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Abbreviations: ALD, alcoholic liver disease; ECM, extrace-
llular matrix; NAFLD, non-alcoholic fatty liver disease; HCC, hepa-
tocellular cancer; HSCs, hepatic stellate cells; EMT, epithelial-me-
senchymal transition; CNS, central nervous system; BDL, bile duct 
ligation; MCD, methionine choline-deficient; HF, high-fat 

Introduction
Liver fibrosis is featured by excessive accumulation of 

extracellular matrix proteins (ECMs) in the injury liver of many 
chronic liver diseases, including alcoholic liver disease (ALD), non-
alcoholic fatty liver disease (NAFLD) and steatohepatitis (NASH), 
cirrhosis, and hepatocellular cancer (HCC).1–3 The ECM producing 
cells are mainly from activated hepatic stellate cells (HSCs) or liver 
myofibroblast.4 In the liver, transforming growth factor-β (TGF-β) 
signaling is implicated in liver disease progression, starting from 
liver inflammation and injury to liver fibrosis, cirrhosis, and final 
cancer.2,5 TGF-β is also the critical gene that drives the activation 
of HSCs and liver fibrosis.6 Bone morphogenetic proteins (BMPs) 
belonging to the TGF-β big family play essential roles in tissue 
morphogenesis and homeostasis, including bone, cartilage, muscle, 
kidney, and blood vessels.7 Accumulating data indicate that BMPs 
are involved in the development and progression of liver fibrosis and 
liver regeneration.8 Vacca et al.9 reported that increased expression 
of BMP8B promoted the development of NASH both in animal 
models and human patients by activating HSCs via Smad-TGF-β 
signaling.9 Furthermore, BMPs are also involved in the advanced 
stage of liver fibrosis, including cirrhosis and HCC. For instance, 
the expression of BMP9 was increased in tumor border samples of 
mouse HCC and human HCC tissue samples, which was associated 
with E-cadherin and Snail expression.10 BMP9 also advanced the 
epithelial-mesenchymal transition (EMT) in HCC cell lines HLE and 
HepG2, as BMP9 induced cell migration.10 The effects of BMPs in 
tumor generation and progression have been well-reviewed in the 
previous publication.11 Herein, we summarize the recent findings of 
their roles in liver fibrosis.

Bone morphogenetic proteins 

BMPs, a highly conserved family of regulator proteins, play 
important roles in homeostatic and pathological responses in all tissues 
and organs, such as the development of central nervous system (CNS),12 
cardiovascular disease,13 diabetes,14 and autoimmune disease.15 BMPs 
transduce signals through type I and type II serine/threonine kinase 
receptors (a heterotetrameric complex) to downstream intracellular 
molecules, divided into canonical and non-canonical pathways.16 In 
the canonical signaling pathway, the effect of BMPs is mediated via 
the Smad-dependent pathway, while in the non-canonical pathway, 
the function of BMPs is mediated through non-Smad signaling. 
Targeting BMP provides a potential treatment. For example, obese 
leptin receptor-deficient (db/db) mice treated with BMP inhibitor 
LDN-193189, an inhibitor of BMP type I receptor signal transduction, 
decreased hepatic triglyceride levels.17 This function was associated 
with the reduced expression of diacylglycerol O-acyltransferase 2 
(Dgat2), which is responsible for the conversion of diacylglycerol 
(DAG) to triglyceride.18

BMPs with anti-fibrotic effects

TGF-β1 is an important pro-fibrotic gene contributing to the 
pathogenesis of liver fibrosis.6 As a TGF-β family member, BMPs 
also play an essential role in liver fibrosis. Here, we discussed the 
function of each specific BMP in liver fibrosis. 

Hepatic BMP2 is mainly expressed in the parenchymal 
hepatocytes and activated HSCs. BMP2 is reversely correlated with 
TGF-β1 expression in human and mouse fibrotic livers. Adenovirus-
mediated BMP2 expression alleviated bile duct ligation (BDL) 
surgery or carbon tetrachloride (CCl4) administration induced murine 
liver fibrosis, evidenced by the decrease of serum hepatic enzymes, 
cholangiocyte marker cytokeratin-19 (CK-19), and HSC activation 
markers.19 The mechanistic study showed that BMP2 inhibits TGF-
β1-induced HSC activation, associated with attenuated expression 
of α-smooth muscle actin (α-SMA) and fibronectin and reversed 
epithelial-to-mesenchymal transition markers, indicating that BMP2 
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Abstract

Liver fibrosis is featured by excessive accumulation of extracellular matrix (ECM) proteins 
in the injury liver of diseases, including alcoholic liver disease (ALD), non-alcoholic fatty 
liver disease (NAFLD) and steatohepatitis (NASH), cirrhosis, and hepatocellular cancer 
(HCC). However, there is no current therapy for preventing and reversing liver fibrosis. 
Transforming growth factor-β1 (TGF-β1) is a key profibrotic gene that drives activation 
of hepatic stellate cells (HSCs) and their transdifferentiation to myofibroblasts producing 
ECM proteins. Bone morphogenetic proteins (BMPs) belonging to TGF-β big family play 
important roles in tissue morphogenesis and homeostasis in the bone, cartilage, muscle, 
kidney, and blood vessels. Accumulating evidence indicates that BMPs are involved in the 
development and progression of liver fibrosis and liver regeneration. In this review, we 
summarize the recent findings of the dual roles of BMPs in liver fibrosis. Strategies have 
been developed to target these molecules to treat liver fibrosis. However, the efficacy is 
under expectation. Therefore, better understanding of the underlying mechanisms of BMPs 
in the progression of liver disease is critically important for improving their therapeutic 
effect.
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serves as a protective effect on liver fibrosis.19 Moreover, BMP2 as 
an angiocrine factor, was downregulated in Gata4-decifient liver 
sinusoidal endothelial cells (LSECs) that promoted liver fibrosis and 
HSC activation.20

BMP6 is a crucial regulator of iron homeostasis. In murine 
NAFLD, BMP6 expression was upregulated in hepatic steatosis, 
which was also shown in primary human hepatocytes with lipid 
accumulation. Methionine choline-deficient (MCD) and high-fat 
(HF) diets significantly increased the severity of liver inflammation 
and fibrosis in BMP6-/- mice compared to wild-type mice. In vitro cell 
culture assay showed that treatment of recombinant BMP6 prevented 
the activation of HSCs and reduced the associated expression of pro-
inflammatory and pro-fibrogenic genes, indicating a protective effect 
on liver fibrosis.21 

In physiological conditions, BMP7 can improve insulin sensitivity 
in mouse muscle, adipose, and liver by potentiating PI3K/AKT 
pathway, resulting in decreased blood glucose levels.22 However, 
in HFD-induced insulin-resistant state, the expression BMP7 was 
decreased, and the above-mentioned positive effect was abrogated. 
Recombinant human bone morphogenic protein 7 (rhBMP7) has been 
shown to ameliorate renal fibrosis and to improve kidney function. In 
the porcine-serum peritoneal injection-induced rat liver fibrosis model, 
collagen production was reduced by rhBMP7 treatment via inhibiting 
the TGF-β1 signaling pathway.23 BMP7 also downregulated Snail-
induced mRNA and protein levels of α-SMA and E-cadherin in rat 
liver epithelial cells compared to untreated cells. Furthermore, BMP7 
induced mesenchymal-epithelial transition (MET) by Snail and Notch 
involved signaling pathway.24 In the development of liver fibrosis both 
in the CCl4-induced murine model and human tissue, BMP7 protein 
expression first increased, and then decreased due to the inhibition 
by a sustainably increased TGF-β1 protein expression. Besides, 
exogenous BMP7 inhibited the activation, migration, and proliferation 
of HSCs in vitro by selectively regulating the TGF-β/Smad signaling 
pathway, and improved liver fibrosis in vivo, suggesting an anti-liver 
fibrosis function.25 Another in vivo study showed that intraperitoneal 
injection of human recombinant BMP7 decreased the expressions of 
TGF-β1 and α-SMA in ICR mouse liver and inhibited the expression 
of epidermal growth factor receptor (EGFR) and phosphorylated-
epidermal growth factor receptor (pEGFR).26 

BMPs with pro-fibrotic effects

Treatment with anti-BMP1-3, an isoform of BMP1, decreased 
CCl4-induced rat liver fibrosis, evidenced by downregulated ECMs 
(e.g., collagen type I) and decreased plasma levels of TGF-β1.27 In 
comparison to non-cancerous liver fibroblasts (NFs), BMP4 was found 
up-regulated in cancer-associated fibroblasts (CAFs), which expressed 
more ECM genes such as ACTA2 (smooth muscle actin alpha 2) and 
COL1A1 (alpha-1 type I collagen). In addition, overexpression of 
BMP4 in fibroblasts showed the phenotype and function of CAFs. The 
increased expression of BMP4 in resected tissues from human HCC 
patients was associated with reduced postoperative overall survival.28 

BMP8B is a major contributor to NASH since it promotes the 
activation of HSCs via both Smad2/3 and Smad1/5/9 branches of the 
TGFβ-BMP signaling pathway. BMP8B depletion prevented HSC 
activation and reduced inflammatory response, resulting in limitation 
of NASH progression. Evidence was also featured in the NASH 
model of primary human 3D microtissues when challenged with 
recombinant BMP8.9

In the liver, HSCs are the primary cells producing BMP9. Activating 
HSCs in vitro or in vivo increased BMP9 production, resulting in 

enhanced liver damage and inhibited proliferation in chronic or acute 
liver injury.29 Liver biopsy data also showed that increased expression 
of BMP9 was tested in patients with advanced liver fibrosis. Blocking 
BMP9 expression in mice either by adenovirus-mediated BMP9 
knockdown or by monoclonal antibody successfully attenuated 
liver fibrosis. A molecular study showed that BMP9 overexpression 
activates HSCs through Smad-mediated or inhibiting DNA binding 
protein 1 (ID1) signaling pathway, resulting in the progression of liver 
fibrosis. These results suggest that BMP9 may serve as a diagnostic 
and therapeutic target for liver fibrosis.30 

Furthermore, BMP9 plays an essential role in LSECs by binding 
its receptor activin receptor-like kinase 1 (ALK1). BMP9 deletion 
induces hepatic perisinusoidal fibrosis in 129/Ola mice with age 
more than 15 weeks. LSECs from BMP9 knockout mice reduced 
fenestration compared with those from wild-type mice, resulting 
from high expression of CD34 and low expression of several terminal 
differentiation markers, such as lymphatic vessel endothelial receptor 
1 (Lyve1) and plasmalemma vesicle-associated protein (Plvap). 
Supplementation of BMP9 in cultured primary LSECs kept the 
expression levels of LSEC-specifying transcription factor GATA-
binding protein 4 (Gata4) and Plvap, promoting the maintenance of 
LSEC fenestration. These results show that BMP9 controls LSEC 
fenestration and protects against perivascular hepatic fibrosis in 129/
Ola mice.31 However, in C57BL/6 mice, BMP9 depletion did not 
affect LSEC fenestration and differentiation markers’ expression. The 
mRNA expression of LSEC differentiation markers, including Stabilin 
2, Plvap, and CD209b, was significantly lower in wild-type C57BL/6 
compared with wild-type 129/Ola mice, indicating a phenotype of 
capitalization of LSECs in C57BL/6 mice. In addition, the circulating 
concentration of BMP9 in C57BL/6 mice was lower compared with 
the 129/Ola mice.32 These results suggest that the role of BMP9 in 
LSEC fenestration and hepatic fibrogenesis is dependent on genetic 
background. Overall, BMPs show different functions in liver fibrosis, 
which is summarized in Figure 1. 

Figure 1 The role of BMPs in liver fibrosis.

Treatments, including bile duct ligation (BDL) surgery, carbon 
tetrachloride (CCl4), and high-fat diets (HFD), promote the 
development of liver fibrosis.19,21 The expression of BMPs varies 
with liver fibrosis progression and activation of hepatic stellate cells 
(HSCs). BMP2,19 BMP6,21 and BMP725 have been shown to play 
antifibrotic effect, while BMP1,27 BMP4,28 BMP8,9 and BMP930 
promote fibrogenesis. Therefore, downregulation of BMP2, 6 and 7 
and overexpression BMP1, BMP4, BMP8, and BMP9 promote liver 
fibrosis.

BMP-mediated treatment for liver fibrosis

Advanced studies have been processed to investigate whether 
targeting these molecules could inhibit liver fibrosis (Table 1). 
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For example, herbal compound 861 has been shown to attenuate 
liver fibrosis both in a BDL-induced liver fibrosis rat model and 
human patients, evidenced by histological and serum biochemical 
analysis. The molecular mechanism study showed that compound 
861 signaling increased the expression of BMP7 and phospho 
(p)-Smad1/5/8 in hepatocytes of BDL-induced fibrotic liver.33 
Another study showed that miR-542-3p can promote liver fibrosis 
by inhibiting BMP7 expression. Inhibition of miR-542-3p can 

prevent HSC activation and CCl4-induced liver fibrosis in mice via 
modulating α-SMA, collagen, and TGF-β expression. Further study 
showed that miR-542-3p promoted liver fibrosis by inhibiting BMP7 
expression via directly binding to the 3’-untranslated region of BMP7 
mRNA.34 Adenoviral-transduction with BMP7 treatment in hamsters 
significantly decreased α-SMA-positive cells, the deposit of collagen 
type I, and tissue inhibitor of metalloproteinases (TIMP)-2 expression, 
and increased matrix metalloproteinase (MMP)-13 expression.35

Table 1 Targeting BMPs to treat liver fibrosis

BMPs Liver fibrosis model Treatment Reference

BMP1-3 CCl4-induced rat liver 
fibrosis

Treatment with anti-BMP1-3 antibodies decreased the expression of collagen type I and 
genes Tgfb1, Itgb6, Col1a1, and Acta2.

27

BMP2 BDL- and CCl4-induced 
mouse liver fibrosis

Adenovirus-mediated BMP2 gene delivery reduced α-SMA expression in the BDL model, 
suppressed fibronectin expression in the CCl4 model, and alleviated serum alkaline 
phosphatase (ALP) levels. 

36

BMP4 High-fat diet (HFD)-
induced mouse NAFLD

Exogenous BMP4 inhibited hepatic steatosis, ameliorated serum triglyceride levels and 
body weight, and alleviated NAFLD progression in vivo.

37

BMP5 Western diet (WD)-
induced mouse NASH.

Docosahexaenoic acid (DHA) supplementation attenuated the expression of BMP5, 
which may inhibit NASH progression to HCC. 

38

BMP7 CCl4-induced mouse 
liver cirrhosis

The antisense of miR-22 expression mediated by viruses significantly ameliorates liver 
fibrosis and portal hypertension caused by CCl4, possibly through the upregulation of 
BMP7.

39

BMP8
Primary human 3D 
microtissues modeling 
NASH

Recombinant BMP8 induced NASH model of primary human 3D culture. BMP8B 
depletion in vivo prevented HSC activation and reduced inflammation, reducing NASH 
progression.

9

BMP9 CCl4-induced mouse 
liver fibrosis

Injection of an anti-Bmp9 inhibitory monoclonal antibody (mAb) reduced collagen I and 
α-SMA expression.

30

Summary
Liver wound healing accompanies fibrosis, which is considered 

a protection mechanism in liver damage. However, uncontrolled 
liver fibrosis brings problems in response to persistently chronic 
liver inflammation and injury. BMPs, as a critical TGF-β member, 
play critical roles in liver fibrosis and regeneration. In addition, 
BMPs regulate other signaling pathways to impact the development 
of diseases and treatment. For instance, BMP-activin receptor-like 
kinase 1 (ALK1)-transmembrane protein 100 (TMEM100) signaling 
plays a pivotal role in inflammation, cell apoptosis, and proliferation 
and metastasis of tumors.40 An increasing number of studies have 
demonstrated the functions of BMPs in liver fibrosis. However, BMPs 
play different roles in liver fibrosis, selectively targeting them poses a 
promising approach for liver fibrosis treatment.
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