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Introduction: The effect of 11β-hydroxysteroid dehydrogenase type1 (11β-HSD1) inhibi-
tion on hepatic steatosis is incompletely understood. Here, we aimed to determine the 
therapeutic effect of BVT.2733, a selective 11β-HSD1 inhibitor, on hepatic steatosis.
Materials and Methods: C57B/6J mice were randomly divided into a low-fat diet (LFD) 
fed group and a high-fat diet (HFD) fed group. Mice were fed with HFD for 28 weeks which 
induced obesity and severe hepatic steatosis. The two groups were further divided into four 
groups as follows: LFD, LFD with BVT.2733, HFD, and HFD with BVT.2733. Mice in LFD 
+BVT and HFD+BVT groups were intraperitoneally injected with BVT.2733 daily for 30 
days. Effects of BVT.2733 on mice body weight, serum lipid profile, serum free fatty acids 
(FFAs), glucocorticoid levels, gene expression in adipose and liver tissues were assessed.
Results: Injection of a low dose of BVT.2733 (50 mg/kg/day) reduced body weight and 
hyperlipidemia, but did not improve glucose tolerance and insulin resistance in diet-induced 
obese mice. The low dose of BVT.2733 attenuated hepatic steatosis, liver injury, and liver 
lipolytic gene expression in diet-induced obese mice. Besides, the low dose of BVT.2733 
reduced fat mass and lipolysis in visceral adipose tissues, hepatic FFAs, and serum corti-
costerone levels in diet-induced obese mice.
Conclusion: Our study shows that moderate inhibition of 11β-HSD1 by BVT.2733 reduces 
FFAs and corticosterone synthesis in fatty tissues, thereby attenuates the delivery of corti-
costerone and FFAs to the liver. Collectively, this prevents high-fat diet-induced hepatic 
steatosis.
Keywords: 11β-HSD1, hepatic steatosis, inhibitor, adipose tissue, free fatty acids

Introduction
Nonalcoholic fatty liver disease (NAFLD) is a widely distributed clinical disease 
with a great economic and clinical burden.1 The prevalence of NAFLD ranges from 
27–34% in the general population in North America, 25% in Europe, and 15–20% 
in Asia.2,3 NAFLD is characterized by excessive lipid accumulation in the liver 
independent of alcoholic abuse, drug toxicity, or virus injury.4 NAFLD encom-
passes a spectrum of liver conditions, ranging from hepatic steatosis, steatohepati-
tis, fibrosis to cirrhosis, all of which lead to hepatic carcinoma. NAFLD patients 
with simple fatty liver carry a low risk of adverse outcomes and have a similar life 
expectancy to the general population. In contrast, those with steatohepatitis have 
a higher risk of developing cardiovascular and liver-related diseases which greatly 
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decreases the survival rate.5 Thus, interventions that ame-
liorate hepatic steatosis in NAFLD patients will improve 
the clinical outcomes of such patients.

The inability of the liver to regulate free fatty acids 
(FFAs) is thought to play a central role in the pathogenies 
of NAFLD. Increased diet-derived FFAs and FFAs origi-
nating from lipolysis in adipose tissue elevate FFAs flux to 
the liver. Excessive FFAs in hepatocytes produce lipotoxic 
species that induce endoplasmic reticulum (ER) stress and 
hepatocellular injury.6 Hepatic de novo lipogenesis (DNL) 
that converts diet-derived carbohydrates to FFAs in hepa-
tocytes is an important source of FFAs. FFAs in the liver 
are converted into triglyceride (TG) by mitochondrial β- 
oxidation and esterification. Given that TG formation or 
reduced lipid export in the liver does not induce hepatic 
inflammation, TG accumulation in the liver may prevent 
the production of lipotoxic species.7,8 Adipose tissues, 
especially the visceral adipose tissue (VAT), serve as an 
extra-hepatic pathogenic organ for NAFLD. Excess stored 
fat due to increased lipolysis in obese patients is an impor-
tant source of hepatic FFAs flux.9,10 Additionally, adipose 
tissues secrete several adipokines regulated by peripheral 
and central metabolic signals that impart pathogenic 
effects on the liver.11

11β-hydroxysteroid dehydrogenase type1 (11β-HSD1) 
is an ER membrane enzyme. Its hydrophobic N-terminus 
is anchored to the ER membrane and the catalytic domain 
faces the luminal space.12 11β-HSD1 was initially identi-
fied, purified, and found to be abundantly expressed in the 
liver where it mainly functions as a reductase that converts 
inactive 11-dehydrocorticosterone to corticosterone in 
rodents (cortisone to cortisol in human).13 11β-HSD1 is 
also expressed in white adipose tissue, and functions as an 
amplifier of glucocorticoids (corticosterone in rodents and 
cortisol in humans). Hepatic transgenic overexpression of 
11β-HSD1 in mice induced fatty liver and insulin resis-
tance without obesity.14 Transgenic mice with an ~2.5-fold 
overexpression of 11β-HSD1 in adipose tissue exhibited 
a metabolic syndrome with insulin resistance, dyslipide-
mia, and visceral obesity.15 Elevated 11β-HSD1 expres-
sion in VAT and increased portal glucocorticoid levels 
have been reported in ob/ob mice, a classic animal model 
of NAFLD. In humans, 11β-HSD1 overexpression in VAT 
correlated with the development of NAFLD.16 Taken 
together, these cases suggest a pathogenic role of hepatic 
and adipic 11β-HSD1 in the pathogenesis of NAFLD.

Previously, we have shown that a selective inhibitor of 
11β-HSD1, BVT.2733, prevents body weight gain, adipose 

tissue inflammation, and cardiomyopathy in diet-induced 
obese mice.17,18 Some preliminary studies indeed showed 
that a 11β-HSD1 inhibitor, Compound A, reduced liver 
and serum TG concentrations.19 AZD6925, a selective 
11β-HSD1 inhibitor, reduced liver triglyceride levels and 
prevented hepatic steatosis in db/db mice.20 The 11β- 
hydroxysteroid dehydrogenase type 1 inhibitor, H8, pro-
tects against insulin resistance and hepatic steatosis in db/ 
db mice.21 However, the specific mechanism of 11β-HSD1 
inhibitor on hepatic steatosis has not been studied in detail 
in all the above studies. The effect of inhibitors of 11β- 
HSD1, RO5093151, has been studied in patients with type 
2 diabetes as well as in patients with fatty liver disease. 
However, these studies on fatty liver and metabolic syn-
drome have been modest, and the use of the inhibitors will 
produce some untoward effects. Compared with the pla-
cebo group, participants in the RO5093151 group had 
adverse events including gastrointestinal disorders, infec-
tions, and nervous system disorders.22 Therefore, we need 
to test the efficacy of other inhibitors, such as BVT.2733, 
to block liver steatosis in animal and human studies.

Previous studies showed that the treatment of 11β- 
HSD1 inhibitors protected against hepatic steatosis before 
mice were obese. Different from these kinds of research, 
we pay attention to the therapeutic effect of BVT.2733, not 
the preventive effect. Therefore, we fed mice with a high- 
fat diet and established an obese mice model. Obese mice 
then received BVT.2733 injection to determine whether 
BVT.2733 had a protective effect on hepatic steatosis. 
A high dose of 11β-HSD1 inhibitor may lead to off- 
target because 11β-HSD1 inhibitor can still improve meta-
bolic phenotype in male 11β-HSD1 knockout mice fed 
with the high-fat diet.23 In our study, mice were given low- 
dose inhibitors to reduce the off-target effect and side 
effects. We demonstrated that moderate inhibition of 11β- 
HSD1 by the low dose of BVT.2733 protected against 
high-fat diet-induced hepatic steatosis by inhibiting lipo-
lysis in fatty tissues and lipogenesis in the liver.

Materials and Methods
Ethics Statement
All animal experiments were performed in compliance 
with the Guide for the Care and Use of Laboratory 
Animals approved by the Animal Ethics Committee of 
Cambridge-Suda (CAM-SU) Genomic Resource Center, 
Soochow University (protocol number: WH-2017-1).
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Mice and BVT2733 Administration
Male C57BL/6 mice used in this study were housed in 
a specific-pathogen-free facility, with lights on from 08:-
00–20:00. Mice were given ad libitum access to food and 
drinking water. BVT.2733 (synthesized by Guangzhou 
Isun Pharmaceutical Co., Ltd, purity: ~98%) was dis-
solved in 12% β-hydroxy propyl cyclodextrin and 0.3% 
sodium chloride. To test the toxicity of BVT.2733, male 
8-week-old mice were separately administered with doses 
of 50, 100, 200 mg/kg/day BVT.2733, or vehicle, through 
intraperitoneal injection once a day for 16 consecutive 
days. The body weight and behavior of mice were 
recorded.

To explore the therapeutic effects of BVT.2733 on 
NAFLD, a diet-induced mice model of NAFLD was estab-
lished. Male mice (8-week old) were fed with a low-fat diet 
(LFD, Research Diets #12450J, 3.82 KJ/g, 70% energy from 
carbohydrate, 10% from fat, and 20% from protein), or 
a high-fat diet (HFD, Research Diets #D12492, 5.21 KJ/g, 

20% energy from carbohydrate, 60% from fat, and 20% 
from protein) for 28 weeks. Mice fed with HFD became 
obese and developed severe hepatic steatosis. These two 
groups were further administered with BVT.2733 (50 mg/ 
kg/d) or vehicle through intraperitoneal injection once a day 
for 30 consecutive days (Figure 1).

RNA Isolation, Reverse Transcription, 
and Quantitative Real-Time PCR
Total RNA was extracted from liver and fat tissues using 
the GeneJET RNA Purification Kit (Thermo Fisher, 
K0731). The RNA was reverse-transcribed into cDNA 
using PrimeScript RT reagent Kit (Takara, RR047B) 
according to the manufacturer’s instructions. Quantitative 
Real-time PCR (qRT-PCR) was conducted on the ABI- 
Stepone instrument using the SYBR Premix Ex Taq 
reagent (Takara, RR420B). All groups were tested in 
three replicates and normalized to Gapdh. Primers used 
for qRT-PCR are listed in Table 1.

Figure 1 Schematic diagram illustrating the major steps of the experiments in the study. The mice were fed with LFD or HFD for 28 weeks. The mice were then injected 
with vehicle or BVT.2733 for 30 consecutive days. The body weight of each mouse was recorded. The liver and adipose tissue, and serum were collected from each mouse, 
and were subjected to specific experiments.
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Western Blotting Assay
Protein lysates of liver or adipose tissue were isolated as 
described previously and were separated by SDS–PAGE 
(Bio-Rad Laboratories) and then transferred to polyvinyli-
dene difluoride membranes (Bio-Rad Laboratories). After 
blocking, the membranes were blotted using the following 
primary antibody: anti-Fas antibody (3180, 1:1000 dilution), 
anti-Acc1 antibody (3676, 1:1000 dilution) and anti-β- 
tubulin antibody (5346, 1:1000 dilution) from Cell 
Signaling Technology; anti-Dgat1 antibody (11561-1-AP, 
1:500 dilution), anti-Srebp1c antibody (14088-1-AP, 1:1000 
dilution), anti-Elovl6 antibody (21160-1-AP, 1:1000 dilu-
tion), anti-β-actin antibody (66009-1-Ig, 1:10,000 dilution) 
from Proteintech Group. Afterward, membranes were blotted 
by peroxidase-conjugated secondary antibodies (Cell 
Signaling Technology) and detected by the enhanced chemi-
luminescent method. Signal intensity was assessed using 
Image J software.

Glucose and Insulin Tolerance Test
The glucose tolerance test (GTT) and insulin tolerance test 
(ITT) were performed as previously.24 For the glucose 

tolerance test (GTT), the mice were fasted overnight for 
about 16 hours. A glucose solution (250 mg/mL 
D-glucose) was prepared in advance. Blood was collected 
from the tail vein before (defined as 0) or 15, 30, 60, 90, 
120, and 150 min after the intraperitoneal injection of 
glucose (2.5g/kg body weight). To perform the insulin 
tolerance test (ITT), the mice were fasted for 4 hours. 
The insulin solution was pre-prepared at a concentration 
of 0.1 U/mL. Blood was collected from the tail vein before 
(defined as 0) or 15, 30, 60, 90, 120, and 150 min after the 
intraperitoneal injection of insulin (0.75U/kg body 
weight). Blood glucose was measured with a glucometer 
(Roche, Accu-Chek Performa).

Hematoxylin and Eosin and Oil-Red 
O Staining
Liver tissues were washed with cold phosphate-buffered 
saline (PBS), fixed in 4% paraformaldehyde (PFA) at 4°C 
for 24 hours, and then embedded in paraffin for sectioning 
into 5 μm pieces. Hematoxylin & eosin (H&E) staining 
was performed according to the standard methods. For oil- 
red O staining, liver tissues were embedded in the Tissue 

Table 1 Primer Pairs Used for qRT-PCR

Gene Forward Primer (5ʹ to 3ʹ) Reverse Primer (5ʹ to 3ʹ)

11β-HSD1 CAGAAATGCTCCAGGGAAAGAA GCAGTCAATACCACATGGGC

Acc1 ATGGGCGGAATGGTCTCTTTC TGGGGACCTTGTCTTCATCAT

Acc2 CCTTTGGCAACAAGCAAGGTA AGTCGTACACATAGGTGGTCC

Atgl CAACGCCACTCACATCTACGG GGACACCTCAATAATGTTGGCAC

Cd36 ATGGGCTGTGATCGGAACTG GTCTTCCCAATAAGCATGTCTCC

Creb AGCCGGGTACTACCATTCTAC GCAGCTTGAACAACAACTTGG

Dgat1 CTGATCCTGAGTAATGCAAGGTT TGGATGCAATAATCACGCATGG

Elovl6 GAAAAGCAGTTCAACGAGAACG AGATGCCGACCACCAAAGATA

Fas GCGGGTTCGTGAAACTGATAA GCAAAATGGGCCTCCTTGATA

Gapdh AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA

Lipe CCAGCCTGAGGGCTTACTG CTCCATTGACTGTGACATCTCG

Lxrα CTCAATGCCTGATGTTTCTCCT TCCAACCCTATCCCTAAAGCAA

Lxrβ ATGTCTTCCCCCACAAGTTCT GACCACGATGTAGGCAGAGC

Nr3c1 AGCTCCCCCTGGTAGAGAC GGTGAAGACGCAGAAACCTTG

Srebp1c GATGTGCGAACTGGACACAG CATAGGGGGCGTCAAACAG
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Freezing Medium (Leica, H22136) and sectioned into 8 
μm pieces using a Leica Cryostat (Leica, CM1850). The 
frozen sections were aired dry at room temperature and 
rinsed briefly with distilled water. Next, the sections were 
fixed with 1% PFA for 10 min, briefly washed with dis-
tilled water for 5 min, and rinsed with 60% isopropanol for 
5 min. The tissues were stained with freshly prepared 
0.3% Oil Red O working solution (Sigma, O0625, dis-
solved in 60% isopropanol) for 15 min. After staining, 
tissue sections were rinsed with 60% isopropanol for 5 
min and washed multiple times with distilled water, and 
mounted in glycerine jelly.

Serum and Liver Biochemistry Profiles
Blood samples were collected from the posterior orbital 
venous plexus of mice and centrifuged to obtain serum. 
Serum levels of total cholesterol (TC), triglyceride (TG), low- 
density cholesterol (LDL), high-density lipoprotein (HDL), 
alanine aminotransferase (ALT), aspartate aminotransferase 
(AST), and alkaline phosphatase (ALP) were measured with 
a biochemistry automatic analyzer (Hitachi, 7100+ISE). 
Liver specimens were collected, homogenized, and levels of 
TC and TG were quantified as mentioned above.

Serum Corticosterone Detection
Serum corticosterone was determined using the 
Corticosterone Parameter Assay kit (R&D, KGE009) fol-
lowing the manufacturer’s instructions.

Statistical Analysis
Quantitative data are shown as mean ± sem. Statistical 
significance was determined with Software GraphPad 
Prism (version 8) by unpaired t-test with Welch’s correction 
or Two-way ANOVA as indicated in each figure legend. P < 
0.05, and P < 0.01 were considered significant differences.

Results
The Low Dose of BVT.2733 Does Not 
Induce Toxicity in Mice
BVT.2733 is a selective inhibitor of 11β-HSD1 that func-
tions in an isoform-selective manner.25 Previously, we 
showed that administration of BVT.2733 at a dose of 
200 mg/kg/day for four weeks significantly reduced body 
weight and improved glucose tolerance in high-fat diet 
(HFD)-induced obese mice.17 However, we did not assess 
the potential toxicity of BVT.2733 in mice fed with a low- 
fat diet (LFD). Furthermore, it is likely that high doses of 

11β-HSD1 inhibitors cause off-target effects in 11β-HSD1 
knockout mice fed with the high-fat diet.23 We, therefore, 
performed a pilot experiment in which mice fed on LFD 
received a daily intraperitoneal injection of BVT.2733 at 
50, 100, or 200 mg/kg doses for 16 days. Although these 
doses did not affect mice survival or behavior, daily 100 or 
200 mg/kg doses significantly induced weight loss (Figure 
2A). In addition, there were no significant differences in 
weight loss between daily doses of 100 and 200 mg/kg 
(Figure 2A). This result is consistent with a previous study 
that gave 100 mg/kg BVT.2733 to mice for 16–17 days 
reduced body weight.26 In contrast, daily injection of 
BVT.2733 at 50 mg/kg for 16 days did not induce toxicity, 
in terms of weight loss or behavior in LFD fed mice 
(Figure 2A). Thus, BVT.2733 at 50 mg/kg/day dose was 
used in subsequent experiments.

The Low Dose of BVT.2733 Reduces 
Body Weight, but Does Not Improve 
Glucose Tolerance and Insulin Resistance 
in Diet-Induced Obese Mice
Mice were fed with the high-fat diet for 28 weeks to 
establish a diet-induced animal model of NAFLD. Mice 
fed with HFD gained body weight by 1.6-fold compared 
with mice fed with LFD (Figure 2B). To explore whether 
11β-HSD1 inhibition could control the effects of LFD or 
HFD, mice fed with either LFD or HFD were injected 
daily with BVT.2733 at 50 mg/kg or vehicle for 30 days. 
Consistent with the pilot toxicity experiment, BVT.2733 
administration did not affect the body weight of mice fed 
with LFD, indicating 30 days of BVT.2733 treatment was 
also safe for mice. In contrast, BVT.2733 slightly reduced 
the body weight of mice fed with HFD by 6.9% (Figure 
2C), suggesting that the low dose of BVT.2733 reduced 
body weight in HFD-induced obese mice as efficient as the 
high dose of BVT.2733 (200 mg/kg/day) as we reported 
previously.

The fasting blood glucose level was significantly 
higher in HFD fed mice than in mice fed on LFD 
(Figure 2D). Inconsistent with this, HFD fed mice devel-
oped glucose tolerance and insulin resistance as revealed 
by intraperitoneal glucose tolerance test (GTT) and insulin 
tolerance test (ITT) (Figure 2E and F). The fasting blood 
glucose level was not affected by administration of the low 
dose of BVT.2733 either in LFD or HFD fed mice (Figure 
2D). Besides, the low dose of BVT.2733 failed to improve 
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glucose tolerance and insulin resistance in HFD-fed mice 
(Figure 2E and F).

The Low Dose of BVT.2733 Attenuates 
Hyperlipidemia, Hepatic Steatosis, and 
Liver Injury in a Mouse Model of 
Diet-Induced Obese Mice
The liver plays an important role in lipid metabolism, and 
excessive lipid accumulation in the liver affects its histol-
ogy and function. As expected, serum cholesterol, low- 
density lipoprotein (LDL), high-density lipoprotein 
(HDL), alanine aminotransferase (ALT), and aspartate 
aminotransferase (AST) were higher by 1.6-, 2.8-, 1.3-, 
1.6-, and 1.8-fold, respectively, in mice fed with HFD 
compared to mice fed with LFD (Table 2). Interestingly, 
the low dose of BVT.2733 remarkably reduced serum 

cholesterol, LDL, ALT, AST, and alkaline phosphatase 
(ALP), by 20.8%, 35.6%, 40.7%, 41.1%, and 30.0%, 
respectively, in mice fed with HFD (Table 2). These results 
suggested that the low dose of BVT.2733 improved high- 
fat diet-induced hyperlipidemia and liver injury.

The successful establishment of the NAFLD mice 
model was confirmed by morphological observation and 
histopathological analysis of the liver. The livers excised 
from mice fed with HFD for 28 weeks were larger and 
appeared pale (Figure 3A and B). H&E staining demon-
strated typical macrovesicular steatosis in hepatocytes of 
HFD fed mice (Figure 3C and D). Consistently, Oil-red 
O staining revealed excessive lipid accumulation in the 
liver (Figure 3E and F). Surprisingly, administration of 
BVT.2733 significantly reduced the weight of the liver 
by 38.6% (Figure 3A and B). Administration of 
BVT.2733 significantly reduced typical macrovesicular 

A B C

D E F

Figure 2 Low dose of BVT.2733 reduces body weight in diet-induced obese mice. (A) Mice (12-week old) in four groups were separately administered with vehicle only, 50, 
100, or 200 mg/kg BVT.2733 through an intraperitoneal injection given daily for 16 consecutive days. The body weight of each group was recorded to assess BVT.2733 
toxicity at different doses. The body weight on day 0 (the day start of BVT.2733 injection) of each mouse was standardized as 1. Data are presented as the means ± sem; 
vehicle or 50 mg/kg/day groups vs 100 mg/kg/day or 200 mg/kg/day groups, **P < 0.01 by Two-way ANOVA, n=4. (B) Body weight of mice fed either with LFD or HFD for 28 
weeks. LFD vs HFD fed mice. The body weight on the day starts of HFD or LFD of each mouse was standardized as 1. Data are presented as the means ± sem; **P < 0.01 by 
Two-way ANOVA, n=10. (C) Body weight of vehicle or BVT.2733 (50 mg/kg/day) mice fed with either LFD or HFD. BVT.2733 was daily injected for 30 consecutive days at 
a dose of 50 mg/kg. The body weight on the day starts of HFD or LFD of each mouse was standardized as 1. Data are presented as the means ± sem; vehicle vs 50 mg/kg/day 
groups. *P < 0.05 by Two-way ANOVA, n=4–5. (D) The concentration of fasting glucose in vehicle or BVT.2733 mice fed with either LFD or HFD. Data are presented as the 
means ± sem; **P < 0.01 by unpaired t-test with Welch’s correction, n=4–5. (E and F) Glucose tolerance test (E) and insulin tolerance test (F) in vehicle or BVT.2733 
injected mice fed with either LFD or HFD. D-F, experiments were performed on day 30 after BVT.2733 or vehicle injection. Data are presented as the means ± sem; mice 
fed with LFD vs mice fed with HFD, **P < 0.01 by Two-way ANOVA, n=4–5.
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steatosis area from 42.0 ± 2.9% to 21.7 ± 6.1% in the liver 
of mice fed with HFD (**P < 0.01, Figure 3C and D). 
Consistently, administration of BVT.2733 significantly 
reduced oil-red O stained area from 44.6 ± 4.6% to 22.2 
± 3.2% in the liver of mice fed with HFD (**P < 0.01, 
Figure 3E and F). BVT.2733 administration, however, did 
not affect the morphology or weight of the liver in mice 
fed with LFD (Figure 3A–F). These results suggested that 
BVT.2733 treatment specifically attenuated hepatic steato-
sis in an HFD-induced NAFLD model.

The Low Dose of BVT.2733 Reduces the 
Expression of the Lipolytic Gene in Liver 
Tissue
High fat diet-induced hepatic lipid accumulation stems 
from increased de novo lipogenesis (DNL) in the liver, 
in which diet-derived carbohydrates are converted to free 
fatty acids (FFAs) in the liver. We, therefore, examined the 
expression of de novo lipogenesis-related proteins in liver 
tissues. Our results showed that a high-fat diet did not alter 
the expression of de novo lipogenesis-related proteins 
including Fas, Acc1, Srebp1c, Dgat1, and Elovl6 in the 
liver tissues. The low dose of BVT.2733 significantly 
reduced the protein expression of Fas, Acc1, Srebp1c, 
and Dgat1 in liver tissues of mice fed with LFD. This is 
consistent with the results from antisense-mediated inhibi-
tion of 11β-HSD1 in mice.27 Importantly, BVT.2733 
reduced the protein expression of Acc1 in liver tissues of 
mice fed with HFD (Figure 4A and B).

The Low Dose of BVT.2733 Affects Fat 
Deposition and Reduces Lipolysis in the 
Adipose Tissue
Lipolysis in adipose tissue is an important source of FFAs 
flux to the liver. Hence, we assessed fat distribution in 
mice treated with BVT.2733. Results showed that 
BVT.2733 treatment mildly, although without statistical 
significance, reduced total fat in mice fed with HFD 
(Table 3). This is consistent with the finding that adminis-
tration of BVT.2733 slightly reduced the body weight of 
mice fed with HFD but not mice fed with LFD (Figure 
2C). Interestingly, BVT.2733 treatment significantly 
reduced the amount of perirenal adipose tissue in HFD 
fed mice (Table 3). We further assessed the expression of 
lipogenic and lipolytic genes in perirenal adipose tissue. 
We found that a high-fat diet significantly decreased the 
expression of lipogenic related proteins including Fas, 
Acc1, and Srebp1c in perirenal adipose tissue, which is 
consistent with previous studies.28,29 The low dose of 
BVT.2733 treatment reduced the protein expression of 
Fas and Srebp1c in perirenal adipose tissue of mice fed 
with LFD, but does not affect perirenal adipose tissue of 
mice fed with HFD (Figure 5A and B).

In contrast, HFD increased the expression of lipolytic 
genes Lxrα, Lxrβ, Atgl, and Lipe (or hormone-sensitive lipase, 
HSL) in perirenal adipose tissue, and the expression of Lxrα 
and Lxrβ was attenuated by BVT.2733 treatment (Figure 5C). 
These results suggested that the low dose of BVT.2733 
inhibited lipolysis in adipose tissue of mice fed with HFD.

Table 2 The Effect of BVT.2733 on Serum Lipid Profiles and Liver Function

LFD HFD

Vehicle BVT.2733 Vehicle BVT.2733

Cholesterol (mmol/L) 0.92 ± 0.08 0.87 ± 0.03 2.36 ± 0.09a 1.87 ± 0.12b

Triglyceride (mmol/L) 0.24 ± 0.03 0.20 ± 0.02 0.17 ± 0.03 0.14 ± 0.02

HDL (mmol/L) 0.65 ± 0.06 0.63 ± 0.02 1.51 ± 0.09a 1.37 ± 0.09

LDL (mmol/L) 0.12 ± 0.01 0.11 ± 0.01 0.45 ± 0.04a 0.29 ± 0.03b

ALT (U/L) 63.3 ± 12.3 69.5 ± 11.6 165.8 ± 23.2a 98.4 ± 20.4b

AST (U/L) 204.7 ± 17.1 184.0 ± 9.8 361.8 ± 41.8a 213.2 ± 47.8b

ALP (U/L) 30.5 ± 1.6 30.0 ± 0.9 27.7 ± 2.6 19.4 ± 1.3b

Notes: Data are presented as mean ± sem. aP < 0.05 vs LFD with vehicle injection; bP < 0.05 vs HFD with vehicle injection, by unpaired t-test with Welch’s correction. 
n=4–5. 
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; HDL, high density lipoprotein; LDL, low density cholesterol.
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Figure 3 BVT.2733 attenuates hepatic steatosis in diet-induced NAFLD mice. (A and B) The morphology of liver (A) and weight of liver (B) in vehicle or BVT.2733 (50 mg/ 
kg/day) groups of mice fed with either LFD or HFD. Data are presented as the means ± sem; *P < 0.05 by unpaired t-test with Welch’s correction, n=4–5. (C–F) H&E 
staining (C) and Oil-red O staining (E) of liver sections in the vehicle or BVT.2733 (50 mg/kg/day) group of mice fed with either LFD or HFD. Bars=200 μm. Quantification of 
macrovesicular steatosis area (D) and Oil-red O positive area (F) of liver sections. Data are presented as the means ± sem, n=8. *P < 0.05; **P < 0.01; by unpaired t-test with 
Welch’s correction. 
Abbreviation: ns, not significant.
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The Low Dose of BVT.2733 Reduces 
Hepatic FFAs and Serum Corticosterone 
Levels
To determine whether loss of fat tissue and decreased 
lipolysis in adipose tissues directly affected FFAs level, 
we measured FFAs levels both in the plasma and liver 
tissue of mice treated with the low dose of BVT.2733. 
Administration of BVT.2733 significantly reduced the 
level of FFAs in the liver (Figure 6A). The reduction in 
FFAs could not be explained by impaired hepatic FFA 

absorption since the expression of Cd36, a transporter of 
FFAs, was not reduced (Figure 6B). Given that 11β- 
HSD1 converts inactive 11-dehydrocortisterone into cor-
ticosterone, we measured the level of plasma corticoster-
one. Administration of a low dose of BVT.2733 did not 
change the plasma level of corticosterone in mice fed 
with LFD, but significantly ameliorated the increase of 
corticosterone level in HFD fed mice (Figure 6C). 
Besides, administration of the low dose of BVT.2733 
did not alter the expression of 11β-HSD1 and Nr3c1 

A

B

Figure 4 BVT.2733 reduces the expression of the lipolytic gene in liver tissue. (A) The expression of de novo lipogenic proteins Fas, Acc1, Srebp1c, Dgat1, and Elovl6 in the 
liver from vehicle or BVT.2733 (50 mg/kg/day) groups of mice fed with either LFD or HFD. β-actin was used as a loading control. (B) Quantitation of protein expression by 
ImageJ. Data are presented as the means ± sem, n=3. *P < 0.05; **P < 0.01; by unpaired t-test with Welch’s correction. 
Abbreviations: ns, not significant; Fas, fatty acid synthase; Acc1, acetyl-CoA carboxylase 1; Srebp1c, sterol response element-binding protein-1c; Dgat1, Acyl-CoA, 
diacylglycerol acyltransferase 1; Elovl6, elongation of very-long-chain fatty acids protein 6.
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genes, which encode glucocorticoid receptor (GR) in the 
liver of LFD or HFD fed mice (Figure 6D).

Discussion
NAFLD has been extensively studied because of its pro-
nounced negative impact on people’s health. Currently, 
NAFLD is treated by: 1) reducing the source of fatty 
acids in the liver; 2) diverting hepatic metabolic substrates 
(fatty acids and glucose) to oxidative tissues for disposal 
or thermogenesis; and 3) inhibiting cell stress and apopto-
sis pathway, and fibrosis to block the NASH progression. 
For instance, miRNA mimics or anti-miRNAs were used 
as therapeutic approaches for the treatment of NAFLD and 
liver fibrosis.30 Targeted delivery of siRNA/peptide 
nucleic acid (PNA) hybrid nanocomplex effectively 
reversed rat liver fibrosis.31 Despite tremendous efforts to 
identify therapeutic targets and drug development, unmet 
challenges remain.

Obesity is one of the major risk factors of NAFLD. 
Nearly 80% of patients with obesity have NAFLD. In 
contrast, the prevalence of NAFLD in individuals with 
normal body mass index (BMI) and no metabolic risk 
factors is only 16%.32,33 Visceral fat has been found to 
be correlated with NAFLD.34 The cross-talk between adi-
pose tissue and the liver may lead to the pathogenesis and 
progression of NAFLD.6,35 Studies have confirmed that 
during visceral obesity, hypertrophic adipocytes release 
several factors, including FFAs, inflammatory factors, 

and adipo-secretory factors.36 FFAs transported to the 
liver directly increase hepatic FFAs load. In the substrate- 
overload liver injury model, FFAs overload in the liver 
was implicated in the pathogenesis of NAFLD. We have 
previously found that inhibition of 11β-HSD1 by 
BVT.2733 reduces body weight and adipose tissue inflam-
mation in diet-induced obese mice.17,18 The purpose of our 
study was to reverse hepatic steatosis in obese mice by 
BVT.2733 treatment. We successfully established a diet- 
induced obese mice model. Mice fed with 60% HFD for 
28 weeks showed increased body weight and liver weight, 
accompanied by hepatic steatosis, the typical characteris-
tics of NAFLD. Obese mice then received BVT.2733 
injection to determine whether BVT.2733 had the protec-
tive effect on hepatic steatosis. The low dose of BVT.2733 
dramatically reduced the body weight, liver weight, serum 
cholesterol, LDL, and HDL in diet-induced obese mice. It 
also attenuated hepatic steatosis, reduced serum levels of 
ALT and hepatic FFAs. We speculate that treatment of the 
low dose of BVT.2733 before mice were obese will help to 
protect against obesity and have a protective effect on 
hepatic steatosis. Previous studies showed that food intake 
was not affected by the BVT.2733 treatment (167 mg/kg/ 
day) in spontaneously hyperglycaemic KKAy mice.37 

Similarly, treatment of a selective 11β-HSD1 inhibitor, 
AZD6925, did not affect body weight or food intake in 
control or db/db mice.20 In our study, we treated mice with 
a low dose of BVT.2733 (50 mg/kg/day). Thus, we 

Table 3 The Effect of BVT.2733 on Weight of Adipose Tissues

Weight (g)

LFD HFD

Tissues Vehicle BVT.2733 Vehicle BVT.2733

Visceral Mesenteric 0.33 ± 0.03 0.33 ± 0.05 1.15 ± 0.11a 0.94 ± 0.15

Gonadal 0.61 ± 0.05 0.63 ± 0.10 1.89 ± 0.23a 2.00 ± 0.12

Perirenal 0.48 ± 0.11 0.29 ± 0.07 2.76 ± 0.07a 1.88 ± 0.24b

Subcutaneous Anterior 0.18 ± 0.03 0.17 ± 0.01 0.68 ± 0.04a 0.55 ± 0.09

Posterior 0.98 ± 0.12 0.87 ± 0.20 5.99 ± 0.48a 4.78 ± 0.51

Brown Interscapular 0.11 ± 0.01 0.10 ± 0.01 0.36 ± 0.04a 0.27 ± 0.04

Total fat 2.68 ± 0.27 2.40 ± 0.38 12.83 ± 0.69a 10.42 ± 1.02

Body weight 29.8 ± 1.2 31.1 ± 0.3 48.2 ± 3.6 44.9 ± 2.2b

Notes: Data are presented as mean ± sem. aP < 0.05 vs LFD with vehicle injection; bP < 0.05 vs HFD with vehicle injection, by unpaired t-test with Welch’s correction. 
n=4–5.
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speculate that BVT.2733 should not influence the energy 
consumption of mice.

11β-HSD1 is a key enzyme that regulates peripheral 
glucocorticoid metabolism by converting cortisone to cor-
tisol in humans (11-dehydrocorticosterone to corticoster-
one in rodents). It enhances the action of glucocorticoids 
in local tissues, acting as a local amplifier. Corticosterone 
in the liver and adipose tissue are key drivers of NAFLD 
development. A clinical study showed that 11β-HSD1 
expression was markedly increased in adipose tissue of 
obese individuals and with a higher level in visceral fat 
than subcutaneous fat.38 The low dose of BVT.2733 

significantly reduced the protein expression of Acc1 in 
liver tissues of mice fed with LFD and HFD, indicating 
that BVT.2733 inhibits lipogenesis in the liver. 
Additionally, the low dose of BVT.2733 protects against 
high-fat diet-induced hepatic steatosis by inhibiting lipo-
lysis in fatty tissues. We showed that the increased expres-
sion of Lxrα and Lxrβ in adipose tissue of HFD fed mice 
was attenuated by BVT.2733 treatment. It has been 
reported that corticosterone treatment increased expression 
of lipase HSL and Atgl and knockdown of 11β-HSD1 by 
shRNA attenuated corticosterone-induced lipolysis.39 Our 
results are strongly supported by the knockout mice study. 

A

B

C

Figure 5 BVT.2733 reduces the expression of the lipolytic gene in adipose tissue. (A) The expression of de novo lipogenic proteins Fas, Acc1, and Srebp1c, in perirenal 
adipose tissue from vehicle or BVT.2733 (50 mg/kg/day) groups of mice fed with either LFD or HFD. (B) Quantitation of protein expression by ImageJ. Data are presented as 
the means ± sem, n=3. (C) The relative mRNA expression of lipolysis genes Lxrα, Lxrβ, Atgl, Lipe in perirenal adipose tissue. Data are presented as means ± sem, n=4–5. *P < 
0.05; **P < 0.01; by unpaired t-test with Welch’s correction. 
Abbreviations: ns, not significant; Lxrα, liver X receptor α; Lxrβ, liver X receptor β; Atgl, adipose triglyceride lipase; lipase E (Lipe) or hormone-sensitive lipase (HSL).
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Mice with the specific knockout of 11β-HSD1 in adipose 
tissue are protected from the development of 11-DHC- 
induced hepatic steatosis and significantly protected from 
CORT- and 11-DHC-induced increased adipose expression 
of HSL, Atgl, Lxrα, and Lxrβ.40 In fact, AMP-activated 
protein kinase (AMPK) has been emerging as a negative 
regulator of HSL, and phosphorylation of AMPK at 
Thr172 is a critical event.41 Therefore, it could be very 
interesting to investigate whether BVT.2733 inhibits lipo-
lysis of adipose tissue by regulating AMPK 
phosphorylation.

Transgenic mice with high expression of 11β-HSD1 in 
adipose tissue showed significantly increased adipose gluco-
corticoid levels and a 3-fold elevation of glucocorticoid trans-
port to the liver via the portal system.15 When fed with a high- 

fat diet, 11β-HSD1 deficient mice exhibited improved insulin 
sensation and loss of visceral adipose,42,43 however, mice with 
liver 11β-HSD1 knockout did not prevent the gain of body 
weight, adipose tissue weight, and liver weight.44 Therefore, 
11β-HSD1 in adipose tissue appeared to more important than 
in the liver on the development of NAFLD. Besides, deficiency 
or inhibition of 11β-HSD1 may lead to a negative influence on 
hepatic steatosis. Liver-specific loss of 11β-HSD1 did not 
protect from hepatic steatosis but enhanced hepatic inflamma-
tion in mice fed with fructose and trans-fats.45 In our study, 
inhibition of 11β-HSD1 by the low dose of BVT.2733 reduced 
body weight and liver weight in mice fed on a high-fat diet. 
This effect was more pronounced in the liver since the weights 
of visceral fat, except perirenal fat, subcutaneous fat, and 
brown fat were not significantly altered. Thus, adipose tissue 

A B

C D

Figure 6 BVT.2733 reduces the concentration of plasma free fatty acids and corticosterone in NAFLD mice. (A) The concentration of plasma and liver FFAs in mice serum 
and liver were measured in the liver from vehicle or BVT.2733 (50 mg/kg/day) groups of mice fed with either LFD or HFD. (B) The relative mRNA expression of Cd36 in 
vehicle or BVT.2733 (50 mg/kg/day) groups of mice fed with either LFD or HFD. (C) The concentration of plasma corticosterone from vehicle or BVT.2733 (50 mg/kg/day) 
groups of mice fed with either LFD or HFD. (D) The relative mRNA expression of 11β-HSD1 and Nr3c1 in the liver from vehicle or BVT.2733 (50 mg/kg/day) groups of mice 
fed with either LFD or HFD. Data are presented as means ± sem. *P < 0.05; **P < 0.01; by unpaired t-test with Welch’s correction, n=4–5. 
Abbreviation: ns, not significant.
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11β-HSD1 is the key factor leading to NAFLD formation and 
the development of hepatic steatosis. Inhibition of 11β-HSD1 
activity in adipose tissue not only reduces visceral obesity and 
improves adipose tissue function, but also reduces glucocorti-
coids and FFAs levels in the hepatocytes, thereby effectively 
preventing hepatic steatosis. Our results were strongly sup-
ported by a recent study that showed that adipose-specific, but 
not liver-specific 11β-HSD1 knockout mice, prevented gluco-
corticoids-induced hepatic steatosis.40 This suggests that acti-
vation of 11β-HSD1 in adipose tissue promotes the 
development of hepatic steatosis.

11β-HSD1 inhibition in diabetic and obese mice models 
prevented weight gain.37 11β-HSD1 is expressed in white 
adipose tissue, where it functions as the predominant reductase 
amplifying glucocorticoids. Glucocorticoids drive the 

pathogenesis of metabolic syndrome in adipose tissue. 
Glucocorticoids have been reported to stimulate lipolysis via 
induction of hormone-sensitive lipase (HSL) and adipose tri-
glyceride lipase (ATGL) desnutrin, increasing the release of 
adipocyte fatty acid and production of metabolic fuel.40,41,46 

Consistent with this, our study showed that low dose 
BVT.2733 significantly attenuated the HFD-induced upregula-
tion of lipolytic genes Lxrα and Lxrβ expression in adipose 
tissue. Lipolysis in adipose tissue is the major contributor to 
hepatic FFAs flux. A high level of glucocorticoids has been 
reported to promote adipogenesis and reduce lipid oxidation in 
the liver.47,48

Chronic endoplasmic reticulum (ER) stress induces 
numerous intracellular pathways that can lead to NAFLD 
development and progression, including hepatic steatosis, 

A B

Figure 7 An illustration of the effect of 11β-HSD1 inhibition by the low dose of BVT.2733 on NAFLD. (A) The activation of 11β-HSD1 is elevated in both adipose tissue and 
liver in diet-induced obesity. This stimulates lipolysis in the adipose tissue, and increases glucocorticoid and free fatty acids transport to the liver through the portal vein. 
Meanwhile, the activation of 11β-HSD1 increases lipogenesis in the liver. (B) Inhibition of 11β-HSD1 by BVT.2733 reduces adipose tissue mass and portal glucocorticoid and 
free fatty acids levels, and reverses lipogenesis in the liver. Therefore, inhibition of 11β-HSD1 attenuates hepatic steatosis. 
Abbreviations: 11-DHC, 11-dehydrocorticosterone; Cort, corticosterone.
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systemic inflammation, and hepatocyte cell death.49,50 

A recent study showed that over-expression of 
11β-HSD1 promoted endoplasmic reticulum stress.51 

Based on these findings, we speculate that inhibition of 
11β-HSD1 by BVT.2733 may directly affect the function 
of the endoplasmic reticulum. There are some limitations 
to this study. Recently, 11β-HSD1 has been reported to be 
involved in liver fibrosis. A recent study showed that in 
a mouse model of chemical liver injury, 11β-HSD1 defi-
ciency promoted fibrosis by enhancing the activation of 
myofibroblasts.52 Therefore, the use of BVT.2733 may 
carry a risk of promoting hepatic fibrosis, which will 
cause irreversible damage to the liver. Another study 
showed that, in a chemical liver injury mice model, 11β- 
HSD1 deficiency promotes fibrosis by enhancing myofi-
broblast activation.52 The small number of animals is 
another limitation in our research. Although the measure-
ments were statistically significant, a larger number of 
animals will convince our conclusion strongly.

In conclusion, our study shows that the high-fat diet may 
activate 11β-HSD1 and induce glucocorticoids and FFAs 
from adipose tissues to the liver, thus leads to the develop-
ment of NAFLD. Meanwhile, the activation of 11β-HSD1 
increases lipogenesis in the liver of mice fed with HFD 
(Figure 7A). Inhibition of 11β-HSD1 by the low dose of 
BVT.2733 protects against high-fat diet-induced hepatic 
steatosis by inhibiting lipolysis in fatty tissues and lipogen-
esis in the liver, and therefore attenuates delivery of gluco-
corticoids and FFAs to the liver where they are re-esterified 
to promote hepatic lipid accumulation (Figure 7B).
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