids play a prominent role in fish nutrition to

provide energy, essential fatty acids (EFA) and phos-

pholipids (Sargent et al. 1999; Watanabe 1982).

Increasing dietary lipid levels could improve feed

efficiency and growth (Li et al. 2012). Moreover, more

lipid used for energy can also reduce nitrogenouswaste

production (Vergara et al. 1999). Therefore, fat-rich

diets have been widely used with the development of

intensive fish farming. However, dietary lipid toward

an upper limit often leads unwanted fat deposition in

the liver (or other tissues), referred as fatty liver (Du

et al. 2006; Lu et al. 2013a). The health of fish is often
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affected by fatty liver, which often closely positively

correlates with mortality and immune suppression

(Bolla et al. 2011; Lu et al. 2014a; Roberts 2012).

According to our previous study, fatty liver of fish has

an important characteristic of lipid metabolism disor-

der (Lu et al. 2013b, 2014b; Zhang et al. 2014). In order

to prevent fatty liver, thousands of ways have been

tried by the fish nutritionist. Some Chinese herbs have

attracted great interest as reverting hepatic lipid

dysfunction and few side effects (Chen et al. 2006;

Mei and Huang 2006; Zhou et al. 2015). One of

projects in our laboratory is to select Chinese herb and

supplement into diets to improve lipid metabolism of

fish. Berberine, an alkaloid isolated from huanglian

(Coptis chinensis), has been extensively used in

traditional Chinese medicine (Zhang et al. 2008).

Many in vitro and in vivo studies showed that berberine

has potentially beneficial effects in the treatment of

fatty liver and obesity in human (Kong et al. 2004; Lee

et al. 2006). However, the effect of berberine on fish

lipidmetabolism is still unknown andmaybe it also can

revert the metabolic syndrome in fish.

Blunt snout bream (Megalobrama amblycephala) is

an herbivorous freshwater fish native to China. Due to its

fast growth, tender flesh, and highdisease resistance, this

species has been widely favored for aquaculture in

China. However, compared to a number of other

commercially produced fishes, its artificial rearing is

often associated with fatty liver that correlates closely

with a high rate ofmortality or poorgrowth.Basedonour

previous studies, fatty liver impaired mitochondrial

functions, and subsequently mitochondrial dysfunction

mediated oxidative stress and hepatocyte apoptosis (Lu

et al. 2014a). Some previous studies showed that

berberine can revert hepatic mitochondrial dysfunction

in high-fat-fed rats (Teodoro et al. 2013). The principle

goal of this study was therefore to investigate the effect

of berberine on lipidmetabolism,mitochondrial function

and hepatocyte apoptosis. The result may have implica-

tions for a theoretical basis for research anddevelopment

of hepatoprotective herbal treatments in fish farming.

Materials and methods

Experimental fish and feeding trial

Juvenile blunt snout breamwere obtained from the fish

hatchery of Wuhan (Hubei, China). The experiment

was performed in a recirculating aquaculture system in

laboratory. Prior to the experiment, fish were reared in

several 250-l tanks (60 juveniles per tank) for 2 weeks

to acclimate to the experiment conditions. After the

acclimation period, 240 fish of similar size (average

weight of 8.15 ± 0.10 g) were randomly distributed

into twelve 100-l tanks at the rate of 20 juveniles per

tank. Water temperature, dissolved oxygen (DO), and

pH were monitored daily. During the feeding period,

fish were reared under the following conditions: water

temperature, 25–27 �C; DO, 5.0–6.0 mg/l; pH

7.2–7.6; photoperiod, 12:12 h (dark: light). Fish were

hand-fed to apparent satiation three times daily (08:00,

12:00, and 16:00 h) using four experimental diets. The

experimental diets are 5 % fat diet (LFD), 15 % fat

diet (HFD), 15 % fat with 50 or 100 mg/kg berberine

diets [BSD (50/100)]. Each treatment was tested in

triplicate, and the trial lasted 8 weeks. Formulation

and proximate composition of the experimental diets

are presented in Table 1. All experimental diets were

prepared in the laboratory. Ingredients were carefully

weighed, thoroughly mixed and blended with oil

(soybean oil and fish oil) and then added an appropri-

ate amount of water to form stiff dough. The dough

was then pelleted using a pillet mill with a 2-mm-

diameter die and then air-dried at room temperature.

After drying, the diets were stored in sealed plastic

bags at -20 �C until used.

Sample collection

At the end of the feeding trial, fish were starved

overnight prior to sampling. Then, ten fish per tank

were sampled and immediately euthanized by

100 mg/l MS-222 (tricaine methanesulfonate; Sigma,

USA). Blood was rapidly taken from caudal vessel

into heparinized Eppendorf tubes, centrifuged

(8509g, 10 min, 4 �C), and the plasma was stored at

-70 �C until analysis. Liver was removed (placed on

ice) and then stored at -70 �C until analysis. Addi-

tionally, the liver samples for the histology observa-

tions were fixed in the relevant buffer.

Measures of plasma biochemical parameters

Concentrations of triglycerides and cholesterol in

plasma were determined by colorimetric enzymatic

methods using commercial kits (Beijing BHKT Clin-

ical Reagent Co., Ltd, China). Activities of plasma
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aspartate aminotransferase (AST) and alanine amino-

transferase (ALT) were measured by enzymatic col-

orimetric methods according to the method of Reitman

and Frankel (1957).

Ultrastructure study

Samples for electron microscopy observation were

fixed in 2.5 % glutaraldehyde for 24 h, post-fixed in

1 % osmium tetroxide (OsO4) for 1 h and stored at

4 �C. Sections were embedded in epoxy resin Epon812,

cut into70-nm-thick sections with a RMC PowerTome

XL microtome, stained with uranyl acetate and lead

citrate, and examined under a Hitachi H-7650 (Hitachi,

Tokyo, Japan) transmission electron microscope. Mor-

phometry of hepatocyte was examined by Image-Pro

Plus 6.0. The morphometric analysis of the mitochon-

drion was done according to the methods described by

the method of Weibel et al. (1969).

Apoptosis detection

For hepatocyte apoptosis determination, the 5-lm-

thick sections were further treated using the terminal

deoxynucleotidyl transferase-mediated dUTP-biotin

nick end labeling (TUNEL) assay following the

protocol of Apoptosis Detection Kit (Nanjing Jian-

Cheng Bioengineering Institute, China). Briefly, the

sections were deparaffinized, hydrated and incubated

with freshly prepared 3 % hydrogen peroxide (H2O2)

in PBS for 10 min to block the endogenous peroxidase

activity. Each slide was permeated with 10 lg/mL

Table 1 Formulation and proximate composition of the experimental diets

Ingredients (%) Diets

LFD HFD BSD (50) BSD (100)

Fish meal 15.0 15.0 15.0 15.0

Casein 15.0 15.0 15.0 15.0

Soybean meal 20.0 20.0 20.0 20.0

Corn starch 25.0 25.0 25.0 25.0

a-starch 5.00 5.00 5.00 5.00

Fish oil 1.90 6.90 6.90 6.90

Soybean oil 1.90 6.90 6.90 6.90

Cellulose 10.4 0.40 0.40 0.40

Calcium biphosphate 1.80 1.80 1.80 1.80

Premixa 1.00 1.00 1.00 1.00

Carboxymethyl cellulose 3.00 3.00 3.00 3.00

Berberineb 0 0 0.005 0.010

Proximate composition (%)

Moisture 9.60 9.70 9.8 9.90

Crude protein 31.4 31.1 31.5 31.8

Crude lipid 4.80 14.6 14.5 14.7

Crude fiber 13.5 4.10 4.40 4.60

Ash 8.10 8.00 8.50 8.60

Nitrogen-free extractc 32.6 32.5 31.3 30.4

Energyd 14.9 18.7 18.6 18.6

a Premix supplied the following minerals (g/kg) and vitamins (IU or mg/kg): CuSO4�5H2O, 2.0 g; FeSO4�7H2O, 25 g; ZnSO4�7H2O,

22 g; MnSO4�4H2O, 7 g; Na2SeO3, 0.04 g; KI, 0.026 g; CoCl2�6H2O, 0.1 g; Vitamin A, 900000IU; Vitamin D, 200000IU; Vitamin

E, 4500 mg; Vitamin K3, 220 mg; Vitamin B1, 320 mg; Vitamin B2, 1090 mg; Niacin, 2800 mg; Vitamin B5, 2000 mg; Vitamin

B6, 500 mg; Vitamin B12, 1.6 mg; Vitamin C, 5000 mg; Pantothenate, 1000 mg; Folic acid, 165 mg; Choline, 60,000 mg
b Berberine was supplied by Nanjing Spring & Autumn Bio-technology Co., LTD
c Carbohydrate (nitrogen-free extract) was calculate by difference (1000-moisture—crude protein—crude lipid—ash—crude fiber)
d Energy (JJ/g diet) = (% crude protein 9 23.6) ? (% crude lipids 9 39.5) ? (% carbohydrates 9 17.3)
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proteinase K solution at 37 �C for 10 min. The tissues

were immersed in 20 ll terminal deoxynucleotidyl

transferase (TdT) which was marked with biotin on

dUTP and incubated at 37 �C for 2 h. The slide was

covered with horseradish peroxidase-labeled strepta-

vidin (HRP-streptavidin) at 37 �C for 30 min and then

stained with 3,30-Diaminobenziine (DAB) for 15 min.

Finally, the nucleus was counterstained with hema-

toxylin for 30 s. Brown–yellow granules were found

in the nucleus of positive cell. The DNase1-treated

tissue was used as the positive control. The reaction

without TdT enzyme was used as the negative control.

For the quantitative measurement of the number of

hepatocytes using 2009 microscopic magnifications,

100 cells were counted in different areas (five fields in

each histological slide) and the percentage of cells

with DNA damage was calculated.

Assays for antioxidant status in liver

For the determination of antioxidant status, liver samples

were prepared as described by Lu et al. (2014a). Total

superoxide dismutase (SOD) activity was measured with

the commercial kit (Nanjing JianCheng Bioengineering

Institute, China), according to Nanton et al. (2001). The

method of Maral et al. (1977) for catalase (CAT) assay

was adapted as described by Rueda-Jasso et al. (2004).

Glutathione peroxidase (GPX) activity was measured

using the method described by Dabas et al. (2012).

Thiobarbituric acid reactive substances (TBARS) were

performed as described by Rueda-Jasso et al. (2004),

using a malondialdehyde (MDA) kit (Nanjing JianCheng

Bioengineering Institute, China). The reduced glutathione

(GSH) were determined enzimatically with a commercial

kit (Nanjing JianCheng Bioengineering Institute, China)

based on the recycling reaction of reduced glutathione

(GSH) with DNTB (5,50-dithios-2-205 nitrobenzoic acid)
in the presence of an excess of glutathione reductase.

Measurements were taken in a microplate reader. Protein

concentration in liver homogenates was determined using

Lowry et al.’s method (1951).

Measurement of mitochondrial respiratory chain

complexes activities

The activities of respiratory chain complexes were

determined according to the methods of Zhang et al.

(2004), using the commercial kits (Nanjing JianCheng

Bioengineering Institute, China).

Total RNA extraction, reverse transcription

and real-time PCR

Total RNA was extracted from the liver tissue using

RNAiso Plus (Takara Co. Ltd, Japan). RNA samples

were treated by RQ1 RNase-Free DNase prior to RT-

PCR (Takara Co. Ltd, Japan) to avoid genomic DNA

amplification. cDNA was generated from 500 ng

DNase-treated RNA using ExScriptTM RT-PCR kit

(Takara Co. Ltd, Japan), and the mixture consisted of

500 ng RNA, 2 ll buffer (59), 0.5 ll dNTP mixture

(10 mM each), 0.25 ll RNase inhibitor (40 U/ll),
0.5 ll dT-AP primer (50 mM), 0.25 ll ExScriptTM

RTase (200 U/ll) and DEPC H2O, with total volume

up to 10 ll. The reaction conditions were as follows:

42 �C for 40 min, 90 �C for 2 min and 4 �C thereafter.

Real-time PCR was employed to determine mRNA

levels based on the SYBR Green I fluorescence kit.

Specific primers were designed using Primer 5.0

version. Primer characteristics used for real-time PCR

are listed at the Supplementary Material. Real-time

PCR was performed in a Mini Option real-time

detector (BIO-RAD, USA). The fluorescent quantita-

tive PCR reaction solution consisted of 12.5 ll
SYBR� premix Ex TaqTM (29), 0.5 ll PCR forward

primer (10 lM), 0.5 ll PCR reverse primer (10 lM),

2.0 ll RT reaction (cDNA solution) and 9.5 ll dH2O.

The reaction conditions were as follows: 95 �C for

3 min followed by 45 cycles consisting of 95 �C for

10 s and 60 �C for 20 s. The fluorescent flux was then

recorded, and the reaction continued at 72 �C for

3 min. The dissolution rate was measured between 65

and 90 �C. Each increase of 0.2 �Cwas maintained for

1 s, and the fluorescent flux was recorded. All

amplicons were initially separated by agarose gel

electrophoresis to ensure that they were of correct size.

A dissociation curve was determined during the PCR

program to make sure that specific products were

obtained in each run. The gene expression levels were

normalized toward the mean of the reference gene (b-
actin). Normalized gene expressions of the low-fat

group were set to 1, and the expression of each target

gene for the others groups were expressed relative to

low-fat group (as 2-44Ct method).

Statistical analysis

Data were analyzed by one-way ANOVA using the

SPSS 16.0 for Windows. Duncan’s test was used for
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the multiple comparisons. The level of significance

was set at P\ 0.05. All data were presented as

mean ± S.E. (standard error of the mean).

Results

Ultrastructure of hepatocytes

Liver of fish fed LFD showed normal ultrastructure

(Fig. 1a). In these fish, the nucleus was round and the

nucleolus was visible. Hepatocyte displayed dark and

slender mitochondria. All individuals fed LFD pre-

sented few and small vacuoles giving a uniform degree

of hepatic steatosis score (?). However, fish fed HFD

showed a severe degree of vacuolization (???).

Moreover, hepatocytes in HFD group appeared to be

hypertrophied, with larger liver cells diameter than

these of LFD group (Table 2). In addition, the

abnormal ultrastructure was found in livers of fish

fed high-fat diet, such as mitochondria swell and

nucleus atrophy. HFD-induced lipid vacuoles can be

significantly reduced in BSD-fed fish, as shown by the

decrease in the steatosis score.

Blood biochemistry

Blood biochemistry of blunt snout bream is shown in

Table 3. AST and ALT activities and triglycerides

concentrations were significantly (P\ 0.05) affected

by diet treatments. Higher triglycerides concentration

was observed in fish given HFD than those of fish fed

other diets. AST and ALT activities of fish fed high-fat

diet were significantly (P\ 0.05) higher than those of

Fig. 1 Transmission electron microscope images of blunt snout

bream hepatocyte and mitochondrion ultrastructure: N (Nu-

cleus), L (lipid droplet), M (mitochondrion). Photomicrographs

and main findings: a hepatocytes of fish fed low-fat diet with

normal structure; b hepatocytes presenting extensive

intracellular lipid droplets of fish fed high-fat diet; c hepatocytes
of fish fed high-fat with berberine die; d hepatocytes of fish fed

low-fat diet displaying dark and slender mitochondria; e mito-

chondria showing highly hydropic changes (?) of fish fed high-

fat diet. f Mitochondria of fish fed high-fat with berberine diet

Fish Physiol Biochem (2017) 43:65–76 69
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other groups. From the results, we found that the

berberine-supplemented diet can lower the triglyc-

erides concentrations and AST and ALT activities

than those of the HFD group.

Hepatic oxidative status

Hepatic oxidative status parameters are shown in

Table 4. As can be seen, MDA content and SOD and

GPX activities were significantly (P\ 0.05) higher in

fish fed with HFD than those of fish fed by LFD.

However, the alteration of GSH level is opposite. The

berberine-supplemented diets could decrease MDA

level and SOD and GPX activities in liver and elevate

the content of hepatic GSH, compared to HFD group.

Hepatocyte apoptosis

TUNEL-stained hepatocytes showed the characteristic

features of DNA damage. Normal hepatocytes were

stained amethyst by hematoxylin; however, apoptotic

cells were labeled brown (Fig. 2). In the LFD group,

the apoptotic cells of fish were just 2 % of total

hepatocytes. However, fish fed HFD has about 9 %

apoptotic cells of total hepatocytes. Thus, TUNEL

positive cells of fish fed HFD were significantly more

(P\ 0.05) than those of control fish. Moreover, the

distribution of lots of apoptotic cell of fish fed the

high-fat diet was observed around the central vein.

The steatotic hepatocyte seems more likely to be

apoptotic in the high-fat group. The TUNEL positive

Table 2 Morphometry of juvenile blunt snout bream hepatocytes

Parameters LFD HFD BSD (50) BSD (100)

Hepatic steatosis scoresa ? ??? ?? ??

Hepatocyte diameter (lm) 62.2 ± 2.94a 96.0 ± 2.31c 81.4 ± 2.81b 85.4 ± 2.82b

Nucleus diameter (lm) 22.2 ± 1.83 21.1 ± 1.61 19.67 ± 1.82 22.3 ± 2.32

TUNEL positive cells (%) 2.32 ± 0.44a 9.63 ± 0.45c 7.55 ± 0.39b 7.73 ± 0.43b

Mean values and standard error (±SE) are presented for each parameter. Significant differences within the diets are indicated by

different letters
a The lipid droplets within a section of the liver cell as seen in the field of vision were divided into 3 grades: ‘‘?’’: 5–25 %; ‘‘??’’:

25–50 %; ‘‘???’’: 50–75 %

Table 3 Blood biochemistry results of blunt snout bream fed with experimental diets

Parameters LFD HFD BSD (50) BSD (100)

AST (U/L) 10.7 ± 1.10b 15.2 ± 0.68a 13.3 ± 0.64ab 14.0 ± 1.63ab

ALT (U/L) 0.83 ± 0.12b 1.69 ± 0.10a 1.25 ± 0.22ab 1.65 ± 0.12a

TG (mmol/L) 0.48 ± 0.03b 0.74 ± 0.06a 0.60 ± 0.05ab 0.68 ± 0.13a

TC (mmol/L) 5.16 ± 1.16 6.31 ± 0.74 4.75 ± 0.48 6.08 ± 0.52

Mean values and standard error (±SE) are presented for each parameter. Significant differences within the diets are indicated by

different letters

Table 4 Oxidative status in liver in blunt snout bream fed the experimental diets

Parameters LFD HFD BSD (50) BSD (100)

SOD (U/mgprot) 78.2 ± 1.6b 103 ± 4.9a 85.5 ± 4.0b 88.7 ± 4.5b

GPX (U/mgprot) 215 ± 14b 290 ± 21a 233 ± 12b 237 ± 15ab

MDA (nmol/mgprot) 1.20 ± 0.13c 4.09 ± 0.12a 3.46 ± 0.16b 3.59 ± 0.05b

GSH (lg/mg prot) 3.67 ± 0.30a 2.24 ± 0.23b 3.35 ± 0.38a 3.01 ± 0.22ab

Mean values and standard error (±SE) are presented for each parameter. Significant differences within the diets are indicated by

different letters
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cells of fish fed the berberine-supplemented diets were

significantly less than (P\ 0.05) those of fish with

high-fat diet.

Mitochondria status

Activities of mitochondrial complexes in the liver of

blunt snout bream are presented in Table 5. Activities

of complex I, II and III were significantly (P\ 0.05)

affected by diet treatments. LFD-fed fish showed

significantly higher activities of complex I and II than

the HFD-fed fish. BSD significantly elevated the HFD-

induced decreasing of mitochondrial complexes activ-

ities. In addition, complex III activities in fish fed with

berberine-supplemented diet were significantly higher

than those of LFD and HFD groups. However, there

was no significant difference of activities of complex

IV and V among all the treatments.

Morphometric analysis of mitochondria is pre-

sented in Fig. 3. The result showed that fish fed with

HFD significantly (P\ 0.05) lowered the bulk density

and surface area density of mitochondria. Moreover,

BSD could improve the bulk density, compared to that

of HFD group.

Gene expression

The expression of genes involved in apoptosis and

mitochondrial complexes is shown in Fig. 4. HFD-fed

fish were characterized by drastic increases in the

hepatic mRNA expression of Bax and Caspase 3. By

Fig. 2 Hepatocyte apoptosis of blunt snout bream. a low-fat

diet group (9200), normal cells, amethyst; b high-fat diet group

(9200), normal cells, amethyst (blue arrow), apoptotic cells,

brown (yellow arrow); c high-fat?berberine (50) diet group

(9200), normal cells, amethyst (blue arrow), apoptotic cells,

brown (yellow arrow); d high-fat?berberine (100) diet group

(9200), normal cells, amethyst (blue arrow), apoptotic cells,

brown (yellow arrow)
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contrast, berberine supplementation significantly

decreased the mRNA levels for both Bax and Caspase

3.Moreover, the expressions of Sirt 3, ND1 andCyt B in

fish fed high-fat diet were significantly lower than did in

LFD-fed fish. Berberine significantly reversed the

HFD-induced down-regulation of these expressions.

Discussion

The histological examination is considered as the

golden standard of liver damage. In the present study,

profound alterations in the ultrastructure of liver were

noted after the intake of a high-fat diet. The excessive

lipid droplets even caused nuclear polarization. In

present study, the berberine-supplemented diets could

attenuate these alterations, especially in decreasing the

steatosis scores. The blood biochemistry also supports

this conclusion as lower TG level and AST and ALT

activities appeared after feeding the berberine-supple-

mented diets. In previous in vivo and in vitro studies,

lipid-lowering effect of berberine in human subjects,

rats and other mammals have been proved (Hu and

Davies 2009, 2010; Hu et al. 2012b). In hamster,

treatment of hyperlipidemic hamsters with berberine

reduced serum cholesterol by 40 %, and the mecha-

nism is that it elevated LDLR expression through a

post-transcriptional way stabilizing the mRNA (Kong

et al. 2004). In high-fat-fed mice, berberine exerts

anti-hyperlipidemic, and anti-obesity effects likely

mediated by inhibiting gut microbes via decreasing

degradation of dietary polysaccharide (Xie et al.

2011). Now, we did not know how berberine lowered

the lipid contents in liver of high-fat-fed fish. In the

future study, we will focus on the mechanism of

berberine lipid-lowering effect in fish.

Numerous studies have indicated that accumulation

of fat in fish tissues can increase the rate of lipid

oxidation and affect the health of fish (Chaiyapechara

et al. 2003; Rueda-Jasso et al. 2004). The fish body has

several physiological ways to eliminate oxidative

stress, including counterbalance such as enzymes

(SOD, CAT and GPX) and functionalized molecules

(GSH). Oxidative stress occurs when the generation of

Table 5 Activities of mitochondrial complexes in the liver of blunt snout bream fed with experimental diets

Parameters LFD HFD BSD (50) BSD (100)

Complex I (nmolNADH/min/mgprot) 1.57 ± 0.15a 1.05 ± 0.01b 1.25 ± 0.08ab 1.11 ± 0.10b

Complex II (nmolDCPIP/min/mgprot) 0.23 ± 0.02a 0.14 ± 0.01b 0.19 ± 0.01a 0.12 ± 0.01b

Complex III (nmolCytC/min/mgprot) 0.14 ± 0.02b 0.20 ± 0.01b 0.41 ± 0.04a 0.45 ± 0.05a

Complex IV (nmolCytC/min/mgprot) 0.53 ± 0.06 0.59 ± 0.05 0.53 ± 0.01 0.62 ± 0.07

Complex V (nmolNADH/min/mgprot) 6.05 ± 0.44 5.09 ± 0.10 5.60 ± 0.39 5.39 ± 0.78

Mean values and standard error (±SE) are presented for each parameter. Significant differences within the diets are indicated by

different letters

Fig. 3 Morphometric analysis of mitochondria of blunt snout

bream. aBulk density of mitochondria of fish fed different diets;

b surface area density of mitochondria of fish fed different diets.

Mean values and standard error (±SE) are presented for each

parameter. Significant differences within the diets are indicated

by different letters
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ROS exceeds the antioxidant defense system’s capac-

ity to neutralize and eliminate them. After intake of

high-fat diet, ROS is often over produced due to the

elevation of oxidative phosphorylation in mitochon-

dria. In the high-fat group, the elevated SOD activity

due to overproduction of ROS resulted in increased

H2O2 levels and thus a rise in GPX activity happened.

MDA is an indicator commonly used to evaluate lipid

peroxidation (Parvez and Raisuddin 2005). In the

present study, the elevatedMDA level of fish fed high-

fat diet indicated an imbalance between the generation

and removal of ROS. GSH also plays an important role

in detoxifying ROS. A lower GSH level in liver of

HFD-fed fish is also indicative of ROS-induced tissue

damage. Our result showed that berberine-supple-

mented diets decreased oxidative damage in liver as

the attenuating the production of MDA. Berberine has

a high free radical scavenging effect to quenches

superoxide anions and nitric oxide (Shan et al. 2011;

Siow et al. 2011). Moreover, berberine inhibits ROS

production in cell-based systems (Hur et al. 2009).

Numerous reports showed that berberine also could

induce antioxidant defenses by increasing the levels of

non-enzymatic antioxidants (Du et al. 2003). We think

that the above effects of berberine played the impor-

tant roles in attenuating the oxidative stress in blunt

snout bream.

Due to mitochondrial oxidative phosphorylation,

mitochondrion is the prime site of ROS generation and

endogenous oxidative stress (Qian et al. 2005). Thus,

an imbalance of the cell’s redox environment will

most likely originate in and affect the cell’s mito-

chondria. In fact, blunt snout bream fed with high-fat

diets has a higher number of damaged mitochondria

with lost cristae, matrix and metrical density with

highly hydropic changes. Concomitantly, this leads to

a vicious cycle due to the fact that excessive ROS

generation leads to mitochondrial dysfunction,

decreasing the electronic transport capacity and thus

increasing ROS generation. Most ROS was produced

by complex I, occurring primarily on the matrix side of

the inner mitochondrial membrane. ROS can deacti-

vate the iron-sulfur centers of complexes I, II and III,

causing rapid loss of enzyme activity. Therefore, in the

present study, the decreased activities of complexes I

and II in fish fed with high-fat diet might indicate the

over production of ROS. These decreased activities

would induce the impaired energy metabolism of

mitochondria. In addition, the expressions ofND 1 and

CYT B were down-regulated in the high-fat group.

According to the literature, the reduced expression of

the ND 1 subunit of complex I suggests that the

assembly of the whole complex I is impaired (Eya

et al. 2011). Sirtuin 3 (SirT3) is localized within the

matrix of mitochondrion, where it controls acetylation

levels of enzymes involved in energy metabolism

processes, including the respiratory chain (Teodoro

et al. 2013). The loss of SirT3 could cause hyper-

acetylation of mitochondrial proteins, such as complex

I and II with concomitant decrease in their activity

(Ahn et al. 2008). This study showed that high-fat diet

reduced SirT3 expression, which may reduce effi-

ciency of mitochondrial oxidative phosphorylation

and then induce the over production of ROS. There-

fore, in the present study, berberine appears to

improve the activities of complex I and II via the

increase in SirT3 expression. Moreover, morphome-

tric analysis showed that berberine could also improve

the mitochondria density in hepatocytes.

Moreover, hepatocytes apoptosis is often associ-

ated with fatty liver, and the assessment of apoptosis is

considered as a novel biomarker of disease severity of

fatty liver in human (Wieckowska et al. 2006). In the

present study, TUNEL positive cells of fish fed the

high-fat diet were significantly more than those of

control fish. Moreover, the steatotic hepatocyte seems

more likely to be apoptotic. The apoptotic pathway is

composed of the extrinsic pathway stimulated by

death receptors and the intrinsic pathway initiated by

cellular stress (Wieckowska et al. 2006). Mitochon-

drial dysfunction could release pro-apoptotic proteins

into cytosol and then form an activation complex with

apoptotic-protein activation factor and caspase 9. This

can activate the downstream effector caspase 3 which

execute the final apoptotic changes. So, the caspase 3

expression in liver of high-fat group is highly

increased. According to the result, TUNEL positive

cells of fish fed the berberine-supplemented diets were

significantly less than those of fish with high-fat diet. It

seems that berberine could inhibit hepatocytes apop-

tosis induced by over fat intake. Some previous studies

have confirmed that berberine has the anti-apoptotic

effect on thymocyte and primary neurons (Hu et al.

2012a;Miura et al. 1997). The anti-apoptotic effects of

berberine were mediated by increasing phosphor-

activation of Akt, leading to the decreased cleavage of

the caspase 3 (Hu et al. 2012a). Bax, a member of the

Bcl-2 protein family, can accelerate apoptosis by
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caspase activation and cytochrome C release from

mitochondria (Finucane et al. 1999; Wolter et al.

1997). In this study, the decreased Bax expression in

fish fed the berberine-supplemented diets might also

imply the anti-apoptotic effect of berberine. In addi-

tion, we think that the anti-apoptotic effect of berber-

ine also based on the protection to mitochondrial

function and integrality as the above mentioned.

In summary, our results showed that berberine-

supplemented diets could attenuate oxidative stress

and hepatocytes apoptosis and improve mitochondrial

function. Moreover, berberine has the potential to

elevate the density in cells. In conclusion, berberine

has the potential to attenuate the liver damage induced

by the high-fat intake mainly via the protection for

mitochondrial function.
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