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Abstract
The effects of the combination of bis (α- furancarboxylato) oxovanadium (IV) 
(BFOV) and metformin (Met) on hepatic steatosis were investigated in high- fat diet- 
induced obese C57BL/6J mice (HFC57 mice) for 6 weeks. Oral glucose tolerance 
test was performed to evaluate glucose metabolism. Moreover, blood and hepatic 
biochemical and histological indices were detected. Besides, Affymetrix- GeneChip 
analysis and Western blot of the liver were performed. Comparing to the monother-
apy group, BFOV + Met showed more effective improvement in glucose metabo-
lism, which decreased the fasting blood glucose, insulin levels and improved insulin 
sensitivity in HFC57 mice. BFOV + Met significantly decreased serum ALT and 
AST activities and reduced hepatic triglyceride content and iNOS activities, accom-
panied by ameliorating intrahepatic fat accumulation and hepatocellular vacuolation. 
Enhanced hepatic insulin signalling transduction and attenuated inflammation path-
way were identified as the major pathways in the BFOV + Met group. BFOV + Met 
significantly down- regulated the protein expression levels of MMPs, NF- κB, iNOS 
and up- regulated phosphorylation of AKT and AMPK levels. We concluded that a 
combination of BFOV and metformin ameliorates hepatic steatosis in HFC57 mice 
via alleviating hepatic inflammation and enhancing insulin signalling pathway, sug-
gesting that the combination of BFOV and metformin is a potential treatment for 
hepatic steatosis.
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1 |  INTRODUCTION

Non- alcoholic fatty liver disease (NAFLD) is the most com-
mon type of hepatic disorder worldwide, which refers to a 
pathological condition of hepatic steatosis.1 NAFLD is a se-
ries of stages that comprise a continuum of liver conditions, 
including hepatic steatosis (fatty liver) and NASH, which is 
defined as a more serious process with inflammation and he-
patocyte damage (steatohepatitis).2

Considering that obesity, insulin resistance and type 2 diabe-
tes mellitus (T2DM) are strongly associated with the develop-
ment of hepatic steatosis, so far lifestyle interventions, such as 
dietary restriction and exercise, are currently the principal ther-
apy for hepatic steatosis.3 Many antidiabetic drugs have been 
tested in NAFLD patients during these years.4 Among these, 
pioglitazone seems to improve some histological features of 
NASH and has been approved for NAFLD treatment, but it has 
no clear effect on fibrosis.5 However, there have been no specific 
medications to the intervention of NAFLD.6 Hepatic steatosis 
(fatty liver), which is caused by the accumulation of excessive 
fat in the liver, is strongly associated with the development of 
hepatic insulin resistance and T2DM. Lipid accumulation and 
inflammation have been implicated in the pathogenesis of in-
sulin resistance and hepatic steatosis.7 Thus, novel antidiabetic 
drugs, which ameliorate insulin sensitivity and reduce excess 
fatty acids in the circulation system, will become candidates for 
the treatment of hepatic steatosis, even the NAFLD.

Vanadium (V), a potent non- selective inhibitor of pro-
tein tyrosine phosphatases, has been known to possess an 
insulin- enhancing effect.8,9 When administered at lower 
doses in diabetic animals, vanadium showed potent stress al-
leviating effects but toxic adverse effects, such as liver and 
kidney toxicity, which have limited the further application of 
V.10 However, vanadium organic complexes have acceptable 
pharmacokinetic properties and exhibit an excellent hypo-
glycaemic effect. In our previous studies, we have reported 
a novel oral antidiabetic candidate vanadyl complex, bis (α- 
furancarboxylato) oxovanadium (IV) (BFOV), which dis-
played a potential antidiabetic effect in type 2 diabetic KKAy 
(KK Cg- Ay/J) mice and also ameliorated hepatic lipid accu-
mulation, which indicates that there might be a potential role 
of BFOV on hepatic steatosis.11 Metformin is a commonly 
applied oral hypoglycaemic agent in monotherapy or in 
combination treatment, which is generally recommended as 
first- line therapy for type 2 diabetes. Metformin has recently 
been extensively studied, and emerging evidence suggests 
metformin decreases hepatocyte triglyceride accumulation. 
However, there is insufficient clinical evidence data, suggest-
ing metformin to be used for NAFLD.12,13

According to pieces of evidence, we hypothesized that 
the combination of BFOV and metformin might exhibit a 
synergetic role in the improvement of fatty liver in obesity 
and insulin- resistant mice. In our previous study, we have 

investigated and found that the combination of BFOV and met-
formin synergistically improved hyperglycaemia and glucose 
intolerance in alloxan- induced type 1 diabetic mice by two- way 
ANOVA analysis. Using Q value analysis, we found that the 
combination of BFOV (20 mg/kg) and metformin (100 mg/kg) 
possesses the highest synergism. Then, in the present study, we 
further verified the effects of a combination of BFOV and met-
formin on hepatic steatosis and the related insulin resistance 
in a high- fat diet- induced obese C57BL/6J mouse model. Our 
data showed a potential synergy in vivo with a combination of 
BFOV and metformin significantly improving glucose homeo-
stasis and liver lipid accumulation compared with monother-
apy and ameliorated hepatic steatosis through down- regulation 
of inflammatory factors and activation of hepatic phosphory-
lated AMPK and AKT signalling pathways.

2 |  MATERIALS AND METHODS

2.1 | Animals

12- week- old C57BL/6J male mice were purchased from the 
Experimental Animal Center, Chinese Academy of Medical 
Science, Beijing, China. The animals were housed in a con-
stant 12- hours light/ dark cycle in a temperature- controlled 
central facility (22 ± 3°C) with free access to tap water and 
chow. C57BL/6J mice were fed standard laboratory chow as 
Normal group (Nor) or fed with a high- calorie diet (RD12492, 
Research Diets Inc) to induce the development or progression 
of obesity and diabetes. The study was conducted in accord-
ance with the Basic & Clinical Pharmacology & Toxicology 
policy for experimental and clinical studies.14 All animal 
experiments were carried out in strict accordance with the 
Standards for Laboratory Animals (GB14925- 2001) and the 
Guideline on the Humane Treatment of Laboratory Animals 
(MOST 2006a) established by the People's Republic of 
China, and all animal procedures were approved by Beijing 
Administration Office of Laboratory Animal (approval num-
ber: SCXKBeijing- 2009- 0004).

2.2 | Animal experimental procedures

C57BL/6J mice with an average body- weight of 45 g were 
reared with a high- fat diet for 12  weeks and randomly di-
vided into four groups (n  =  9/group) as Con, Met, BFOV 
and BFOV + Met based on fasting blood glucose, triglyc-
eride and total cholesterol, body- weight and decreasing per-
centage of plasma glucose at 40 min in insulin tolerance test 
(0.4 IU/kg, ITT). The Con group was orally administered by 
gavage with normal saline, and BFOV and Met group with 
20 mg/kg BFOV alone and 100 mg/kg metformin suspended 
or dissolved in normal saline for 6  weeks, respectively. 
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BFOV  +  Met group was orally administered by gavage 
with 20 mg/kg BFOV plus 100 mg/kg metformin. BFOV (C 
41.52%, H 2.08%, V 17.61%, purity > 98.5% by HPLC) was 
synthesized according to the method described previously.15 
The standard diet- fed C57BL/6J mice (n = 9, average body- 
weight 25) were selected as the Nor group and administered 
with normal saline.

During the 6- week treatment, fasting blood glucose, in-
sulin tolerance tests (ITTs) and oral glucose tolerance tests 
(OGTTs) were monitored monthly after 2- week treatment. 
The circulating markers of metabolic disturbances includ-
ing insulin, ALT and NO were measured after 4  weeks of 
treatment and at the end of the experiment. Animals from 
each group were euthanized, and the liver was excised, and 
one part was fixed for haematoxylin and eosin (HE) staining. 
The others were stored for hepatic biochemical indices, liver 
mRNA GeneChip and protein expression level assay.

2.3 | Oral glucose tolerance test(OGTT) and 
insulin tolerance test (ITT)

The mice were fasted for 4 hours, and blood was sampled 
from the tail for glucose assay by the glucose oxidase method 
at baseline (as 0 minute) and 30, 60 and 120 minutes after 
glucose (2 g/kg) loading in OGTT or 40 and 90 minutes after 
insulin (0.4 IU/kg) subcutaneous injection in ITT. The area 
under the curve (AUC) was calculated by the data collected 
during the OGTT and ITT.

2.4 | Haematoxylin and eosin (HE) 
staining and biochemical assay of liver tissue

The liver was immediately isolated from the mice and 
weighed and then cut into four fractions. One fraction was 
fixed in 4% paraformaldehyde overnight and was then pro-
cessed for paraffin embedding. Multiple 5- μm sections from 
each liver were stained with HE and photographed (using the 
Olympus CX41RF system, Olympus, Tokyo, Japan). The 
left three fractions were stored at −80°C for further analysis. 
Liver samples (100 mg) were homogenized in ice- cold physi-
ological saline and centrifugated. The supernatants were col-
lected for the assessment of lipid levels and other parameters.

2.5 | Biochemical analysis

Glucose was monitored by the glucose oxidase method as 
previously reported,16 and levels of triglycerides (TG), 
total cholesterol (TC), malondialdehyde (MDA), nitric 
oxide (NO), inducible nitric oxide synthase (iNOS) and 
aspartate aminotransferase (ALT) were determined by 

enzymatic colorimetric methods with commercial kits 
(BioSino Biotechnology & Science Inc Beijing, China). 
Blood insulin level (FINS) was measured by ELISA Kit 
(ALPCO Inc USA). Protein content was assayed in the BCA 
protein assay kit (P1511, Applygen Inc Beijing, China), 
using bovine serum albumin (BSA) as standard.

2.6 | Western blot

Liver tissue samples were homogenized in lysis buffer 
(50  mmol/L Tris– HCl, 2% SDS, 10% glycerol) supple-
mented with protease inhibitor cocktail (P1265, Applygen 
Inc Beijing, China). The homogenate was centrifuged at 
12  000  x  g for 10  minutes, and the supernatant was taken 
to determine the protein concentrations. Equal amounts of 
protein samples were resolved electrophoretically by a 10% 
sodium dodecyl polyacrylamide gel and transferred to PVDF 
membranes. Information of the antibodies are as follows: anti- 
AMPKα (2532s, 62KD, CST, USA), anti-  Phospho- AMPKα 
(Thr172) (2531, 62KD,CST, USA), anti- AKT (4685, 60KD, 
CST, USA), anti-  Phospho- Akt (Ser473) (4060, 60KD, CST, 
USA), anti- NF- κB p65 (D14E12) (8242, 65KD, CST, USA), 
anti-  MMP- 2 (D2O4T) (87809, 72KD, CST, USA) and anti- 
iNOS (D6B6S) (13120, 130KD, CST, USA). β- Actin anti-
body (C1313) and secondary antibodies were from Applygen 
Technologies Inc, China. The membranes were probed 
using standard procedures, and the signal was visualized 
by using an enhanced chemiluminescence detection system 
(ChemiScope2850, CLiNX science Instruments). Protein 
band densities were analysed using Gel- Pro- Analyzer 3.1 
software.17

2.7 | Microarray and bioinformatics 
analysis using the Affymetrix- GeneChip

For microarray analysis, we used the Affymetrix- GeneChip 
MouseWG- 6 v2, which is designed specifically to monitor 
gene expression in mice. We used RNA extracted from 3 
liver tissues for each group. All procedures of the GeneChip 
arrays, as well as data collection, were performed at the 
Beijing Compass Biotechnology company. In brief, cDNAs 
were synthesized from RNA samples, then fragmented and 
labelled with biotin. Subsequently, fragmented cDNAs were 
hybridized onto the Affymetrix- GeneChip MouseWG- 6 v2. 
Illumina Bead studio Application software was used to ex-
tract raw data. To understand the function of mRNAs asso-
ciated with the antidiabetic effects, we established the role 
of differentially expressed mRNA through KEGG analy-
ses. Venn diagram was applied to display the co- regulated 
mRNAs. Transcript detection was selected for differential 
gene expression of ≥ 5- fold relative to the Con group.
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2.8 | Statistical analysis

In this study, data were analysed by one- way ANOVA 
with Bonferroni's correction by GraphPad Prism 6.0, 
and the results were presented as means ± standard error 
of mean (SEM); P  <.05 was considered as statistically 
significant.

3 |  RESULTS

3.1 | The combination of BFOV and 
metformin ameliorates impaired glucose 
homeostasis and insulin sensitivity in HFC57 
mice

As shown in Figure 1, compared to those of standard diet- 
fed mice (Nor), high- fat diet induced obese C57BL/6J 

mice (Con) characterized as elevated fasting blood glucose 
(FBG), hyperinsulinaemia, impaired oral glucose toler-
ance (AUCOGTT) and insulin resistance (AUCITT). After 
2- week treatment, BFOV  +  Met displayed more effective 
effects on the normalization of the FBG (Figure 1A), while 
the BFOV or metformin monotherapy showed no effects 
until 4- week treatment. BFOV + Met exhibited a sustained 
anti- hyperglycaemic effect during 6- week treatment. We 
conducted ITT after 2- week treatment; BFOV  +  Met dis-
played significant effects on decreasing AUCITT and more 
effective than BFOV or metformin monotherapy (Figure 1D 
and 1E). Fasting blood insulin level and HOMA- IR were 
also significantly lower in the BFOV + Met group than the 
BFOV or metformin monotherapy after 42 days of treatment 
(Figure 1B and 1C). At the end of treatment, BFOV + Met 
displayed more effective effects on impaired glucose toler-
ance and decreasing AUCOGTT (Figure  1F) than BFOV or 
metformin monotherapy.

F I G U R E  1  The combination of BFOV and metformin improves impaired glucose homeostasis and insulin sensitivity in HFC57 mice. (A) 
Fasting blood glucose during the treatment. (B) Fasting blood insulin levels on 42- days of treatment. (C) Homeostatic (HOMA) model based on 
fasting glucose and fasting insulin on 42- days of treatment, HOMA- IR = [glucose] (mmol/L) × [insulin] (µIU/mL)/22.5). (D, E) Blood glucose 
levels and area under the curve (AUC) in the ITT after 2- weeks treatment. (F) AUC in the OGTT after 6- weeks treatment. Nor, saline- treated 
C57BL/6J mice. The statistics were performed with each single time point compared to Con group in Figure 1A and 1D. Con, saline- treated HFC57 
mice. BFOV, 20 mg/kg BW BFOV- treated HFC57 mice. Met, 100 mg/kg BW metformin- treated HFC57 mice. BFOV + Met, 20 mg/kg BW 
BFOV and 100 mg/kg BW metformin treated HFC57 mice. n = 8- 9/group. Values are means ± SEM. One- way ANOVA: * P <.05, ** P <.01, *** 
P <.001 vs. Con. #P <.05, ##P <.01, ###P <.001 vs. BFOV + Met
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3.2 | The combination of BFOV and metformin 
improves hepatic steatosis in HFC57 mice

As shown in Figure  2A- 2D, BFOV  +  Met markedly de-
creased serum ALT and AST levels after 6- week treatment, 
accompanied by lowered hepatic TG and CHO contents sig-
nificantly and more effective than that of BFOV or metformin 
monotherapy. To evaluate the pathologic morphology, liver 
sections were stained with haematoxylin- eosin (HE). In 
Figure 2E, it is shown that there was extensive micro-  and 
macrovesicular hepatocyte vacuolation, reflecting intra-
hepatic fat accumulation and diffuse fatty degeneration in 
HFC57 mice (Con group), in comparison with the Nor group. 
In contrast, the mass of hepatocellular vacuolation was signif-
icantly decreased in the BFOV + Met group after 6 week of 
treatment, less than that in BFOV or metformin monotherapy.

3.3 | Comparison of hepatic differential 
gene expression after a combination of 
BFOV and metformin treatment

Based on the beneficial effect of treatment with a com-
bination of BFOV and metformin in vivo, especially the 

improved hepatic steatosis in the BFOV + Met group com-
pared with the Con group, we conducted gene chip analy-
sis to investigate the changes in gene expression in the 
liver. Differential gene expression fold changes ≥ 5 were 
selected for further analysis. As shown in Figure 3A, in 
all differentially expressed genes, Venn diagram analysis 
identified 628 genes differentially expressed in all three 
groups, while the BFOV  +  Met group showed a differ-
ential gene expression pattern more similar to the BFOV 
group than to the metformin group (containing the same 
changed 541 genes vs. 330 genes, respectively, common 
to the data sets). In Figure 3B, the functional classes of 
differentially expressed transcripts in the BFOV  +  Met 
group were analysed, the most genetically dynamic func-
tional class was the genes associated with metabolic path-
ways (13.7%).

Differentially regulated transcripts in the BFOV + Met 
group are summarized in Table 1. BFOV + Met signifi-
cantly down- regulated gene expression of MMPs, NF- 
κB, IL1β and RBP4, and up- regulated gene expression 
of IR, IRS, PI3K and GCK in the liver, suggesting atten-
uated inflammatory pathway, enhanced insulin signal-
ling and glucose metabolic pathway after BFOV + Met 
treatment.

F I G U R E  2  The combination of BFOV and metformin ameliorates hepatic steatosis in HFC57 mice. (A, B) Serum ALT and AST determined 
after 6- weeks of treatment. (C, D) Hepatic TG and CHO content. (E) Typical liver sections stained with H&E prepared at the end of treatment 
and captured under a light microscope (Olympus CX41RF, Olympus, Tokyo, Japan. ×100). Scale bar, 200μm. Nor, saline- treated C57BL/6J 
mice. Con, saline- treated HFC57 mice. BFOV, 20 mg/kg BW BFOV- treated HFC57 mice. Met, 100 mg/kg BW metformin- treated HFC57 mice. 
BFOV + Met, 20 mg/kg BW BFOV and 100 mg/kg BW metformin- treated HFC57 mice. n = 5/group. Values are means ± SEM. One- way 
ANOVA: * P <.05, *** P <.001 vs. Con. #P <.05, ##P <.01, ###P <.001 vs. BFOV + Met
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3.4 | The combination of BFOV and 
metformin improves hepatic inflammatory 
state and energy metabolism via down- 
regulating inflammatory signalling 
pathway and activating the insulin signalling 
pathway in HFC57 mice

To assess the inflammatory state in the liver, enzyme activity 
and protein expression levels of a certain factor involved in the 
inflammatory pathway were detected. As shown in Figure 4A 
and 4B, the HFC57 mice showed elevated hepatic NO levels 
and iNOS activity compared with the Nor group, indicating 
elevated inflammatory state in the liver after high- fat diet- 
induced obesity. BFOV + Met markedly reduced the hepatic 
iNOS activity and more effectively than BFOV or metformin 
monotherapy. To assess the combined therapeutic effect of 
BFOV + Met treatment on hepatic inflammation state, we de-
tected the expression of key factors involved in the inflamma-
tory signalling pathway in the liver. According to the results 
of gene chip analysis, the expression levels of NF- κB- p65, 
MMP2 and iNOS were detected. As shown in Figure 4C- 4E, 
the expressions of iNOS and MMP2 were elevated in the liver 
of HFC57 mice, while they were all markedly down- regulated 
in the BFOV + Met group, compared to the Con group.

Besides, to investigate whether the improved glucose me-
tabolism in the BFOV + Met group is relative to activated 

energy metabolism and insulin signalling pathway in the liver, 
we detected the phosphorylation levels of hepatic AMPK and 
AKT, the key factors involved in those pathways. As shown 
in Figure 4F and 4G, it was shown that the phosphorylation 
ratio of both AMPK and AKT significantly decreased in the 
HFC57 mice, compared to the Nor group. A combination of 
BFOV and metformin markedly enhanced the phosphory-
lation ratio of both AMPK and AKT, compared to the Con 
group.

4 |  DISCUSSION

We have reported a new orally active antidiabetic vana-
dyl complex, bis (a- furancarboxylato) oxovanadium (IV) 
(BFOV), which displayed a potent antidiabetic potential 
both in type 1 and type 2 diabetic animals in our previ-
ous studies.15,18 BFOV reduced FFA release from isolated 
rat adipocytes treated with epinephrine and enhanced the 
uptake of 2- deoxy- D- [3H]- glucose in dexamethasone- 
induced insulin resistance 3T3- L1 adipocyte.19 Because the 
BFOV and metformin (Met) have different roles in regulat-
ing glucose homeostasis, including improving the insulin 
sensitivity of adipose tissue and reducing hepatic glucose 
production, respectively, we hypothesized the combination 
of these two agents would provide a combined effect on 

F I G U R E  3  Comparison of hepatic 
differential gene expression by gene chip 
analysis. (A) Venn diagram of differentially 
expressed genes in the liver of HFC57 mice 
across the three treated groups with either 
100 mg/kg metformin alone (Met, Red part, 
b), 20 mg/kg BFOV alone (BFOV, Blue 
part, c), or 100 mg/kg metformin and 20 mg/
kg BFOV in combination (BFOV + Met, 
Green part, d). Transcript detection 
was selected for differential expression 
of ≥ 5- folds relative to the Con group (a). 
(B) Pie charts of the functional classes of 
differentially expressed transcripts from 
BFOV + Met group. Transcript detection 
was selected for differential gene expression 
of ≥ 5- folds relative to the Con group. 
Differentially expressed genes belonging to 
various functional categories were annotated 
from the KEGG pathways
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insulin resistance and related hepatic steatosis in a high- 
fat diet- induced obese animal model. Therefore, the pre-
sent study is the first to examine the effects of combination 
therapy with BFOV and Met on type 2 diabetes and hepatic 
steatosis in high- fat diet- induced obese C57 mice (HFC57 
mice). We conducted a combined application of the two 
in alloxan- induced hyperglycaemic mice and explored the 
best ratio of the synergistic effect between the two, BFOV 
(5  mg/kg, 10mg/kg or 20  mg/kg) and Met (100  mg/kg). 
The probability sum test showed that when BFOV (20 mg/
kg) and Met (100  mg/kg) were used in combination, the 
antidiabetic synergistic effect was the greatest. According 
to these results, in the present study, we chose the best dos-
ing ratio, being BFOV (20 mg/kg) and Met (100 mg/kg) in 
the HFC57 mice.

Consistent with our previous findings in diabetic 
KKAy mice, a combination of BFOV and metformin 
(BFOV  +  Met) displayed synergistic antidiabetic effects 
in HFC57 mice, including decreased FBG and FINS 
after 4 weeks of treatment (Figure 1), and also improved 
glucose tolerance and insulin sensitivity. Interestingly, 
BFOV + Met potentiated the effects of BFOV or metformin 
on improving glucose homeostasis, respectively. As shown 
above, the combined therapy of BFOV and Met synergis-
tically improved whole- body insulin sensitivity, with de-
creased AUC and increased decreasing percentage of blood 
glucose at 40 minutes in ITT (Figure 1C). Different mecha-
nisms may be involved in the improvement of BFOV + Met 
on glucose homeostasis. To explain the mechanisms 
of BFOV  +  Met on a metabolic pathway, a microarray 

T A B L E  1  Different hepatic gene expressions in the BFOV + Met group compared with the Con group in the microarray analysis

Probe ID GeneBank No. Gene name Gene symbol
Fold 
changes

Lipid metabolism

ILMN_2699880 NM_147220.1 ATP- binding cassette, sub- family A member 
9

Abca9 +5.6

ILMN_2874104 NM_007988.3 Fatty acid synthase Fasn −2.9

ILMN_1221255 NM_010700.2 Low- density lipoprotein receptor Ldlr +2.2

ILMN_3111326 NM_001039507.1 Lipase, hormone- sensitive Lipa −3.2

Insulin signalling transduction

ILMN_2753272 NM_009167.2 Src homology 2 containing transforming 
protein C3

Shc3 +2.4

ILMN_2628026 NM_010568.1 Insulin receptor Insr +2.5

ILMN_2755312 NM_010571.3 Insulin receptor substrate 3 Irs3 +3.0

1426690_a_at AI326423 Phosphoinositide- 3- kinase, catalytic, gamma Pik3cg +3.2

Inflammatory signalling pathway

ILMN_2642239 NM_019408.1 Nuclear factor of kappa polypeptide gene 
enhancer 2

Nfkb2 −2.1

ILMN_3103896 NM_011593.2 Tissue inhibitor of metalloproteinase 1 Timp1 −4.2

ILMN_3077034 NM_032006.2 Matrix metallopeptidase 1a (interstitial 
collagenase)

Mmp1a −5.7

ILMN_2678218 NM_008610.2 Matrix metallopeptidase 2 Mmp2 −1.6

ILMN_2753809 NM_010809.1 Matrix metallopeptidase 3 Mmp3 −6.5

ILMN_2799267 NM_008607.1 Matrix metallopeptidase 13 Mmp13 −2.6

ILMN_1233678 NM_008364.1 Interleukin 1 receptor accessory protein Il1rap −3.2

ILMN_2777498 NM_008361 interleukin 1 beta Il1b −4.6

ILMN_2854497 NM_011608.1 Tumour necrosis factor receptor superfamily, 
17

Tnfrsf17 −4.7

Others

ILMN_2813859 NM_009034.2 Retinol- binding protein 2, cellular Rbp4 −5.4

ILMN_2697615 NM_013871.2 Mitogen- activated protein kinase 12 Mapk12 +3.2

ILMN_2736578 NM_146146.1 Leptin receptor Lepr +2.3

1425303_at L38990 Glucokinase Gck +1.8

Note: Transcript detection was selected for differential expression of ≥ 5- fold relative to the Con group.
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F I G U R E  4  The combination of 
BFOV and metformin improved hepatic 
inflammatory state and energy metabolism 
via downregulating inflammatory signaling 
pathways and activating phosphorylation 
of AMPK and AKT in the liver of HFC57 
mice. (A) Hepatic NO content. (B) Hepatic 
iNOS activity. (C- E) Representative bands 
and quantitative analysis of main factors 
involving in the inflammatory pathway in 
the liver by Western blot, including (C) 
NFκB- p65 (65KD), (D) iNOS (130KD) and 
(E) MMP- 2 (72KD). (F, G) Representative 
bands and quantitative analysis of ratio 
of phosphorylation AMPKα (62KD) and 
phosphorylation AKT (60KD) expression in 
liver by Western blot, each phosphorylation 
was normalized by the total amount of 
(F) AMPK (62KD), (G) AKT (60KD). 
β- Actin served as a loading control. Data 
represented the mean of at least three 
independent experiments ± SEM. One- way 
ANOVA: * P <.05, ** P <.01, *** P <.001 
vs. Con. #P <.05, ##P <.01, ###P <.001 vs. 
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analysis using the Affymetrix- GeneChip MouseWG- 6 v2 
was conducted in the liver at the end of treatment. It was 
shown that the BFOV + Met group showed more similar 
to the BFOV group (628  +  541) than to the metformin 
group (628 + 330) in gene expression pattern (Figure 3A). 
Compared to the Con group, the differentially expressed 
genes of up- regulated and down- regulated genes identified 
(total 3259) in the BFOV + Met group were functionally 
annotated and subsequently classified into over ten func-
tional categories (Figure  3B). These categories mainly 
included metabolism (14%), cytokine and receptor interac-
tion (5%) and so on.

The AMP- activated protein kinase (AMPK) system acts 
as a sensor of cellular metabolic status that is conserved in 
all eukaryotic cells.20 Metformin inhibits the mitochondrial 
respiratory chain in the liver, leading to activation of AMPK 
and improved insulin sensitivity.21 It is already clear that 
AMPK is one of the main targets of metformin. It has also 
been revealed that vanadium compounds exert insulin- like 
properties effects via multiple mechanisms involving ac-
tivation of PPARs- AMPK signalling and several key com-
ponents of insulin signalling pathways,22,23 including the 
mitogen- activated protein kinases (MAPKs) extracellular 
signal- regulated kinase 1/2 (ERK1/2) and p38MAPK, and 
phosphatidylinositol 3- kinase (PI3- K)/AKT.24 Based on this 
evidence, we explored whether the synergistic antidiabetic 
effects of a combination of BFOV and metformin in HFC57 
mice depend on the activation of AMPK and enhanced insu-
lin signalling pathway in the liver. The key elements of these 
two signalling cascade phosphorylation levels of AMPK and 
AKT were detected in the liver by Western blot. BFOV + Met 
treatment synergistically up- regulated the phosphorylation 
of AMPK and AKT levels, more effectively than BFOV or 
metformin monotherapy, suggesting a significant enhanced 
AMPK and insulin signalling pathway due to the synergistic 
effects.

Also, BFOV + Met treatment also decreased hepatic TG 
and CHO content and alleviative AST and ALT levels at the 
end of treatment. In the liver, sustained TG accretion leads to 
non- alcoholic fatty liver disease (NAFLD). Pharmacological 
interventions pursued to prevent lipid accumulation in he-
patocytes would ameliorate the associated pathophysiolog-
ical conditions.25 Furthermore, the most expected finding 
of this study was the robust effect of BFOV + Met on liver 
pathology, and decreased mass of hepatocellular lipid vacu-
olation in BFOV + Met group was observed by histological 
staining with HE, compared to the Con group, which indi-
cates a decrease in liver lipid accumulation and improved 
hepatic steatosis. Thus, the present findings showed that the 
combination of BFOV and metformin provided better control 
not only on hyperglycaemia than the individual component 
monotherapy, but also on markedly improved hepatic steato-
sis in the HFC57 mice.

Recent studies have found when excess hepatic lipid 
accumulates, it often causes insulin resistance and chronic 
inflammation on increasing the risk of progressive liver dis-
ease. As shown in Table 1, GeneChip assay has shown that 
BFOV + Met ameliorated the hepatic lipid metabolism via 
up- regulating Abca9 and Ldlr and down- regulating Fasn gene 
expression levels (Table  1). Moreover, many inflammatory 
factors are involved in hepatic insulin resistance and steatosis 
has been also down- regulated after BFOV + Met treatment 
in the GeneChip assay. NF- κB is the main transcription fac-
tor involved in the inflammatory pathway. The activation of 
NF- κB has been demonstrated in several liver diseases both 
in humans and in mice, including patients with fatty liver.26 
As expected, mRNA levels of NF- κB and IL1β gene expres-
sion levels in the liver were down- regulated over twofold 
after BFOV + Met treatment, compared to the Con group. 
MMPs are known to play vital roles in the degradation of 
basement membranes and extracellular matrix (ECM). Many 
studies also show that MMPs can be induced in multiple cells 
by inflammatory cytokines including IL1β and TNF- α.27- 29 
As expected, mRNA levels of MMP1a, MMP2, MMP3, 
MMP13, NF- κB and IL1β in the liver were down- regulated 
over twofold after BFOV + Met treatment, compared to the 
Con group.

According to these results from the GeneChip assay, we 
subsequently detected the enzyme activities and protein ex-
pression levels of MMP2, iNOS and NF- κB in the liver. It 
can be summarized as follows (Figure 4A- E): hepatic MMP2, 
iNOS and NF- κB expression was increased in HFC57 and 
also elevated NO content and iNOS activity, indicating 
chronic inflammatory states in the liver. BFOV + Met treat-
ment synergistically reduces the MMP2, iNOS and NF- κB 
expression and also NO content and iNOS activity in the 
liver. These results indicate that prolonged exposure to an 
inflammatory state led to impaired altered insulin signalling 
and oxidative stress in the liver in HFC57 mice. Treatment 
with BFOV  +  Met significantly improved the hepatic in-
flammatory state, more effectively than BFOV or metformin 
monotherapy. It was indicated that there must be additional 
mechanism involved in the BFOV + Met group. Actually, we 
further investigated the underlying mechanism of the com-
bination of BFOV + Met treatment in the HepG2 cell line 
in vitro (data not shown). These results indicated that Met 
might enhance the efficacy of BFOV by further activating 
insulin signalling and co- affecting a multitude of enzymatic 
processes and thus synergistically improving the insulin re-
sistance state.

In summary, NAFLD is becoming a public health burden. 
While many antidiabetic drug agents have shown to improve 
biochemical parameters, the effects on improvement of liver 
histology are limited. In this study, we have shown that a 
combination of BFOV and metformin improved hypergly-
caemia and hepatic steatosis above and beyond what could be 
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expected from monotherapy, which provides a new promis-
ing approach of complementary therapy in NAFLD.

5 |  CONCLUSIONS

In conclusion, our study provides profound evidence that a 
combination of bis (α- furancarboxylato) oxovanadium (IV) 
(BFOV) and metformin (Met) improves hepatic steatosis in 
high- fat diet- induced obese C57BL/6J mice. BFOV  +  Met 
corrected diet- induced glucose intolerance, insulin resistance 
and hepatic steatosis through enhancing insulin signalling 
pathways and down- regulating inflammatory state. Hence, the 
development of a pharmacological combination of metformin 
and the vanadium organic complexes may be a useful strategy 
to combat obesity- related disorders such as IR and NAFLD.
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