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Summary

  Bone morphogenetic protein-9 (BMP-9) is a member of the transforming growth factor beta (TGF-b) 
super-family of cytokines, which regulate cell growth and differentiation during embryogenesis. 
Apart of that, the hypoglycemic potential of BMP-9 is of great interest. It has been confirmed that 
BMP-9, like insulin, improves glycemia in diabetic mice and regulates directional glucose metabo-
lism in hepatocytes; therefore it is proposed to be a candidate hepatic insulin-sensitizing substance 
(HISS). In liver fibrosis, due to the portocaval shunt, insulin bypasses the organ and the liver un-
dergoes atrophy. Parenteral administration of insulin reverses atrophy by stimulating mitogenic 
activity of the hepatocytes. Because BMP-9 has a signaling pathway similar to other BMPs and insu-
lin, it is to be expected that BMP-9 has a certain regenerative role in the liver. Also supporting the 
above-mentioned is evidence of BMP-9 expression in Dissè’s spaces and BMP-7’s mitogenic activi-
ty in mucosal cells. However, further studies are needed to confirm the possible regenerative role 
of BMP-9.
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HypotHesis

We suggest that BMP-9 has a regenerative role in the hu-
man liver. In favor of its establishment in Dissè’s spaces and 
supported additionally by presence of BMP-9’s receptors 
on the surface of human hepatocytes, we have reason to 
believe that BMP-9 exerts the same effects on hepatocytes 
themselves [1]. Our hypothesis is additionally based on the 
fact that rhBMP-9 binds to human hepatoma cells and stim-
ulates their DNA synthesis [2,3]. Properties that BMP-9 ex-
erts locally and systemically resemble physiological effects 
of insulin [4–6], especially in protecting peripheral tissues 
in states of hyperglycemia such as diabetes.

evidence for tHe HypotHesis

Bone morphogenetic proteins (BMPs) are members of trans-
forming growth factor beta (TGF-b) a super-family of cyto-
kines that regulate cell growth and differentiation during 
embryogenesis. Some BMPs, such are BMP-2/4,-3, -5, -6 and 
-7, justify their name as they regulate skeletal tissue forma-
tion and repair [7–10]. BMP-2 is supplementally involved 
in formation of vascular calcifications [11], while BMP-7 
deficiency plays a role in progression of chronic renal fail-
ure [12,13]. Another TGF-b super-family member, growth 
differentiation factor 15 (GDF-15), although weak in osteo-
genic potential, has been implicated in playing an essential 
role in progression of congestive heart failure [12,14,15]. 
These facts open a new chapter on BMPs and their role in 
pathogenesis of human non-skeletal diseases. The mecha-
nism of action of bone morphogenetic protein-7 (BMP-7) is 
most likely the one understood the best. Accordingly, anti-
inflammatory action on intestinal mucosal cells (most like-
ly suppressing interleukin-6 [IL-6]) is shown [16].

Two types of BMP receptors (BMPR) mediate activation of 
protein tyrosine kinase and consecutive phosphorylation 
of tyrosine, phosphatidylinositol 3-kinase and phospholi-
pase C [17,18]. The receptors are commonly composed 
of 2 transmembrane chains. The various combinations of 
types of chains can generate a broad range of effects in re-
sponse to the same ligand [4]. Phospholipase C generates 
inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG) 
from phosphatidylinositol 4, 5-biphosphate [5]. IP3 is a uni-
versal calcium-mobilized second messenger, while DAG ac-
tivates protein kinase C. Both paths aim to increase Ca2+ in-
flux and/or uptake. The model of transmembrane receptors 
and phosphorylation of certain “second messengers” depicts 
the action of the BMP/BMPR system [19]. Just like other 
tissue-specific BMPs, the effect of BMP-9 depends on the re-
ceptor chains expressed by each target cell. Consequently, 
data suggest that BMP-9 is a potent alleviative of cartilage 
advance in vitro, and it has a significant role in forebrain 
embryogenesis, in cancer biology, in iron metabolism and 
in glucose homeostasis [17,20,21].

The first evidence of BMP-9 was found in the mouse liv-
er, where it was expressed during embryonic development 
[22,23]. Further investigations revealed that BMP-9 binds 
on human hepatoma cells and primary rat hepatocytes, 
and induces a proliferative response in both cell lines [24]. 
Although BMP-9 was not detectable in rat hepatocytes, a 
high level of BMP-9 messenger RNA is expressed in non-
parenchymal cells of the liver (ie, endothelial, Kupffer, and 

stellate cells). Since cells of the hepatic reticuloendotheli-
al system showed high binding affinity for BMP-9, a possi-
ble autocrine-paracrine role is proposed for this morpho-
gen in the liver [1].

This was supported by Chen et al., who found BMP-9 inhib-
its gluconeogenesis and activated expression of pivotal en-
zymes of lipid metabolism after a single subcutaneous in-
jection of BMP-9 [25]. The hypoglycemic effect of BMP-9 
was first established in transcription inhibition in rat hep-
atoma cells. Both BMP-9 and insulin regulate directional 
glucose metabolism in hepatocytes. Their effects, howev-
er, differ. While BMP-9 as potently as insulin regulates to-
tal glucose production, insulin’s effect on gluconeogenesis 
is more potent [25]. BMP-9 has been demonstrated to im-
prove glycemia in diabetic mice, which can be proven by 
in-situ exposition of hepatocytes to the combination of glu-
cose and insulin and oral glucose in fasted rats [26], and 
is proposed as a candidate for the hepatic insulin-sensitiz-
ing substance (HISS).

The process of hepatic regeneration has evoked wide inter-
est since antiquity. Despite many models of liver injury (eg, 
CCl4), the most popular is partial hepatectomy introduced 
by Higgins and Anderson. Hepatic regeneration has been 
witnessed in various species, and the exact mechanism and 
control over liver growth are unclear [27–29]. It is proposed 
that regenerative capacities of the hepatocytes are depen-
dent on the supply of oxygen and nutrients [30,31]. The 
liver lobule is divided into 3 zones (metabolic heterogene-
ity) [32]: zone I is the periportal part, which gets the max-
imum of oxygen and nutrients; zone II is the middle part 
of the liver lobule; and zone III surrounds the branches of 
hepatic vein and gets the minimum of oxygen and nutri-
ents. Hepatocytes that are closer to the periportal zone have 
better regenerative abilities compared to those hepatocytes 
in the central zone. During liver regeneration, hepatocyte 
proliferation starts in the areas of the lobules surrounding 
the portal triads and then proceeds to the pericentral ar-
eas by 36 to 48 hours. Any explanation of this process has 
to take into account various blood-stream driven molecules: 
calcium, hepatocyte growth factor, epidermal growth fac-
tor, IL-6, transforming growth factor-alpha, and tumor ne-
crosis factor-alpha [2,27]. Insulin and norepinephrine, with 
limited effect on DNA synthesis by themselves, are capable 
of altering growth factors induced liver regeneration [2]. 
The kinetics of both cell proliferation and the growth fac-
tors produced by proliferating hepatocytes suggest that he-
patocytes provide the mitogenic stimuli leading to prolifer-
ation of the other cells.

Based on findings of the BMP-9’s expression in the human 
liver, we hypothesize effects of BMP-9 to be dependent on 
blood supply (Cvijanovic et al.). It is crucial to distinguish 
whether the localization of this protein is zone dependent? 
If compared to the central zone, higher levels of the BMP-
9’s expression in periportal hepatocytes would indicate its 
possible hepatoregenerative role.

Our suggestion of BMP-9’s wide employability is support-
ed by previously established scientific knowledge. Thus, in 
orthopedics it needs to be applied in vast quantities, and 
in more adoptable quantities, it is active in soft-tissue loca-
tions - including the liver, nervous system and bone marrow. 
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BMP-9 like insulin, but less potently, regulates direction-
al glucose metabolism in hepatocytes [25]. Postprandial 
action of BMP-9 needs to be proven more definitely. The 
high-throughput approach presented by Chen et al. is an 
extremely powerful tool that should help establishing pos-
sible therapeutic potential of BMP-9 in the treatment of 
type 2 diabetes [25,33].

conclusions

The suggested work should expand our current understand-
ing of BMPs’ functions other than those concerning head-
ing morphogenesis towards supporting tissue’s formation 
[7–13]. The effect of BMP-9 suggests its importance other 
than merely a bone formation inducer, most obviously in 
metabolism of carbohydrates, but nonetheless, fats [6,25]. 
Such properties, in supporting tissues’ organization could 
reform the clinical management of many musculoskeletal 
disorders, and its capability in differentiation of many oth-
er tissues warrants its popularity and attractiveness.

The expression of the BMP-9 was assessed in human liver. 
Precise determination of protein’s expression is needed re-
garding zonal differences in normal and pathologically al-
tered hepatocytes functions. Experimental study needs to 
be carried out in order to give rise to analysis of direct hep-
atoregenerative effect of BMP-9.

Therefore, our hypothesis predicts additional evidence to 
previously introduced ideas of BMP-9 as a local autocrine/
paracrine factor in the liver or systemic protein with a pos-
sible effect on glucose sensitive peripheral tissues.
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