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Abstract: Berberine (BBR) shows very low plasma levels after oral administration due to its 

poor absorption by the gastrointestinal tract. We have previously demonstrated that BBR showed 

increased gastrointestinal absorption and enhanced antidiabetic effects in db/db mice after being 

entrapped into solid lipid nanoparticles (SLNs). However, whether BBR-loaded SLNs (BBR-

SLNs) also have beneficial effects on hepatosteatosis is not clear. We investigated the effects of 

BBR-SLNs on lipid metabolism in the liver using histological staining and reverse transcription 

polymerase chain reaction analysis. The results showed that oral administration of BBR-SLNs 

inhibited the increase of body weight and decreased liver weight in parallel with the reduction 

of serum alanine transaminase and liver triglyceride levels in db/db mice. The maximum drug 

concentration in the liver was 20-fold higher than that in the blood. BBR-SLNs reduced fat 

accumulation and lipid droplet sizes significantly in the liver, as indicated by hematoxylin and 

eosin and Oil Red O staining. The expression of lipogenic genes, including fatty acid synthase 

(FAS), stearoyl-CoA desaturase (SCD1), and sterol regulatory element-binding protein 1c 

(SREBP1c) were downregulated, while lipolytic gene carnitine palmitoyltransferase-1 (CPT1) 

was upregulated in BBR-SLN-treated livers. In summary, we have uncovered an unexpected 

effect of BBR-SLNs on hepatosteatosis treatment through the inhibition of lipogenesis and the 

induction of lipolysis in the liver of db/db mice.
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Introduction
Berberine (BBR), a major pharmacological component of the Chinese herb Cop-

tis chinensis originally used to treat bacterial diarrhea, has been recently demon-

strated to have great effects on type 2 diabetes.1,2 BBR improved glucose and lipid 

metabolism in patients and animal models, possibly through the activation of adenosine  

monophosphate-activated protein kinase (AMPK) and improvement in insulin 

sensitivity.3,4 However, the clinical application of BBR is greatly limited due to its 

poor absorption in the gastrointestinal tract and its resulting low plasma levels and poor 

bioavailability (,5%) after oral administration. Besides, high doses (0.9–1.5 g/day in 

clinic) of BBR usually causes gastrointestinal side effects due to its poor absorption 

and long-term administration.5–7

Recently, the application of solid lipid nanoparticles (SLNs) as carriers in facilitat-

ing the absorption of active ingredients in traditional Chinese medicine has been widely 

studied, such as silymarin, triptolide, paclitaxel, etc.8 We have previously reported the 

preparation method, characterization, and pharmacokinetic features of BBR-loaded 

SLNs (BBR-SLNs); the results showed that after being entrapped into SLNs, BBR’s 
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bioavailability was greatly increased.9 Furthermore, the oral 

administration of BBR-SLNs significantly suppressed body 

weight increases, fasting blood glucose levels, the homeo-

stasis assessment of insulin resistance, and it ameliorated 

impaired glucose tolerance and insulin tolerance in db/db 

mice.9

Nonalcoholic fatty liver disease (NAFLD) has been 

recognized as a major health issue.10 It is caused by excess 

liver lipid accumulation, hepatic inflammation, hepatic 

insulin resistance, and nonalcoholic steatohepatitis that 

usually culminates in hepatic fibrosis or cirrhosis.11–13 

Diabetic fatty liver is one of the common complications of 

diabetes, with an incidence of around 50% among diabetic 

patients. Particularly for patients with obesity, high plasma 

insulin levels increase the accumulation of nonesterified 

fatty acids (NEFA) in the liver and, in turn, fatty liver 

aggravates insulin resistance, glucose metabolic disorders, 

and other pathological conditions.14,15 Since BBR-SLNs are 

effective in hyperglycemia, we aimed to investigate the 

function of BBR-SLNs on hepatosteatosis in db/db mice 

in the present study.

Materials and methods
Drug and chemicals
Reference-grade BBR (purity quotient 99.8%) was purchased 

from Sigma-Aldrich Co. (St Louis, MO, USA). BBR-SLNs 

were prepared using our patented method16 and details were 

listed in our previous study.9 The composition of the blank 

nanoparticles is a mixture of glycerol tripalmitate and soybean 

phospholipid (1:1). All other reagents were high-performance 

liquid chromatography grade, or they were of the highest purity 

commercially available.

Experimental animals
Animal experiments in this study were conducted in strict 

accordance with the standard ethical guidelines and were 

approved by Xiamen University Animal Care and Use 

Committee. Forty male db/db mice, weighing 30–40 g, were 

purchased from the Experimental Animal Center of PLA 

Military Academy of Medical Sciences (Beijing, People’s 

Republic of China). After 1 week of acclimatization, the mice 

were randomly divided into one of four groups (ten mice per 

group): control group; BBR group (100 mg/kg); high-dose 

BBR-SLN group (100 mg/kg); and low-dose BBR-SLN 

group (50 mg/kg). Animals in the control group were treated 

with vehicle (saline), and the other groups were treated with 

their respective drugs (BBR or BBR-SLNs) via intragastric 

gavage for 4 weeks. 

Measurement of tissue distribution  
of BBR-SLNs
At the end of the experiment, the mice were anesthetized; 

blood samples were drawn from the inferior vena cava and 

were then centrifuged at 3,000 rpm for 10 minutes within 

1 hour after blood collection. Liver, kidney, subcutane-

ous adipose, epididymal adipose, pancreas, heart, brain, 

muscle, and jejunum tissues were harvested, weighed, and 

homogenized in triple-distilled water (0.4 mL/200 mg tis-

sue). Tetrahydropalmatine (40 μL of a 1 μg/mL solution) 

was added as an internal standard and extracted with 2 mL 

of ethyl acetate by vortexing for 3 minutes, centrifuged at 

3,500 rpm for 10 minutes, and 1.8 mL of the upper organic 

phase was carefully transferred to a 2 mL tube and evaporated 

by nitrogen. After drying, the residue was reconstituted in 

50 μL of 0.1% formic acid: acetonitrile (50:50, v/v), vortexed 

for 3 minutes, and centrifuged at 15,000 rpm for 10 minutes 

at 4°C. The BBR concentration of the samples was analyzed 

by liquid chromatography–tandem mass spectrometry. The 

chromatographic system and instrumentation for detection 

were prepared as previously described.9

Measurement of serum ALT, AST,  
NEFA levels, and liver TG content
The levels of serum alanine transaminase (ALT) and aspar-

tate transaminase (AST) were measured using an automatic 

biochemistry analyzer (ARCHITECT c8000) following the 

manufacturer’s instructions. The levels of serum NEFA 

were measured by the Non-Esterified Free Fatty Acids 

Assay Kit (Jiancheng, People’s Republic of China). For 

hepatic triglyceride (TG) content measurement, 100 mg 

of liver was homogenized to release the lipid, which was 

further extracted by the Triglyceride Quantification Kit 

(BioVision, Inc., Milpitas, CA, USA). Total lipid was 

suspended in 5% NP-40 in water, and TG concentrations 

were then measured according to the manufacturer’s 

procedures.9 

Histological staining
The liver morphology was visualized by hemotoxylin and 

eosin (H&E) staining. Liver tissue samples were fixed in 4% 

polyformaldehyde, dehydrated, embedded in paraffin, and 

stained with H&E. For Oil Red O staining, a stock solution 

of Oil Red O (0.5 g/100 mL) in isopropanol was prepared, 

stored, and protected from light. Liver tissues were embedded 

in Optimal Cutting Temperature gel. Air-dried tissue sections 

of 7 μm were dipped in formalin, washed with Oil Red O 

without counterstaining with hematoxylin.9
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RNA extraction and reverse 
transcription polymerase chain reaction 
Total RNA was isolated from hepatic tissues using the 

standard TRIzol method according to the manufacturer’s 

instructions (Thermo Fisher Scientific, Waltham, MA, USA). 

Messenger (m)RNA was reverse-transcribed into comple-

mentary DNA using a reverse transcription kit (Promega 

Corporation, Fitchburg, WI, USA) following the manu-

facturer’s instructions. Quantitative real-time polymerase 

chain reaction was performed using SYBR Green Premix 

Ex Taq (Takara Bio Inc., Shiga, Japan) on LightCycler® 

480 (Hoffman-La Roche Ltd., Basel, Switzerland). The 

primer sequences used are available upon request (details 

in Table 1). The relative mRNA levels of sterol regulatory 

element-binding protein 1c (SREBP1c), fatty acid synthase 

(FAS), stearoyl-CoA desaturase 1 (SCD1), carnitine 

palmitoyltransferase-1 (CPT1), PPAR, acyl-CoA oxidase 

1 (ACOX1), and MCAD were calculated according to the  

2 -∆∆Cp (Cp = crossing point) method. 

Statistical analysis
All data were presented as the mean ± standard error of the 

mean. Statistical significance was determined by one-way 

analysis of variance. The differences were considered sig-

nificant when P,0.05. 

Results
BBR-SLNs were predominantly 
concentrated in the liver
The concentrations of BBR from the BBR-SLN (100 mg/kg) 

group had increased significantly in the liver compared to 

the control group (P,0.05) (Figure 1). The maximum drug 

concentration in the liver was 20 times more than that in the 

blood in the BBR-SLN group (Figure 1B), implying a pre-

dominant accumulation of BBR-SLNs in the liver. There was 

no difference observed in the other tissues (Figure 1A). It is 

worth mentioning that the BBR concentration was increased 

in the brain, suggesting that BBR-SLNs may promote the 

drug’s ability to penetrate the blood–brain barrier. Changes 

and characteristics of tissue distribution are substantial for 

the pharmacodynamic effects of BBR-SLNs. The accumula-

tion of BBRs in the jejunum showed that the drug’s intestinal 

first-pass effect was obvious (Figure 1C).

Effects of BBR-SLNs on body weight  
and liver weight
Compared with the control group, BBR-SLNs at the dose of 

100 mg/kg suppressed the gain of body weight, which was 

not seen in the mice treated with BBR 100 mg/kg or BBR-

SLNs 50 mg/kg. The liver weight of mice in the BBR-SLN 

100 mg/kg group was significantly lower (P,0.05) than that 

of the BBR group, shown as the ratio of liver weight to body 

weight (Figure 2). 

Effects of BBR-SLNs on serum ALT, AST, 
and NEFA levels, and liver TG content
BBR-SLNs tended to lower the ALT level and hepatic 

TG content in db/db mice (P,0.05) (Figure 3), implying 

a liver protective effect. AST and NEFA levels were not 

significantly different among the vehicle and the BBR or 

BBR-SLN-treated group.

BBR-SLNs inhibited lipid accumulation  
in the liver
Morphological changes of the liver were shown in Figure 4, 

where lipid accumulation in the liver resulted in pale discol-

oration (Figure 4A, B, D). As shown in Figure 4C, liver lipid 

content and lipid droplet size were significantly attenuated by 

BBR-SLN treatment. This finding was further confirmed by 

the assessment of lipid accumulation using Oil Red O stain-

ing (Figure 5). BBR-SLNs (100 mg/kg) exerted more potent 

effects than the BBR group at an equivalent dose (P,0.01).

BBR-SLNs improved lipid metabolism
As shown in Figure 6, the mRNA expression of SCD1, FAS, 

and SREBP1c in the liver were significantly downregulated, 

while the CPT1 mRNA level was increased compared to the 

control mice (P,0.05). The mRNA levels of PPAR, ACOX1, 

and MCAD of the BBR-SLN groups tended to be lower than that 

of the control group, although not significantly (P.0.05).

Table 1 Reverse transcription polymerase chain reaction primer 
sequence

Target Sequence

SREBP1 F
SREBP1 R

acagtgacttccctggcctat
gcatggacgggtacatcttcaa

FAS F
FAS R

ccgagacactcgtgggcta
cttcagcaggacattgatgcc

SCD1 F
SCD1 R

ggaggagataagttggagacga
agggctcccaagtgtagca

Cpt1 F
Cpt1 R

gctgggctactcagaggatg
tccttgtaatgtgcgagctg

PPAR F
PPAR R

tagaagccatccaggacacc
ccgtcttctttagccactgc

ACOX1 F
ACOX1 R

caggaagagcaaggaagtgg
cctttctggctgatcccata

MCAD F
MCAD R

aggtttcaagatcgcaatgg
ctccttggtgctccactagc
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Figure 1 BBR-SLN tissue distribution. 
Notes: (A) BBR levels in the serum, subcutaneous adipose, epididymal adipose, brain, and kidney; (B) BBR levels in the heart, pancreas, and liver; and (C) BBR levels in the 
jejunum. *P,0.05 versus the control group. 
Abbreviations: BBR, berberine; SLNs-H, berberine solid lipid nanoparticles high-dose group; SLNs-L, berberine solid lipid nanoparticles low-dose group; SLN, solid lipid 
nanoparticle.

Figure 2 Effects of BBR-SLNs on liver weight. 
Note: *P,0.05 versus the control group.
Abbreviations: BBR, berberine; BBR-SLNs-H, berberine solid lipid nanoparticles 
high-dose group; BBR-SLNs-L, berberine solid lipid nanoparticles low-dose group; 
SLNs, solid lipid nanoparticles.

Discussion
Previously, we have found that BBR-SLNs increased plasma 

BBR concentration and bioavailability, which further enhanced 

the antidiabetic effects of BBR-SLNs in vivo.9 Changes in the 

pharmacokinetic and tissue distribution characteristics in vivo 

are believed to be responsible for the enhanced efficacy and 

reduced toxicity of nanoformulations. Experimental evalua-

tion of tissue distribution may reveal a basis for target organ 

efficacy. In certain target organs and active sites in the body, 

the distribution of BBR can also be used as evidence to explain 

why very low exposure of an oral drug is associated with the 

achievement of a certain efficacy of BBR. This is because the 

pharmacological effects are exerted by the unbound fraction of 

the drug, which is absorbed into the blood and then distributed 

into the target tissues to exert its effects.7,17 In the present study, 

a relatively dominant tissue distribution of BBR was observed 
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in the liver (Figure 1B). The drug concentration of liver in 

the BBR-SLN group was nearly twofold higher than that of 

the BBR group. After oral administration, nanoparticles can 

undergo direct gastrointestinal transit or adhere to the mucosa 

before elimination in feces.9 The drug’s intestinal first-pass 

effect is obvious. Excretion of BBR to the intestinal lumen, 

bile, and urine may be a second pharmacokinetics, which leads 

to the very low absorption and exposure of BBR after oral 

intake.7 It has been reported that intravenous coadministration 

with cyclosporine, an inhibitor of P-gp, breast cancer resistance 

protein, organic anion-transporting polypeptide, and CYP3A, 

led to a dramatic decrease in the unbound concentrations of 

BBR in the liver and bile, but not in blood.18–20 Therefore, the 

drug transporters may play an important role in the entire first-

pass elimination of BBR that would be more complicated than 

we assumed. In short, we have shown that extensive elimina-

tion in the small intestine and high hepatic distribution are the 

major causes for the low plasma concentrations of BBR, which 

further attenuates a hepatic steatosis effect in mice.7

The lower liver weight coefficient of mice in the BBR-

SLN 100 mg/kg group was first observed. TG is thought 

to be a surrogate marker of disrupted insulin signal. We 

demonstrated that, after being entrapped into SLNs, BBR-

SLNs were predominantly accumulated in the liver and 

significantly lowered live TG content, indicating that BBR-

SLNs had beneficial effects in improving hepatosteatosis in 

db/db mice. In addition, BBR-SLNs tended to decrease the 

serum ALT levels, implying a potential liver protective effect 

without hepatotoxicity. With higher drug concentrations in 

the liver tissue, the attenuation of hepatic steatosis should be 

Figure 3 Effects of BBR-SLNs on serum ALT, AST, NEFA, and liver TG content.
Notes: (A) TG; (B) NEFA; (C) AST; and (D) ALT. *P,0.05 versus the control group.
Abbreviations: TG, triglyceride; BBR, berberine; BBR-SLNs-H, berberine solid lipid nanoparticles high-dose group; BBR-SLNs-L, berberine solid lipid nanoparticles low-
dose group; NEFA, nonesterified fatty acids; AST, aspartate transaminase; ALT, alanine transaminase; SLNs, solid lipid nanoparticles.
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Figure 4 Hematoxylin and eosin staining in the liver.
Notes: (A) Control group (200×); (B) BBR (100 mg/kg) (200×); (C) BBR-SLNs (100 mg/kg) (200×); and (D) BBR-SLNs (50 mg/kg). Hematoxylin and eosin staining (200×).
Abbreviations: BBR, berberine; SLNs, solid lipid nanoparticles.

Figure 5 (Continued)
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Figure 5 Oil Red O staining in the liver.
Notes: (A) Control group (100×); (B) BBR (100 mg/kg) (100×); (C) BBR-SLNs (100 mg/kg) (100×); (D) BBR-SLNs (50 mg/kg) (100×); and (E) The red area coefficient with 
different groups. Oil Red O staining. **P,0.01 versus the control group; ##P,0.01 versus the BBR group.
Abbreviations: BBR, berberine; BBR-SLNs-H, berberine solid lipid nanoparticles high-dose group; BBR-SLNs-L, berberine solid lipid nanoparticles low-dose group; SLNs, 
solid lipid nanoparticles.

Figure 6 BBR-SLNs improved lipid metabolism. 
Notes: (A) Messenger RNA level of SREBP1c, SCD1, and FAS; and (B) messenger RNA level of CPT1, PPAR, ACOX1, and MCAD. *P,0.05 versus the control group.
Abbreviations:  BBR, berberine; BBR-SLNs-H, berberine solid lipid nanoparticles high-dose group; BBR-SLNs-L, berberine solid lipid nanoparticles low-dose group; SLNs, 
solid lipid nanoparticles.

observed more significantly in the BBR-SLN-treated mice. 

Morphologically, the livers of the BBR-SLN-treated mice 

had fewer lipid droplets, suggesting a beneficial effect of 

BBR-SLNs on preventing lipid accumulation and reversing 

the disrupted structure of the liver. The effects of BBR-SLNs 

in ameliorating hepatosteatosis were at least partly due to 

the inhibition of lipogenesis while inducting lipolysis in 

the liver. 

Previous findings mentioned that BBR may be a potential 

drug for NAFLD, and that the beneficial role of BBR on 

NAFLD might be achieved through multiple mechanisms, 

including mediating insulin resistance, regulating the AMPK 

pathway, modifying the gut microenvironment, and so on.21 

Increasing empirical evidence implied that AMPK is a crucial 

player in BBR’s ability to dissipate stored fat and elevated 

glucose levels. More importantly, AMPK specifically binds 
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to and directly phosphorylates SREBP-1c and SREBP-2. 

The Ser372 phosphorylation of SREBP-1c by AMPK could 

inhibit the proteolytic cleavage and nuclear translocation of 

SREBP-1c in hepatocytes, thereby preventing its autoregula-

tion and transcription of target lipogenic genes (acetyl-CoA 

carboxylase 1 [ACC1], FAS, and SCD1).22 To elucidate the 

mechanisms of BBR-SLNs in decreasing liver lipid accumula-

tion, we examined the mRNA levels of genes related to fatty 

acid transport and lipid metabolism. SREBP-1c is a crucial 

transcription factor that controls the expression of the genes 

involved in the biosynthesis of TG.9,23 FAS, ACC, and SCD1 

are key enzymes controlling the lipogenic pathway. PPARα-

targeted genes involved in β-oxidation are CPT1, acyl-CoA 

oxidase (ACO), ACOX1, etc.24 ACOX1 is the first and a rate-

limiting enzyme of the PPARα-regulated and peroxisome 

proliferator-inducible fatty acid β-oxidation system. Our results 

showed that BBR-SLNs effectively inhibited SCD1, FAS, and 

SREBP1c expression (P,0.05) following the downregula-

tion of SCD1 and FAS, which suggested that the increased 

hepatic expression of SREBP-1c might lead to fatty liver and 

increase rate of hepatic fatty acid synthesis with an increase 

in lipogenic genes like FAS, ACC, and SCD. CPT1 mRNA 

levels were increased in the BBR-SLN group mice compared 

to the control db/db mice. These genes were increased in the 

BBR-SLN group mice compared to the control db/db mice 

(P,0.05), indicating increased lipid catabolism. PPARs and 

COX1 are proposed to play a central role in the signaling sys-

tem that controls lipid homeostasis.25–27 However, the levels of 

mPPAR, mAcox1, and mMCAD expression in the BBR-SLN 

group tended to be lower than that of the db/db group, although 

it did not reach statistical significance (P.0.05). 

Although the beneficial action of BBR-SLNs is obvious, 

as a new dosage form, preclinical studies of BBR-SLNs are 

still incomplete and more chemical and physical properties of 

BBR-SLNs should be elucidated. New drug safety evaluation 

is necessary; in particular, the acute toxicity of the oral drug and 

the long-term toxicity of BBR-SLNs should also be rigorously 

investigated. Further studies should focus on the toxicology, 

other possible mechanisms, and the reality of dosage in human 

beings with NAFLD. The clinical effects in humans, as associ-

ated with the use of BBR, was already hypothesized, including 

liver steatosis.28 However, there is still a long way to go before 

BBR-SLNs become produced for the market.

Conclusion
In summary, we demonstrated the important role of BBR-

SLNs (especially in 100 mg/kg dose group) in inhibiting 

hepatic steatosis in db/db mice via the induction of CPT1 

expression and the inhibition of SREBP1c, SCD1, and FAS 

expression. The predominant accumulation of BBR-SLNs in 

the liver is an important material foundation for the enhanced 

pharmacodynamic effects of BBR-SLNs in ameliorating 

hepatosteatosis in db/db mouse models. 
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