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Abstract
Bone morphogenetic protein 9 (BMP9) is a recently discovered cytokine mainly secreted by the liver and is a member of the 
transforming growth factor β (TGF-β) superfamily. In recent years, an increasing number of studies have shown that BMP9 is 
associated with liver diseases, including nonalcoholic fatty liver disease (NAFLD), liver fibrosis and hepatocellular carcinoma 
(HCC), and BMP9 signaling may play dual roles in liver diseases. In this review, we mainly summarized and discussed the 
roles and potential mechanisms of BMP9 signaling in NAFLD, liver fibrosis and HCC. Specifically, this article will provide 
a better understanding of BMP9 signaling and new clues for the treatment of liver diseases.
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Introduction

Bone morphogenetic proteins (BMPs) are multifunctional 
cytokines that include over 30 members to date and con-
stitute the largest subgroup of the transforming growth fac-
tor β (TGF-β) superfamily [1]. According to their sequence 
homology and functional diversity, the BMP/growth differ-
entiation factor (GDF) subfamily can be further divided into 
smaller subgroups: BMP2/4, BMP5/6/7/8, BMP9/BMP10, 
GDF1/3, GDF5/6/7, GDF8/11, GDF9/BMP15 and GDF10/
BMP3 [2]. BMPs were initially discovered in the context of 
bone and cartilage formation and fracture repair. In addition, 
BMPs are known to be involved in structures and processes 
throughout the entire body, ranging from embryo develop-
ment to tissue homeostasis and regeneration [3, 4].

BMP9, also known as GDF2, is a newly discovered mem-
ber of the BMPs family. BMP9 is mainly expressed by the 

liver and is secreted in both autocrine and paracrine ways 
[5, 6]. BMP9 was initially regarded as a hematopoietic [7], 
osteogenic and chondrogenic factor [8]. It has also been 
shown to regulate glucose and lipid metabolism [9], iron 
balance [10], cholinergic neuron differentiation [11], angio-
genesis [12], lymphangiogenesis [13], liver regeneration and 
liver fibrosis [14, 15]. This article summarizes and discusses 
the roles and potential mechanisms of BMP9 signaling in 
nonalcoholic fatty liver disease (NAFLD), liver fibrosis and 
hepatocellular carcinoma (HCC), and may provide potential 
targets for the treatment of liver diseases.

Biochemistry of BMP9

BMP9 and its receptors

Nonparenchymal cells, such as hepatic stellate cells (HSCs), 
Kupffer cells (KCs) and endothelial cells, are regarded as the 
main BMP9-producing cell types in healthy rat livers [5]. 
While another study reported that cholangiocytes and hepat-
ocytes were producers of BMP9 in mice and humans. As the 
number of hepatocytes is much more than that of cholangio-
cytes, hepatocytes are considered the major source of BMP9 
[6]. However, a recent study demonstrated that HSCs were 
the major producers of BMP9, and BMP9 expression was 
further increased when HSCs were activated [14].

Qian-Qian Jiang and Bei-Bei Liu contributed equally and share 
senior authorship.

 *	 Ke‑Shu Xu 
	 xl2017@hust.edu.cn

1	 Department of Gastroenterology, Union Hospital, Tongji 
Medical College, Huazhong University of Science 
and Technology, Wuhan 430022, China

2	 Department of Ultrasound, Union Hospital, Tongji Medical 
College, Huazhong University of Science and Technology, 
Wuhan 430022, China

http://orcid.org/0000-0001-8532-4490
http://crossmark.crossref.org/dialog/?doi=10.1007/s11010-021-04182-6&domain=pdf


3592	 Molecular and Cellular Biochemistry (2021) 476:3591–3600

1 3

BMP9 is synthesized as a 429 amino acid (aa) precur-
sor protein (Pre-pro-BMP9) composed of a signal peptide 
(22 aa), a prodomain (297 aa) and a mature protein (110 
aa). The Pre-pro-BMP9 homodimerizes is then cleaved by 
serine endoprotease to produce two active forms: the short 
mature form and the complexed form, in which the prodo-
main remains noncovalently bound to the mature short form 
[1] (Fig. 1). Distinguishing from other BMPs, the mature 
form of BMP9 and the BMP9 pro-region complex have 
equal biological activity, whereas the pro-region alone is 
inactive [16].

BMPs transduce their signals by binding to transmem-
brane serine-threonine kinase receptors (type I and type 
II receptors). There are four known BMP type I receptors 
(ALK1, ALK2, ALK3 (BMPRIA) and ALK6 (BMPRIB)) 
and three type II receptors (BMPR-II, ActR-IIA and ActR-
IIB). The heterotetrameric receptor complexes consist two 
molecules of type I and II receptors each. Upon BMP ligands 
binding to receptor complexes, constitutively active recep-
tor kinases are phosphorylated that in turn phosphorylate 
downstream signaling molecules [1, 17, 18]. In contrast to 
TGF-β, which binds efficiently to type II receptors, BMPs 
bind to the type I receptor with high affinity. The preassem-
bled type I receptor-ligand complex has increased binding 
affinity for type II receptors [19]. Several BMP receptors 
have been implicated in BMP9 signaling, including ALK1, 
ALK2, BMPR-II, ActR-IIB and the co-receptor endoglin. 
BMP9 and BMP10 were shown to be two specific high-
affinity physiological ligands for ALK1 [20]. The affinity 

of BMP9 to its receptors may vary in different conditions, 
in cells with low levels of ALK1 or ActR-IIB, signal trans-
duction can be initiated by forming a complex with lower 
affinity receptors [21, 22]. In endothelial cells, BMP9 has 
a high affinity for ALK1 and the co-receptor endoglin [20].

BMP9 signaling pathway

BMP9-receptor complexes activate the canonical Smad 
pathway and some Smad-independent signaling pathways to 
directly affect target gene transcription. Upon type I receptor 
activation, Smad1/5/8 (R-Smads) are phosphorylated, form 
complexes with Smad4 (co-Smad) and translocate to the 
nucleus. In the nucleus, these factors bind to and initiate the 
transcription of their target genes, interact with other DNA-
binding proteins and recruit transcriptional coactivators or 
corepressors [1, 18] (Fig. 2). Notably, some research found 
that BMP9 also stimulated Smad2 and Smad3 phosphoryla-
tion, which is classically associated with TGF-β signaling. 
However, this pathway has only been reported in certain 
endothelial cell lines [23, 24].

In certain cell types and conditions, BMPs initiate Smad-
independent pathways, including MAPKs (p38, ERK and 
JNK), Wnt, PI3K/AKT, Rho-GTPase, NF-κB and modulate 
microRNAs. BMPs can trigger different signaling simulta-
neously or selectively. However, the mechanisms involved 
in these pathways are not completely understood [25]. 
Some studies demonstrated that MAPKs were activated in 

Fig. 1   Synthesis of BMP9. BMP9 is formed as a precursor protein 
(pre-pro-BMP9) composed of 429 amino acids (aa), including a sig-
nal peptide (22 aa), a prodomain (297 aa, 33 kDa) and a mature pro-
tein (110 aa, 12.5 kDa). Then, pre-pro-BMP9 homodimerizes and is 
cleaved by serine endoprotease to produce two active forms: the short 
mature form (25 kDa) and the complexed form (100 kDa)

Fig. 2   BMP9 signaling pathway. Smad-dependent signaling: BMP9 
binds to BMP receptors located on the cell membrane. The corecep-
tor endoglin can regulate signal transduction via BMP receptors. The 
complex acts on Smad1/5/8 (R-Smads) and phosphorylates it, and 
then R-Smads combine with Smad4, bind to the target genes and 
induce gene expression. Smad-independent signaling: BMPs initi-
ate Smad-independent pathways, including MAPKs (p38, ERK and 
JNK), Wnt, PI3K/AKT, Rho-GTPase, NF-κB and modulate microR-
NAs in certain cell types and conditions
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BMP9-induced osteogenesis and differentiation of mesen-
chymal stem cells (MSCs) and appeared to modulate the 
Smad pathway [26–28]. JNKs [28] and p38 inhibition [27] 
resulted in reductions in BMP9-induced Smad signaling and 
the osteogenic differentiation of MSCs. Various interactions 
occur between different intracellular signal transduction 
pathways. Whether the canonical Smad pathway and the 
Smad-independent pathway interact with each other remains 
to be fully elucidated.

BMP9 in NAFLD

NAFLD has been considered to be the most common chronic 
liver disease in the world. It is also known as metabolic-
associated fatty liver disease (MAFLD) and is defined as a 
clinicopathological syndrome [29–31]. With the increased 
incidence of type 2 diabetes mellitus (T2DM) and obe-
sity, the incidence of NAFLD is increasing each year [32]. 
NAFLD comprises nonalcoholic fatty liver (NAFL) and 
nonalcoholic steatohepatitis (NASH), which may develop 
into cirrhosis, HCC or even death. Multiple parallel hits, 
including oxidative stress, insulin resistance (IR), envi-
ronmental elements, cytokines, intestinal microbiota and 
genetic differences, account for the development of NASH 
[33, 34].

BMP9 and T2DM

T2DM is a significant risk factor for NAFLD. The preva-
lence of NAFLD in patients with T2DM exceeds 60% [32]. 
Furthermore, the occurrence of T2DM appears to accelerate 
the progression of NAFLD and is a predictor of advanced 
fibrosis and mortality [35].

The literature shows that BMP9 is involved in regulat-
ing glucose homeostasis. In a functional genomics screen-
ing analysis of diabetes, BMP9 was identified as the first 
hepatic anti-diabetic factor in vitro and in vivo. Similar to 
insulin, BMP9 regulated directional glucose metabolism in 
hepatocytes by inhibiting hepatic glucose production, pro-
moting glycogen synthesis and activating the expression of 
key lipid metabolism enzymes. However, unlike insulin, 
BMP9 reduced glycemia in not only diabetic but also healthy 
mice. It was hypothesized that BMP9 may be a hypoglyce-
mic factor due to its potential therapeutic implications [36]. 
Subsequently, a study showed that BMP9 played a physi-
ological role in glucose homeostasis as a hepatic insulin-
sensitizing substance. The expression of hepatic BMP9 was 
decreased in three distinct rat models of insulin resistance, 
and could be upregulated by oral glucose challenge. In addi-
tion, the researchers found that serum BMP9 neutralization 
with anti-BMP9 antibodies induced glucose intolerance 
and IR in fasting rats [37]. It was also indicated that the 

transcription factor Smad5, which is activated by BMP9 
and Akt2, regulated glucose uptake in skeletal muscle. This 
process may be a mechanism by which BMP9 modulates 
the effects of insulin [38]. Consistent with these data in 
animals, Luo et al. reported that circulating BMP9 levels 
correlated with glucose homeostasis and insulin sensitiv-
ity in humans. Circulating BMP9 levels were significantly 
decreased in newly diagnosed T2DM patients and negatively 
correlated with some clinical indexes of T2DM. Acute IR 
induced by hyperinsulinemia and lipid infusion could reduce 
circulating BMP9 levels [39]. In a clinical study, circulating 
BMP9 levels were measured in newly diagnosed metabolic 
syndrome (MetS) patients and healthy controls, and the lev-
els of BMP9 were obviously lower in MetS patients than in 
healthy controls. Circulating BMP9 levels were associated 
with the main components of MetS and IR. In a multiple 
linear regression analysis, BMP9 was independently associ-
ated with T2DM, free fatty acids (FFA) and the homeostasis 
model assessment of insulin resistance (HOMA-IR). Fur-
thermore, circulating BMP9 levels gradually decreased as 
the number of MetS components increased [40]. Similarly, 
circulating BMP9 concentrations were negatively associated 
with the HOMA-IR [41]. Under high fat diet (HFD) feed-
ing, mice administered the sh-BMP9 gene exhibited wors-
ened glucose tolerance and IR [35]. Yang et al. found that 
hepatic BMP9 expression was reduced in IR mice and in 
diabetic patients. In HFD-induced mice, the overexpression 
of hepatic BMP9 could mitigate glucose tolerance and IR. 
In mice treated with adenovirus-BMP9 and glucosamine-
treated liver cells, the phosphorylation of insulin signaling 
molecules were increased [9]. Overall, we can conclude that 
BMP9 plays a positive role in IR and T2DM. In addition, 
BMP9 can exert a leptin-like effect to reduce food intake and 
lipid accumulation, as well as increase energy metabolism 
[36, 42], and is expected to become a new target for the 
treatment of NAFLD.

BMP9 and obesity

Obesity increases the risk of NAFLD, and the prevalence 
of NAFLD is positively correlated with an increase in body 
mass index (BMI). The prevalence of NAFLD is approxi-
mately 25% in the general population but is increased to 
more than 90% in very obese individuals [32, 34]. This find-
ing highlights the significance of including weight manage-
ment in any NAFLD treatment.

Adipose tissue is closely associated with energy homeo-
stasis and could be a target against obesity, IR and T2DM. 
There are two distinct types of fat, white adipose tissue 
(WAT) and brown adipose tissue (BAT). WAT usually 
serves as a lipid reservoir, and BAT dissipates energy as 
heat via thermogenesis [43]. WAT is also a remarkable 
endocrine organ that secretes adipokines. The secretion 
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of proinflammatory adipokines from WAT due to obesity-
mediated dysfunction has been reported to cause IR and 
T2DM [44, 45]. In addition, BAT was reported to regulate 
glucose homeostasis and improve insulin sensitivity [46]. 
Recently, Sooho and colleagues found that BMP9 induced 
WAT browning, suppressed HFD-induced obesity, and 
improved obesity-mediated IR and NAFLD, which was 
mediated by enhancing the expression of FGF21 [47, 48]. 
It was also shown that MB109 (a recombinant derivative of 
human BMP9), could upregulate FGF21 expression in obese 
mice [48]. By enhancing the expression of FGF21, MB109 
reduced pathological liver manifestations caused by obesity, 
including reducing serum ALT, AST and total cholesterol 
levels and inhibiting lipid accumulation in the liver. Further-
more, MB109 enhanced glucose and lipid metabolism in 
obese mice in a dose-dependent manner. The results showed 
that BMP9 may have an important therapeutic effect on obe-
sity-related NAFLD. Yong et al. found that BMP9 knockout 
could decrease peroxisome proliferator–activated receptor 
α (PPARα) expression, which further resulted in a reduc-
tion in fatty acid oxidation gene expression, thereby exac-
erbating triglyceride accumulation and expediting obesity, 
IR, and hyperglycemia and promoting liver steatosis [49]. 
Consistent with this finding, Sun et al. revealed that BMP9 
played important roles in both lipid and glucose metabolism 
and inflammatory responses in the progression of NAFLD. 
The researchers found that BMP9 could alleviate obesity, 
liver steatosis and macrophage infiltration by decreasing 
promoter chromatin accessibility of Cers6, Fabp4, Fos and 
Tlr1 [50]. These findings above indicated that BMP9 could 
improve NAFLD. However, our recent study showed that 
overexpression of BMP9 promoted methionine choline 
deficiency (MCD)‑induced NASH in nonobese mice. We 
demonstrated that BMP9 overexpression enhanced MCP‑1 
expression and promoted the recruitment and polarization of 
hepatic macrophages, thus leading to worsened NASH [51]. 
The conflicting results from different studies may be due to 
the use of different animal models. The HFD-induced obese 
model is usually used to evaluate the IR associated with 
fatty liver; however, the MCD-induced lean model has been 
widely used to evaluate the mechanisms underlying NASH 
in rodents. Similarly, a study indicated that BMP9 increased 
the number of F4/80-positive cells in the liver and modu-
lated the lipopolysaccharide (LPS)-mediated inflammatory 
response [52]. Therefore, we conclude that BMP9 may play 
a negative role in lean NAFLD.

BMP9 in liver fibrosis

Liver fibrosis is the consequence of nearly all chronic 
liver diseases and is a major determinant of prognosis in 
patients with liver disease. Advanced liver fibrosis can lead 

to cirrhosis, liver failure, and even multiorgan dysfunc-
tion and can become a medical burden worldwide [53, 54]. 
HSCs are the main executors of fibrogenesis. Liver cytokines 
activate quiescent HSCs and induce their transformation to 
myofibroblasts [55], which are highly proliferative, migra-
tory, and contractile cells that secrete extracellular matrix 
(ECM) upon activation. Then, HSCs synthesize ECM com-
ponents and inhibit ECM degradation, thereby leading to 
excess ECM deposition and the occurrence of liver fibrosis 
[56]. To date, multiple signaling pathways have been shown 
to modulate the progression of liver fibrosis, including TGF-
β, BMPs and Smad [57–60].

BMP9 has been widely studied in liver fibrosis, because 
it is mainly produced in the liver [6]. Recently, Breitkopf-
Heinlein et al. reported the role of BMP9 as a profibrogenic 
factor in the liver [14]. In that study, the researchers found 
that BMP9 was predominately synthesized by HSCs and 
acted on HSCs, thereby resulting in the proliferation and 
transformation of HSCs into myofibroblasts, which could 
accelerate the synthesis of ECM. However, the team also 
reported that there was no significant change in BMP9 
expression in patients with hepatitis B virus-associated 
liver fibrosis [14]. As the main type I receptor in liver non-
parenchymal cells [25], ALK1/Smad1/Id1 signaling could 
induce HSCs to transform into fibroblasts [61]. The BMP9 
antagonist ALK1-Fc can reduce collagen accumulation and 
improve fibrosis [14]. In addition, the promoting effect of 
BMP9 on liver fibrosis may be the result of cellular inter-
actions between HSCs and liver sinusoidal endothelial 
cells (LSECs), since LSECs have been observed to directly 
control the activation of HSCs [62] and ALK1 is highly 
expressed in LSECs [14]. It was proposed that epithelial 
to mesenchymal transition (EMT) may have an important 
effect on liver fibrosis [63, 64]. Research has demonstrated 
that BMP9/ALK1/Smad1 signaling is involved in EMT 
by downregulating of E-cadherin and upregulating of the 
mesenchymal cell marker vimentin [65]. Similarly, Li et al. 
demonstrated that BMP9 directly activated HSCs via Smad 
signaling to induce hepatic fibrosis. Furthermore, serum 
BMP9 levels increased with the stage of liver fibrosis in 
some patients [15]. Munoz-Felix et al. found that besides 
Smad1/5/8 signaling, BMP9 can also activate Smad2/3 and 
Erk1/2, inducing the expression of fibrosis-related mole-
cules in cultured mouse fibroblasts [66]. Deletion of BMP9 
reduced liver damage and fibrosis and improved the hepatic 
regenerative response through overactivation of the ERK-
MAPK, PI3K/AKT and c-Met signaling pathways in a 3,5 
diethoxycarbonyl-1,4 dihydrocollidine-induced cholestatic 
liver injury model [67]. These studies reveal that BMP9 lev-
els were positively correlated with the progression of hepatic 
fibrosis. However, Desroches-Castan et al. found that BMP9 
had a protective effect on perivascular liver fibrosis in a 129/
Ola mouse model, and BMP9 deletion controlled LSECs 
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fenestration and terminal differentiation, thereby inducing 
the capillarization of LSECs and causing fibrosis, suggest-
ing that BMP9 might protect against liver fibrosis [68]. 
This is opposite to the function of BMP9 in hepatic fibrosis. 
The team also found no difference in LSECs fenestration 
and differentiation markers between wild-type and BMP9-
knockout mice on a C57BL/6 background [69]. Overall, it 
can be concluded that the role of BMP9 in LSECs fenestra-
tion and hepatic perivascular fibrosis depends on the genetic 
background.

In general, BMP9 is an important cytokine in the develop-
ment of hepatic fibrosis. The above evidence indicates that 
BMP9 plays a positive role in the activation of HSCs and 
promotes fibrosis. However, BMP9 controls the differentia-
tion and capillarization of LSESs and improves perivascular 
liver fibrosis. The different functions of BMP9 may be due 
to the different liver microenvironments, and more studies 
should be done to explore the mechanisms of BMP9 in liver 
fibrosis.

BMP9 in HCC

HCC is the major primary liver malignancy and has been 
considered the sixth most common cancer and the fourth 
most cancer-related death in the world; its morbidity and 
mortality rates have increased in recent years [70]. HCC is 
very intractable to treatment. Even after surgery or percuta-
neous ablation, 70% of patients experience recurrence within 
five years [71]. Once tumors progress to an advanced stage, 
current medical therapies offer only a marginal survival ben-
efit. Except for some patients who are diagnosed early and 
receive treatment, such as liver transplantation or surgical 
resection, the prognosis remains poor. The poor prognosis 
and high recurrence rate of HCC patients are associated with 
the tendency of HCC to exhibit tumor invasiveness and form 
intrahepatic and extrahepatic metastases. EMT is a process 
in which cells gain mesenchymal characteristics by losing 
their epithelial characteristics, such as reductions in cell 
adhesion and polarity [63, 72]. EMT is associated with a 
variety of processes, including tumor initiation, malignant 
progression, tumor cell migration, venous invasion, metas-
tasis and treatment resistance [72]. Epithelial plasticity has 
become a hot topic in the study of HCC, and TGF-β signal-
ing is considered to be a key inducer of the EMT phenotype 
in malignant liver cells. TGF-β plays dual roles in tumor: in 
normal and early tumor cells, TGF-β inhibits cell growth 
and promotes apoptosis; in late tumor cells, it promotes the 
growth, invasion, EMT and metastasis of tumors [73–75].

In recent years, BMP9 has been found to play different 
roles in the progression of different tumors. BMP9 pro-
motes the proliferation of ovarian cancer cells and inhibits 
the proliferation, migration and invasion of osteosarcoma 

cells, prostate cancer cells and breast cancer cells [76–78]. 
However, the role of BMP9 signaling in HCC is still unclear. 
BMP9 has been found to stabilize healthy liver cells and 
help maintain the polarization state and function of cells. 
Furthermore, physiological levels of BMP9 inhibit the pro-
liferation of mature (healthy) vessels and exert stabilizing 
effects, but high levels can promote angiogenesis in different 
tumors. It was reported that BMP9 was an EMT-inducing 
factor in HCC. BMP9 enhanced cell migration and was posi-
tively correlated with the invasiveness of the tumor [65]. In 
HepG2 cells, BMP9 triggered Smad1/5/8 phosphorylation 
and upregulated Id1 expression. Importantly, HepG2 cells 
generate autocrine BMP9 to support their own proliferation 
and growth. BMP9 also triggered cell cycle progression 
and had a prominent antiapoptotic effect on HepG2 cells, 
which suggests that BMP9 may have a protumorigenic effect 
[79]. Garcia-Alvaro et al. found that BMP9 induced Smad-
dependent and Smad-independent signaling, specifically 
that of p38 MAPK and PI3K/AKT. However, only the p38 
MAPK pathway participated in BMP9-induced promotion 
of HepG2 cell growth. The researchers demonstrated that 
p38 MAPK activation was required for the protective effect 
of BMP9 on serum detoxification-induced apoptosis [80]. 
These findings help us understand BMP9 signaling in the 
protumorigenic process in the liver. Given that HCC is a 
hypervascularized tumor [81], ALK1 is highly expressed in 
the blood vessels of liver tumors. ALK1 inhibition may be 
a good therapeutic strategy for HCC. In this context, some 
drugs based on the antiangiogenic properties of ALK1 inhib-
itors have been produced [82, 83]. Furthermore, the results 
presented in this study showing protumorigenic effects of 
BMP9 on HCC cells provide further evidence for the use of 
ALK1 inhibitors in HCC treatment.

However, a study showed that MB109 inhibited the pro-
liferation of HCC cells via p38 MAPK/ID3/p21 signaling, 
which induced survivin suppression and G0/G1 cell cycle 
arrest. In addition, persistent MB109 treatment restrained 
the expression of liver cancer stem cell (LCSC) markers. 
This finding also confirmed the ability of MB109 to suppress 
LCSCs and exert antitumor effects in vivo [84]. Contrary to 
the previous research findings, these results demonstrated 
the important therapeutic potential of MB109 to activate 
BMP9 signaling for antitumor therapies.

Overall, these results indicate that the effect of BMP9 
signaling on liver cancer remains dubious, and BMP9 sign-
aling may be a potential target for HCC treatment. Besides, 
further research should be implemented to determine how 
BMP9 signaling regulates HCC and why BMP9 signaling 
has different effects on different HCC cell types.
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Conclusion

BMP9 is a multifunctional cytokine that plays an important 
role in many cellular processes, including bone and carti-
lage formation, glucose and lipid metabolism, iron balance, 

cholinergic neuron differentiation, angiogenesis and lym-
phangiogenesis. The liver is the main organ that expresses 
and secretes BMP9; thus, BMP9 may be involved in the 
progression of liver diseases. In this review, we described 
the function and complex mechanism of BMP9 signaling 
in NAFLD, liver fibrosis and HCC (Table 1 and Fig. 3). As 

Table 1   Summary of the BMP9 signaling pathway and mechanism in liver diseases

a These two studies were cross-sectional studies, they showed that BMP9 was independently associated with IR and T2DM, and IR and T2DM 
are risks for NAFLD, thus we concluded that BMP9 may be a serum biomarker for NAFLD

Study Molecular mechanism Effects of the pathway Effects of BMP9

NAFLD
Chen (2003) [36] Reduce PEPCK expression and acti-

vate Akt kinase
Inhibit production of hepatic glucose 

and activate lipid metabolism
Improve NAFLD

Luciana (2008) [37] Increase Akt activity anti-BMP9 antibody induce glucose 
intolerance and IR

Improve NAFLD

Xu (2017) [40] A cross-sectional study BMP9 was independently associated 
with T2DM, HOMA-IR and FFA

May be a serum biomarker for 
NAFLDa

Luo (2017) [39] A cross-sectional study BMP9 levels negatively associated 
with IR or T2DM

May be a serum biomarker for 
NAFLDa

Jia (2019) [35] shBMP9 elevate PEPCK expression 
and inhibit Akt phosphorylation

Increase glucose and insulin toler-
ance

Improve NAFLD

Kuo (2014) [47] Activate ALK1 signaling pathway Enhance BATs, suppress weight Improve NAFLD
Kim (2016) [48] Enhance FGF21 Reduce lipid droplets and total cho-

lesterol in liver, suppress weight
Improve NAFLD

Yang (2019) [9] Inhibit SREBP-1c expression Improve glucose tolerance and IR Improve NAFLD
Yong (2020) [49] BMP9-knockout decrease PPARα 

promoter activity via the activation 
of p-smad

Aggravate triglyceride accumulation 
and expedite obesity, insulin resist-
ance, and hyperglycemia

Improve NAFLD

Sun (2021) [50] Decrease promoter chromatin acces-
sibility of Cers6, Fabp4, Fos and 
Tlr1

Improve glucose and lipid metabo-
lism, decrease inflammatory 
response

Improve NAFLD

Li (2019) [51] Increase MCP‑1 expression Promote macrophages recruitment 
and polarization

Aggravate NAFLD

Liver fibrosis
Munoz-Felix (2013) [61] Activate ALK1-Smad1/5 signaling 

pathway
Induce HSCs to differentiate into 

fibroblasts
Profibrotic

Breitkopf-Heinlein (2017) [14] Activate BMP9-ALK1-Id1 Enhance migration and proliferation 
of activated HSCs

Profibrotic

Li (2018) [15] Activate Smad/Id1 signaling Activate HSCs Profibrotic
Munoz-Felix (2016) [66] Induce Smad1/5/8 and Smad2/3 and 

MAPK/Erk1/2
Induce ECM synthesis in myofibro-

blasts
Profibrotic

Addante (2018) [67] Deletion of BMP9 activate PI3K/
AKT, Erk-MAPKs and c-Met sign-
aling pathways

Improve the hepatic regenerative 
response

Profibrotic

Desroches-Castan (2019) [68] Maintain the expression levels of 
Gata4 and Plvap

Control LSEC fenestration Antifibrotic

HCC
Li (2013) [65] Activate BMP9/Smad1/Snail path-

way
Induce EMT Protumorigenic

Herrera (2013) [79] Trigger Smad1,5,8/Id1 Promote proliferation and inhibit 
apoptosis in HepG2 cells

Protumorigenic

Garcia-Alvaro (2015) [80] Activate p38MAPK Promote growth-effect on HCC cells Protumorigenic
Jung (2016) [84] Activate p38 MAPK/Id3/p21 path-

way
Arrest G0/G1 cell cycle Antitumorigenic



3597Molecular and Cellular Biochemistry (2021) 476:3591–3600	

1 3

mentioned previously, BMP9 can regulate glucose and lipid 
homeostasis by inhibiting liver gluconeogenesis, transform-
ing WAT to BAT, increasing insulin sensitivity, inhibiting 
liver lipid deposition and playing a leptin-like role; thus, it 
has positive effects on T2DM and obesity. T2DM and obe-
sity are two major and independent risk factors for NAFLD. 
In HFD-induced obese mice, Yong et al. found that BMP9 
knockout promoted liver steatosis by decreasing the expres-
sion of the fatty acid oxidation gene PPARα [49]. Sun et al. 
revealed that BMP9 plays important roles both in lipid and 
glucose metabolism and in inflammatory responses in the 
progression of NAFLD [50]. In contrast to these results, 
BMP9 overexpression enhanced MCP‑1 expression and 
promoted the recruitment and polarization of hepatic mac-
rophages, thus leading to worsened NASH in MCD-induced 
lean mice [51]. Therefore, the role of BMP9 in NAFLD 
needs further study.

NAFLD comprises NAFL and NASH, which may 
develop into advanced fibrosis, HCC or even death. In 
patients with NASH, 39.1–40.8% will progress to advanced 
fibrosis [85]. In terms of metabolic syndrome factors, BMI 
and the occurrence of diabetes have been associated with 
worsened fibrosis stage [86]. Since BMP9 has a positive 
effect on T2DM and obesity, we hypothesize that BMP9 
may improve NASH-related fibrosis. However, in an MCD-
induced mouse model, BMP9 overexpression induced an 
increase in TGF‑β1 and PAI‑1 and downregulated MMP‑2, 
which are both profibrotic features, although HSCs acti-
vation, as indicated by α‑SMA positivity in the liver, was 
not promoted by BMP9 [51]. To date, mouse models of 
the effect of BMP9 on liver fibrosis are usually induced by 
chemical reagents, such as carbon tetrachloride, and BMP9 
has rarely been studied in NASH-related fibrosis. Therefore, 
additional experiments are needed to investigate the role of 
BMP9 in NASH-associated liver fibrosis.

Obesity is believed to be a significant risk factor for the 
development of several malignancies, including HCC. Mul-
tiple obesity-mediated mechanisms are thought to play roles 

in the development of HCC with and without NAFLD [87]. 
T2DM and IR may also contribute to the development of 
HCC, and up to 70% of diabetic patients also have NAFLD, 
which is itself a risk factor for HCC. However, a prospec-
tive cohort study showed that the increased risk of HCC 
in diabetic patients persisted even after excluding patients 
diagnosed with NAFLD [88], suggesting an independent 
effect. As mentioned previously, BMP9 may inhibit HCC 
by ameliorating T2DM and obesity. However, BMP9 could 
induce HCC by enhancing EMT, promoting proliferation 
and inhibiting apoptosis in HepG2 cells. In addition, no 
NAFLD-HCC research has been conducted on the effect of 
BMP9 on NAFLD-HCC until now. Thus, further research 
needs to be done in the future.

In summary, we found that BMP9 may have dual roles in 
different conditions and diseases and may be a biomarker for 
the diagnosis, monitoring and management of liver diseases. 
Knowledge of BMP9 signaling will expand our understand-
ing of the development of NAFLD, liver fibrosis, and HCC. 
Further experiments should be carried out to investigate the 
role of BMP9 in liver disease.
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