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Hepatocyte-derived VEGFA accelerates the progression of
non-alcoholic fatty liver disease to hepatocellular carcinoma
via activating hepatic stellate cells
Hao Shen1, Han Yu1, Qian-yu Li2, Ya-ting Wei1,3, Jing Fu1, Hui Dong1, Dan Cao1, Lin-na Guo1, Lei Chen1, Yuan Yang4, Ying Xu1,
Meng-chao Wu1, Hong-yang Wang1,3 and Yao Chen1

Non-alcoholic fatty liver disease (NAFLD) is emerging as an epidemic risk factor for hepatocellular carcinoma (HCC). The progression
of NAFLD to HCC is closely associated with paracrine communication among hepatic cells. Vascular endothelial growth factor A
(VEGFA) plays a key role in NAFLD and HCC; however, the cellular communication of VEGFA in the pathological transition from
NAFLD to HCC remains unclear. Here, we found that VEGFA elevation was considerably distributed in hepatocytes of clinical and
murine NAFLD-HCC specimens. Notably, progression from NAFLD to HCC was attenuated in hepatocyte-specific deletion of Vegfa
(VegfaΔhep) mice. Mechanistically, VEGFA activated human hepatic stellate cell (HSC) LX2 into a fibrogenic phenotype via VEGF-
VEGFR signaling in fatty acid medium, and HSC activation was largely attenuated in VegfaΔhep mice during NAFLD-HCC progression.
Additionally, a positive correlation between VEGFA and hepatic fibrosis was observed in the NAFLD-HCC cohort, but not in the HBV-
HCC cohort. Moreover, LX2 cells could be activated by conditioned medium from NAFLD-derived organoids, but not from HBV
livers, whereas this activation was blocked by a VEGFA antibody. In summary, our findings reveal that hepatocyte-derived VEGFA
contributes to NAFLD-HCC development by activating HSCs and highlight the potential of precisely targeting hepatocytic VEGFA as
a promising therapeutic strategy for NAFLD-HCC.
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INTRODUCTION
Over the last decade, non-alcoholic fatty liver disease (NAFLD) has
become the most common cause of chronic liver disease
worldwide owing to the obesity pandemic. NAFLD is present in
25% of the world’s population and represents a wide spectrum of
diseases, ranging from simple steatosis to non-alcoholic steato-
hepatitis (NASH) to cirrhosis [1]. Although most patients with
NAFLD have only steatosis without progression, more than one-
third of NAFLD cases develop NASH, which may cause fibrosis,
cirrhosis, and hepatocellular carcinoma (HCC) [2]. Despite the
growing public health impact of NAFLD, therapeutic options
remain limited [1] owing to the indistinct mechanisms.
The progression of NAFLD to HCC is characterized by

inflammation, fibrosis, and pathological angiogenesis [3, 4]. This
progression is closely associated with a series of injuries that
constitutes the “second hit” [5]. Defective hepatocyte regenera-
tion, which is important for the replenishment of dead cells, has
been proposed as the “third hit” in NAFLD development [6]. These
hepatic injuries eventually lead to the activation of HSCs, collagen

and extracellular matrix deposition, consequently promoting
fibrosis and cirrhosis [7]. A wide range of pathological conditions
requires a strong pathophysiological dialogue between different
populations of liver cells.
Pathological angiogenesis appears to be intrinsically associated

with fibrogenesis during chronic liver disease progression.
Vascular endothelial growth factor A (VEGFA), a key regulator of
angiogenesis, is involved in endothelial dysfunction and immune
cell infiltration in chronic liver diseases [8, 9]. Liver VEGFA is
secreted by hepatic stellate cells (HSCs), Kupffer cells, and
hepatocytes to regulate the LSEC phenotype [10–12]. Previous
studies have identified the deleterious role of excess VEGFA levels
in liver tumorigenesis. Thus, numerous anti-angiogenic molecules
are currently being used as treatment options for liver cancer [13].
However, some clinical data have shown conflicting evidence
regarding VEGFA alteration in the progression of NAFLD [14–16]. A
general analysis of the correlation between VEGFA and NAFLD is
possibly mixed because VEGFA from different cell sources is likely
to have a different impact on metabolic diseases. However, the
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role of VEGFA in the progression of NAFLD to steatohepatitis,
advanced fibrosis, and HCC remains unclear. Therefore, it is
essential to distinguish VEGFA from other potential cellular
sources and determine its distinct role during the different stages
of the NAFLD process.
In this study, we found progressive accumulation of VEGFA,

especially in hepatocytes, in patients or mice with NAFLD-HCC.
Mice with VEGFA deficiency in hepatocytes were used to
determine the exact role of hepatocyte-derived VEGFA in this
specific pathological transition. The present study provides
primary evidence of the deleterious role of hepatocyte-derived
VEGFA in mediating HSC activation to promote NAFLD-HCC
progression.

MATERIALS AND METHODS
Generation of hepatocyte-specific deficiency of VEGFA mice and
treatments
Vegfafl/fl mice were a gift from Genentech (South San Francisco,
CA, USA), and crossed with liver-specific Cre (albumin, Alb-Cre)
mice to generate Alb-Vegfa mice (VegfaΔhep). C57BL/6 wild type
(WT) mice were purchased from Shanghai Model Organisms
Center, Inc. (Shanghai, China). All the mice (8 weeks old) were
maintained in filter-topped cages on an autoclaved normal chow
diet (ND) and normal tap water or western diet (WD, composed of
21.1% fat, 41% sucrose, and 1.25% cholesterol by weight,
Shanghai Fanbo, No. 170092) and a high sugar solution (23.1 g/L
d-fructose and 18.9 g/L d-glucose). Carbon tetrachloride (CCl4) at a
dose of 0.2 μL (0.32 μg)/g of body weight, or its control (olive oil),
was injected intraperitoneally once weekly, starting simulta-
neously with the diet administration. Experimental groups were
as follows: ND/CCl4-WT, n= 5; WD/CCl4-WT, 0 (n= 5), 12 weeks
(n= 5), 24 (n= 8) and 36 (n= 16) weeks; ND/CCl4-Vegfa

Δhep, n= 5;
WD/CCl4-Vegfa

Δhep, 0 (n= 5), 12 (n= 5), 24 (n= 8) and 36 (n= 16)
weeks. Rescue experiments were performed by tail vein injection
of lentivirus-delivered VEGFA (5 × 107 per mouse, n= 5) or control
into VegfaΔhep at 6 weeks old, which received WD/CCl4 treatment
at 8 weeks for the indicated time. The mice were sacrificed at the
indicated times by exsanguination after anaesthesia. Liver and
serum samples were collected and processed for histological,
serological, and other analysis.

Clinical liver specimens
Clinical specimens were obtained from the Eastern Hepatobiliary
Surgery Hospital (EHBH) in Shanghai with the approval of the
EHBH Research Ethics Committee. NAFLD-related HCC samples
were collected under the following conditions: (1) fatty liver
diagnosed by imaging studies (including CT, MRI, or ultrasound);
(2) no history of heavy alcohol consumption or viral hepatitis;
and (3) hepatic resection for liver tumor. Samples of hepatitis B
(HBV)-related HCC were collected: (1) without a clinical diagnosis
of NAFLD, (2) with HBV infection, and (3) received hepatic
resection for liver tumor. The samples of hepatic haemangioma
were collected as follows: (1) without clinical diagnosis of NAFLD
or HBV infection and (2) underwent hepatic resection for hepatic
haemangioma. After surgical excision, liver tissues were
collected from the peri-tumor region as far as possible from
the lesion.

Real-time PCR
Total RNA was extracted from cells and tissues using TRIZOL
Reagent (Invitrogen, Waltham, MA, USA) and reverse-transcribed
using the M-MLV system (Promega, Madison, WI, USA). For real-
time PCR, SYBR Green PCR Master Mix (Roche, Basil, Switzerland)
and LightCycler® 96 (Roche) were used to conduct the experi-
ments. The primers used for the genes are listed in Supplementary
Table 1.

Western blot and ELISA assay
Blotting was performed according to standard procedures.
Antibodies are listed as follows: α-SMA (1:1000; abcam; No.
7817), TIMP-1 (1:1000; abcam; No. 211926), VEGFA (1:1000;
abcam; No. 52917), p53BP1 (1:1000; abcam; No. 175933),
8-OHdG (1:500; Bioss; No. 1278), p-H2A.X (1:1000; abcam; No.
26350), Cyclin D1 (1:1000; Proteintech; No. 60186), PCNA
(1:1000; abcam; No. 29), GAPDH (1:1000; Cell signaling technol-
ogy; No. 8884S) and the fluorescein-conjugated secondary
antibody (1:10000; LI-COR; No. 926–32210 and 926–32211).
Odyssey fluorescence scanner (Li-Cor, Lincoln, NE) was used to
record the images. VEGFA levels in serum or liver tissues were
measured by ELISA kit (Dakewe Bio-engineering; No. 1117342
(human) and 1217342 (mouse)) according to the manufacturer’s
instructions.

Reactive oxygen species and antioxidant detection
The levels of reactive oxygen species (ROS) and reactive nitrogen
species (RNS) in murine liver tissues were analysed using a DCF
ROS/RNS assay kit (abcam, No. 238535). An ultrasensitive assay for
glutathione in the samples was performed using a GSH/GSSG ratio
detection assay kit (abcam, No. 138881).

Immunohistochemical/Periodic Acid-Schiff (PAS)/Sirius red/Oil red
O staining/TUNEL staining
Liver tissues embedded in paraffin were cut into 5 µm-thick
sections. All the slides were photographed using a Leica Aperio
AT2 400 microscope (Leica, Germany) and images were analysed
using Aperio ImageScope (v12.3.2.7001).
Sections were incubated with VEGFA (1:250; abcam; No. 185238)

antibodies at 4 °C overnight, horseradish peroxidase-conjugated
secondary antibody (Supervision; No. D-3001 and D-3002) at 37 °C
for 1 h, and immunoreactive cells were visualized using DAB.
Counterstaining was performed with haematoxylin.
For PAS staining, the tissue sections were de-paraffinised and

hydrated in water followed by oxidization in 0.5% periodic acid
solution for 5 min. After rinsing in distilled water, the slides were
placed in Schiff’s reagent for 15 min and counterstained with
haematoxylin for 1 min.
The Sirius red/fast green collagen staining kit (Chondrex. Inc,

No. 9046), Oil Red O kit (abcam, No. 150678) and TUNEL staining
kit (UE EVERBRIGHT Inc, No. T6068) was conducted according to
previously published protocols, respectively.

Immunofluorescence
Paraffin-embedded sections were incubated with anti-VEGFA
(1:500; abcam; No. 185238), anti-α-SMA (1:3000; abcam; No.
7817) or anti-E-cadherin (1:400; Cell Signaling Technology; No.
3195) at room temperature for 2 h after blocking with 1% BSA
and 10% goat serum. The sections were then treated with the
TSA plus fluorescence kit (PerkinElmer, No. NEL752001KT and
NEL741001KT) following the standard protocol. Images were
obtained using a laser scanning confocal microscope (Leica TCS
SP8, Germany).

Glucose tolerance test (GTT)
A GTT was performed according to standard procedures. First, the
mice were fasted with only a water supply the day before the
experiment. Mice were then intraperitoneally injected with a 10%
glucose solution (2 mg glucose/g body weight). Blood glucose
levels were measured at 30, 60, 90 and 120 min, and the data were
collected and are shown in a line chart.

Isolation of primary hepatocyte
Primary hepatocytes were isolated using a two-step perfusion
method as previously described [17]. Briefly, isolated hepato-
cytes were cultured on collagen-coated culture dishes and used
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for experiments on the following day. Clinical specimens for
primary hepatocyte isolation were obtained according to the
ethical guidelines of our hospital, and written informed consent
was obtained from patients for the use of tissue for research
purposes.

Hepatic organoid culture
Organoid culture was based on the protocol reported by Broutier
et al. [18]. Briefly, under aseptic conditions, the tissues were placed
in a 100-mm Petri dish and minced into pieces of ~0.5–1mm3. The
minced tissues were washed twice in ice-cold organoid basal
medium and incubated with digestion solution (2.5 mg/mL,
collagenase VI (Sigma, No. C5138) and 0.1 mg/mL, DNase I (Sigma,
No. D5025)) at 37 °C for 45–60min until all tissues were digested.
The mixture of tissues and digestion solution was passed through
a 70 μm strainer (Falcon). Hepatocytes were separated from
nonparenchymal cells (NPCs) by low-speed centrifugation (800
rpm × 5min × 3), and further purified by Percoll gradient centri-
fugation (50% v/v, Sigma, No. P4937). Human hepatocyte
organoids were cultured with a series of STEMCELL products
according to the protocols: HepatiCult Organoid Basal Medium
(Human) (STEMCELL 100–0386), Growth Supplement (Human)
(100–0389), Differentiation Supplement (Human) (100–0388). The
supernatant was collected for the assays or stimulation.

LX2 cells culture and treatment
Human LX2 cells were cultured in DMEM with 10% fetal bovine
serum (FBS, Gibico Life Technologies, Grand Island, NY), 1% (v/v)
sodium pyruvate, 1% (v/v) glutamine and 1% (v/v) penicillin/
streptomycin at 37 °C in 5% CO2 and 95% air-humidified
incubator. LX2 cells (1 × 105) were seeded in 24-well plates for
24 h and then exposed to human recombinant VEGFA (50 nM;
PeproTech; No. 1002010) with or without pretreatment with
palmitic acid (PA, 0.5 mM) and oleic acid (OA, 1 mM). LX2 cells
were also exposed to the collected supernatant from the
organoids pretreated with PA and OA for 2 days. The VEGFA
neutralization antibody (2 μg/ml; R&D; No. AF-493-NA), mouse IgG
(R&D; No. AB-108-C) as the control, or the VEGFR inhibitor Axitinib
(0.3 nM; Selleck; No. S1005) was selectively added to the
conditioned medium.

Statistical analysis
All values presented are expressed as mean ± SD or median ±
quartiles (if the value is non-normally distributed). The χ2 test and
Student’s t test were used to determine the statistical significance.
One-way ANOVA followed by Tukey’s multiple comparison test
was used to compare three or more groups. The Pearson
correlation coefficient was calculated for the two variables.
Differences were considered significant at P < 0.05 (*P < 0.05;
**P < 0.01; ***P < 0.001). Data analysis was performed using SPSS
software (version 16; SPSS).

RESULTS
Hepatic VEGFA levels were elevated considerably in hepatocytes
during NAFLD-HCC transition
To investigate the relevance of VEGFA in NAFLD-HCC progression,
we first examined the expression of VEGFA in patients with NAFLD
in two different cohorts from the Gene Expression Omnibus
Datasets (GSE130970 and GSE135251). VEGFA levels were
increased in NAFLD tissues of the “GSE130970 cohort”, in which
all biopsies were graded according to the SAF scoring system and
disease severity was classified as 0–4 grade (Fig. 1a, left). Similarly,
VEGFA levels were elevated in early or moderate NAFLD tissues
compared with control in the “GSE135251 cohort” (Fig. 1a, right).
Furthermore, in our HCC cohort (Table 1), serum VEGFA levels
were significantly higher in HCC patients with NAFLD background
than in those non-NAFLD (Fig. 1b). In the liver tissue sections,

immunohistochemical staining for VEGFA was also significantly
higher in the patients with NAFLD (Fig. 1c). Interestingly, confocal
images of E-cadherin revealed abundant VEGFA-positive hepato-
cytes in NAFLD tissues and a small proportion of other hepatic
cells in non-NAFLD tissues (Fig. 1d). Moreover, primary hepato-
cytes isolated from NAFLD-HCC tissues showed much higher
levels of VEGFA than those isolated from non-NAFLD-HCC tissues
(Fig. 1e).
Next, we established a murine NAFLD-HCC model, which was

induced by WD combined with CCl4 (WD/CCl4), as previously
described (Fig. 1f) [19]. As shown in Fig. S1a, WD/CCl4 mice
showed significant weight gain and adiposity compared to ND/
CCl4 mice (Fig. S1a), and higher blood glucose levels (Fig. S1b) but
less glycogen deposition in the liver tissue (Fig. S1c) at 24 and
36 weeks compared with ND/CCl4 mice, indicating dysregulated
glucose metabolism. Accordingly, the WD/CCl4 mice showed
aberrant liver lipid metabolism, including significantly increased
serum and liver triglycerides, total serum cholesterol, serum free
fatty acids (FFAs) and hepatic lipid accumulation (Fig. S1c–e).
Based on the grade of steatosis, ballooning, lobular inflammation
and fibrosis, WD/CCl4 mice had a higher SAF score at 36 weeks
than the control mice (Fig. S1d). Consistently, WD/CCl4-WT mice
showed elevated serum alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) levels, accompanied by
increased ROS production and a decreased GSH/GSSG ratio
(Fig. S1f), indicating serious hepatic injury. In contrast to ND/
CCl4 mice, 12.5% (1/8) and 100% (8/8) WD/CCl4 mice exhibited
massive nodules at 24 and 36 weeks, respectively (Fig. S1g).
Collectively, these data confirmed the murine NAFLD-HCC model
with rapid progression of advanced fibrosis and HCC,
sharing classic features of common human NAFLD development
and faithfully recapitulating the natural history of chronic
damage, inflammation, fibrosis, and HCC (Fig. S1). We used this
murine NAFLD-HCC model to explore the role of VEGFA in this
process.
VEGFA protein levels in liver, rather than in serum, gradually

increased during NAFLD (Figs. 1g, h, S1h). When NAFLD formed at
12 weeks, some VEGFA-positive hepatocytes appeared in liver,
which further increased to 15% and 35% at 24 and 36 weeks,
respectively (Fig. 1h). Most of the VEGFA-positive hepatocytes
were distributed in the portal and periportal areas (Fig. 1h).
Immunofluorescence staining of E-cadherin and VEGFA further
confirmed that VEGFA was significantly increased in the hepato-
cytes of WD/CCl4 mice (Fig. 1i). In contrast, very few hepatocytes
were VEGFA-positive in the ND/CCl4 mice (Fig. 1i). Consistently,
VEGFA levels in isolated mouse hepatocytes gradually increased
with WD/CCl4 treatment in a time-dependent manner (Fig. 1j).
Combining the experimental murine NAFLD-HCC model with

the clinical data, we hypothesize that hepatocyte-derived VEGFA
promotes NAFLD-HCC development.

Hepatocyte-derived VEGFA promoted fibrosis rather than hepatic
steatosis
To test our hypothesis, we crossed Vegfafl/fl mice with Albumin-Cre
mice to generate hepatocyte-specific deletion of VEGFA mice
(VegfaΔhep) and treated them with ND/CCl4 or WD/CCl4 as
previously described (Fig. 2a). VegfaΔhep mice developed normally
and had a lifespan similar to that of WT mice did. VegfaΔhep livers
were normal in size and had the same hierarchical microvascu-
lature of liver sinusoids as that of WT mice (Fig. S2a). In the ND/
CCl4 condition, serum and liver triglycerides, total serum
cholesterol, and serum free fatty acids were not significantly
different between the WT and VegfaΔhep groups (Fig. S2b),
indicating a small difference in the lipid metabolism. AST levels
did not differ between the two groups, despite the decrease in
ALT levels in ND/CCl4-Vegfa

Δhep mice at 36 weeks (Fig. S2c). Under
NAFLD conditions, WD/CCl4-Vegfa

Δhep mice showed few VEGFA-
positive hepatocytes (Fig. 2b, c) and almost entirely deficient

VEGFA accelerates NAFLD-HCC progression
H Shen et al.

2919

Acta Pharmacologica Sinica (2022) 43:2917 – 2928



expression in isolated hepatocytes (Fig. 2d) during the NAFLD-HCC
transition. Both WD/CCl4-WT and WD/CCl4-Vegfa

Δhep mice dis-
played a steady increase in body weight and no difference in the
liver-to-body weight ratio before 24 weeks (Figs. 2e, S3b). No
significant differences in glucose tolerance, glycogen deposition

and hepatic lipid accumulation were observed in two groups at
24 weeks (Fig. 2f–h). However, WD/CCl4-Vegfa

Δhep mice exhibited
lower serum levels of ALT and AST (Fig. 2i) and lower levels of ROS
(Fig. S3e, f). Notably, WD/CCl4-Vegfa

Δhep displayed less fibrosis and
collagen deposits compared to WT mice at 24 weeks (Fig. 2j, k),
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which was further confirmed by the SAF score (3.2 ± 0.4 vs. 1.8 ±
0.4, P < 0.05) (Fig. 2l). In contrast, lentivirus-mediated overexpres-
sion of VEGFA aggravated liver fibrosis in VegfaΔhep mice at
24 weeks (Fig. S4a–e). Together, these results indicate that
hepatocyte-derived VEGFA mainly promotes liver fibrosis rather
than steatosis during the NAFLD-HCC transition.

Hepatocyte-derived VEGFA exacerbated liver injury and
accelerated NAFLD-HCC transition
In the WD/CCl4-induced NAFLD-HCC model, 12.5% of the WT mice
showed visible liver nodules at 24 weeks whereas none of the
VegfaΔhep mice did (Fig. S3a). At 36 weeks, all of WD/CCl4-WT mice
showed nodules with greater numbers and larger sizes, whereas
50% of WD/CCl4-Vegfa

Δhep mice had fewer nodules with smaller
sizes (Fig. 3a, b). Haematoxylin and eosin staining confirmed that
these nodules were histopathological tumor lesions (Fig. 3c), in
which positive immunostaining for CD31 and TUNEL staining were
observed (Fig. S3c, d). Although the tumors lesions were coherently
characterized by AFP immunostaining (Fig. 3d), VegfaΔhep mice had
lower levels of ALT and AST and less ROS at 36 weeks (Fig. 3e, f),
implying relatively mild hepatic injury. Consistently, VegfaΔhep mice
showed not only less nuclear staining of DNA damage markers,
8OHdG and p53BP1 (Fig. 3g), but also lower protein levels of
p53BP1 and p-H2A.X (Fig. 3h) in tumor tissues compared to those
of WT mice. Moreover, the protein levels of cyclin D1 and PCNA

and immunostaining of Ki67 and CD31, except for TUNEL staining,
were reduced in tumor tissues of VegfaΔhep mice, indicating an
alleviative malignancy (Figs. 3h, i, S3c, d). Furthermore, over-
expression of Vegfa in the liver led to visible lesions in VegfaΔhep

mice at 24 weeks (Fig. S4f, g). Together, these results strongly
suggest that hepatocyte-derived VEGFA exacerbates hepatic injury
and promotes the NAFLD-HCC transition.

Hepatocyte-derived VEGFA promoted endothelial dysfunction and
activated HSCs during NAFLD-HCC transition
VEGFA is involved in pathological angiogenesis and plays an
important role in liver fibrosis development [10, 20]. Pathological
angiogenesis and fibrosis are crucial for the progression of NAFLD
[21]. To exclude the confounding effect of tumors, liver tissues
from 24 weeks were analysed between the two groups. In
VegfaΔhep livers, the number of CD31-positive cells was significantly
lower than in WT mice, suggesting a lower density of micro-vessels
(Fig. 4a). In addition, the endothelial dysfunction markers ICAM-1
and VCAM-1, were downregulated in VegfaΔhep mice (Fig. 4b, c).
The composition of infiltrating immune cell subsets is altered in
experimental NAFLD pathogenesis [22]. We found significant
downregulation of Cd8 and Cd4 in VegfaΔhep mice compared to
those in WT mice, whereas no significant differences in Cd11b and
F4/80 were observed between the two groups (Fig. S3e).
HSCs are the dominant contributors to NASH liver fibrosis and

profoundly alter the tumor microenvironment [23]. In our NAFLD-
HCC model, the mRNA levels of α-SMA, Tgfb1, Timp1, Col1a1 and
Mmp2, were significantly downregulated in the livers of VegfaΔhep

mice (Fig. 4d). Consistently, the liver protein levels of α-SMA and
TIMP1 were remarkably reduced in VegfaΔhep mice (Fig. 4e). Notably,
confocal images showed the close proximity of α-SMA-positive HSCs
and VEGFA-positive hepatocytes in WT livers, but not in VegfaΔhep

livers (Fig. 4f). To determine the effect of VEGFA on HSCs in vitro, LX2
human HSC line were stimulated with VEGFA in the presence or
absence of PA (0.5mM) and OA (1mM). Remarkably, in the presence
of PA and OA, VEGFA significantly stimulated LX2 into a fibrogenic
phenotype with upregulation of α-SMA, TGFB1 and TIMP1 (Fig. 4g,
h). Moreover, treatment with VEGFA antibody (α-VEGFA) or the
VEGFR inhibitor Axitinib (VEGFR inh) evidently attenuated the
fibrogenic phenotype of LX2 (Fig. 4i, j), indicating VEGFA-VEGFR
signal involvement in VEGFA function. Collectively, these results
suggest that, in addition to exacerbated endothelial dysfunction,
hepatocyte-derived VEGFA activates HSCs to promote NASH fibrosis
in NAFLD-HCC development.

Hepatic VEGFA levels were positively correlated with fibrosis
mainly in NAFLD- but not in HBV-patients
Although HBV and NAFLD are the independent risk factors for
fibrosis progression and cirrhosis, both have high prevalence in
Asia [24]. Concurrent HBV was found in 28.57% of the NAFLD
patients [25]. Concomitant NAFLD in patients with chronic

Table 1. Clinical characteristics of HCC patients with/without NAFLD.

Characteristic Non-NAFLD HCC
(n= 100)

NAFLD HCC
(n= 20)

P value

Age, year 51.3 (43.2–58.0) 52.6 (39.5–64.2) 0.4778

Gender, male, n (%) 81 (81) 16 (80) NA

Body mass index 21.3 (18.6–25.3) 24.0 (22.6–27.2) 0.0033**

AFP, ng/mL 7.9 (3.0–104.8) 6.8 (2.4–25.4) 0.4353

ALT, U/L 33.0 (22.0–47.2) 31.0 (22.6–39.8) 0.9096

AST, U/L 30.0 (21.9–43.2) 35.0 (17.3–49.5) 0.6993

ALB, g/L 40.3 (37.9–43.7) 42.1 (39.2–43.0) 0.6650

TBIL, μmol/L 18.6 (14.6–26.3) 18.5 (12.9–33.6) 0.8847

DBIL, μmol/L 9.6 (7.2–13.9) 8.6 (5.9–15.5) 0.5394

GGT, U/L 74.0 (49.3–121.4) 84.4 (52.7–139.3) 0.9727

ALP, U/L 92.0 (78.5–132.0) 78.8 (72.4–96.6) 0.0942

Results are expressed as median (interquartile range). T test, Kruskal–Wallis
and Chi-Square tests were used to compare patient characteristics.
AFP alpha-fetoprotein, AST Aspartate Aminotransferase, ALT Alanine
Aminotransferase, ALB albumin, TBIL total bilirubin, DBIL direct bilirubin,
GGT γ-glutamyltransferase, ALP alkaline phosphatase.
**P < 0.01 for P values shown in the table.

Fig. 1 Hepatic VEGFA increased considerably in hepatocytes during NAFLD-HCC progression. a Violin plot analysis presented the mRNA
levels of VEGFA in two NAFLD cohorts from GEO Datasets (GSE13097, GSE135251). According to the SAF score, disease severity was classified
as 0–4 grade (GSE13097) or early/moderate degree (GSE135251). VEGFA mRNA expression was evaluated in these subjects. The middle dashed
line represents the median value; upper and lower dashed lines represent the quartiles. b Serum levels of VEGFA in HCC patients with (n= 20)
or without (n= 100) NAFLD were determined by ELISA assay. Data were represented as median ± quartiles, compared using Student’s t test
with Welch’s correction. c Representative H&E and immunohistochemical staining of VEGFA in peri-tumorous tissues from patients with or
without NAFLD. Scale bars, 100 µm. d Representative fluorescent microscopy of VEGFA expression in patients with or without NAFLD.
Hepatocytes were immunostained by E-cadherin (green), and the nucleus by DAPI (blue). Scale bars, 25 µm. e VEGFA protein levels in primary
hepatocytes from patients with or without NAFLD were determined by Western blot. GAPDH was used as a loading control. f Scheme
depicting experimental outline of mice treated with diet and CCl4. At age of 8 week, mice were treated with normal diet combined with
carbon tetrachloride (ND/CCl4) or western diet combined with carbon tetrachloride (WD/CCl4) for the indicated time. g ELISA analysis of
VEGFA expression in the liver tissues from ND/CCl4 or WD/CCl4 mice (ND/CCl4, n= 5; WD/CCl4-WT, 0 week n= 5, 12 weeks n= 5, 24 weeks n=
8, and 36 weeks n= 16). Data were represented as mean ± S.D. h Representative hepatic VEGFA staining in ND/CCl4- or WD/CCl4-WT livers at
indicated time. Scale bars, 100 µm. i Representative fluorescent microscopy of VEGFA expression in WD/CCl4-WT liver. Hepatocytes were
immunostained by E-cadherin (green), and the nucleus by DAPI (blue). Scale bars, 25 µm. j Protein levels of VEGFA in primary hepatocytes of
WD/CCl4-WT mice at indicated time were determined by Western blot. GAPDH was used as a loading control. *P < 0.05, ***P < 0.001.
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hepatitis B (CHB) has a higher fibrosis stage than in those
without CHB. Given the role of VEGFA in fibrosis, we further
compared the clinical NAFLD- and HBV-related fibrosis samples,
which were peri-tumor specimens with advanced fibrosis, based

on the diagnostic criteria and clinicopathological data (Table 2).
There was no statistical difference in VEGFA levels between the
NAFLD- and HBV-related fibrosis groups (Fig. 5a). Sirius red
staining showed a large amount of collagen deposition in both

Fig. 2 Hepatocytic deletion of VEGFA alleviated liver fibrosis but not steatosis in WD/CCl4 mice. a Scheme depicting experimental outline
of WT or VegfaΔhep mice treated with WD/CCl4. b Immunohistochemical staining of VEGFA in liver section from WD/CCl4-WT and -VegfaΔhep

mice at 24 weeks. Scale bars, 100 µm. c Representative fluorescent microscopy of VEGFA expression in WD/CCl4-WT or WD/CCl4-Vegfa
Δhep mice

at 24 weeks. Hepatocytes were immunostained by E-cadherin (green), and the nucleus by DAPI (blue). Scale bars, 25 µm. d Protein levels of
VEGFA in primary hepatocytes from WD/CCl4-WT or -VegfaΔhep mice at 24 weeks. GAPDH was used as a loading control. e Body weight change
record for 36 weeks (n= 16). f Glucose tolerance test was performed at 24 weeks (n= 8). g Serum and liver TG, serum TC, and FFAs
concentrations were determined. Data are represented as mean ± SD. h Representative PAS, Oil Red staining in WD/CCl4-WT and -VegfaΔhep

mice at 24 weeks. Scale bars, 300 µm. i Serum AST and ALT concentrations in both mice at 24 weeks (n= 8). Data are represented as median ±
quartiles. j Representative Sirius Red and α-SMA staining at 24 weeks. Scale bars, 300 µm. k Hydroxyproline assay (left) and tissue collagen
assay (right). l SAF score showed the disease severity of NAFLD in both groups. *P < 0.05, **P < 0.01.
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groups, but no statistical significance was observed in the
fibrosis score (Fig. 5b, c). Interestingly, there was a certain
degree of correlation between VEGFA and liver fibrosis-related
genes, α-SMA, TGFB1, TIMP1 and MMP2, in the NAFLD group, but
not in the HBV group (Figs. 5d, S5a). It should be noted that
numerous VEGFA-positive hepatocytes and adjacent activated
HSCs were visible in NAFLD-fibrotic tissues (Fig. 5e). Intriguingly,
activated HSCs adjacent to VEGFA-positive nonparenchymal
cells were distributed in the HBV-fibrosis group (Fig. 5e). These
results indicate that hepatocellular VEGFA is a risk factor for
NAFLD fibrosis.

Hepatocyte organoids derived from NAFLD specimens stimulated
HSCs activation via VEGFA secretion
Patient-derived hepatocytes were explored to generate organoids
and were applied to model chronic liver diseases to understand
the pathological mechanisms [18]. A small portion of VEGFA-
positive other hepatic cells adjacent to activated HSCs was also
distributed in the HBV-fibrosis specimens (Fig. 5e). To exclude the
complex effects of mixed nonparenchymal cells on HSCs in vivo,
we used an organoid culture system to explore the effect of VEGFA
on HSCs activation (Fig. 6). Liver tissues were collected from seven
patients with NAFLD, twelve with HBV-fibrosis, and four with

Fig. 3 Hepatocyte-derived VEGFA aggravated liver injury and accelerated NAFLD-HCC transition. a The representative livers and spleens
from WD/CCl4-WT and -VegfaΔhep mice at 36 weeks. b Quantification of the tumor number, tumor size of both mice (a) (n= 16).
c Representative H&E image of WD/CCl4-WT or -VegfaΔhep livers at 36 weeks. Scale bars, 300 µm. d Representative immunohistochemical
staining of AFP in tumor section in (a). Scale bars, 100 µm. e Serum AST and ALT concentrations from (a). Data are represented as median ±
quartiles. f The ROS level and GSH/GSSG ratio in peri-tumor liver tissues in (a). g Immunohistochemical staining of 8OHdG and p53BP1 in peri-
tumor liver section. Scale bars, 25 µm. h Protein expressions of p53BP1, p-H2A.X, Cyclin D1, and PCNA were determined in liver tumor tissues.
i Immunohistochemical staining of Ki67 in liver tumor section (a). Scale bars, 25 µm. *P < 0.05, ***P < 0.001.
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Fig. 4 Hepatocyte-derived VEGFA promoted endothelial dysfunction and activated HSCs during NAFLD-HCC transition. a Representative
immunohistochemical staining of CD31 in WD/CCl4-WT and -VegfaΔhep livers at 24 weeks. Scale bars, 100 µm. b, c RNA and protein expression
of endothelial dysfunction markers in WD/CCl4-WT and -VegfaΔhep mice were measured by real-time PCR (b) and Western blot (c). (n= 8). Data
are represented as mean ± SD. d, e RNA (d) and protein expression (e) of activated HSCs markers in WD/CCl4-WT and -VegfaΔhep mice were
measured. (n= 8). f Immunofluorescence analyses of VEGFA expression and HSCs activation in WD/CCl4-WT and -VegfaΔhep mice at 24 weeks.
Activated HSCs were immunostained by α-SMA. Scale bars, 25 µm. g, h Relative RNA (g) and protein (h) levels of activated HSCs-related
markers in LX2 treated with VEGFA (50 nM), PA (0.5 mM)+OA (1mM), VEGFA+ PA+OA, versus with Vehicle control for 24 h, respectively.
i, j Relative RNA (i) and protein (j) levels of activated HSCs-related markers in LX2, which was pretreated with VEGFA+ PA+OA, then treated
with α-VEGFA (2 μg/mL) or VEGFR inhibitor Axitinib (0.3 nM, VEGFR inh), respectively. One-way ANOVA followed by Tukey’s test was used
for multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001.
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hepatic haemangioma after surgery. The tissues were digested into
a single-cell suspension and seeded into a three-dimensional
culture system, and organoids were successfully established
in vitro (Fig. 6a). Whole-mount immunofluorescence staining
showed that the majority of cells expressed E-cadherin (Fig. 6b).
After two weeks of cultivation, there were no significant differences
in the number and size of organoids among the different groups
(Fig. 6c, d). Organoid culture medium was collected to stimulate
LX2 cells in the presence of PA-OA (Fig. 6a). Intriguingly,
hepatocyte organoid conditional medium from NAFLD specimens
stimulated HSCs activation, as evidenced by the upregulation of
HSC activation-related genes, including α-SMA, TGFB1, TIMP1,
COL1A1, COL2A1, and MMP2 (Fig. 6f). ELISA confirmed higher
levels of VEGFA in the organoid medium from the NAFLD-fibrosis
group than those in the other two groups (Fig. 6e). Importantly, in
this co-culture system, a close linear correlation was detected
between VEGFA and the active HSC-related genes under NAFLD
conditions (Figs. 6g, S5b). Furthermore, the VEGFA antibody α-
VEGFA was used to inactivate VEGFA in the organoid medium.
Interestingly, this activation was blocked by α-VEGFA (Fig. 6f).
Together, these data strongly suggest that hepatocyte-derived
VEGFA activates HSCs in patients with NAFLD-HCC.

DISCUSSION
The molecular mechanisms underlying NAFLD progression remain
unclear. The complex interplay between hepatocytes and liver
nonparenchymal cells plays a decisive role in the pathogenesis of
NAFLD-HCC. Our study revealed that hepatocytes produce VEGFA
to activate HSCs and promote the NAFLD-HCC transition. This
result provides key information to our understanding of hepato-
cyte and HSC communication during NAFLD development. This
highlights the potential of precise targeting of individual hepatic
cell types as a therapeutic strategy for NAFLD and liver fibrosis.
Hepatocytes are the predominant functional cell population in

the liver and play pivotal roles in energy metabolism, detoxification,
and protein synthesis. Maintaining healthy hepatocytes is an
important strategy for the development of new hepatoprotective
drugs. In addition, therapies for controlling Kupffer cell or HSC

activation may partially prevent the development of cirrhosis
because of reactivation of proper hepatic crosstalk. At present,
many drugs with anti-inflammatory or antioxidant capabilities have
shown promising results on fibrosis in a lab setting but limited
outcomes in clinical trials, possibly due to unknown effects on
cellular crosstalk. Therefore, it is necessary to reveal new mechan-
isms of intercellular interactions at each stage of progression.
Pathological angiogenesis contributes to NAFLD development

and promotes inflammation, fibrosis, and HCC progression.
Although VEGFA is a key regulator of angiogenesis, the complexity
of VEGFA biology raises concerns, including the non-angiogenic
roles of VEGFA in both health and disease [26, 27]. In a mouse
model of liver fibrosis resolution, VEGFA promoted fibrogenesis,
but was also required for hepatic tissue repair and fibrosis
resolution [28]. In the current study, hepatocytes produced VEGFA
to promote fibrosis and endothelial dysfunction during the
progression of NAFLD-HCC. When hepatic steatosis occurred in
WD/CCl4-WT mice at 12 weeks, VEGFA increased in the
hepatocytes and was mainly distributed in the portal or periportal
areas (Fig. 1h). Abnormalities in lipid metabolism may induce an
increase in VEGFA. Fibrosis has been demonstrated as a major risk
factor for malignant transition in patients with NAFLD [2, 29], but it
is not fully clear how steatotic hepatocytes undergo malignant
transition during the fibrogenic process. In our experiments,
VEGFA deficiency in hepatocytes did not affect steatosis
(Fig. 2e–h). Interestingly, some positive 8OHdG and p53BP1 cells
were observed in the WD/CCl4 NAFLD-HCC mouse model, whereas
their expression was diminished in VegfaΔhep mice (Fig. 3g, h).
Given the technical limitations, we were unsure of the occurrence
of DNA damage in all or partial steatotic hepatocytes, although
the damage from WD/CCl4 is a stronger inducer of carcinogenesis.
Tgfb1 and Timp1 were downregulated in WD/CCl4-Vegfa

Δhep mice,
which has been shown to promote malignant transformation
[30, 31]. At present, it remains unclear whether hepatocyte-
derived VEGFA acts directly or indirectly on the steatotic
hepatocytes to undergo malignant transition during NAFLD-HCC
formation. WD/CCl4 promotes continuous liver damage and
compensatory proliferation, which are critical processes in
hepatocarcinogenesis. Tsuchida et al. revealed that liver histology
and transcriptomic analysis of this model have a higher similarity
to that of human patients, including alteration of metabolic
pathways, expansion of hepatic progenitor cells (HPCs) and the
extent of ductular reaction [19]. Combined with fibrosis alleviation
in WD/CCl4-Vegfa

Δhep mice, we speculated that hepatocyte-
produced VEGFA influencing NAFLD-HCC progression may be
closely correlated with fibrosis and hepatic progenitor cell
expansion. Given that VEGFA is a profibrogenic factor [32], our
research further confirmed hepatocyte-derived VEGFA as a bridge
molecule linking steatosis and fibrosis during NAFLD progression.
HBV- and NAFLD-HCC are long-term global health problems.

The overall sequence of HCC development includes hepatocyte
damage, fibrosis/cirrhosis, and hypoxic tissue conditions. Hypoxia
triggers the production of several mediators, such as hypoxia-
inducible factor 1α, VEGFA, and TGF-β1, which are all involved in
liver fibrosis, cirrhosis, and HCC [9]. Temporal trends suggest that
HBV-HCC is declining, whereas cryptogenic- or NAFLD-related HCC
is an emerging clinical entity. A paradigm shift in the approach to
the screening, surveillance, and management of HCC may be
required in view of the changing landscape of HCC epidemiology
into an increasing non-viral aetiology. In our study, there was no
statistical difference in VEGFA levels or fibrosis scores between
HBV- and NAFLD-cirrhotic specimens (Fig. 5a–c). Considering the
specificity of hepatocytes and enrichment of immune cells in the
liver, we established organoids from patients with NAFLD or HBV
to further explore the interplay between hepatocytes and HSCs
(Fig. 6a). The conditioned medium from NAFLD-derived organoids
stimulated HSC activation, which was blocked by the VEGFA
antibody (Fig. 6f). These results indicate that an increase in VEGFA

Table 2. Clinical characteristics of HCC patients with NAFLD, HBV, or
hepatic hemangioma.

Characteristics Mean ± S.D/no (%)

NAFLD-
related HCC
(n= 7)

HBV-
related HCC
(n= 12)

Hepatic
hemangioma
(n= 4)

Sex, male 5 (71.4) 9 (56.3) 3 (75)

Age, year 53.9 ± 8.5 52 ± 14.5 41 ± 7

Body mass index, kg/
m2

29.6 ± 2.7 23 ± 2.9 25.1 ± 3.1

Waist-Hip ratio 0.9 ± 0.1 0.8 ± 0.1 0.8 ± 0.1

ALT, U/L 73.1 ± 42.6 47.6 ± 15.4 37.2 ± 11.3

AST, U/L 73.7 ± 43.9 51.3 ± 11.9 39.1 ± 2.1

GGT, U/L 60.2 ± 13.2 36.2 ± 8.8 35.1 ± 4.1

ALB, g/L 37.8 ± 3.5 37.7 ± 4.6 39.9 ± 2.7

Triglycerides, mmol/L 2.3 ± 0.8 1.7 ± 0.3 1.9 ± 0.5

Total
cholesterol, mmol/L

5.4 ± 0.7 4.9 ± 0.9 5.2 ± 0.8

HDL
cholesterol, mmol/L

1.2 ± 0.6 1.1 ± 0.2 1.5 ± 0.5

Total/HDL
cholesterol, mmol/L

5 ± 1.4 4.7 ± 0.7 3.8 ± 1.3

Glucose, mmol/L 5.7 ± 0.7 4.9 ± 0.5 5.2 ± 0.5
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in hepatocytes is the main stimulating factor for HSC activation in
patients with NAFLD. Although the mechanism of NAFLD-induced
VEGFA in hepatocytes is unclear, our data provide a clue for
disentangling the pathogenies of HBV- and NAFLD-related HCC.

The lack of correlation between VEGFA expression and HSC
activation observed in HBV groups can be explained by other
pathways responsible for HSCs activation, such as the Hedgehog/
YAP or TGF-β/Notch pathways [33, 34]. Thus, appropriate targets

Fig. 5 The relationship between the expression of VEGFA and fibrotic genes in clinical NAFLD- or HBV-fibrosis specimens. a ELISA assay of
VEGFA in clinical NAFLD- or HBV-fibrosis tissues (NAFLD, n= 7; HBV, n= 12). b Representative Sirius red staining in liver sections from (a). Scale
bars, 150 µm. c Quantification of the fibrosis grade according to Ishak score of (a). d Correlation between the expression of VEGFA and fibrosis
markers, α-SMA, TGFB1, TIMP1, and MMP2 in (a). The Pearson correlation coefficient was calculated between two variables. e Representative
immunofluorescence staining of VEGFA, E-cadherin, and α-SMA in (a). Scale bars, 25 µm.
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for precise anti-fibrosis treatment are required for patients with
chronic liver disease of different aetiologies.
In summary, we provide evidence that hepatocytes produce

VEGFA to activate neighboring HSCs and accelerate the NAFLD-
HCC transition, despite unaltered hepatic steatosis (Fig. 6h). Our
data expand the essentiality of investigating VEGFA intervention
via a cell-type-specific therapeutic strategy at different stages
which will benefit precision medicine development for NASH and
fibrosis.
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