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Reducing VEGFB accelerates NAFLD 
and insulin resistance in mice via inhibiting 
AMPK signaling pathway
Rongrong Li1†, Yuqi Li1†, Xueling Yang2, Yaorui Hu3, Haining Yu4 and Yana Li1* 

Abstract 

Objective: Vascular endothelial growth factor B (VEGFB) was regarded to improve lipid metabolism and reduce obe-
sity-related hyperlipidemia. Whether VEGFB participates in lipid metabolism in nonalcoholic fatty liver disease (NAFLD) 
has not been clear yet. This study investigated the involvement of VEGFB in lipid metabolism and insulin resistance via 
the AMPK signaling pathway in NAFLD.

Methods: We constructed the animal and cell model of NAFLD after VEGFB gene knockout to detect liver damage 
and metabolism in NAFLD. Bioinformatics analysis of VEGFB and the AMPK signaling pathway relative genes to verify 
the differential proteins. And mRNA levels of NAFLD fatty acid metabolism-related genes were detected.

Results: After the systemic VEGFB knockout mice were fed with high fat, the body fat, serum lipoprotein, NAFLD 
score, and insulin resistance were increased. Animal and cell experiments showed that the expression levels of phos-
phorylated proteins of CaMKK2 and AMPK decreased, the expression of proteins related to AMPK/ACC/CPT1 signaling 
pathway decreased, and the target genes CPT1α and Lcad decreased accordingly, reducing fatty acid oxidation in 
hepatocyte mitochondria; The expression of AMPK/SREBP1/Scd1 signaling pathway relative proteins increased, ACC1 
and FAS increased correspondingly, which increased lipid synthesis in the endoplasmic reticulum.

Conclusion: VEGFB can participate in lipid metabolism and insulin resistance of NAFLD through the AMPK signaling 
pathway.
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Background
NAFLD is a clinicopathological syndrome characterized 
by additional lipid deposition in hepatocytes caused by 
reasons except for alcohol and other certain liver injury 
factors, which will lead to a series of liver injuries, includ-
ing simple fatty liver (SFL), nonalcoholic steatohepatitis 
(NASH) and liver cirrhosis [1]. NAFLD has become a 

major public health problem of global concern. It is pre-
dicted that from 2016 to 2030, the morbidity of NAFLD 
will increase with the growth of morbidity of diabetes 
and obesity. By 2030, more than 1/3 of the total popula-
tion will be diagnosed with fatty liver disease, and a con-
siderable number of them will develop into fatty hepatitis 
[2, 3].

NAFLD is a continuous liver injury, from simple 
hepatic steatosis to liver fibrosis, cirrhosis, and liver 
failure. The most distinct feature is the disorder of 
lipid metabolism [1, 4]. The new vision of NAFLD 
research also increasingly focuses on the organelles 
closely related to lipid metabolism in hepatocytes [5]. 
For example, the accumulation of LD in hepatocytes is 
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a significant feature of NAFLD. Lipids can change the 
intracellular  Ca2+ homeostasis, promote the accumula-
tion of LDs, and promote theβoxidation of fatty acids 
on mitochondria reduced [6, 7].

In recent years, VEGFB participation in lipid metabo-
lism has attracted many scholars’ attention. VEGFB, as 
a homolog of VEGF-A, was founded in 1996 and was 
produced in the form of a secretory homodimer [8]. 
VEGFB has particular and unusual functional charac-
teristics and does not show significant activity under 
normal conditions. In 2010, Hagberg et al. first reported 
in Nature that VEGFB can control endothelial cells tak-
ing fatty acids by regulating fatty acid transporters [9]. 
In 2016, Robciuc et al. also found that the VEGFB gene 
was transduced into obese mice with HFD, which can 
inhibit obesity-related inflammation and improve lipid 
metabolism [10]. Studies have confirmed that VEGFB 
can inhibit HFD-induced weight gain to reduce obesity 
and ameliorate insulin resistance [11].

The activation of the AMPK signaling pathway 
improves insulin resistance and lipid accumulation in 
HepG2 cells [12]. Studies have shown that the mecha-
nism of AMPK reducing liver lipids is to inhibit new-
born fat synthesis and promote fatty acid oxidation 
[13]. Sterol regulatory element binding protein-1 
(SREBP1), as a key protein downstream the AMP-
activated protein kinase (AMPK), participates in the 
process of fatty acids synthesis. In addition, acetyl 
coenzyme A carboxylase (ACC) and fatty acid synthase 
(FAS) are also involved in it [14].

The AMPK/ACC/CPT1 signaling pathway has positive 
significance in reducing lipid accumulation and improv-
ing lipid metabolism [15]. AMPK inhibits target pro-
tein ACC by phosphorylation and enhances carnitine 
palmitoyltransferase 1 (CPT1) activity to reduce fatty 
acid synthesis. Besides, SREBP1 is the main regulator 
of FAS and other adipogenic proteins. AMPK regulates 
fatty acids synthesis of the transcriptional target protein 
stearoyl CoA Desaturase-1 (Scd1) [16, 17]. The overex-
pression of the AMPK/ACC/SREBP1 pathway effectively 
inhibited hepatic steatosis, improved lipid and glucose 
metabolism, and ameliorated damaged liver function 
β oxidation [18]. The AMPK/ACC/CPT1 pathway and 
the AMPK/SREBP1/Scd1 pathway may be potential tar-
gets for the prevention of hepatic lipid deposition and 
the treatment of NAFLD. By constructing NAFLD mice 
and cell models, we observed the pathological changes of 
liver injury, and detected the key proteins in the AMPK/
ACC/CPT1 and the AMPK/SREBP1/Scd1 pathways. Our 
results showed that VEGFB gene suppression can reduce 
the level of AMPK phosphorylation through CaMKKβ, 
inhibit ACC/CPT1 pathway and affect fatty acid oxida-
tion, meanwhile, it could promote the SREBP1/Scd1 

pathway and lead to lipogenesis and accelerate the devel-
opment of NAFLD.

Methods
Crispr/cas 9 technology
The VEGFB gene knockout mouse model was con-
structed by Guangzhou Saiye biotechnology company 
using the Crispr/cas 9 system. VEGFB gene ID is 22340, 
locates on chromosome 19, and NM_011697.3 tran-
scripts are selected as reference transcripts. This tran-
script has 7 exons, ATG is on exon 1 and TAG is on exon 
6. There are 90% of the protein-coding region of exon 2–6 
of the VEGFB gene was knocked out in a large fragment 
which was about 2000  bp during the experiment. The 
first 30 amino acids of exon1 in the VEGFB gene were 
reserved. The cas9 plasmid was constructed, which could 
express sgRNA (Fig. 1A). The fertilized eggs were micro-
injected with sgRNA and cas9 mRNA into the oviduct 
of C57BL/6 mice, and the 0 generation VEGFB positive 
heterozygous mice  (VEGFB±) (F0 mice) were obtained. 
After sexual maturation, F0 mice were mated with 
C57BL/6 mice, and F1 hybrid knockout mice were iden-
tified. Homozygous-type knockout mice  (VEGFB−/−), 
heterozygous knockout mice and wild mice  (VEGFB+/+) 
were obtained from F1 generation heterozygous knock-
out mice by selfing (Fig. 1B). PCR and Elisa verified the 
level of VEGFB knockout.

Only 1094 bp bands were shown in homozygous-type 
mice  (VEGFB−/−) and 616 bp bands were shown in wild-
type mice  (VEGFB+/+).

Animal
All animal experiments were approved by the animal eth-
ics committee of Binzhou Medical University (IACUC 
Protocol Number: 2022-210), and the experimental ani-
mals maintained 12  h light–dark cycles. We selected 
4-week-old, 16-18 g, C57BL/6 healthy male mice for the 
experiment, and used high-fat diet (20% kcal% protein, 
20% kcal% carbohydrate and 60% kcal% fat), to construct 
the NAFLD mice model. During the experiment, no mice 
died of gene knockout, high-fat feeding, liver injury and 
other diseases. Normal C57BL/6 mice and  VEGFB−/− 
mice were grouped into three: SD group (Rodent Diet 
with 10% kcal% fat, n = 8), HFD group (Rodent Diet with 
60% kcal% fat, n = 8) and HFD-VEGFB group  (VEGFB−/− 
mice with HFD containing energy fat of 60%, n = 8). We 
detected the body weight of mice during 16  weeks of 
HFD. On the last day of the study, the contents of fat, lean 
and liquid in mice were measured by body fat meter. The 
mice were killed after isoflurane anesthesia. The whole 
blood was obtained rapidly from the eyeball. The serum 
can be extracted for 200–300  μl after centrifugation 
at 2000 r/min for 10 min at 4 ℃ for Elisa. And the liver 
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and adipose tissue of mice were collected for weighing 
and quickly frozen to store at – 80 ℃. Meanwhile, some 
liver tissue and adipose tissue were preserved in paraffin-
embedded sections for histological analysis (Table 1).

Cell culture and treatment
HepG2 cells were cultured in DMEM containing 10% 
FBS and 1% penicillin/streptomycin (P/S) in a cell incu-
bator at 37  °C and 5%  CO2 concentration. HepG2 cells 
were seeded in 6 well-culture plates with a density of 
3 ×  105 cells/well. The NAFLD cell model was completed 
by 400 μM palmitic acid (PA) for 24 h to construct and 

grouped into two. The suspension was collected after 
centrifuge to detect TC and TG content for evaluation 
of constructing the cell model. HepG2 cells were seeded 
in 96-well culture plates with the density of 4 ×  103 cells/
well and then incubated with 0  μM, 400  μM, 800  μM, 
1000 μM PA solution, and 50 g/L BSA as a negative con-
trol for 24 h to detect the absorbance at 490 nm by a Syn-
ergr2 multifunctional microplate reader.

SiRNA transfection
The cells were divided into two groups, SI group and NC 
group. In SI group, SiRNA targets to VEGFB were trans-
fected into HepG2 cells with NAFLD using jetPRIME 
(Lot#0000000010, Polyplus, IIIkirch, France) and jet-
Buffer (Lot# B210723, Polyplus, IIIkirch, France). In NC 
group, we constructed a negative control with a non-
targeting siRNA. Cells were replaced medium after 4  h 
transfection and continued to incubate for 48  h. RNA 
and protein were extracted to examine the transfection 
was completed.

Body fat rate and organ ratio
At room temperature of 20–25  ℃, 20  weeks old mice 
were weighed and put into the body fat meter (E1452120, 
Bruker BioSpin GmbH, Rheinstetten, Germany) accord-
ing to different groups. The contents of fat, lean and 
liquid in mice were detected. Then the mice were euth-
anized. The weight of white fat in the epididymis, white 
fat under inguinal skin and liver were weighed, and the 
organ ratio was calculated. Obesity index = white adipose 
tissue (white fat in epididymis, white fat under inguinal 
skin) divided by body mass × 100.

Fig. 1 The construction of VEGFB gene knockout mice. A The structure of VEGFB gene. B Process of constructing systemic of VEGFB gene knockout 
mice by Crispr/Cas9

Table 1 The ingredients of rodent high fat diet

Ingredients are indicated in g for the preparation of 1 kg of each diet

Ingredients gm kcal

Casein, 30 Mesh 200 800

l-Cystine 3 12

Corn Starch 0 0

Maltodextrin 10 125 500

Sucrose 68.5 275.2

Cellulose, BW200 50 0

Soybean oil 25 225

Lard 245 2205

Mineral mix S10026 10 0

DiCalcium Phosphate 13 0

Calcium carbonate 5.5 0

Potassium Citrate,1 H2O 16.5 0

Vitamin mix V10001 10 40

Choline Bitartrate 2 0

FD&C blue dye #1 0.05 0

Total 773.85 4057
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Serological indicators
The mice were killed by breaking the neck, and the serum 
was taken from the eyeball blood after centrifuge. TG 
(Cat#A110-1-1), TCHO (Cat#A111-1-1), LDL (Cat#113-
1-1), HDL (Cat#112-1-1), AST (Cat#C009-2-1), and ALT 
(Cat#C010-2-1) were detected according to the manufac-
turer’s instructions (All from Nanjing Jiancheng Bioengi-
neering Institute, China). According to the instructions 
of Shanghai enzyme-linked biological mouse insulin KIT 
(Cat #ml001983, Shanghai, China), the absorbance value 
was examined at 450 nm.

Lipoprotein indicators in liver tissues and cells
The liver tissue of mice was added 9 times the volume of 
absolute ethanol according to the weight (g) and volume 
(ml) ratio of 1:9. After mechanical homogenization in the 
ice water bath, the supernatant was centrifuged at 2500 r/
min for 10 min. HepG2 was digested by trypsin and cen-
trifuged at 1000 r/min for 10 min to take the supernatant. 
The contents of TG and TCHO in liver tissues and cells 
were determined by Elisa according to the instructions of 
the manufacturer’s instructions.

Morphological detection and NAFLD score
Mouse liver tissue was fixed with 4% neutral paraform-
aldehyde, and adipose tissue was fixed with adipose tis-
sue fixing solution (Cat#g1119, sevicebio, Wuhan, China) 
and embedded in conventional paraffin. Sections were 
stained with HE and Masson trichrome fiber (Cat#1340, 
Solarbio, Beijing, China), observed and photographed 
under the microscope. Under the vision of 400X adipose 
tissue and 1000 × slice of liver tissue, the size and area 
of droplets and the area of steatosis of hepatocytes were 
counted by Image Proplus. According to the NAFLD 
scoring standard from Liang et  al. the NAFLD scores 
of mice in each group were calculated by counting four 
parameters: macrovesicular steatosis, microtubular stea-
tosis, hepatocyte hypertrophy, and inflammatory cell 
aggregation [19] (Table 2).

ITT and GTT 
After fasting for 12 h overnight, mice were fed with 2 mg/
kg glucose by gavage at 0, 15, 30, 60, 90, and 120  min, 
blood glucose was detected by a blood glucose meter at 
the tail, GTT curve was drawn, and the area under the 
curve was calculated. During ITT, the mice were injected 
intraperitoneally with insulin (0.5  U/kg) after fasting 
for 6 h. At 0, 15, 30, 60, 90, and 120 min after injection, 
the blood glucose was measured and the ITT curve was 
drawn.

HOMA‑IR and QUICKI
The insulin resistance indicators and insulin sensitivity 
indicators were calculated. HOMA-IR = fasting blood 
glucose (FPG) × Fasting insulin (FINS)/22.5; Insulin sen-
sitivity indicators (QUICKI) = 1/(log FPG + log FINS).

Bioinformatics analysis
Based on the genetwork website (http:// genet work. org), 
we analyzed the liver mRNA of SD and HFD mice in 
BXD family mice, screened the Top 2000 genes related to 
VEGFB and AMPK respectively, and screened their co-
expressed gene network through the website. The WEB-
based gene set analysis tool kit (WebGestalt) is used for 
gene set enrichment analysis.

Western blot
Tissue and cell proteins were extracted with a mixture 
containing 1% protease inhibitor (Cat#A8260, Solarbio, 
Beijing, China) and RIPA lysate (Cat#R0010, Solarbio, 
Beijing, China). The protein was denatured by heating in 
a metal bath at 99 ℃ for 10 min. After calculating the vol-
ume with the same mass of 20 μg, the protein was loaded, 
and the protein was separated. The membrane was sealed 
with 5% milk for 1 h. p-AMPK (Cat#2535S, 1:1000, CST, 
USA), AMPK (Cat#2532S, 1:1000, CST, USA), CaMKKβ 
(Cat#DF4793, 1:1000, Affinity, USA), p-ACC (Cat#11818, 
1:1000, CST, USA), ACC (Cat#3676, 1:1000, CST, USA), 
CPT1 (Cat#ab234111, 1:1000, Abcam, UK), SREBP1 
(Cat#ab28481, 1:1000, Abcam, UK), Scd1 (Cat#ab236868, 
1:1000, Abcam, UK). β-actin (Cat#3700, 1:1000, CST, 
USA) was incubated with membrane-binding protein 
overnight. The membrane was incubated with antibodies 
at room temperature for 1 h. The bands were analyzed in 
an enhanced chemiluminescence system (Clinx, Shang-
hai, China). The intensity of the band was measured by 
Image J (1.50i, National Institutes of Health, USA).

Q‑PCR
Total RNA in cells and tissue homogenate was extracted 
with Trizol reagent (Cat#15596-018, Invitrogen, CA, 
USA). Genomic DNA was removed with DNA wiper mix, 
and then the RNA was reversed into cDNA with Hiscript 

Table 2 The scoring system for NAFLD

Histological feature Score

0 1 2 3

Macrovesicular steatosis < 5% 5–33% 33–66% > 66%

Microvesicular steatosis < 5% 5–33% 33–66% > 66%

Hypertrophy < 5% 5–33% 33–66% > 66%

Inflammation

 Number of inflammatory foci/field < 0.5 0.5–1.0 1.0–2.0 > 2.0

http://genetwork.org
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III super mix (Cat#R323, Vazyme, Nanjing, China). 2X 
SYBR qPCR Master Mix (Cat#Q711, Vazyme, Nanjing, 
China) mix was used to amplify the fluorescence quan-
titative PCR instrument (Thermofisher, Beijing, China) 
to analyze the expression of the target gene. The primer 
sequence is shown in the attached table (Table 3).

Statistical analysis
Data are presented as the means + standard deviation 
(SD) and were analyzed using the Least Significant Dif-
ference (LSD) test; cut-off p < 0.05. Independent sample 
t-test and analysis of variance (ANOVA) were performed 
using the SPSS 20.0 software (SPSS Inc. Chicago, IL, 
USA).

Results
VEGFB gene suppression accelerates the lipid deposition 
in the whole body of mice and HepG2 cell
We constructed a systemic VEGFB knockout mice model 
by Crispr/Cas9 technology (Fig. 2A). VEGFB was highly 
expressed in the heart and skeletal muscle of wild-type 
mice, and only slightly expressed in homozygous-type 
mice (Fig. 2B). The content of VEGFB in plasma of mice 
was detected by ELISA. The results showed that VEGFB 
was only slightly expressed in  VEGFB+/+ mice, which was 
significantly lower than that of wild-type mice, indicating 

that VEGFB gene was successfully knocked out (Fig. 2C). 
The expressions of VEGFB in inguinal white fat (iWAT), 
epididymis white fat (eWAT) and liver of VEGFB knock-
out mice were markedly declined (Fig.  2D–H). We 
induced HepG2 with PA solution and constructed a 
NAFLD cell model. MTT found that the cell viability 
descended gradually at 400  µM, 800  µM and 1000  µM 
concentrations of PA solution (Fig.  2I). After HepG2 
was induced by 1000 µM PA solution for 48 h, the con-
tents of triglyceride (TG) and total cholesterol (T-CHO) 
increased markedly, indicating the construction of the 
NAFLD cell model was completed (Fig. 2J, K). And then, 
the results were examined at the protein and genetic lev-
els after VEGFB was suppressed by siRNA transfection 
(Fig. 2L–N).

From the 4th week, we detected the effect of HFD on 
lipid accumulation in systemic VEGFB knockout mice. 
The results showed that from the 8th week of HFD, the 
weight of VEGFB knockout mice was markedly higher 
than that of SD mice. Compared with the HFD group, 
the weight difference of VEGFB knockout mice began 
to appear from the 16th week (Fig. 3A). VEGFB knock-
out mice have thickened inguinal white adipose and 
increased liver volume, and their body shape is more 
obese than that of SD and HFD mice (Fig. 3B). The weight 
of iWAT and eWAT of mice in HFD-VB group was signif-
icantly higher than that of mice in HFD group (Fig. 3C). 
We analyzed the body fat rate of living mice by a body fat 
analyzer and found that the content of adipose tissue was 
increased and muscle tissue was descended in VEGFB 
knockout mice after high-fat feeding, which was mark-
edly different from that of SD and HFD mice (Fig.  3D). 
The area and diameter of adipocytes in inguinal white 
adipose tissue (iWAT) and epididymis white adipose tis-
sue (eWAT) of VEGFB knockout mice were markedly 
increased (Fig.  3E–G). After high-fat feeding, the liver 
weight of VEGFB knockout mice increased markedly at 
the 20th week (Fig.  3H), and the body weight was also 
markedly higher than that of SD and HFD mice (Fig. 3A).

To further confirm VEGFB on lipid metabolism, TG, 
T-CHO, low-density lipoprotein (LDL) and high-den-
sity lipoprotein (HDL) were detected in mouse serum 
and HepG2 cells respectively. The results revealed that 

Table 3 Sequences of primer pairs used for real-time PCR

F forward; R reverse

Gene Primer 5′–3′ sequence

VEGFB F
R

AGC CAC CAG AAG AAA GTG GT
GCT GGG CAC TAG TTG TTT GA

CPT1α F
R

CTC CGC CTG AGC CAT GAA G
CAC CAT GAT GAT GCC ATT CT

Lcad F
R

TCA CCA ACC GTG AAG CTC GA
CCA AAA AGA GGC TAA TGC CATG 

ACC1 F
R

CGC TCA GGT CAC CAA AAA GAAT 
GTC CCG GCC ACA TAA CTG AT

FAS F
R

CTG AGA TCC CAG CAC TTC TTGA 
GCC TCC GAA GCC AAA TGA GTGA 

β-actin F
R

CAT CCG TAA AGA CCT CTA TGC CAA C
ATG GAG CCA CCG ATC CAC A

Fig. 2 Appraisal of VEGFB gene knockout mice and NAFLD cell model with low expression of VEGFB. A VEGFB gene identification in wild-type and 
homozygous-type mice. B Relative mRNA expression level of VEGFB gene in heart and muscle tissue. C The content of VEGFB was detected by Elisa 
in the plasma of VEGFB systemic knockout wild-type and homozygous-type mice. D iWAT、eWAT and liver tissue of VEGFB gene knockout mice 
were analyzed by Western Blot. E VEGFB Protein expression level in iWAT、eWAT and liver tissue of VEGFB gene knockout mice. F–H Analyses of 
relative mRNA level of iWAT, eWAT and liver tissue in 3 groups of mice by RT-PCR. I HepG2 cell viability was induced by different concentrations of 
PA. J, K Levels of TG and TCHO in HepG2 induced by PA. L Western blot test of VEGFB in HepG2 cells after siRNA transfection. M Expression level of 
VEGFB protein in NAFLD cell model. N Relative mRNA expression level of VEGFB gene in NAFLD cell model. N = 6 cases per group. A–C * indicates 
vs.  VEGFB+/+. D–H * indicates vs. SD, p < 0.05; # indicates vs. HFD, p < 0.05. I–N * indicates vs. NC, p < 0.05

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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Fig. 3 VEGFB gene knockout accelerated fat accumulation induced by HFD. A Monitoring of growth curve of mice aged 4–20 weeks. B 
Morphological pictures of iWAT, eWAT, liver and mice aged 20 weeks. C The relative weight of fat in 20-week-old mice. D The relative mass ratio of 
systemic fat, lean and liquid in 20-week-old mice. E HE staining pictures of iWAT and eWAT under a 400X light microscope. F, G Average area and 
average diameter of fat cells in iWAT and eWAT. H Weight of liver. N = 8 cases per group. * indicates vs. SD, p < 0.05; # indicates vs. HFD, p < 0.05
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the serum TG, TCHO and LDL of VEGFB knockout 
mice with HFD were markedly increased, but there was 
no significant difference in HDL compared with HDF 
group (Fig. 4A–D). After PA induction, reducing VEGFB 
also increased the levels of TG, TCHO and LDL and 
descended HDL (Fig. 4E–H).

VEGFB gene suppression aggravated the liver injury 
of mice in NAFLD
After mice liver tissue section with HE and Masson stain-
ing, the structure of hepatocytes and the degree of fibro-
sis were observed morphologically. After HFD, the liver 
injury of NAFLD appeared. The hepatocytes edema and 
ballooning degeneration in VEGFB knockout mice were 
more distinct, it could be observed that distinct bullous 
steatosis, necrosis of single or scattered hepatocytes as 
well as infiltration of lymphocytes and macrophages 
around hepatocytes. A small amount of scattered fibrous 
tissue can be seen in the hepatic lobules of VEGFB 

knockout mice, and there is no bridging fibrotic change 
around the lobules and perisinusoidal space (Fig. 5A). We 
selected bullous steatosis, microtubular steatosis, hepato-
cyte hypertrophy and inflammatory cell aggregation as 
the key indicators of NAFLD score. The scoring results 
revealed that compared with the SD and the HFD groups, 
VEGFB knockout mice hepatocyte bullae and microtu-
bular showed observable steatosis changes, and hyper-
trophic hepatocytes and inflammatory cell aggregation 
also increased dramatically. We evaluated the liver injury 
of mice according to the NAFLD scoring standard. Com-
pared with the SD group, scores of all items in NAFLD of 
VEGFB knockout mice were increased, while there were 
significant differences in inflammatory cell aggregation 
score and total NAFLD score compared with the HFD 
group (Fig. 5B–F). By detecting the contents of TG and 
TCHO in liver tissue, we found that the lipid deposition 
in liver tissue of VEGFB knockout mice was markedly 
high (Fig.  5G, H). Meanwhile, the alanine transaminase 

Fig. 4 VEGFB gene suppression induced disorder of lipid metabolism in NAFLD mice. A–D Changes of TG、TC、LDL and HDL of plasma and 
serum in 20-week-old mice. E–H Changes of TG、TC、LDL and HDL in HepG2 cells induced by PA solution. N = 8 cases per group. A‑D * indicates 
vs. SD, p < 0.05; # indicates vs. HFD, p < 0.05. E–H * indicates vs. NC, p < 0.05

(See figure on next page.)
Fig. 5 Systemic knockout of VEGFB accelerates liver injury in NAFLD mice. A Morphological pictures of mice liver tissue stained by HE and Masson. 
a indicates macrovesicular steatosis, b indicates vesicular steatosis, c indicates hypertrophic hepatocytes, d indicates inflammatory cell aggregates. 
B–E Percentage of hepatic bullous steatosis, vesicular steatosis, hypertrophic area of hepatocytes and number of inflammatory cell aggregates in 
mice liver tissue. F Score of hepatic bullous steatosis, vesicular steatosis, hypertrophic area of hepatocytes and inflammatory cell aggregates and 
total score of NAFLD. G, H TG and TCHO levels in liver tissue. I, J AST and ALT levels in mice serum. N = 8 cases per group. *indicates vs. SD, p < 0.05; # 
indicates vs. HFD, p < 0.05
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Fig. 5 (See legend on previous page.)
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(ALT) and aspartate transaminase (AST) in VEGFB 
knockout mice were also high, suggesting liver function 
injury in NAFLD mice (Fig. 5I, J).

VEGFB gene knockout exacerbated insulin resistance 
in mice with HFD
We monitored the indicators of mice, for example, 
blood glucose and insulin. From the 14th week, the 
fasting blood glucose and postprandial blood glucose in 
HFD-VB group were significantly higher than those in 
SD group. From the 16th week, the fasting blood glu-
cose of HFD-VB group was higher than that of HFD 
group, while the postprandial blood glucose of HFD-VB 
group was only higher than that of HFD group at the 

20th week (Fig. 6A, B). The glucose tolerance test (GTT) 
showed that the blood glucose at 0, 90 and 120 min was 
high in VEGFB knockout group (Fig. 6C). The results of 
the insulin tolerance test (ITT) showed that the blood 
glucose of VEGFB knockout mice induced by HFD was 
continuously high (Fig. 6E, F). Through the ITT test, we 
calculated the relative value of blood glucose decline, 
insulin resistance index (HOMA-IR) and Quantitative 
insulin sensitivity check index (QUICKI). The HOMA-
IR increased markedly and the QUICKI descended 
(Fig. 6G–I). It was found that detecting the secretion of 
insulin after 30 min of glucose stimulation, the insulin 
secretion of the HFD and VEGFB knockout mice was 
insufficient (Fig. 6J).

Fig. 6 VEGFB gene knockout accelerates insulin resistance in mice. A, B Curve monitoring of FBG and PBG in 4–20 week-old mice. C GTT. D Area 
of GTT under the curve. E ITT. F Area of ITT under the curve. G The relative value of blood glucose decrease. H Index of insulin resistance. I Insulin 
sensitivity index. N = 8 cases per group. J Serum insulin level after glucose stimulation for 30 min. *indicates vs. SD, p < 0.05; # indicates vs. HFD, 
p < 0.05
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VEGFB participates in the regulation of the AMPK signaling 
pathway through CaMKKβ
Through Genetwork, we analyzed 2000 genes related 
to VEGFB and AMPK in normal and high-fat liver. By 
intersection analysis of these genes, we found that a 
total of 262 genes were related to them. Through the 
enrichment analysis of the KEGG pathway, we found 
that these genes were partially enriched in NAFLD 
pathway (Fig. 7A, B).

Western blot demonstrated that CaMKKβ and 
p-AMPK in the liver of VEGFB knockout mice with 
HFD descended markedly (Fig.  7C–E). The expression 
levels of CaMKKβ and AMPK phosphorylation in the 

NAFLD cell model were consistent with the results of 
VEGFB knockout mice liver tissue (Fig. 7F–H).

The suppression of VEGFB gene inhibits NAFLD fatty acid 
oxidation through the AMPK/ACC signaling pathway
By detecting the key proteins ACC and CPT1 in the fatty 
acid oxidation pathway, we studied the VEGFB on fatty 
acid oxidation in NAFLD. The results illustrated that 
the phosphorylation level of ACC in the liver tissue of 
VEGFB knockout mice descended distinctly (Fig.  8A, 
B), and the protein expression of CPT1 also lowered 
observably (Fig.  8C). The p-ACC and CPT1 in NAFLD 
cell model were also markedly descended after siRNA 

Fig. 7 The suppression of VEGFB gene inhibits AMPK phosphorylation level. A Venn diagram illustrates the number of loci with gained VEGFB and 
AMPK binding in liver. B Bioinformatics analysis of co-expressed genes of VEGFB and AMPK. C p-AMPK, AMPK, CaMKK2 in NAFLD mice model were 
analyzed by Western blot. D Protein expression level of p-AMPK/AMPK in NAFLD mice model. E Protein expression level of CaMKK2 in NAFLD mice 
model. F p-AMPK, AMPK, CaMKK2 in NAFLD cell model were analyzed by Western blot. G Protein expression level of p-AMPK/AMPK in NAFLD cell 
model. H Protein expression level of CaMKK2 in NAFLD cell model. N = 6 cases per group. D, E * indicates vs. SD, p < 0.05; # indicates vs. HFD, p < 0.05. 
G, H * indicates vs. NC, p < 0.05
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transfection for 48  h (Fig.  8D–F). The results of animal 
and cell models of NAFLD revealed that the expression 
of CPT1α and Lcad descended markedly after VEGFB 
gene was suppressed (Fig. 8G, H).

The suppression of VEGFB gene increases NAFLD lipid 
synthesis through the AMPK/SREBP1 signaling pathway
We also verified the key genes SREBP1 and Scd1 in the 
lipid synthesis pathway. The protein levels of SREBP1 
and Scd1 in liver tissue of VEGFB knockout mice and 
hepatocytes of NAFLD increased markedly (Fig. 9A–F). 
We tested ACC1 and FAS, the key genes in lipid synthe-
sis, and the results of animal and cell levels revealed that 

ACC1 and FAS increased after VEGFB gene was sup-
pressed (Fig. 9G, H).

Discussion
At present, many studies on NAFLD show that AMPK 
activation can improve the metabolic pathway of the 
body, especially has an important regulatory effect on 
lipid metabolism [20, 21]. Studies have shown that exer-
cise and diet intervention participated in the circula-
tion through AMPK dependent pathway to promote fat 
phagocytosis of the liver and improve the aging process 
of the liver, which has become the therapeutic target of 
NAFLD [22]. Lima et al. found that activating AMPK for 

Fig. 8 The suppression of VEGFB gene inhibits the AMPK/ACC/CPT1 signal pathway of fatty acid oxidation. A Western blot of p-ACC, ACC, CPT1 in 
NAFLD mice model were analyzed. B Protein level of p-ACC/ACC in NAFLD mice model. C Protein level of CPT1 in NAFLD mice model. D Western 
blot of p-ACC, ACC and CPT1 protein in NAFLD cell model were analyzed. E Protein level of p-ACC/ACC in NAFLD cell model. F Protein level of CPT-1 
in NAFLD cell model. G mRNA level of CPT1α and Lcad in NAFLD mice model. H mRNA level of CPT1α and Lcad in NAFLD cell model. N = 6 cases 
per group. B, C, G *indicates vs. SD, p < 0.05; # indicates vs. HFD, p < 0.05; E, F, H * indicates vs. NC, p < 0.05
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phosphorylation can inhibit adipogenesis, promote lipol-
ysis and prevent the development of NAFLD [23].

In 2010, Hagberg et  al. first proposed in Nature that 
VEGFB can control the uptake of fatty acids by endothe-
lial cells through transcriptional regulation of vascular 
fatty acid transporters [9]. In 2016, Robciuc et al. trans-
duced VEGFB gene into mice and found that VEGFB 
can inhibit obesity-related inflammatory responses and 
improve metabolic health [10]. In 2021, Hu et  al. found 
that VEGFB recombinant protein therapy can effectively 
inhibit the weight gain induced by HFD by activating 
VEGFR1 [24].

We constructed a NAFLD model of VEGFB gene sup-
pression induced by HFD and PA solution, and clarified 

the process and mechanism of VEGFB participating in 
NAFLD fatty acid oxidation and lipid synthesis via act-
ing on the AMPK signaling pathway at the animal and 
cell level. We found that VEGFB gene suppression accel-
erated the systemic lipid accumulation in NAFLD mice. 
After 16 weeks of HFD, it can be seen that VEGFB gene 
knockout mice have significant increases in body weight, 
size, fat accumulation and adipocyte morphology. Chen 
et al. also found that after VEGFB knockout, the obesity 
phenotype was distinct and the accumulation of white fat 
increased [25]. We also observed that the blood lipid of 
C57BL/6 mice with HFD increased, and VEGFB knock-
out could not undertake the effect of high-fat loaded. 
The blood lipid level was markedly higher than that of 

Fig. 9 The suppression of VEGFB gene stimulated the SREBP1/Scd1 signal pathway of lipid synthesis. A Western blot of SREBP1 and Scd1 in NAFLD 
mice model were analyzed. B Protein level of SREBP1 in NAFLD mice model. C Protein level of Scd1 in NAFLD mice model. D Western blot of SREBP1 
and Scd1 in NAFLD cell model were analyzed. E Protein level of SREBP1 in NAFLD cell model. F Protein level of Scd1 in NAFLD cell model. G mRNA 
level of ACC1 and FAS in NAFLD mice model. H mRNA level of ACC1 and FAS in NAFLD cell model. N = 6 cases per group. B, C, G * indicates vs. SD, 
p < 0.05; # indicates vs. HFD, p < 0.05; E, F, H * indicates vs. NC, p < 0.05
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C57BL/6 mice with HFD. Moreover, the TG and TCHO 
in serum and liver of VEGFB knockout mice with HFD 
were also markedly higher than those of C57BL/6 mice. 
After VEGFB gene knockout in the NAFLD cell model, 
there was also a significant increase in lipid deposi-
tion. The results suggested that the conversion speed of 
free fatty acids increases after VEGFB was knocked out, 
which can accelerate lipid deposition.

Abnormal lipid deposition in the liver can produce 
toxic effects, which is easy to cause NAFLD [26]. For 
example, after hepatocytes are mediated by oxida-
tive stress, lysosomes and mitochondria in cells play an 
important role in cell damage [27, 28]. When the hepato-
cytes of NAFLD have foam-like microbubble steatosis, 
it indicates that there is mitochondrial damage, which 
will gradually develop into microvesicular steatosis, and 
a large dominant vacuole will appear in the hepatocytes 
to replace the nucleus and fill the cells. With the devel-
opment of steatosis, steatosis hepatocytes appear in the 
acinar area, leading to more serious liver disease [29]. 
Studies have shown that VEGFB can affect liver lipids by 
regulating endothelial fatty acid transport and metabo-
lism [9]. We observed that HFD caused hepatocyte stea-
tosis, and VEGFB gene knockout exacerbated the degree 
of hepatocyte steatosis. The areas of microbubbles, bul-
lae and mast cells in hepatocytes in the HFD-VEGFB 
group were markedly increased. The results suggested 
that VEGFB may be involved in the liver’s uptake of 
lipids from the peripheral circulation and participate 
in the process of lipid metabolism in  vivo through fatty 
acid transporters [30]. We also observed that there were 
scattered fibrous tissue and inflammatory cell aggregates 
in the liver of VEGFB knockout mice. Inflammatory 
cell aggregates and NAFLD scores were also markedly 
increased, which accelerated the development of liver 
injury and NAFLD in mice. Compared with HFD group, 
there was a significant difference in hepatocyte steatosis 
in HFD-VB group, but there was no significant differ-
ence in the degree of liver fibrosis. There was no signifi-
cant difference in serum ALT and AST between the two 
groups, suggesting that VEGFB affected the lipid metab-
olism of NAFLD mice hepatocytes, and whether VEGFB 
had an impact on hepatocyte proliferation and apoptosis 
remains to be further studied.

Hepatic steatosis is epidemiologically close to insu-
lin resistance [31–34]. Obesity and diabetes are usually 
associated with the development of NAFLD. Studies have 
shown that liver steatosis occurs first in mice induced 
by HFD, and then insulin resistance, systemic hyper-
glycemia and hyperinsulinemia will occur in the liver 
and adipose tissue [35–37]. Our study showed that in 
NAFLD mice with VEGFB knockout, blood glucose level 
increased markedly, glucose tolerance was impaired, 

insulin resistance was distinct, and insulin sensitivity 
descended. The reason may be described that in NAFLD 
mice, insulin resistance is distinct, and the effect of insu-
lin to inhibit lipolysis of adipose tissue is weakened, 
which leads to increased delivery of free fatty acids to the 
hepatocytes [38, 39].

Through bioinformatics analysis, we found that 
CaMKKβ, a key regulatory protein in theAMPK signal-
ing pathway, was associated with VEGFB. CaMKKβ pro-
tein in the liver of VEGFB knockout mice with HFD was 
markedly lower than that of C57BL/6 mice with HFD. 
 Ca2+-mediated CaMKKβ activation is a common mecha-
nism of AMPK activation induced by metabolism related 
hormones [40]. Research showed that the activation of 
AMPK in LKB1 deficient lung cancer mainly depends on 
CaMKKβ [41]. AMPK activation in hepatocytes prevents 
lipid deposition and insulin resistance [42]. AMPK inhib-
its the fatty acids synthesis and cholesterol by inhibiting 
the expression of ACC and SREBP1. The overexpression 
of AMPKα1 in liver of type 2 diabetes rats can also inhibit 
the expression of adipogenic genes, thereby reducing the 
content of liver TG and liver steatosis [43].

In 2011, James et al. confirmed that VEGFB could rap-
idly stimulate the activity of AMPK after incubation with 
human aortic endothelial cells, and the down-regulation 
of AMPK could inhibit the response of cells to VEGFB 
[44]. Our study showed that after VEGFB gene knockout, 
the p-AMPK protein level and the p-AMPK/AMPK ratio 
of NAFLD animals and cell models descended markedly. 
Therefore, we speculated that VEGFB gene suppression 
can affect the downstream lipid metabolism signaling 
pathway by inhibiting CaMKKβ activation and reducing 
AMPK phosphorylation levels.

NAFLD is caused by destructing the balance of liver 
lipid storage and lipolysis, that is, the disorder of energy 
balance [45]. AMPK is a sensor of energy changes within 
cells [46]. When the energy supply changes, AMPK can 
be activated through the allosteric mechanism to stimu-
late its kinase activity. Through the phosphorylation 
of key proteins, AMPK can redirect diverse metabolic 
directions, including mTOR complex 1 (mTORC1), lipid 
homeo-metabolism, glycolysis and mitochondrial home-
ostasis, so as to increase catabolism and decrease anabo-
lism [47–49].

Studies have confirmed that HDL-C is one of the 
markers of insulin resistance, and insulin resistance can 
promote the development of NAFLD by inducing accel-
erated decomposition of triglycerides in adipose tis-
sue and enhanced de novo synthesis of triglycerides in 
liver [50, 51]. Our study found that VEGFB knockout 
could accelerate the development of insulin resistance 
(Fig. 6). In the NAFLD cell model, we detected that the 
HDL level in Si group was significantly lower than that 
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in NC group (Fig.  4H), suggesting that VEGFB knock-
down caused the decrease of HDL-C level, accelerated 
lipolysis, and increased the level of free fatty acids, result-
ing in the decrease of insulin sensitivity. There are many 
factors affecting HDL-C oxidative stress in animals, and 
the mechanism of the connection between HDL-C and 
NAFLD has not been fully clarified. In the animal model 
of NAFLD, we did not observe any significant difference 
in HDL-C levels between HFD-VB and HFD groups, 
which may be due to the influence of individual differ-
ences and other factors. Whether there is an independent 
connection between HDL-C and NAFLD remains to be 
further studied.

In lipid catabolism, AMPK can stimulate the decom-
position of macromolecules to produce energy [52]. Free 
fatty acids depend on the phosphorylation of AMPK and 
ACC to reduce the expression of malonyl CoA, so as 
to relieve the inhibition of CPT1 and increase the fatty 
acids that enter into mitochondria for β-oxidization [53]. 
Studies have shown that under the influence of many 
factors, the expression of VEGFB will promote mito-
chondrial biogenesis and ensure the uptake of fatty acids 
[54]. We observed that the p-AMPK of systemic VEGFB 
knockout mice descended, the phosphorylation level 
of ACC descended, and the downstream CPT1 expres-
sion descended accordingly, indicating that VEGFB 
gene suppression inhibited the AMPK/ACC/CPT1 
pathway and enhanced the inhibitory effect of substrate 
ACC on CPT1, thus affecting fatty acids oxidation in 
mitochondria.

In anabolism, SREBP1, a key protein downstream of 
AMPK, is an important regulatory factor in hepatocytes. 
It controls lipid synthesis in the endoplasmic reticulum 
and promotes the positive balance of triacylglycerol by 
inhibiting mitochondrial transporters [55]. Studies have 
shown that SREBP1 stimulates lipase in insulin resistance 
conditions, leading to the increase in fat production [56]. 
The reason for hepatic steatosis is activating the SREBP1/
FAS pathway in NAFLD mice [57, 58]. Lee et al. pointed 
out that inhibition of SREBP1 could delay the develop-
ment of diet-induced steatosis in obese mice liver [59]. In 
the adipogenesis pathway, Scd1, downstream of SREBP1, 
is elevated in patients with metabolic syndrome such as 
obesity [60].

We observed that the expression of SREBP1 and its 
downstream Scd1 in mouse liver increased after HFD, 
which was consistent with previous studies. Compared 
with HFD, the expression of SREBP1 and Scd1 in VEGFB 
knockout mouse liver increased more markedly, sug-
gesting that after VEGFB gene suppression, the AMPK/
SREBP1/Scd1 pathway will be activated, resulting in lipo-
genesis and lipid accumulation, and accelerating the for-
mation of NAFLD [61].

Fang et al. found that activation of AMPK can improve 
oxidative stress, increase fatty acid oxidation and reduce 
lipid synthesis through the AMPK/ACC and the AMPK/
SREBP1 pathways on normal LO2 hepatocytes [14]. We 
constructed the NAFLD cell model by inducing HepG2 
cells with PA to verify the effect of VEGFB gene knock-
down on the AMPK/ACC and the AMPK/SREBP1 sign-
aling pathway in hepatocytes. The results were consistent 
with the animal level, suggesting that VEGFB may partic-
ipate in the AMPK signaling pathway and lipid metabo-
lism of NAFLD through CaMKKβ. VEGFB may affect 
fatty acid oxidation of hepatocyte mitochondria through 
the AMPK/ACC/CPT1 signaling pathway and endo-
plasmic reticulum lipid production through the AMPK/
SREBP1/Scd1 (Fig. 10).

We also analyzed genes closely related to fatty acid 
metabolism in NAFLD. These target genes play an essen-
tial role in lipid metabolism. ACC1 and FAS are used to 
evaluate de novo synthesis of fatty acid, CPT1α and Lcad 
are used in mitochondria β oxidztion [62]. We observed 
that after VEGFB gene suppression, the expression level 
of CPT1α, the key gene of fatty acid oxidation regula-
tion, and the catalytic enzyme Lcad at the starting site of 
long-chain fatty acid oxidation descended, but FAS and 
ACC1, the main lipogenic enzymes working with Scd1, 
increased markedly.

At present, the commonly used drugs for NAFLD 
include liver-protecting drugs, insulin sensitizer, lipid-
lowering drugs and so on, but the therapeutic effect 
could not meet the expectation. Nano drug carriers in 
the treatment of NAFLD have gradually attracted schol-
ars’ interest besides in tumor diagnosis and treatment. 
Previous studies have shown that in the HepG2 stea-
tosis cell model, liver-targeted Gal-OSL/Res nanocar-
riers can effectively reduce liver lipid accumulation and 
reduce insulin resistance by regulating AMPK/SIRT/
FAS/SREBP1c signaling pathway. In addition, partially 
oxidized-reduced nanoparticles also have antioxidant 
properties, such as zinc oxide nanoparticles [63] and 
cerium dioxide nanoparticles [64], which can reduce the 
effect of oxidative stress in the liver, improve the lipid 
metabolism of NAFLD model mice, and reduce liver lipid 
accumulation.

In recent years, although the research on nano mate-
rials as drug carriers has developed rapidly, nano carrier 
delivery of NAFLD therapeutic drugs is still in the stage 
of research in the lab and no clinical trials have been 
conducted. Our study showed that VEGFB regulates 
the abnormal lipid metabolism and insulin resistance of 
NAFLD through AMPK signaling pathway. These find-
ings provided a theoretical and experimental basis for the 
study of the pathogenesis of NAFLD, and also provided 
a new idea for the development of a new generation of 
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nano carriers to deliver lipid-lowering drugs and insulin 
sensitizers for the treatment of NAFLD.

Our study still has some limitations, such as the lack 
of detection of plasma VEGFB levels in patients with 
NAFLD, and whether VEGFB has the therapeutic effect 
of improving or reducing NAFLD liver injury. In the 
next research, we will collect clinical samples to observe 
the correlation between the expression of VEGFB and 
the development of NAFLD, and the further verifica-
tion of the therapeutic effect of VEGFB up-regulation on 
NAFLD liver injury through animal and cell experiments. 
These studies will provide a more sufficient theoreti-
cal and experimental basis for the clinical treatment of 
NAFLD.

Conclusions
In conclusion, our study proved that VEGFB can partici-
pate in lipid metabolism and insulin resistance of NAFLD 
via the AMPK signaling pathway. In terms of mechanism, 
VEGFB can affect fatty acid oxidation of hepatocyte 
mitochondria through the AMPK/ACC/CPT1 signaling 
pathway, causing changes in the expression of the AMPK/
SREBP1/Scd1 key proteins and affecting lipid produc-
tion in the endoplasmic reticulum (Fig. 10). However, the 
molecular target of VEGFB in the treatment of NAFLD 
still needs to be further studied (Additional file 1).
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