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Fuzhenghuayu Decoction 
ameliorates hepatic fibrosis 
by attenuating experimental 
sinusoidal capillarization and liver 
angiogenesis
Hong-liang Liu1,2,3,6, Jing Lv1,2,3,6, Zhi-min Zhao1,2, An-ming Xiong4, Ye Tan1, Jeffrey S. Glenn4, 
Yan-yan Tao1, Hong-lei Weng5 & Cheng-hai Liu1,2,3*

Fuzhenghuayu (FZHY) is a compound extracted from natural plants. Its anti-fibrotic effect has been 
confirmed in experimental and clinical studies. However, precise effects and underlying mechanisms 
of FZHY in liver angiogenesis largely remain understood. In this study, we investigated the effects of 
FZHY on sinusoidal capillarization and angiogenesis with mice challenged for Carbon tetrachloride 
(CCl4) and dimethylnitrosamine (DMN), in vitro human hepatic sinusoidal endothelial cells (HHSEC) 
and Human Umbilical Vein Endothelial Cell (HUVEC) 3D fibrin gel model. Besides its anti-fibrotic effect, 
FZHY ameliorated CCl4 and DMN-induced sinusoidal capillarization, angiogenesis and expression 
of angiogenesis-associated factors, i.e. CD31, VEGF, VEGF receptor II, phosphor-ERK and HIF-1α. 
Consistent with the findings based on animal models, inhibitory effects of FZHY on capillarization and 
angiogenesis were further confirmed in HHSEC and the HUVEC 3D fibrin gel model, respectively. These 
data suggest that FZHY ameliorates not only liver fibrosis but also vessel remodeling in experimental 
models. Therefore, FZHY might be a potentially useful drug to treat liver cirrhosis in clinical practice.

The pathophysiology of liver fibrosis is a complex biological process characterized as aberrant healing, exces-
sive deposition of extracellular matrix proteins and increased angiogenesis1–4. Capillarization of liver sinusoidal 
endothelial cells (LSECs), also called dedifferentiation, occurs following liver injury. Sinusoidal capillarization 
and liver angiogenesis are two key events leading to liver cirrhosis5. Normal differentiated LSECs are character-
ized by the presence of fenestra and the absence of base membrane. Such a structure arrangement guarantees 
nutrition and molecule exchange between hepatocytes and sinusoidal blood. Maintenance of fenestra of LSECs 
requires signals from hepatic stellate cells (HSCs), the key cell source of extracellular matrix during liver fibrogen-
esis6,7. However, any hepatic injury-activated HSCs results in de-differentiation of LSECs, which is morpholog-
ically presented as fenestra loss, sinusoidal capillarization8. Sinusoidal capillarization is the structural basis of 
multiple pathophysiological alterations in liver diseases, e.g. liver dysfunction and hypoxia. Hypoxia causes liver 
angiogenesis9. Structural changes in the sinusoids including basement membrane deposition and loss of LSEC 
fenestra, in turn lead to impaired oxygen diffusion from the sinusoids to the parenchyma. Accumulation of HIFs, 
composed of HIF-1α, HIF-2α and HIF-1β, stimulate expression of VEGF and its receptors, and thus enhancing 
the hypoxia-induced angiogenesis10–12, and stimulating further HSC activation13.

Angiogenesis inside fibrotic septa connecting portal tracts and central veins is one of the key events under-
lying liver cirrhosis14. Such vascularized fibrous septa generate “a bridge too far” and result in parenchymal 
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extinction and portal hypertension15. Pharmacologic intervention, e.g. utilizing receptor tyrosine kinase inhib-
itors Sorafenib (SORA) or Sunitinib, not only inhibit angiogenesis, but alsodecrease hepatic fibrosis16–18. Thus, 
inhibiting sinusoidal capillarization and vascularized fibrous septa are crucial for prevention of liver cirrhosis.

FZHY, a China Food & Drug Administration (CFDA)-approved Chinese medicinal formulation, has been 
used to treat HBV relevant liver fibrosis in China for decades19,20. In addition, FZHY completed phase II clini-
cal trials in HCV patients with hepatic fibrosis in USA (Trial No. NCT00854087). It was reported that patients 
receiving FZHY alleviated liver fibrosis21. In the present study, we examined the effects of FZHY on experimental 
sinusoidal capillarization and liver angiogenesis.

Materials and Methods
Drugs.  FZHY recipe, composing 4 g Salvia, 2 g Peach kernel, 8 g Fermented Cordycepssinensis, 2 g Pine pollen, 
6 g Gynostemma and 2 g Schisandra, was purchased from Shanghai Sundise Traditional Chinese Medicine Co., 
Ltd. SORA was purchased from Bayer.

Animal models.  Six-week old male C57BL/6 mice were obtained from Beijing Vital River Laboratory Animal 
Technology Co., Ltd (Beijing, China). Forty-eight mice were randomly assigned to four groups (n = 12 each) 
receiving double-distilled water (DDW), carbon tetrachloride (CCl4), CCl4 + SORAand CCl4 + FZHY treatment, 
respectively. For CCl4-treated mice, animals were injected with 2 ml/kg body weight CCl4 (15% v/v in olive oil) 
intraperitoneally for 6 weeks, three times each week. Administration of FZHY recipe (4.8 g/kg body weight) or 
SORA (4 mg/kg body weight) was performed by intragastric gavagedaily since the fourth week after CCl4 challenge.

In addition, five-week old male ICR mice (experimental Animal Centre, Chinese Academy of Sciences, 
Shanghai, China) were used for dimethylnitrosamine (DMN) model. Fourty-eight mice were randomly 
assigned to four groups (n = 12 each) receiving DDW, DMN, DMN + SORA and DMN + FZHY, respectively. 
Mice received intraperitoneally injection of 5 mg/kg DMN (Tokyo Chemical Industry Co Ltd, Tokyo, Japan) 
for 3 weeks, three times a week. Administration of FZHY recipe (4.8 g/kg body weight) or SORA (4 mg/kg body 
weight) was performed by intragastric gavage (ig) daily starting from the fourth week

Animals were sacrificed 24 hr after the last administration. Livers and serum were collected for histological, 
cytological, biochemical, and molecular analyses. All animal experiments were approved by the institutional ani-
mal ethics committees of the Laboratory Animal Center at Shanghai University of Traditional Chinese Medicine, 
Shanghai, China (Ethics Number: SZY2013036, SZY201508006). All protocols and experimental procedures were 
conducted in accordance with the relevant institutional guidelines and regulations.

Histological examinations.  Collected liver tissues were fixed in 4% formalin and embedded in paraffin. 
Sections (4 μm) were stained with hematoxylin & eosin (H&E) and Sirius red staining. A grading system previ-
ously described was used to evaluate stages of fibrosis22.

Immunohistochemistry.  Paraffin-embedded slices (4 μm) were used for immunohistochemical staining. 
Endogenous peroxidase activity was blocked by methanol with 3% H2O2 and bovine serum albumin. After wash-
ing with PBS, slices were incubated with primary antibody (Supplementary Table 1) at 4 °C overnight. At the 
second day, slices were incubated with horseradish peroxidase (HRP)-conjugated secondary antibody for 1 h at 
37 °C. Diaminobenzidine (DAB) was used as a chromogen followed by hematoxylin counterstaining.

Immunofluorescent staining.  Collected liver tissues were put into Tissue-Tek OCT embedding medium 
and snap-frozen in liquid nitrogen. Then, tissues were fixed with acetone for 10 min, washed with PBS, and 
blocked with 0.5% bovine serum albumin for 1 h at 37 °C. Tissues were incubated with primary antibodiesat 4 °C 
overnight. Next day, fluorescein isothiocyanate-labeled secondary antibodies were added to the samples for 1 h at 
37 °C. Subsequently, Hoechst was incubated with the samples for 5 min. The tissues were observed under confocal 
microscopy for imaging.

Analysis with planar X-ray in-line phase-contrast imaging (ILPCI).  The whole liver lobes were fixed 
with 4% PFA for 72 h. Then, the samples were subject to sequential alcohol dehydration followed by desiccant 
drying. The measurement was performed by beam line (BL13W1, Shanghai Synchrotron Radiation Facility, 
Shanghai). The tunable energy range of used X-ray beam was 9–65 keV. The pixel size of the detector was 3.7 μm. 
The field of view was 49.8 mm (H) × 5.04 mm (V). The detector was positioned at 120 cm from the sample. The 
imaging was obtained by 15 keV using a perfect silicon crystal.

Cells.  Human hepatic sinusoidal endothelial cell line (HHSEC) was purchased from Scien Cell Research 
Laboratories (San Diego, California). Cells were cultured in endothelial cell complete medium supplemented 
with 5% fetal bovine serum (FBS) were incubated at 37 °C and 5% CO2. Medium was changed every 2 days.

Human umbilical vein endothelial cell (HUVEC) was purchased from the American Type Culture Collection 
(ATCC) (Manassas, VA, USA). Cells were cultured in dulbecco’s modified eagle medium (DMEM) with 5% FBS.

Toxicity assay.  Toxicity tests were applied to HHSEC cells treated with FZHY recipe with different concen-
trations (62.5/4, 62.5/2, 62.5, 125, 250, 500 and 1000 μg/ml) for 48 hrs. The proliferation of cells was induced with 
serum-free 2% (V/V) endothelial cell growth supplements (ECGS, Science Research Laboratories) for 48 h.

Cell proliferation assay.  EDU-DNA incorporation assay was used to measure cell proliferation. Following 
different treatments, cells were incubated with ECM containing EDU for 4 h. Incorporated EDU was detected and 
visualized by Apollos 643 staining. Images were taken by Cellomics Array Scan VTI HCS Reader.
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Matrigel HHSEC tube formation assay.  HHSEC cells cultured in 48-well plates coated with Growth 
Factor-Reduced Matrigel (BD Biosciences, Oxford, UK) were polymerized in an incubator at 37 °C for 9 h. Tube 
formation was visualized under Olympus DP71 Research stereomicroscope and analyzed by counting tube num-
ber using software ImageJ.

Angiogenesis assay in fibrin gel.  Cytodex 3 microcarrier beads (Amersham Pharmacia Biotech, 
Piscataway, NJ) were coated with HUVEC (400 HUVEC per bead). The coated beads suspensions were cultured 
in a siliconized glass bottle (Sigmacote) overnight. Next day, washed the coated beads twice with PBS. Then, 100 
beads/ml coated beads were suspended in 2.0 mg/ml fibrinogen solution. The 24-well plates were pipetted gently 
by 500 μl fibrinogen/bead solution composing of 0.625 Units/ml thrombin and 0.15 Units/ml aprotinin four to 
five times. The fibrinogen/bead solution was clotted for 5 min at room temperature and then was putted at an 
incubator with 37 °C and 5% CO2 for 15 min. Complete HUVEC media containing 10% FBS was added to the 
embedded fibrin gel to inactivate thrombin overreaction. After 4 hours of culture, cells received different treat-
ment as planned. Angiogenesis was visualized by microscopy at different time points.

Scanning electron microscopy (SEM).  The livers were perfused with physiological saline via the portal 
vein and fixed with 2.5% glutaraldehyde. Collected tissues were cut into small pieces and fixed in 4% osmium for 
1 h. Then, the tissues were processed for sequential alcohol dehydration and were infiltrated with t-butyl alcohol. 
After freezing, the tissues were vacuum-dried and then coated with ion sputter Hitachi E-1030 (Hitachi, Tokyo, 
Japan) for analysis with the scanning electron microscope SEMS-4100 (Hitachi).

The HHSEC cells were plated on collagen-coated cell culture inserts (BD Biosciences, Bedford, MA) and pro-
cessed with the same protocols described above.

Transmission electron microscopy (TEM).  Tissue samples were immersed in acetone and carefully dis-
sected into pertinent regions of interest from the anterior apex, kept with one dimension of the tissue at 1~3 mm. 
After 15 min incubation in acetone, tissues were putted in mixture of acetone and 618 resin with increasing 
concentration gradients. Then, specimens were oriented and positioned in labeled molds and placed in an oven 
for curing. The hardened blocks were trimmed and prepared for 1.0–1.5 μm semi-thin sections. Sections were 
mounted on microscope slides and stained with lead citrate for 1 min at 80 °C. The stained ultrathin sections were 
observed with a transmission electron microscope.

Western blot.  Liver or HHSEC lysates were separated on 10% SDS-PAGE gels and transferred into nitrocel-
lulose membranes. The membranes were blocked with 5% BSA and incubated with different primary antibodies 
at 4 °C overnight. After three times of washing with PBST, membranes were incubated with secondary antibodies 
(Supplementary Table 1) at room temperature for 1 hr. After additional three washing, membranes were scanned 
and imaged with Li-Cor odyssey.

Quantitative real-time PCR.  Total RNA was extracted from frozen mouse liver tissues using a kit accord-
ing to the manufacturer’s instructions. The reaction conditions for PCR were: denaturation for 5 min at 94 °C, 
annealing for 1 min at 60 °C, and elongation for 1.5 min at 72 °C. Primersequences were shown in Supplementary 
Table 2.

Statistical analyses.  The one-way analysis of variance (ANOVA) was performed to calculate normally dis-
tributed continuous variables between the different groups. The data are presented as mean ± standard error 
of the mean (SEM). The differences were considered as significant when p < 0.05. The Results of ANOVA were 
shown in Supplementary Table 3.

Results
FZHY recipe ameliorated CCl4-induced liver injury in mice.  Firstly, we assessed the effects of FZHY 
in mice that were administered with CCl4 for 6 weeks. Six weeks of CCl4 administration in the mice induced high 
levels of serum ALT and AST, which were partly reduced by FZHY treatment. SORA decreased CCl4-induced 
levels of serum AST, but not ALT (Fig. 1A). Consistent with liver function parameters, HE staining revealed 
reduced inflammatory degree in both FZHY-and SORA-treated mice compared with the CCl4-administrated 
mice without treatment. Subsequently, the degree of fibrosis in mice with different administrations was assessed 
with Sirius red staining (Fig. 1B,C), content of α-SMA, collagen I and hydroxyproline (Fig. 1D–F). All measure-
ments showed that CCl4-induced liver fibrosis indices in the mice were significantly inhibited by either FZHY or 
SORA treatment22,23.

FZHY recipe ameliorated CCl4-inducedangiogenesis and sinusoidal capillarization.  Next, we 
investigated the effects of FZHY on CCl4-induced liver angiogenesis in mice. Measurement with ILPCI-CT 
showed that like SORA, FZHY significantly decreased the angiogenesis in mouse livers induced by 6 weeks of 
CCl4 treatment, although the inhibitory capacity of FZHY 4 g/kg was weaker than 4 mg/kg of SORA (Fig. 2A,C).

In addition to evaluating the LSECs phenotype changes, we examined the expression of CD31 with immuno-
fluorescence staining and western blot. CCl4-induced CD31 expression was markedly inhibited by either SORA 
or FZHY treatment (Fig. 2B,D,E).

Further, we examined the effects of FZHY on CCl4-induced sinusoidal capillarization with TEM and SEM. 
Both TEM and SEM demonstrated that 6 weeks of CCl4 administration remarkably decreased the number and 
diameters of fenestra of liver sinusoidal endothelial cells (LSEC) in the mice (Fig. 2F). The sinusoidal capillariza-
tion was significantly inhibited by FZHY or SORA treatment (Fig. 2G).
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FZHY recipe ameliorated DMN-induced liver fibrosis, angiogenesis and sinusoidal capillarization.  
To further verify the effects of FZHY on DMN-induced liver angiogenesis in mice, we confirmed that DMN 
administration induced collagen deposition in liver tissue, as assessed with Sirius red staining. Collagen deposi-
tion was obviously ameliorated in the SORA and FZHY-treated groups (Fig. 3A,C).

Figure 1.  FZHY recipe ameliorated CCl4-induced liver injury in mice. (A) ALT and AST levels were measured 
in mice with different treatment. (B) Inflammatory and fibrotic degree were examined by hematoxylin and 
eosin (H&E) and Sirius red staining (original magnification ×100). (C) Sirius red positivecollagen areas were 
quantified. (D) Liver Hydroxyproline content was measured byJamall’s method31. (E,F) Protein expression of 
α-SMA and collagen type I in mice livers was measured by Western blot. #And *P < 0.05, ##and **P < 0.01.
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Next, Measurement with ILPCI-CT showed that like SORA, FZHY decreased DMN-induced angiogenesis in 
mouse livers (Fig. 3B,D). Both TEM and SEM demonstrated that DMN administration remarkably decreased the 
number and diameters of fenestra of liver sinusoidal endothelial cells (LSEC) in the mice. The sinusoidal capillar-
ization was significantly inhibited by FZHY or SORA treatment (Fig. 3E,F).

Figure 2.  FZHY recipe ameliorated CCl4-induced angiogenesis and sinusoidal capillarization. (A,C) 
Remodeling of liver vessel was measured by ILPCI-CT in mice with different treatments as indicated. (B,D,E) 
CD31 expression was examined and quantified by immunofluorescence and western blot. (F,G) Liver 
sinusoidal structural changes were observed by scanning electron microscope (SEM) and transmission electron 
microscope (TEM). #And *P < 0.05, ##and **P < 0.01.
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FZHY recipe reduced expression of angiogenesis-associated factors.  To investigate how 
FZHY impacts angiogenesis in mice, we measured the impact of the compound on the expression of 
angiogenesis-associated factors. CCl4 administration in the mice induced mRNA expression ofHIF-1α, VEGF 
and VEGF-R2, which were partly reduced by FZHY or SORA treatment (Fig. 4A). Western blot further con-
firmed that FZHY or SORA also inhibited protein expression of VEGF and VEGF-R2 in CCl4-administrated 
mice. In addition, FZHY or SORA treatment decreasedCCl4-induced p-ERK1/2 levels (Fig. 4B).

FZHY recipe inhibited VEGF-dependent HHSEC proliferation and tube formation.  To further 
assess the effects of FZHY on angiogenesis, we observed the impact of FZHY on HHSEC in vitro. Firstly, the tox-
icity of FZHY for HHSEC cells was assessed. FZHY did not have toxicity for the cells with dosage up to 125 mg/
ml. Then, HHSEC cells were stimulated with VEGF for 48 h. VEGF-induced vitality and proliferation of HHSEC 
cells was significantly inhibited by 125 μg/ml of FZHY (Fig. 5A–C,E). On Matrigel cultured HHSEC cells, simi-
lar to SORA, FHZY exhibited a substantial inhibitory function for the formation of tube-like cellular networks 
(Fig. 5D,F).

Figure 3.  FZHY recipe ameliorated DMN-induced liver fibrosis, angiogenesis and sinusoidal capillarization. 
(A,C) Collagen deposition visualized in Sirius red and Masson staining (original magnification ×100). (B,D) 
Remodeling of liver vessel was measured by ILPCI-CT in mice with different administrations. (E,F) Liver 
sinusoidal structural changes were observed by scanning electron microscope (SEM) and transmission electron 
microscope (TEM).
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FZHY maintained the number of LSEC fenestra induced by VEGF, but decreased VEGF-induced 
LSEC protrusion.  Next, we performed SEM to observe morphological alteration of HHSEC cells upon 
FZHY treatment. VEGF administration increased the number of HHSEC fenestra, which were not impacted by 
either SORA or FZHY treatment (Fig. 6A). However, FZHY and SORA administration significantly decreased the 
number of HHSEC cell protrusions induced by VEGF (Fig. 6B).

FZHY directly suppressed VEGF expression and downstream ERK phosphorylation.  To eluci-
date how FZHY impacts the effects of VEGF, we examined expression of VEGF and its downstream ERK protein 
activation in HHSEC cells. Western blot analyses showed that FZHY suppressed VEGF, and p-ERK1/2 expression 
was increased in 2% ECGs, but minimal changes of ERK were observed. With FZHY or SORA treatment, VEGF 
and p-ERK1/2 expression were decreased, particularly down-regulated in SORA group, but minimal changes of 
ERK were observed (Fig. 7A–D).

FZHY recipe inhibited angiogenesis development in 3D fibrin gel.  In order to evaluate the effects 
of FZHY on angiogenesis, we performed sprouting assays in three dimensional (3D) cultured HUVEC cells. In 
untreated cells, HUVEC sprouting appeared at day-3 of culture. At day-5 and day-7 of culture, sprouting and 
anastomosis were robust (Fig. 8A). 50 μg/ml of FZHY markedly inhibited the sprouting of HUVEC cells, with 
only at day-7 of culture, some cells demonstrating short protrusion (Fig. 8B). 100 μg/ml of FZHY completely 
inhibited HUVEC migration and sprouting (Fig. 8C).

Figure 4.  FZHY recipe reduced angiogenesis-related factors. (A) qRT-PCR was performed to analyze mRNA 
expression of HIF-1α, VEGF and VEGF-R2in mouse liver tissues. (B) Western Blot was used to examine 
protein expression of VEGF, VEGFR2, ERK1/2 and phosphorylated ERK1/2. GAPDH was used as loading 
control. The experiments were repeated at least three times. Data are presented as means ± SEM (B,D). #And 
*P < 0.05, ##and **P < 0.01.
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Discussion
FZHY is a traditional Chinese medicinal formulation which has successfully treated patients with HBV-related 
liver fibrosis and mice with different models of liver fibrosis14,20,24,25. Recently, a phase II clinical trial performed 
in the USA also appeared to show that the compound benefited patients with HCV-associated liver fibrosis. 
The results from the current study show that anti-fibrotic effects of FZHY is reproducible. In both CCl4 and 

Figure 5.  FZHY recipe inhibited VEGF-induced proliferation and tube formation of HHSEC cells. (A,B) 
Growth and vitality of HHSEC cells was assayed by CCK8 assay. (C) Cell proliferation was analyzed by EDU 
assay. (D) Matrigel tube formation was measured for three times. #P < 0.05, ##P < 0.01; *P < 0.05, **P < 0.01.

Figure 6.  FZHY maintained the number of LSEC fenestra induced by VEGF, but decreased VEGF-induced LSEC 
protrusion. Sinusoidal structural changes of HHSECs were observed by scanning electron microscope (SEM).

https://doi.org/10.1038/s41598-019-54663-4
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DMN-induced liver injury models, FZHY remarkably alleviated liver fibrosis, inflammation and hepatocyte 
death, indicating a convincing therapeutic effect of FZHY in treating liver fibrosis.

It is well recognized that activation of HSC induces de-differentiation of LSEC, characterized by loss of 
fenestra, sinusoidal capillarization23,26. Pathological angiogenesis is commonly observed in advanced fibrosis27. 
Inflammation-associated angiogenesis might contribute to the initiation of liver fibrosis, and progress to cirrhosis 
and HCC11,28. In the current study, we found that FZHY significantly inhibited expression of α-SMA, a marker of 
HSC activation29. This finding led us to hypothesize that FZHY has a role of inhibiting sinusoidal capillarization. 
As expected, electronic microscopy confirmed that CCl4- or DMN-induced fenestra loss of LSEC were recovered 
following FZHY or SORA treatment. In vitro, we further examined the effects of FZHY on fenestra of HHSEC 
cells. Consistent with animal models, FZHY treatment maintained the existence of fenestra of HHSECs.

Besides inhibiting sinusoidal capillarization, FZHY shows impressive effects on liver angiogenesis. Planar 
X-ray in-line phase-contrast imaging analysis clearly showed that liver angiogenesis induced by CCl4 or 
DMN administration was inhibited by FZHY treatment. In line with the animal models, in vitro studies based 
on HHSEC and HUVEC 3D fibril gel models further demonstrated that FZHY was capable of inhibiting 
VEGF-induced angiogenesis of LSEC and other endothelial cells.

Vessel formation was associated with strong expression of the pivotal proangiogenic growth factor VEGF and 
its receptor VEGFR2, which have been earlier considered a prerequisite for fibrogenesis in vivo1,30. In this study, 
we also assessed how FZHY impacted liver angiogenesis. We found that FZHY can inhibit expression of VEGF, 
VEGFR2 and activation of VEGF downstream substrates, e.g. ERK, in vivo and in vitro. This finding suggests that 

Figure 7.  FZHY recipe suppressed angiogenesis via inhibiting VEGF signaling in vitro. Western blot for VEGF 
and VEGFR2 (A) phosphorylated and total ERK1/2 expression (C) are shown. GAPDH was used as loading 
control. The experiments were repeated at least three times. Data are presented as means ± SEM (B,D). #And 
*P < 0.05, ##and **P < 0.01.

Figure 8.  FZHY recipe inhibited angiogenesis in 3D Fibrin Gel. Sprouting, branching/lumen formation, and 
anastomosis were visualized in HUVECs with or without FZHY treatment.
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the effects of FZHY on blocking sinusoidal capillarization and liver angiogenesis are not only through inhibiting 
activation of HSC, but also via directly inhibiting VEGF signaling.

Taken together, given no available approaches to inhibit sinusoidal capillarization and liver angiogenesis, 
impressive effects of FZHY on the two key events of liver fibrosis progressing to cirrhosis shed a light on treatment 
of liver cirrhosis. Of course, the results based on in vitro and animal models cannot reflect patient’s situation in a 
large context. Species, etiology, natural histology and distinct pathophysiological response between patients and 
animals make good experimental achievements cannot translate into clinical success. In the future, a clinical trial 
should be considered to assess the role of FZHY on liver cirrhosis.

Received: 11 February 2019; Accepted: 8 July 2019;
Published: xx xx xxxx

References
	 1.	 Sahin, H. et al. Chemokine Cxcl9 attenuates liver fibrosis-associated angiogenesis in mice. Hepatology (Baltimore, Md.) 55, 

1610–1619, https://doi.org/10.1002/hep.25545 (2012).
	 2.	 Seki, E. & Schwabe, R. F. Hepatic inflammation and fibrosis: functional links and key pathways. Hepatology (Baltimore, Md.) 61, 

1066–1079, https://doi.org/10.1002/hep.27332 (2015).
	 3.	 Schuppan, D. & Kim, Y. O. Evolving therapies for liver fibrosis. The Journal of clinical investigation 123, 1887–1901, https://doi.

org/10.1172/jci66028 (2013).
	 4.	 Urban, M. L., Manenti, L. & Vaglio, A. Fibrosis–A Common Pathway to Organ Injury and Failure. The New England journal of 

medicine 373, 95–96, https://doi.org/10.1056/NEJMc1504848 (2015).
	 5.	 Poisson, J. et al. Liver sinusoidal endothelial cells: Physiology and role in liver diseases. Journal of hepatology 66, 212–227, https://

doi.org/10.1016/j.jhep.2016.07.009 (2017).
	 6.	 Deleve, L. D., Wang, X. & Guo, Y. Sinusoidal endothelial cells prevent rat stellate cell activation and promote reversion to quiescence. 

Hepatology (Baltimore, Md.) 48, 920–930, https://doi.org/10.1002/hep.22351 (2008).
	 7.	 Li, X. et al. Placental growth factor silencing ameliorates liver fibrosis and angiogenesis and inhibits activation of hepatic stellate cells 

in a murine model of chronic liver disease. Journal of cellular and molecular medicine 21, 2370–2385, https://doi.org/10.1111/
jcmm.13158 (2017).

	 8.	 DeLeve, L. D. Liver sinusoidal endothelial cells in hepatic fibrosis. Hepatology (Baltimore, Md.) 61, 1740–1746, https://doi.
org/10.1002/hep.27376 (2015).

	 9.	 Iwakiri, Y., Shah, V. & Rockey, D. C. Vascular pathobiology in chronic liver disease and cirrhosis - current status and future 
directions. Journal of hepatology 61, 912–924, https://doi.org/10.1016/j.jhep.2014.05.047 (2014).

	10.	 Coulon, S. et al. Angiogenesis in chronic liver disease and its complications. Liver international: official journal of the International 
Association for the Study of the Liver 31, 146–162, https://doi.org/10.1111/j.1478-3231.2010.02369.x (2011).

	11.	 Rosmorduc, O. & Housset, C. Hypoxia: a link between fibrogenesis, angiogenesis, and carcinogenesis in liver disease. Seminars in 
liver disease 30, 258–270, https://doi.org/10.1055/s-0030-1255355 (2010).

	12.	 Srinivasan, S. et al. Hypoxia-induced expression of phosducin-like 3 regulates expression of VEGFR-2 and promotes angiogenesis. 
Angiogenesis 18, 449–462, https://doi.org/10.1007/s10456-015-9468-3 (2015).

	13.	 Novo, E. et al. Proangiogenic cytokines as hypoxia-dependent factors stimulating migration of human hepatic stellate cells. The 
American journal of pathology 170, 1942–1953 (2007).

	14.	 Alastair, D., Burt, B. C. P. & Ferrel, L. D. MacSween’s Pathology of the Liver 6th edition (2012).
	15.	 Desmet, V. J. & Roskams, T. Cirrhosis reversal: a duel between dogma and myth. Journal of hepatology 40, 860–867, https://doi.

org/10.1016/j.jhep.2004.03.007 (2004).
	16.	 Tugues, S. et al. Antiangiogenic treatment with sunitinib ameliorates inflammatory infiltrate, fibrosis, and portal pressure in 

cirrhotic rats. Hepatology (Baltimore, Md.) 46, 1919–1926, https://doi.org/10.1002/hep.21921 (2007).
	17.	 Hennenberg, M. et al. Sorafenib targets dysregulated Rho kinase expression and portal hypertension in rats with secondary biliary 

cirrhosis. British journal of pharmacology 157, 258–270, https://doi.org/10.1111/j.1476-5381.2009.00158.x (2009).
	18.	 Mejias, M. et al. Beneficial effects of sorafenib on splanchnic, intrahepatic, and portocollateral circulations in portal hypertensive 

and cirrhotic rats. Hepatology (Baltimore, Md.) 49, 1245–1256, https://doi.org/10.1002/hep.22758 (2009).
	19.	 Liu, C., Hu, Y., Xu, L., Liu, C. & Liu, P. Effect of Fuzheng Huayu formula and its actions against liver fibrosis. Chinese medicine 4, 12, 

https://doi.org/10.1186/1749-8546-4-12 (2009).
	20.	 Liu, P. et al. Multicenter clinical study on Fuzhenghuayu capsule against liver fibrosis due to chronic hepatitis B. World journal of 

gastroenterology 11, 2892–2899 (2005).
	21.	 Hassanein, T. B. T., Tong, M. J., Pozza, R., Lorenzo, O., Jeffrey, G. A Phase II, randomized, placebo-controlled, double-blind, multi-

center study to assess the antifibrotic activity of FZHY in chronic hepatitis C patients with hepatic fibrosis. Gastroenterology 146 
(2014).

	22.	 Garcia-Tsao, G., Friedman, S., Iredale, J. & Pinzani, M. Now there are many (stages) where before there was one: In search of a 
pathophysiological classification of cirrhosis. Hepatology (Baltimore, Md.) 51, 1445–1449, https://doi.org/10.1002/hep.23478 (2010).

	23.	 Liu, L. et al. Mechanotransduction-modulated fibrotic microniches reveal the contribution of angiogenesis in liver fibrosis. Nature 
materials 16, 1252–1261, https://doi.org/10.1038/nmat5024 (2017).

	24.	 Pan, Q., Wang, Y. Q., Li, G. M., Duan, X. Y. & Fan, J. G. Fuzheng Huayu Recipe Ameliorates Liver Fibrosis by Restoring Balance 
between Epithelial-to-Mesenchymal Transition and Mesenchymal-to-Epithelial Transition in Hepatic Stellate Cells. BioMed research 
international 2015, 935903, https://doi.org/10.1155/2015/935903 (2015).

	25.	 Cheng, Q. et al. Fuzheng Huayu inhibits carbon tetrachloride-induced liver fibrosis in mice through activating hepatic NK cells. 
Journal of ethnopharmacology 145, 175–181, https://doi.org/10.1016/j.jep.2012.10.047 (2013).

	26.	 Xie, G. et al. Role of differentiation of liver sinusoidal endothelial cells in progression and regression of hepatic fibrosis in rats. 
Gastroenterology 142, 918–927.e916, https://doi.org/10.1053/j.gastro.2011.12.017 (2012).

	27.	 Ehling, J. et al. CCL2-dependent infiltrating macrophages promote angiogenesis in progressive liver fibrosis. Gut 63, 1960–1971, 
https://doi.org/10.1136/gutjnl-2013-306294 (2014).

	28.	 Matsubara, T. et al. TIE2-expressing monocytes as a diagnostic marker for hepatocellular carcinoma correlates with angiogenesis. 
Hepatology (Baltimore, Md.) 57, 1416–1425, https://doi.org/10.1002/hep.25965 (2013).

	29.	 Lee, Y. A., Wallace, M. C. & Friedman, S. L. Pathobiology of liver fibrosis: a translational success story. Gut 64, 830–841, https://doi.
org/10.1136/gutjnl-2014-306842 (2015).

	30.	 Yoshiji, H. et al. Vascular endothelial growth factor and receptor interaction is a prerequisite for murine hepatic fibrogenesis. Gut 52, 
1347–1354 (2003).

	31.	 Jamall, I. S., Finelli, V. N. & Que Hee, S. S. A simple method to determine nanogram levels of 4-hydroxyproline in biological tissues. 
Analytical biochemistry 112, 70–75 (1981).

https://doi.org/10.1038/s41598-019-54663-4
https://doi.org/10.1002/hep.25545
https://doi.org/10.1002/hep.27332
https://doi.org/10.1172/jci66028
https://doi.org/10.1172/jci66028
https://doi.org/10.1056/NEJMc1504848
https://doi.org/10.1016/j.jhep.2016.07.009
https://doi.org/10.1016/j.jhep.2016.07.009
https://doi.org/10.1002/hep.22351
https://doi.org/10.1111/jcmm.13158
https://doi.org/10.1111/jcmm.13158
https://doi.org/10.1002/hep.27376
https://doi.org/10.1002/hep.27376
https://doi.org/10.1016/j.jhep.2014.05.047
https://doi.org/10.1111/j.1478-3231.2010.02369.x
https://doi.org/10.1055/s-0030-1255355
https://doi.org/10.1007/s10456-015-9468-3
https://doi.org/10.1016/j.jhep.2004.03.007
https://doi.org/10.1016/j.jhep.2004.03.007
https://doi.org/10.1002/hep.21921
https://doi.org/10.1111/j.1476-5381.2009.00158.x
https://doi.org/10.1002/hep.22758
https://doi.org/10.1186/1749-8546-4-12
https://doi.org/10.1002/hep.23478
https://doi.org/10.1038/nmat5024
https://doi.org/10.1155/2015/935903
https://doi.org/10.1016/j.jep.2012.10.047
https://doi.org/10.1053/j.gastro.2011.12.017
https://doi.org/10.1136/gutjnl-2013-306294
https://doi.org/10.1002/hep.25965
https://doi.org/10.1136/gutjnl-2014-306842
https://doi.org/10.1136/gutjnl-2014-306842


1 1Scientific Reports |         (2019) 9:18719  | https://doi.org/10.1038/s41598-019-54663-4

www.nature.com/scientificreportswww.nature.com/scientificreports/

Acknowledgements
This work was performed at beamline BL13W of the Shanghai Synchrotron Radiation Facility (SSRF), a third-
generation synchrotron radiation facility. This work was supported by National Natural Science Foundation 
of China (No. 81730109; No. 81603467); National Science and Technology Major Project (2014ZX10005001); 
“Three-Year Action Plan” for Development of TCM in Shanghai (16CR1026B).

Author contributions
C.H.L. and H.L.W. conceived and designed the project. H.L.L., J.L., Y.T., Z.M.Z. and Y.Y.T. performed the 
experiments and analyzed the data. A.M.X. and Jeffrey S. Glenn helped with the angiogenesis Assay in Fibrin Gel. 
H.L.L. wrote the manuscript. All the authors have read the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-54663-4.
Correspondence and requests for materials should be addressed to C.-h.L.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-54663-4
https://doi.org/10.1038/s41598-019-54663-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Fuzhenghuayu Decoction ameliorates hepatic fibrosis by attenuating experimental sinusoidal capillarization and liver angiog ...
	Materials and Methods

	Drugs. 
	Animal models. 
	Histological examinations. 
	Immunohistochemistry. 
	Immunofluorescent staining. 
	Analysis with planar X-ray in-line phase-contrast imaging (ILPCI). 
	Cells. 
	Toxicity assay. 
	Cell proliferation assay. 
	Matrigel HHSEC tube formation assay. 
	Angiogenesis assay in fibrin gel. 
	Scanning electron microscopy (SEM). 
	Transmission electron microscopy (TEM). 
	Western blot. 
	Quantitative real-time PCR. 
	Statistical analyses. 

	Results

	FZHY recipe ameliorated CCl4-induced liver injury in mice. 
	FZHY recipe ameliorated CCl4-inducedangiogenesis and sinusoidal capillarization. 
	FZHY recipe ameliorated DMN-induced liver fibrosis, angiogenesis and sinusoidal capillarization. 
	FZHY recipe reduced expression of angiogenesis-associated factors. 
	FZHY recipe inhibited VEGF-dependent HHSEC proliferation and tube formation. 
	FZHY maintained the number of LSEC fenestra induced by VEGF, but decreased VEGF-induced LSEC protrusion. 
	FZHY directly suppressed VEGF expression and downstream ERK phosphorylation. 
	FZHY recipe inhibited angiogenesis development in 3D fibrin gel. 

	Discussion

	Acknowledgements

	Figure 1 FZHY recipe ameliorated CCl4-induced liver injury in mice.
	Figure 2 FZHY recipe ameliorated CCl4-induced angiogenesis and sinusoidal capillarization.
	Figure 3 FZHY recipe ameliorated DMN-induced liver fibrosis, angiogenesis and sinusoidal capillarization.
	Figure 4 FZHY recipe reduced angiogenesis-related factors.
	Figure 5 FZHY recipe inhibited VEGF-induced proliferation and tube formation of HHSEC cells.
	Figure 6 FZHY maintained the number of LSEC fenestra induced by VEGF, but decreased VEGF-induced LSEC protrusion.
	Figure 7 FZHY recipe suppressed angiogenesis via inhibiting VEGF signaling in vitro.
	Figure 8 FZHY recipe inhibited angiogenesis in 3D Fibrin Gel.




