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Berberine ameliorates nonalcoholic fatty liver disease
by decreasing the liver lipid content via reversing
the abnormal expression of MTTP and LDLR
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Abstract. The global incidence of nonalcoholic fatty liver
disease (NAFLD) is increasing. The present study explored
the effect and mechanism of berberine (BBR) on NAFLD in
rats. Thirty-five Sprague-Dawley rats were randomly divided
into the control and NAFLD groups, which were fed a normal
diet or high-fat diet, respectively, for 8 weeks. Hematoxylin
and eosin staining was performed on liver tissues and estab-
lishment of the NAFLD model was confirmed by microscopy.
NAFLD rats were subsequently randomly subdivided and
treated with saline or BBR for 8 weeks. The liver wet weight of
rats in each group was measured, the liver tissue structure was
observed by microscopy, and alanine aminotransferase (ALT),
aspartate aminotransferase (AST), total cholesterol (TC),
triglyceride (TG), fasting blood glucose (FBG), low-density
lipoprotein (LDL) and high-density lipoprotein (HDL) levels
were detected using a semi-automatic biochemical detector.
Reverse transcription-quantitative PCR and western blot-
ting were performed to determine the mRNA and protein
expression levels of microsomal triglyceride transfer
protein (MTTP), apolipoprotein B and low-density lipoprotein
receptor (LDLR). Compared with the control group, the liver
wet weight of the NAFLD rats was higher; the liver showed
obvious fatty degeneration and liver TG levels increased signif-
icantly, as did serum levels of ALT, AST, TC, TG, FBG, HDL
and LDL, while expression of MTTP and LDLR significantly
decreased. Compared with the saline-treated NAFLD rats,
the BBR-treated rats had reduced liver wet weight, improved
liver steatosis and a significant decrease in liver TG levels,
while ALT, AST, TC, TG, and LDL serum levels significantly
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decreased and MTTP levels were significantly upregulated. In
conclusion, BBR treatment ameliorated the fatty liver induced
by a high-fat diet in rats. Furthermore, BBR reversed the
abnormal expression of MTTP and LDLR in rats with high-fat
diet induced-NAFLD. The present findings suggest that fatty
liver could be improved by BBR administration, via reversing
the abnormal expression of MTTP and LDLR and inhibiting
lipid synthesis.

Introduction

Nonalcoholic fatty liver disease (NAFLD) is the most
common chronic liver disease in China (incidence 15%).
Improved quality of life has altered the diet of the Chinese.
The total calorie intake has increased greatly, and a lack of
effective exercise has led to an increase in the prevalence of
NAFLD (1). NAFLD is a metabolic syndrome characterized
by excessive accumulation of fat in hepatocytes and by hepatic
parenchymal cell degeneration as a major characteristic of
liver damage, which may progress to liver fibrosis, cirrhosis,
and liver cancer (2). NAFLD is prone to insulin resistance
and is closely related to type 2 diabetes (3,4). Regarding the
pathogenesis of NAFLD, the secondary percussion hypoth-
esis is accepted. The primary cause of NAFLD is excessive
deposition of triglycerides in the liver because of decreased
very-low-density lipoprotein (VLDL) output and increased
fatty acid oxidation (5,6). NAFLD is treated by changing life-
style factors, such as diet and exercise (7,8). However, patients
with poor compliance show no significant improvement, and
there is no drug for NAFLD. The drugs commonly used for
NAFLD include insulin sensitizers and antioxidants; however,
their long-term efficacy is unclear, and new interventions for
NAFLD are needed.

Berberine (BBR) has a phenyltetrahydroxyquinoline struc-
ture. Berberine bioactive alkali has the effect of improving
fatty liver in mice (9). Berberine is an important component
of the biologically active alkali of Coptidis Rhizoma. Previous
studies have found that BBR also lowers blood sugar, corrects
blood lipid disorders, reduces the production of inflam-
matory factors, and inhibits the release of endotoxin. It has
certain pharmacological effects on metabolic syndrome,
digestive-system diseases, cardiovascular diseases, tumors,
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and mental disorders (10). BBR has been used to treat type 2
diabetes (11). Because there is no drug for NAFLD, and BBR
has hypoglycemic, lipid-lowering, and antioxidant effects, it
has potential for the treatment of NAFLD. Xing et al (12) and
Yang et al (13) reported that BBR has a protective effect on
NAFLD. Other previous studies also demonstrated that BBR
had an important role in NAFLD and hepatic inflammations,
such as hepatic steatosis, through regulating insulin receptor
substrate 2, triggering AMP-activated protein kinase and
inhibiting oxidative stress (14-16). In liver lipid metabolism,
the key factors for VLDL transport are microsomal triglyc-
eride transfer protein (MTTP), apolipoprotein B (ApoB)
and low-density lipoprotein receptor (LDLR), and their
expression levels affect the assembly and secretion of VLDL.
Pan and Hussain (17) showed that the MTTP gene was associ-
ated with the risk of NAFLD; therefore, expression of these
key genes is important for BBR intervention in NAFLD. The
present study established a NAFLD animal model, observed
changes in liver tissue by hematoxylin and eosin (H&E)
staining, and assayed biochemical markers to evaluate the
effect of berberine on NAFLD. Reverse transcription-quan-
titative PCR and western blotting were performed to assess
the mRNA and protein expression levels of MTTP, ApoB and
LDLR in liver tissue, and to explore the mechanism underlying
the effect of BBR on NAFLD.

Materials and methods

Animal model of NAFLD. A rat model of NAFLD was
established as described previously (18). Thirty-five
specific-pathogen-free 8-week-old male SD rats (weight range,
310-322 g) were purchased from the Laboratory Animal Center
of Guangzhou University of Chinese Medicine [approval no.
SYXK (Yue) 2013-0034] and adaptively fed for 1 week. The
rats were then randomly divided into a control group which
was fed with a normal diet (ND, n=12; diet purchased from the
Laboratory Animal Center of Jinan University) and an experi-
mental group which was fed a high-fat diet (HFD, n=23; diet
composed of 80% regular chow, 8% yolk powder, 10% lard
oil, 1.5% cholesterol, and 0.5% bile salt; purchased from
Guangdong Medical Laboratory Animal Center) for 8 weeks.
Both groups had free access to the specified diet and water.
The body weight of the rats was measured once weekly,
and their hair color, appetite, action, feces, and response to
external stimuli were observed. After 8 weeks, two rats in
the ND group and three in the HFD group were euthanized
by cervical dislocation under deep anesthesia (3% pentobar-
bital sodium; 30 mg/kg), and liver specimens were stained
with H&E to confirm the establishment of the model. The
standard for success was liver cells with particle infiltration,
and abnormal liver-function indicators. The formula for both
diets is listed in Table I. All experimental procedures were
approved by the Animal Experimental Ethics Committee of
the Affiliated Hospital of Shandong Medical College (permit
no. AEECAHSMC20205059).

BBR treatment. The remaining NAFLD rats (n=20) were
randomly divided into a BBR intervention group (BBR, n=10)
and a solvent control group (HFD, n=10). The BBR group was
intragastrically administered with 100 mg/kg/day of BBR

(Mysun Pharma Co., Ltd.) in 0.5% carmellose sodium (CS) as
solvent, once daily for 8 weeks. The ND and HFD groups were
only administered with the vehicle control, 4 ml/kg/day of
0.5% CS. Previous studies have used 100 and 300 mg/kg/day
of BBR; preliminary experiments were performed with both
doses and no significant difference was observed, therefore
the 100 mg/kg/day dose of BBR was selected for the present
study (19-21).

Sample collection. The rats were fasted for 12 h prior to
specimen collection. Sample collection was performed prior
to the measurement detections. After anesthesia with 3%
pentobarbital sodium (30 mg/kg), the rats were dissected
under aseptic conditions, and 10 ml of fresh blood was taken
from the abdominal aorta (the rats that were not involved with
sample collections were not anesthetized). Full anesthesia
was confirmed by corneal or pedal reflex (firm toe pinch).
The serum was separated at room temperature for 20 min,
followed by ultra-low-temperature centrifugation (4°C,
1,006 x g, 15 min). The supernatant was stored at -80°C for
later use. The liver was quickly dissected and rinsed with
physiological saline. Surface moisture was blotted with filter
paper, and the liver was weighed. A small piece of tissue from
the right hepatic liver tip was placed in 10% formalin and
fixed at room temperature for 24 h, for pathological analysis.
Sample collection was performed after rats were anaesthetized
and before they were euthanized. The rats were then sacrificed
by cervical dislocation at the same time. Animal death was
defined as mydriasis, respiratory arrest and cardiac arrest for
a period of >5 min.

Serum biochemical indicator detection. The biochemical
indicators serum alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST), total cholesterol (TC),
triglyceride (TG), fasting blood glucose (FBG), low-density
lipoprotein (LDL) and high-density lipoprotein (HDL)
were assayed using a 7180 model automatic biochemical
analyzer (Hitachi, Ltd.).

Assessment of pathological changes in the liver by H&E
staining. The specimens were fixed in 4% paraformaldehyde
and embedded in paraffin. Sections were cut at 5 ym thickness
in the coronal plane through the repaired tendon-bone inter-
face. The sections were stained with H&E and observed under
a light microscope (Zeiss AG). Liver histopathological changes
were scored by the NAFLD activity score (NAS) (22): steatosis
(0-3 points), hepatic lobular inflammation (0-3 points), and
vacuolar-like degeneration (0-2 points). Higher scores mean
increased severity.

Determination of liver TG levels. Liver tissue (100 mg) was
ground in chloroform: methanol (2:1 volume ratio) solution and
vigorously shaken at room temperature for 2 h. Then, 0.5 mg
of 0.1 M NaCl was added, and the mixture was centrifuged at
1530 x g at 37°C for 10 min. The organic lipid oil phase was
removed, and the TG levels were measured using an automatic
biochemical analyzer (Hitachi, Ltd.).

Reverse transcription-quantitative PCR (RT-gPCR). qPCR
analysis was performed to determine the MTTP, ApoB and
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LDLR mRNA expression levels. Total RNA from liver tissue
was extracted using TRIzol reagent (Invitrogen; Thermo
Fisher Scientific, Inc.), according to the manufacturer's
instructions. RNA (1 ug) was subjected to reverse transcrip-
tion using a PrimeScript RT Reagent kit (Takara Bio, Inc.).
The reverse transcription conditions were: one cycle at 37°C
for 15 min and one cycle at 85°C for 5 sec. Next, the diluted
cDNA (2 ul) was subjected to qPCR using SYBR-Green I
(Takara Bio, Inc.) with primers synthesized by Nanjing
GenScript Co., Ltd. The mRNA expression levels were normal-
ized to the housekeeping gene (-actin. The primer sequences
were: MTTP, forward 5"-TCGGGTGGCTGTGGTAATAAC-3'
and reverse 5'-AACTGCACTGTGGAGATGAAC-3";
ApoB, forward, 5'-GAGCCTCTAATTTTGCTGGG-3'
and reverse 5-TGTTCCCATGTGCCATAGAT-3"; LDLR,
forward 5-AAGGCTGTGGGTTCCATAGG-3'and reverse
5'"TGGACCCTTTCTCTCGGAAC-3"; and fB-actin, forward
5'- GCTAACAGTCCGCCTAGAAGCA-3" and reverse
5-GTCATCACCATCGGCAATGAG-3'. The gPCR conditions
were: one cycle at 95°C for 5 min; 40 cycles at 95°C for 15 sec
and 60°C for 60 sec; one cycle at 95°C for 15 sec, 60°C for 1 min,
and 95°C for 15 sec. Thermal cycling and real-time detection
were conducted on a StepOnePlus Real-Time PCR System
(Applied Biosystems; Thermo Fisher Scientific, Inc.). Relative
fold changes in mRNA expression were calculated using the
formula 2-44€4 (23).

Western blot analysis. A bicinchoninic acid kit
(Sigma-Aldrich; Merck KGaA) was used to determine the
protein concentration of liver samples from five rats per
group. Sample buffer (SDS-PAGE sample buffer; Beyotime
Institute of Biotechnology) was added, and the samples
were boiled at 95°C for 10 min. Next, proteins (30 ug per
sample, per well) were separated by 10% polyacrylamide
gel electrophoresis. The proteins were transferred to poly-
vinylidene fluoride membranes by 100 V transfer-molded
voltage for 45 to 70 min. The samples were incubated at room
temperature for 1 h with 5% bovine serum albumin, and
subsequently with rabbit anti-MTTP (cat. no. PA5-42391),
rabbit anti-ApoB (cat. no. PA5-114864), rabbit anti-LDLR (cat.
no. PA5-82385) and mouse anti--actin primary antibodies
(cat. no. MA5-15739-D550; all used at 1:1,000 dilution; all
supplied from Thermo Fisher Scientific, Inc.), at 4°C overnight.
Next, the samples were washed three times in Tris-buffered
saline/0.05% Tween-20 (5 min each wash). The corresponding
HRP-conjugated secondary antibody (cat. no. 21130; 1:20,000
dilution; Thermo Fisher Scientific, Inc.) was added and
incubated at room temperature for 1 h. The membranes were
washed three times (5 min each wash). Bands were developed
using chemiluminescence reagents; [3-actin was used as the
internal reference. Bands were visualized with a Bio-Rad
Gel Doc EZ Imager (Bio-Rad Laboratories, Inc.) and band
intensity was analyzed using ImageJ software (Version 1.53;
National Institutes of Health).

Statistical analysis. Data were analyzed using Prism
version 6 (GraphPad Software, Inc.) statistical software. Each
experiment was repeated three times. Data are expressed as
means + standard deviation. Kruskal-Wallis followed by
Dunn's test was used to assess NAS scores. One-way analysis

Table I. Feed composition.

A, Normal diet

Ingredient Content (%)
Nitrogen-free extract 44.72
Fat 5.34
Crude protein 23.82
Crude ash 6.18
Crude fiber 2.82
Crude fat 6.16
Water 8.96
Calcium 1.17
Phosphorus 0.83

B, High-fat diet

Ingredient Content (%)
Normal diet 80
Yolk powder 8
Lard oil 10
Cholesterol 1.5
Sodium cholate 0.5

of variance followed by LSD post hoc test was applied for
comparisons of multiple groups. P<0.05 was considered to
indicate a statistically significant difference.

Results

General observation. The rats in the ND group were active,
responsive, had a good appetite, and were clean and shiny,
without hair loss. Their stools were granular, yellow, and hard.
In the HFD group, the rats were obese, unresponsive, and
their hair was yellow and dull. Hair loss occurred with time,
appetite decreased, and stools were granular, black, and hard.
Following administration of BBR, the rats exhibited fur that
was less yellow, reduced hair loss, they were more responsive,
and their feces were watery.

Body weight and liver wet weight. As shown in Fig. 1, the body
weight and liver wet weight of HFD rats increased significantly
compared with the ND group (P<0.05). The body weight and
liver wet weight of the BBR group were significantly lower
compared with the HFD group (P<0.05; Fig. 1).

Serum biochemical indices. Long-term feeding of a high-fat
diet resulted in higher levels of ALT, AST, TG, TC, FBG, and
LDL in the HFD group compared with the ND group, and
significantly lower HDL concentrations (all P<0.05; Table II).
After BBR intervention, serum ALT, AST, TG, TC and
LDL decreased significantly compared with the HDF group
(P<0.05; Table II). Notably, the serum levels of ALT, TG, TC
and LDL were similar to those of the ND group, suggesting
that BBR treatment successfully reversed these biochemical
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Table II. Serum biochemical parameters.

ALT AST TG TC FBG LDL HDL
Group an an (mol/l) (mmol/1) (mmol/1) (mmol/1) (mmol/1)
ND 49.63+4.21 120.19+10.36 1.57+0.16 1.74+0.09 5.19+0.34 0.63+0.08 1.19+0.08
HFD 96.24+10.11* 173.20x15 .46 2.10+0.19° 2.33+0.18° 6.30+£0.61° 1.97+0.15° 0.57+0.05*
BBR 53.17+5.35° 136.51+15.34%° 1.69+0.09° 1.85+0.14° 5.78+0.50° 0.73+0.13° 0.64+0.08*

"P<0.05 vs. ND; °P<0.05 vs. HFD. ALT, alanine aminotransferase; AST, aspartate aminotransferase; TG, triglyceride; TC, total cholesterol;
FBG, fasting blood glucose; LDL, low-density lipoprotein; HDL, high-density lipoprotein; ND, normal diet; HFD, high-fat diet; BBR, berberine.
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Figure 1. Body weight and hepatic wet weight. (A) Total body weight and (B) liver wet weight were measured in the rats of the ND, HFD and BBR groups
before sample collection. “P<0.05 compared with the ND group, “P<0.05 compared with the HFD group. ND, normal diet; HFD, high-fat diet; BBR, berberine.

indices (P>0.05; Table II). No effect was observed after
BBR administration for the serum levels of FBG and HDL,
with their levels being similar in the BBR and HFD groups
(Table II).

BBR alleviates liver damage induced by a high-fat diet.
H&E staining revealed that the liver cells of the ND group
were arranged neatly and tightly, the hepatic lobule structure
was intact, the nucleus was located in the center of hepato-
cytes, the cytoplasm was uniform, and no lipid droplets
were deposited (Fig. 2A). In the HFD group, the hepatocyte
volume was increased, the structure of the hepatic lobule was
incomplete, and there was a large amount of vacuolar-like
steatosis (Fig. 2A). In severe cases, the cytoplasm exhibited a
fishnet-like change. Following BBR treatment, vacuolar-like
steatosis was reduced compared with the HFD group, and
hepatocytes were arranged neatly (Fig. 2A). The NAS of the
ND, HFD and BBR groups was 0, 657 +0.87, and 2.55+0.56,
respectively (Fig. 2B), indicating that BBR significantly
reduced NAS. These findings suggested that BBR administra-
tion alleviated liver damage.

A high-fat diet results in hepatic lipid deposition. The liver TG
content was significantly higher in the HFD group compared
with the ND group (Fig. 3). BBR administration significantly
reduced the liver TG content (P<0.05; Fig. 3), consistent with
the liver pathology results.

Expression levels of MTTP, ApoB, and LDLR. Next, the
mRNA and protein expression levels of MTTP, ApoB, and

LDLR were determined in the liver. As shown in Fig. 4A, the
mRNA expression levels of MTTP and LDLR in the HFD
group decreased significantly compared with the ND group
(P<0.05), while the mRNA expression levels of ApoB did not
significantly change (P>0.05). Following BBR administration,
the mRNA expression levels of MTTP and LDLR were upreg-
ulated, albeit the change in LDLR levels was not significant
(P>0.05; Fig. 4A). The mRNA expression levels of ApoB were
significantly decreased in the BBR group compared with the
ND and HFD groups (P<0.05; Fig. 4A). Western blot analysis
revealed similar trends at the protein level. The protein expres-
sion levels of MTTP and LDLR were significantly decreased in
the HFD group compared with the ND group (P<0.05; Fig. 4B),
but there was no significant difference in ApoB protein expres-
sion levels (P>0.05; Fig. 4B). BBR administration significantly
increased MTTP protein expression levels compared with
those in the HFD group (P<0.05; Fig. 4B), but the increase
in LDLR protein levels was not significant (P>0.05; Fig. 4B).
Finally, ApoB protein expression levels were significantly
decreased in the BBR group compared with the ND and HFD
groups (P<0.05; Fig. 4A).

Discussion

The global incidence of NAFLD is ~20%. Lifestyle changes
have led to a growing incidence of NAFLD (24-27). NAFLD
is a metabolic syndrome that is often accompanied by diabetes
and hyperlipidemia. These diseases are closely related to
lipid metabolism disorders and abnormal lipid deposition,
and their prevention and treatment are a focus of interest.
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Figure 2. BBR alleviates liver damage. (A) Representative images from H&E-stained liver sections showing that BBR administration alleviated liver damage
induced by a high-fat diet. Abnormal cells are shown in circles. (B) NAS scores of ND, HFD and BBR groups. Higher scores mean increased severity. "P<0.05
compared with the HFD group. BBR, berberine; NAS, nonalcoholic fatty liver disease activity score; ND, normal diet; HFD, high-fat diet.
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Figure 3. Effect of BBR on liver TG content. TG levels were measured in
the livers from the rats in the three experimental groups. “P<0.05 compared
with the ND group; “P<0.05 compared with the HFD group. BBR, berberine;
TG, triglyceride; ND, normal diet; HFD, high-fat diet.

The pathogenesis of NAFLD has been explained by first and
second-strike theories. The second-strike theory proposed
by Day and James (28) is generally accepted by the scientific
community. The first strike refers to the rapid production of free
fatty acids in the case of insulin resistance. The liver's ability
to p-oxidize fatty acids and to synthesize VLDL decreases,
leading to fat deposition in liver cells. The resulting imbalance
of lipid metabolism triggers development of fatty liver. In the
second strike, damaged hepatocytes result in increased levels
of inflammatory factors and a reduced antioxidant capacity,
which further aggravates fatty liver disease. In summary, the
occurrence and development of NAFLD are closely related to
lipid metabolism.

BBR has an anti-arrhythmia effect, dilates coronary
arteries, induces hypoglycemia, and regulates blood lipids.

BBR has produced good results in clinical trials in type 2
diabetes with hyperlipidemia (29). Currently, there is no drug
for NAFLD; because BBR has hypoglycemic, lipid-lowering,
and antioxidant activities, the present study evaluated its
effect on NAFLD. Yang et al (13) showed that BBR had
a protective effect on NAFLD in animals. Kim et al (8)
reported that BBR ameliorated lipid metabolism disorders in
obese rats by interfering with the metabolism of surrounding
tissues, thereby reducing liver wet weight and blood TG
and TC levels. In the present study, BBR was administered
to NAFLD rats to investigate its effect on NAFLD (30,31).
The mean body weight of the rats in the HFD group was
significantly higher compared with that of rats in the ND
group, and significantly reduced following BBR administra-
tion. Total visceral fat was increased in NAFLD rats. The
mean liver wet weight was significantly higher in rats in the
HFD group compared with those in the ND group. After 8
weeks of BBR administration, the liver wet weight of rats in
the BBR group decreased significantly to a level similar to
that of the ND group. AST and ALT are important functional
enzymes in hepatocytes and are used as indicators of liver
function. AST is mainly present in the myocardium, followed
by the liver mitochondria. Under normal circumstances,
serum ALT and AST levels are low. Damage to hepatocytes
increases their membrane permeability, resulting in release
of ALT and AST into plasma. In patients with hepatocyte
injury, changes in ALT and AST levels reflect disease
progression, thus facilitating clinical diagnosis. ALT and
AST levels were significantly higher in the serum of the rats
in the HFD group compared with the normal rats. The ALT
and AST levels in those two groups were significantly lower
than those in the HFD group after BBR administration. BBR
may protect against liver damage caused by non-alcoholic
factors by regulating ALT and AST, possibly by improving
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Figure 4. Effect of BBR on MTTP, ApoB and LDLR liver expression. (A) mRNA expression levels and (B) protein expression levels of MTTP, ApoB, and LDLR
were measured in the livers from the rats in the three experimental groups. "P<0.05 compared with the ND group; “P<0.05 compared with the HFD group. BBR, ber-
berine; MTTP, microsomal triglyceride transfer protein; ApoB, apolipoprotein B; LDLR, low-density lipoprotein receptor; ND, normal diet; HFD, high-fat diet.

the function of the liver cell membrane. NAFLD is associ-
ated with dyslipidemias such as hypertriglyceridemia,
elevated LDL cholesterol, and decreased HDL cholesterol
(32). HDL and LDL can be used to measure cholesterol
carrying capacity. LDL is positively correlated with serum
total cholesterol levels and it transports liver cholesterol
to extrahepatic tissue cells. When the LDL concentration
increases, LDL is deposited on arterial walls, forming an
atherosclerotic plaque and blocking blood vessels. HDL is
negatively correlated with total cholesterol levels. Its main
role is to transport of extrahepatic cholesterol into liver cells
for degradation and decomposition. The LDL and HDL
levels reflect liver function. Accordingly, the present study
demonstrated that rats fed a high-fat diet showed elevated
serum TC and LDL levels and decreased HDL levels. BBR
administration reduced serum TC and LDL levels and
increased HDL levels. Continuous administration of BBR
to rats for 8 weeks reduced liver TG content, significantly
reversed hepatic steatosis, and enhanced liver function.
NAFLD features accumulation of large amounts of TG in
the liver; this can be caused by diverse factors. Under normal
circumstances, TG is excreted from the liver in the form of
VLDL. Therefore, timely synthesis and secretion of VLDL
is important for relieving TG deposition. The assembly and
maturation of VLDL occur as follows (33-36): in the endo-
plasmic reticulum, ApoB forms under the action of MTTP,
resulting in immature VLDL particles with lower precursor
fat content, smaller particle size and higher density. The lipid
droplets transfer large amounts of fat to immature VLDL
particles, transforming them into higher fat, less dense, mature
VLDL particles. An adequate fat supply and MTTP activity
are necessary for VLDL synthesis. In the absence of sufficient
fat supply or MTTP, ApoB cannot obtain fat, causing it to be
degraded by the proteasome during or after translation (31).
This prevents the production of VLDL particles to excrete
TG. Wang et al (37) found that inhibition of MTTP activity
impeded assembly of VLDL, leading to increased intrahepatic
TG levels. It was hypothesized that the decreased expression

of the MTTP gene in NAFLD rats may reduce TG excretion
from the liver in VLDL, promoting hepatic fat deposition.
BBR administration upregulated the expression and activity
of MTTP, thereby enhancing the assembly of VLDL and
reducing the liver TG content.

LDLR is a cell-surface glycoprotein that regulates plasma
cholesterol levels by mediating LDL transport. Defects in
LDLR function are one of the main causes of hypercho-
lesterolemia, atherosclerosis and fatty liver (38). Current
understanding of the role of LDLR in fatty liver has increased,
and drugs that enhance LDLR expression to lower blood
cholesterol levels have been developed. In the present study,
BBR administration upregulated the expression of LDLR in
NAFLD rats, suggesting that BBR may prevent fatty liver by
regulating the LDLR content of hepatocytes and increasing
the LDL clearance rate.

The second-strike is damage to cells by oxygen free radi-
cals, causing lipid peroxidation, protein denaturation, damage
to the cell membrane, and release of inflammatory mediators.
These changes result in an impaired inflammatory response.
BBR exerts an anti-inflammatory effect by inhibiting
neutrophil chemotaxis, generation of oxygen free radicals,
the activity of phospholipase A2 and reducing the tissue
prostaglandin E2 content, thus reducing inflammatory
damage. The anti-inflammatory effect of BBR also enhances
superoxide dismutase (SOD) activity, inhibits the produc-
tion of TNF-a, improves ischemia reperfusion and reduces
liver damage (39-42). However, further research into the
mechanism by which BBR enhances SOD activity and inhibits
TNF-a production is needed. As a bacteriostatic drug, BBR
is used clinically mainly for intestinal infectious diseases and
diarrhea. In vitro, BBR enhances the phagocytic capacity of
leukocytes and the hepatic reticuloendothelial system, inhibits
the growth of intestinal bacteria, reduces the release of bacte-
rial endotoxins, and enhances the removal of endotoxin from
serum. This decreases the intestinal inflammatory response,
as well as the release of inflammatory mediators, such as
TNF-a and IL-6. These effects reduce inflammatory damage
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to the liver and insulin resistance, thereby protecting the
liver (43-46).

While displaying anti-inflammatory effects, BBR treatment
also increases liver AMP-activated protein kinase (AMPK)
phosphorylation (which leads to its activation). When activated,
AMPK is capable of suppressing lipogenesis through phos-
phorylating and inactivating the lipogenic enzyme acetyl-CoA
carboxylase (ACC). In addition, a decrease in the production
of malonyl-CoA due to AMPK inhibition of ACC results in
an increase in fatty acid oxidation via releasing the inhibitory
effect of malonyl-CoA on carnitine palmitoyltransferase 1A.
These combined effects of AMPK activation are considered to
largely account for BBR actions on reducing hepatic steatosis
as described by previous studies (8,47-49).

In summary, the present study suggested that BBR may
increase VLDL production by reversing the abnormal expres-
sion of key genes in lipid metabolism (MTTP and LDLR),
thereby improving the symptoms of NAFLD. A limitation of
the current results is that only one dose of BBR was used based
on previous literature; future studies further investigating
additional doses and their effects will be required to fully
elucidate the role of BBR in ameliorating NAFLD.
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