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A B S T R A C T   

Background: The activation of HIF-1α/CXCR4 pathway in liver sinusoidal endothelial cells (LSECs) 
could downregulate CXCR7, leading to the capillarization of LSECs to promote hepatic fibrosis. 
However, the mechanism between CXCR4 and CXCR7 is still undefined. The aim is to investigate 
the role of PDGF-BB in the dedifferentiation of LSECs and hepatic stellate cells (HSCs) activation. 
Methods: The activation of HIF-1α/CXCR4 pathway in two kinds of liver fibrosis models were 
observed. The effects of HIF-1α, CXCR4, PDGF-BB on the dedifferentiation of LSECs were 
investigated by using the inhibitors of HIF-1α, CXCR4 or PDGFR-β separately or transfecting with 
a CXCR4 knockdown lentiviral vector. In addition, the relationship between LSECs and HSCs was 
demonstrated by co-culture of LSECs and HSCs using the transwell chamber. 
Results: CXCR4 upregulation and CXCR7 downregulation were accompanied by LSECs capillari
zation and HSCs activation both in CCl4-induced and BDL-induced fibrotic liver. In vitro, down
regulation of HIF-1α significantly descreased CXCR4 and CD31 expression, and enhanced the 
expressions of CXCR7, CD44 and LYVE1. Downregulation of CXCR4 in LSECs significantly 
downregulated PDGF-BB, PDGFR-β and CD31, and enhanced CXCR7, CD44 and LYVE1 expres
sion, while the expression of HIF-1α did not change significantly. STI571, a PDGF receptor in
hibitor, could significantly downregulate PDGFR-β and increase the expression of CXCR7 to 
inhibit the dedifferentiation of LSECs. In addition, alleviateion the dedifferentiation of LSECs 
could decrease the expression of PDGFR-β of HSCs, then inhibiting the activation of HSCs. 
Conclusions: This study revealed that HIF-1α/CXCR4/PDGF-BB/CXCR7 axis promoted the dedif
ferentiation of LSECs, consequently triggering HSCs activation and liver fibrosis.   
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1. Introduction 

Hepatic fibrosis is a common pathological characteristic in various chronic liver diseases, which can lead to cirrhosis and/or he
patocellular carcinoma [1]. Liver sinusoidal endothelial cells (LSECs) are featured by a lack of a basement membrane and the presence 
of fenestrations which play key roles in maintaining intrahepatic microcirculation homeostasis [2]. LSECs lose their fenestrations, and 
basement membrane appears under the endothelium, becoming a structure similar to continuous capillaries, which is defined as the 
dedifferentiation of LSECs or hepatic sinusoidal capillarization in chronic liver diseases [3]. CD31 (platelet endothelial cell adhesion 
molecule 1, PECAM1), is upregulated in LSECs isolated from human cirrhotic liver [4], and is sometimes considered as a marker of 
LSECs capillarization [5]. While, cluster of differentiation (CD) 44, a major receptor for hyaluronate [6], is found to be reduced in 
LSECs in the cirrhotic liver [7]. The dedifferentiation of LSECs is an early pathological change in hepatic fibrosis, promoting hepatic 
stellate cells (HSCs) activation and hepatocytes damage [8]. In addition, the capillarization of the liver sinusoids affects the oxygen 
diffusion function of the parenchymal cells around the sinus, causing hypoxia and intensifying the progression of hepatic fibrosis. 

Hypoxia induces hypoxia inducible factor (HIF) upregulation, triggering the pathogenesis of hepatic fibrosis, through increasing 
the expression of fibrogenic and pro-angiogenic factors, such as transforming growth factor-β1 (TGF-β1), matrix metallopeptidase 2, 
platelet derived growth factor (PDGF), vascular endothelial growth factor and angiogenin, etc [9,10]. It has been reported that a 
reduction in liver fibrosis in HIF-1α-deficient mice or fibrotic mice used by a HIF-1α inhibitor and was paralleled by decreased 
expression of PDGF-BB [11,12]. PDGF-BB is considered as the most important mitogenic and chemoattractant stimulus for LSECs and 
HSCs. When liver injury occurs, macrophages, injured LSECs and activated HSCs can all secrete PDGF-BB [13]. PDGF-BB secreted by 
capillary LSECs can combine with PDGFR-β of HSCs to promote HSCs activation and hepatic fibrosis [14]. 

Studies find that LSECs play the different roles in different liver diseases. In the models of acute liver injury or partial hepatectomy, 
the stromal cell-derived factor 1α (SDF-1α) receptor in LSECs, namely C-X-C chemokine receptor 7 (CXCR7), is significantly increased, 
and LSECs secrete a large amount of hepatocyte growth factor (HGF) and Wnt2 to promote liver regeneration [14]. While in chronic 
liver diseases, CXCR4 signaling pathway mediated by SDF-1α is activated, which promotes the dedifferentiation of LSECs, and secrets a 
large amount of TGF-β and PDGF-BB, thus aggravating hepatic fibrosis. The SDF-1α/CXCR4 axis is closely related to the hypoxic 
environment and have important role in angiogenesis [15]. However, the mechanism regarding to the differential expressions of 
CXCR4 and CXCR7 in LSECs in the progression of liver fibrosis has not been fully elucidated yet. 

Here, we studied the effect of HIF-1α/CXCR4/PDGF-BB axis on the dedifferentiation of LSECs, and found that during the dedif
ferentiation of LSECs, HIF-1α expression was increased, which upregulated CXCR4 and promoted the secretion of PDGF-BB, PDGF-BB 
binded to the receptor PDGFR-β of LSECs, to downregulate CXCR7 and aggravate the capillarization of LSECs. In addition, PDGF-BB 
secreted by LSECs, also binded to PDGFR-β of HSCs, promoting the activation of HSCs, and then exacerbated liver fibrosis. 

2. Methods 

2.1. Cell lines and culture 

Human sinusoidal endothelial cells (HHSECs) were purchased from ScienCell (California, USA), and cultured in ECM medium 
which contained 5% fetal bovine serum (FBS), 1% endothelial cell growth supplement, and 1% penicillin/streptomycin. LX-2 cells, 
human hepatic stellate cell line, were cultured with Dulbecco’s modified Eagle medium supplemented with 10% FBS in a 37 ◦C 
incubator with 5% CO2 and 95% humidity. Cobalt chloride (CoCl2), a chemical hypoxia inducer, stabilizes hypoxia inducible factors 1α 
and 2α under normoxic conditions. CoCl2 treatment reliably allows the study of hypoxia without an expensive hypoxia chamber or 
hypoxia incubator, and which is similar with hypoxia model [16]. CoCl2 (100 μM) was used to induce the dedifferentiation of HHSECs, 
and the cells were collected after 24 h to detect related indicators. 

2.2. Co-culture system of HHSECs and HSCs 

Transwell (0.4 μm, Corning, USA) was used for co-culture HHSECs and HSCs. HHSECs were cultured in the lower chamber of the 
transwell, and CoCl2 (100 μM) was used to induce HHSECs dedifferentiation. After 24 h of incubation, YC-1 (10 μM, a HIF-1α inhibitor) 
or 1 μM AMD3100 (a CXCR4 inhibitor, Selleck, Texas, USA) were used, respectively. After incubation for another 24 h, the medium 
was discarded and replaced with drug-free medium. LX-2 were pre-cultured in upper chamber of transwell for 24 h, after co-cultured 
with HHSECs for 24 h in transwell, LX-2 in upper chamber and HHSECs in lower chamber were collected, separately. All cell ex
periments were repeated three times using independent cell cultures. 

2.3. Lentiviral transfection 

The CXCR4 gene interference lentiviral vector (sh-CXCR4) and the control empty lentiviral vector (sh-Neg) were constructed by 
Shanghai Tailen Biotechnology Co., Ltd. Lentiviral vector carries green fluorescence; vector name: pleno-gph; element sequence: CMV- 
MCS-EF1α-GFP-t2a-PURO; RNAi target insertion sequence: GGATCAGCATCGACTCCTTCA. 

2.4. Experimental animals 

SPF male Wistar rats, used for carbon tetrachloridem (CCl4)-induced liver fibrosis model and SD rats, used for liver fibrosis model 
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induced by bile duct ligation (BDL), weighting 180–200 g, were purchased from Beijing Vital River Laboratory Animal Technology Co., 
Ltd Shanghai Branch, and fed in the Experimental Animal Center of Shanghai University of Traditional Chinese Medicine, free eating 
and drinking. 

CCl4-induced liver fibrosis model was induced by subcutaneous injection of 50% CCl4 olive oil solution (1 mL/kg), twice/week for 9 
weeks. The normal control rats were injected subcutaneously with an equal volume of olive oil. n = 4 rats/group. 

Liver fibrosis model induced by BDL: SD rats were randomly divided into the sham-operated group (n = 4) and BDL group (n = 4). 
All rats were anesthetized via inhalation of 5% isoflurane, and anesthesia was maintained with 1.5% isoflurane. The abdomen was 
opened with a midline laparotomy, and the common bile duct, left hepatic duct, and right hepatic duct were separated. For the BDL 
group, the left and the right hepatic ducts were ligated. Additionally, the upper end of the common bile duct near the confluence of 
hepatic ducts was ligated once and the lower end near the duodenum was ligated, and then the abdomen was closed. The abdomen was 
then closed for the Sham group. 

9 weeks CCl4-induced liver fibrosis rats and 4 weeks BDL-induced rats were anesthetized. All experiments in vivo were reviewed and 
approved by the Experimental Animal Ethics Committee of Shanghai University of Traditional Chinese Medicine (No. SZY201807002, 
PZSHUTCM190315012). 

2.5. Hepatic histopathology 

The liver tissues were embedded in paraffin, and stained with hematoxylin and eosin (H&E) and sirius red (SR). Leica SCN400 slide 
scanner (Leica Microsystems Ltd., Germany) was used to scan all slides. ImageScope software was to analyze the whole SR-stained liver 
sections to calculate the percentage of collagen-positive areas to total analysis area. 

2.6. Hydroxyproline (hyp) content assay 

The Hyp content in liver tissue was determined by alkaline hydrolysis with kit (NanJing JianCheng Bioengineering Institute, 
Nanjing, China), according to instructions of the kit. 

2.7. Immunohistochemical staining 

Paraffin sections were deparaffinized with gradient alcohol and washed with PBS, citric acid solution was used for antigen repaired 
and 3% H2O2 was used for inactivating endogenous enzymes. Sections were incubated at 4 ◦C overnight after blocked with the primary 
antibody (seen in Supplementary Table 1), and incubated with secondary antibody conjugated with HRP, washed, covered with DAB, 
and counterstained with hematoxylin, and then scanned by a Leica SCN 400 slide scanner. 

2.8. Immunofluorescence staining 

For cellular immunofluorescence, plates with cells growing on coverslips were employed for detection of CD44, CXCR4, α-SMA and 
Col-I expression. Staining of nuclei was performed with DAPI. The antibodies used for this study were shown in Supplementary Table 1. 

2.9. Quantitative real-time polymerase chain reaction (qRT-PCR) 

10–30 mg of liver tissue was used for isolating total RNA, RNA concentration was measured, and performed reverse transcription. 
Total RNA Purification Kit (NPK-200), ReverTra Ace qPCR RT Master Mix with gDNA Remover (FSQ-301), SYBR Green Realtime PCR 
Master Mix (QPK-201) were all purchased from Japan’s TOYOBO company. The primer sequences were shown in Supplementary 
Table 2. 

2.10. Western blotting 

Liver tissues (25–50 mg) were lysed with RIPA buffer (Beyotime Biotechnology, P10013B, Shanghai, China) supplemented with 
protease and phosphatase inhibitor cocktail (Beyotime Biotechnology, P1045). After the protein concentration was determined by BCA 
method, the protein was mixed with loading buffer, denatured at 95 ◦C for 5 min, then loaded the sample for electrophoresis, and 
transferred the membrane, blocked with fast blocking solution at room temperature for 15 min and incubated with the primary 
antibody and secondary antibody. The antibodies information were shown in Supplementary Table 1. 

2.11. Statistical analysis 

SPSS 25.0 software was used for Statistical analyses. All data were presented as mean ± standard deviation, an one-way analysis of 
variance (ANOVA) was performed for multiple comparison tests. For two groups comparison, a two-tailed Student’s t-test was used. P 
< 0.05 was considered to be statistically significant. 
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3. Results 

3.1. In the hepatic fibrosis models, the expression of PDGF-BB was increased accompanied by LSECs capillarization and HSCs activation 

In liver fibrosis model induced by CCl4, H&E staining, SR staining, the Hyp content and α-SMA and Col-I expressions all showed that 
the model of liver fibrosis was established successfully (Fig. 1). The percentage of CD31(+) area in the CCl4 group was increased 
significantly compared with this in the control group (P < 0.001) (Fig. 2A and B). The mRNA expressions of Pecam, Cxcr4 and Pdgf-BB 
were significantly increased (P < 0.001) (Fig. 2C, E and 2F), while the expressions of CD44, LYVE1 and CXCR7 were remarkably 
decreased (P < 0.001, P < 0.05) (Fig. 2D, G, 2H and 2I), which were consistent with those in BDL-induced hepatic fibrosis (Fig. 3). 

3.2. The expressions of HIF-1α and CXCR4 were increased significantly during the dedifferentiation of LSECs in vitro 

CoCl2 was used to induce dedifferentiation of HHSEC cells. After HHSEC cells were stimulated with CoCl2 for 24 h, the expressions 
of HIF-1α, and the LSECs capillarization marker CD31 were significantly increased (P < 0.001), while the expression of normal LSECs 

Fig. 1. Liver fibrosis induced by CCl4 in rats. 
(A) H&E staing (200 × ), immunohistochemical staining of α-SMA (200 × ) and Col-I (200 × ), SR staing (100 × ). (B) The percentage of collagen(+) 

area stained with SR to total area (%). (C) The content of hydroxyproline. (D) Morphometric quantification of the α-SMA-positive area stained with 
(%). (E) Morphometric quantification of the Col-I-positive area stained with (%). (F–G) Gene expressions of Acta2 and Col1a1 were determined by 
qRT-PCR. All mRNA expression values were normalized against Gapdh levels and were shown relative to expression level in the control group. (H) 
Immunoblotting and quantification for α-SMA and Col-I. GAPDH was used as loading control. n = 4 rats/group. Data was shown as mean ± SD. Two- 
tailed Student’s t-test was used. *P < 0.05, **P < 0.01, ***P < 0.001. Oil, the control group; CCl4, the CCl4 model group. 
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marker CD44 and LYVE1 decreased significantly (P < 0.01) (Fig. 4A–F), suggesting that CoCl2 could induce the dedifferentiation of 
HHSEC cells. Further observation found that, SDF-1α and CXCR4 expressions in the CoCl2 group were remarkably upregulated 
compared with the control group (P < 0.001) (Fig. 4G, H and 4K), while the expressions of CXCR7 and HGF were significantly reduced 
(P < 0.001) (Fig. 4I and J). 

3.3. Inhibiting the expression of HIF-1α could suppress the dedifferentiation of LSECs, thereby inhibiting HSCs activation 

In the co-culture system of HHESC and LX-2 cells, CoCl2 was used to stimulate HHSECs in the lower chamber of transwell, and then 
co-cultured with LX-2 cells in the upper chamber. After 24 h, the cells in the upper and lower chambers were collected separately. 
Consistent with the results of the previously separately cultured, the expressions of CD31, HIF-1α, CXCR4 and SDF-1α in HHSEC cells 
were increased significantly after treatment with CoCl2 (P < 0.01, P < 0.001) (Fig. 5A–D), the expressions of CD44 and CXCR7 were 
significantly reduced (P < 0.001) (Fig. 5E–G). To further investigate the role of HIF-1α in the dedifferentiation of LSECs, YC-1, a HIF-1α 
inhibitor, was added in the dedifferentiation process of HHSEC cells induced by CoCl2 in the lower chamber of transwell. The ex
pressions of CD31, HIF-1α, CXCR4 and SDF-1α in the YC-1-treated group were significantly lower than those in CoCl2 group (P < 0.01, 
P < 0.05) (Fig. 5A–D), the expressions of CD44 and CXCR7 were significantly increased (P < 0.05, P < 0.001) (Fig. 5E and F). After the 
LX-2 cells in the upper chamber of transwell were co-cultured with HHSEC in the lower chamber for 24 h, α-SMA and Col-I expressions 

Fig. 2. The expressions of CXCR4, PDGF-BB and CXCR7 in fibrotic liver tissue induced by CCl4. 
(A) Immunohistochemical staining of CD31 (200 × ). (B) The percentage of CD31(+) area to total area (%). (C–G) Gene expressions of Pecam, Cd44, 
Pdgf-BB, Cxcr4, and Cxcr7 were determined by qRT-PCR. All mRNA expression values were normalized against Gapdh levels and were shown relative 
to expression level in the control group. (H) Immunoblotting and quantification for CXCR7. GAPDH was used as loading control. (I) Representative 
images of liver sections immunofluorescence stained with LYVE1 (200 × ). n = 4 rats/group. Data was shown as mean ± SD. Two-tailed Student’s t- 
test was used. *P < 0.05, **P < 0.01, ***P < 0.001. Oil, the control group; CCl4, the CCl4 model group. 
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of the LX-2 cells in the CoCl2 group were increased significantly (P < 0.001), while α-SMA and Col-I expressions in the YC-1-treated 
group were remarkably decreased compared to the CoCl2 group (P < 0.05, P < 0.01) (Fig. 5H–J). Those data suggested that inhibiting 
the expression of HIF-1α in LSECs could suppress their dedifferentiation, thereby inhibiting the activation of HSCs. 

3.4. Inhibition of CXCR4 expression in LSECs could downregulate PDGF-BB, thereby suppressing the dedifferentiation of LSECs and 
activation of HSCs 

To further investigated the role of CXCR4 on the dedifferentiation of LSECs, a CXCR4 small molecule inhibitor, AMD3100 was used 

Fig. 3. The expressions of CXCR4, PDGF-BB and CXCR7 in fibrotic liver tissue induced by BDL. 
(A) H&E staining (200 × ), SR staining (100 × ), immunohistochemical staining of α-SMA (200 × ) and CD31 (200 × ). (B) The percentage of 
collagen(+) area stained with SR to total area (%). (C) The percentage of CD31(+) area to total area (%). (D) Immunohistochemical staining of LYVE1 
(200 × ). (E) Immunoblotting and quantification for Col-I and α-SMA. GAPDH was used as loading control. (F–I) Gene expressions of Cd44, Cxcr4, 
Pdgf-BB and Cxcr7 were determined by qRT-PCR. All mRNA expression values were normalized against Gapdh levels and were shown relative to 
expression level in the control group. n = 4 rats/group. Data was shown as mean ± SD. Two-tailed Student’s t-test was used. **P < 0.01, ***P <
0.001. Sham, the sham group; BDL, the BDL model group. 

Fig. 4. The expressions of SDF-1, CXCR4, HIF1α and CXCR7 during the dedifferentiation of LSECs. 
(A) Immunoblotting for CD31, CD44 and HIF-1α. GAPDH was used as loading control. (B) The quantification of CD31, CD44 and HIF-1α were 
measured employing histogram normalized to GAPDH protein based on the results of Western blot. (C–E) Gene expressions of Pecam, Hif-1α, and 
Cd44 were determined by qRT-PCR. (F) Representative images of LYVE1 and CD44 immunofluorescence staining. (G–J) Gene expressions of Sdf-1α, 
Cxcr4, Cxcr7 and Hgf were determined by qRT-PCR. All mRNA expression values were normalized against Gapdh levels and were shown relative to 
expression level in the control group. (K) Representative images of CXCR4 immunofluorescence staining. n = 3 independent replications. Data was 
shown as mean ± SD. Two-tailed Student’s t-test was used. **P < 0.01, ***P < 0.001. Ctrl, the control group, CoCl2, the CoCl2 treated group. 
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Fig. 5. Inhibition of HIF-1α expression of LSECs can inhibit the dedifferentiation of LSECs, thereby suppressing HSCs activation. 
(A–G) The results of HHSECs which were cultured in the lower chamber of the transwell chamber. Gene expressions of Pecam, Hif-1α, Cxcr4, Sdf-1α, 
Cd44 and Cxcr7 were determined by qRT-PCR (A–F). Representative images of LYVE1 and CD44 immunofluorescence staining (G). (H–J) The results 
of HSCs which were cultured in the upper chamber of the transwell chamber. Representative images of α-SMA and Col-I immunofluorescence 
staining (H). Gene expressions of Acta2 and Col1a1 were determined by qRT-PCR (I–J). All mRNA expression values were normalized against Gapdh 
levels and were shown relative to expression level in the control group. n = 3 independent replications. Data was shown as mean ± SD. one-way 
ANOVA was used. *P < 0.05, ***P < 0.001. 
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to treat HHSEC cells or HHSEC cells were transfected with a CXCR4 knockdown lentiviral vector in the lower chamber of transwell. The 
results showed that compared with CoCl2 group, the expressions of CXCR4, SDF-1α and CD31 in ADM3100-treated group were 
obviously decreased (P < 0.01) (Figs. S1A–S1C), the expressions of CD44 and CXCR7 were significantly increased (P < 0.05, P < 0.01) 
(Figs. S1E and S1F), but the expression of HIF-1α did not change significantly (Fig. S1D). Correspondingly, α-SMA and Col-I expressions 

Fig. 6. Inhibition of CXCR4 expression of LSECs by sh-CXCR4 lentiviral vector inhibit the dedifferentiation of LSECs, thereby inhibiting HSCs 
activation. 
(A) Representative images of lentivirus transfected fluorescence. (B) Gene expressions of Cxcr4 was determined by qRT-PCR. (C–F) The results of 
HHSECs which were cultured in the lower chamber of the transwell chamber. Gene expressions of Cxcr4, Cxcr7, Pdgf-BB and Pdgfr-β were deter
mined by qRT-PCR. (G–I) The results of HSCs which were cultured in the upper chamber of the transwell chamber. Gene expressions of Pdgfr-β, 
Acta2 and Col1a1 were determined by qRT-PCR. All mRNA expression values were normalized against Gapdh levels and were shown relative to 
expression level in the control group. n = 3 independent replications. Data was shown as mean ± SD. one-way ANOVA was used. *P < 0.05, **P <
0.01, ***P < 0.001. 
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in the upper chamber of LX-2 cells in the AMD3100-treated group were obviously decreased compared to the CoCl2 group (P < 0.01) 
(Figs. S1H–S1J). After inhibiting the expression of CXCR4 with a CXCR4 knockdown lentiviral vector, the results were consistent with 
those of the AMD3100-treated group (Fig. 6). In addition, the expressions of PDGF-BB and PDGFR-β of HHSEC cells in the shRNA- 
CXCR4 group were significantly lower than those in negative control group (P < 0.01) (Fig. 6E and F). The levels of PDGFR-β, 
α-SMA and Col-I in the transwell upper chamber of LX-2 cells were also significantly reduced after co-culturing with HHSEC cells 
transfected with a CXCR4 knockdown lentiviral vector (P < 0.01) (Fig. 6G–I). 

3.5. Inhibition of PDGFR-β expression could upregulate CXCR7, thereby inhibiting the dedifferentiation of LSECs 

In view of the previous experimental results, the expressions of PDGF-BB and PDGFR-β in LSECs were significantly increased after 
CoCl2 stimulation. Therefore, in order to observe the role of PDGF-BB and PDGFR-β on the dedifferentiation of LSECs, STI571, a in
hibitor of PDGFR-β was used. First, CCK8 assay was used to determine the effects of different concentrations of STI571 (0.1 nM-1 mM) 
on HHSEC cells for 24 h and 48 h. 0.1 μM of STI571 was selected for the follow-up experiments as this concentration did not affect cell 
viability (Fig. 7A and B). The results showed that 0.1 μM STI571 could effectively inhibit PDGFR-β expression in HHSEC cells (Fig. 7C). 
And interestingly, inhibiting PDGFR-β expression could significantly enhance CXCR7 and CD44 expressions (Fig. 7D and F), and reduce 
the expression of CD31 (Fig. 7G). 

4. Discussion 

In recent years, there are more than 150 million patients with chronic liver diseases in the world [17], the main complications of 
which are cirrhosis and liver cancer. The death toll from cirrhosis and liver cancer accounts for 3.5% of all deaths [18]. Therefore, it is 
urgent to clarify the mechanisms of pathogenesis of chronic liver diseases and develop the therapeutic drugs. LSECs play a key role in 
sinusoidal paracrine interactions among all hepatic cells [19]. During the progression of chronic liver diseases, LSECs undergo 
dedifferentiation (capillarization) and basement membrane form to develop pathological angiogenesis, which hinder the transfer of 
substances to or from parenchyma tissues, causing liver hypoxia and hepatocytes damage, at the same time, LSECs secrete TGF-β1, 
endothelin, PDGF, and Hh ligands to promote HSCs activation and hepatocytes damage [2,19]. The activation of HSCs has been 
unequivocal identificated as the major fibrogenic cells in the progress of liver fibrosis [20]. The activated HSCs autocrete TGF-β1 to act 
on the quiescent HSCs and LSECs [21], and contract and deposit excessive ECM in the space of Disse, further leading to the loss of 
fenestration and capillarization of LSECs [22]. In line with previous studies, our current study found that LSECs capillarization was 
accompanied by HSCs activation both in CCl4-induced and BDL-induced fibrotic liver. 

HIF-1α/PDGF-BB axis not only be a major mechanism underlying the compromised angiogenesis associated with wounding [23], 
but HIF-1α and PDGF-BB also are important regulators of pathological angiogenesis in liver fibrosis [24,25]. In this study, PDGF-BB 
was upregulated both in the fibrotic liver induced by CCl4 and BDL, and the levels of HIF-1α and PDGF-BB were significantly increased 
in the dedifferentiation of LSECs in vitro. Futher study found that inhibiting the expression of HIF-1α or PDGFR-β by the small molecule 
inhibitor could suppress the dedifferentiation of LSECs, which suggested that HIF-1α and PDGF-BB regulated the dedifferentiation of 
LSECs. 

After hepatic sinusoidal blood flow is affected, it will cause a hypoxic environment, which further upregulated the expression of 
HIF-1α in LSECs and increased the expression of CXCR4 [26,27]. Compared with CXCR4, CXCR7 is a non-classical G protein coupled 
receptor (GPCR) which cannot activate G protein. CXCR7 is considered as a new SDF-1α receptor [28], which can heterodimerize with 
CXCR4 or act as a “scavenger” of SDF-1α to reduce the level of SDF-1α and weaken the activity of CXCR4 [29]. In liver, CXCR7 is mainly 
expressed in LSECs. The pro-fibrotic angiogenesis response driven by CXCR4 can competitively inhibit the activation of CXCR7-Id1 
driven liver injury repair signals [30]. In present study, CXCR4 expression in LSECs was suppressed and CXCR7 was upregulated 
after inhibition the expression of HIF-1α, while interestingly, CXCR7 was upregulated and the expression of HIF-1α did not change 
significantly after downregulation of CXCR4 in LSECs by AMD3100 or transfecting with a CXCR4 knockdown lentiviral vector. Our 
results not only verify the contrary effects of CXCR4 and CXCR7 in the dedifferentiation of LSECs, but also show that HIF-1α regulated 
the expression of CXCR4, thereby downregulating CXCR7, to promote the dedifferentiation of LSECs. 

Capillarizated LSECs can release PDGF-BB, combine with PDGFR-β, to promote angiogenesis in the liver [13]. Studies have shown 
that PDGF-BB promotes proliferation and migration of retinal microvascular pericytes by up-regulating the expression of CXCR4 [31], 
and blocking SDF-1α/CXCR4 downregulates PDGF-BB and inhibits bone marrow-derived pericyte differentiation and tumor vascular 
expansion in Ewing tumors [32]. In order to study the relationship of PDGF-BB in CXCR4 and CXCR7, the CXCR4 inhibitor and 
PDGFR-β inhibitor were used. As a consequence, downregulation of CXCR4 in LSECs by AMD3100 or transfecting with a CXCR4 
knockdown lentiviral vector suppressed PDGF-BB and PDGFR-β expressions, then inhibited the dedifferentiation of LSECs. And the 
PDGFR-β inhibitor could significantly enhance the expression of CXCR7, and inhibit the dedifferentiation of LSECs. Our results 
demonstrated that blocking CXCR4 downregulated PDGF-BB, then upregulated CXCR7, consequence to suppress the capillarization of 
LSECs. 

Studies have shown that capillary LSECs can trigger the activation of HSCs. Fibrotic growth factors, PDGF-BB and TGF-β1, have 
been shown to be key factors for LSECs to promote HSCs activation [10]. PDGF can also stimulate the expression of VEGF and the 
production of matrix proteins (such as fibronectin) in HSCs, accelerating liver fibrosis [33,34]. PDGFR-β, as the cell surface receptor of 
PDGF-BB, binds to PDGF-BB to initiate PDGF-BB/PDGFR-β signaling [35]. The expression of PDGFR-β in HSCs is up-regulated not only 
by autocrine PDGF-BB, but also by the paracrine PDGF-BB released by other resident liver cells, such as LSECs [36]. In our study, 
alleviation the dedifferentiation of LSECs through downregulation of HIF-1α or CXCR4 inhibited the activation of HSCs, which was 

J. Fang et al.                                                                                                                                                                                                            



Heliyon 9 (2023) e12715

11

demonstrated by co-culture of LSECs and HSCs, and one of the reasons for the suppressed HSCs activation was that inhibition of the 
dedifferentiation of LSECs reduced the release of PDGF-BB, resulting in the downregulation of PDGFR-β on HSCs. 

In summary, these results indicated that the up-regulation of HIF-1α in LSECs promote the expression of CXCR4. Highly expressed 
CXCR4 upregulated PDGF-BB in LSECs. On one hand, the PDGF-BB binds to the receptor PDGFR-β on LSECs to inhibit the expression of 
CXCR7 and promotes the dedifferentiation of LSECs, on the other hand, it binds to PDGFR-β on HSCs to promote HSCs activation. 
Suggesting that HIF-1α/CXCR4/PDGF-BB/CXCR7 axis promote the dedifferentiation of LSECs, consequently triggering HSCs activa
tion and liver fibrosis. Therefore, this study may provide a potential therapeutic target for liver fibrosis. 
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Fig. 7. Inhibiting the expression of PDGFR-β in LSECs inhibited the dedifferentiation of LSECs. 
(A–B) The cell viability of HHSEC was detected by CCK8, 24 h (A) and 48 h (B). (C–G) Gene expressions of Pdgfr-β, Cxcr7, Pdgf-BB, Cd44 and Pecam 
were determined by qRT-PCR. All mRNA expression values were normalized against Gapdh levels and were shown relative to expression level in the 
control group. *P < 0.05, **P < 0.01, ***P < 0.001. 
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