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Bone morphogenetic proteins (BMPs) play an important role in bone formation and repair. Recent studies underscored

their essential role in the normal development of several organs and vascular homeostasis in health and diseases.

Elevated levels of BMPs have been linked to the development of cardiovascular complications of diabetes mellitus.

However, their particular role in the pathogenesis of microvascular dysfunction associated with diabetic retinopathy (DR)

is still under-investigated.
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1. Introduction

Diabetic retinopathy (DR) is one of the most common vascular complications of diabetes mellitus. The diagnosis of DR

relies on the identification of microvascular abnormalities which are characterized by the breakdown of the blood retinal

barrier (BRB), microaneurysms and pathological retinal neovascularization (RNV). The early stage of DR is called non-

proliferative DR (NPDR), in which patients suffer from diabetic macular edema (DME) due to vascular hyperpermeability.

DME is the most common cause of vision loss in diabetic patients due to the swelling and thickening of the macula that

results from vascular leakage. The late stage of the disease is called proliferative DR (PDR) due to the development of

RNV . The goals of the current therapeutic strategies for DR are to prevent the inflammatory response, stabilize the

BRB and prevent RNV. These goals have been achieved through laser photocoagulation and intravitreal injection of anti-

vascular endothelial growth factor (VEGF) agents, corticosteroids or both. Although anti-VEGF therapy is the current

mainstay for the treatment of DR and significantly improves vision with less ocular side effects, the Diabetic Retinopathy

Clinical Research Network (DRCR.net) study (Protocol I) reported that two years of anti-VEGF treatment showed ≥3-line

improvement in best-corrected visual acuity (BCVA) in only ~29% of DME patients . This modest response to anti-VEGF

suggests that DME is multifactorial and the involvement of signaling pathways other than VEGF during the development

of DR.

Intravitreal sustained release corticosteroid devices such as triamcinolone acetonide, dexamethasone and fluocinolone

acetonide are beneficial, especially in patients with insufficient response to anti-VEGF, serving as anti-inflammatory

agents and VEGF inhibitors . They were reported to stabilize retinal capillaries, and hence prevent the leakage of

plasma proteins into the retinal tissue . Dexamethasone intravitreal implants have gained importance particularly in

patients with persistent DME, although their effects were shown to be time-limited . Unfortunately, increased cataract-

related side effects in phakic eyes, conjunctival hemorrhage, elevated intra-ocular pressure (IOP) and ocular pain were

reported . Thus, uncovering other pathways that may contribute to the pathogenesis of microvascular dysfunction in

DR is still of great importance and may provide novel therapeutic targets to develop new alternative treatments that may

overcome the limitations of current therapies .

The retina is a highly specialized neuronal tissue which has the ability to convert visible light into an electrochemical

signal. This signal is carried to the brain, which interprets it as vision. BRB plays a fundamental role in maintaining the

privilege of the eye by the regulation of the fluid and molecular movement between ocular vascular beds and retinal

tissues. The BRB includes the inner blood retinal barrier (iBRB) and the outer blood retinal barrier (oBRB). iBRB consists

of tight junctions between retinal endothelial cells, pericytes and glial cells. On the other hand, retinal pigment epithelium

(RPE) cells linked by tight junctions create the oBRB and rest on the underlying Bruch’s membrane. oBRB plays an

essential role in maintaining the microenvironment of the outer retina, while iBRB maintains the microenvironment in the

inner neural retina, and any dysfunction in iBRB or oBRB contributes to the pathophysiology of a number of retinal

diseases, such as DR and AMD .
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2. BMP Signaling Pathways

BMPs are a subgroup of the transforming growth factor β (TGFβ) superfamily. There are ~20 BMPs which share structural

similarities and were first described as key players in the formation and repair of bones (Urist, 1965, Urist and Strates,

1971). BMP family members are classified according to their structural homology into numerous subgroups, including the

BMP2/4 group, the BMP5/6/7/8 group, the BMP9/10 group and the BMP12/13/14 group. Different BMPs are produced as

inactive large pre-pro-polypeptides (Katagiri and Watabe, 2016). The inactively synthesized BMPs contain mature

polypeptides at their carboxyl terminals, with pro-domains separating them from signal peptides at their amino terminals

(Xiao et al., 2007). Mature BMPs include seven cysteines, where one of them is included in the process of dimerization by

a covalent disulfide bond with another BMP monomer, generating a BMP-dimer capable of binding to, and activating, a

BMP receptor (Bragdon et al., 2011). BMPs have other biological functions beyond their role in bone formation and repair.

For example, BMP2 is crucial for retinal development, and both BMP2 and BMP4 are implicated in the formation of

cardiac septa, and their deficiency may cause heart defects in mice. Moreover, BMP7 plays a role in the development of

the kidney and the heart . Recently, there is a growing interest in exploring the biological functions of BMPs and

their potential roles in the pathophysiology of several diseases.

BMP signaling involves a canonical pathway and a non-canonical one (Figure 1). The canonical pathway is a SMAD-

dependent pathway, while the non-canonical pathway involves the activation of other non-SMAD-dependent intracellular

pathways, such as MAPK, IP3/AKT . This reflects the complexity of the BMP-signaling pathway and indicates the

presence of possible multi-levels of regulation of this significant biological axis. BMPs are initially generated as precursor

protein dimers in the cytoplasm, then cleaved to form N- and C-terminal fragments. The C-terminal fragment is the one

that can bind to its receptor non-covalently. In the canonical pathway, BMPs initiate a signal transduction cascade via the

formation of a hetero-tetrameric complex after binding to cell surface receptors. The complex consists of two dimers of

type I and type II serine/threonine kinase receptors . The mechanism of action of the heterotetrameric complex is

different with different types of BMPs. Regarding BMP2 and BMP4, these molecules bind type I receptors and then recruit

type II receptors to form the complex. After the formation of the receptor-complex, a type II receptor, which is constitutively

active, activates a type I receptor through trans-phosphorylation. The phosphorylated type I receptor then phosphorylates

downstream substrate proteins called receptor-regulated SMADs , including SMAD1, SMAD5 and SMAD9

(SMAD1/5/9). SMAD1/5/9 then binds to SMAD4. The nuclear translocation of the SMAD1/5/9/4 complex, which acts as a

transcription factor, results in multiple downstream target genes’ expression regulation. The non-canonical pathway of

BMP signaling involves the intracellular activation of the MAPK pathway, the PI3/AKT pathway, Rho-GTPases and others

.

Figure 1. BMP signaling pathway involves both a canonical (SMAD-dependent) and a non-canonical (non-SMAD-

dependent) pathway.

3. BMP Receptors

Studies showed that BMPs are capable of binding to two types of serine-threonine kinase BMP receptors (BMPR1 and

BMPR2) . BMPs have a higher affinity for BMPR1 than BMPR2. BMPR2 is constitutively active even in ligand

absence . Both receptors are structurally similar and consist of an intracellular domain with serine-threonine kinase

activity, a single transmembrane domain and a short extracellular domain. BMPs can also bind to activin type II receptors

ACVR2A and ACVR2B , which are expressed in different tissues. BMP receptors can be classified structurally into

different subgroups. BMP type I receptors can be subdivided into the activin receptor-like kinase 3 (ALK3, or BMPR-

IA)/ALK6 (BMPR-IB) group and the ALK1/ALK2 group. ALK2 and ALK3/6 are broadly expressed in many cell types, while
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ALK1 expression is mainly limited to endothelial cells . BMP type II receptors (BMPR2) include BMPR-II, which is

specific for BMPs, and ActR-II and ActR-IIB, which are shared by activins and myostatin . Other studies identified

multiple BMP co-receptors, by which BMP ligands/receptors interactions are modified. There are two co-receptors playing

principal functions in vascular development and disease, including endoglin and betaglycan , through which BMP

signaling can be activated . Proliferating endothelial cells expressing endoglin as a transmembrane protein are

capable of binding to multiple ligands, including BMP-2/7 .

4. BMP Signaling Regulation and Endothelial Cell Function

It was believed that the extracellular matrix (ECM) represented an inert mechanical barrier getting rid of BMPs. However,

recent work demonstrated that ECM may have a role in regulating BMP signaling . BMP signaling is regulated at

different and multiple layers. Interestingly, the existence of inhibitory SMADs (I-SMADs), which are members of the SMAD

family, plays an important regulatory function not only on BMP-signaling pathways, but also on the TGF-β superfamily

regulation. I-SMADs include SMAD6 and SMAD7. Moreover, SMADs 1/5/9 are the receptor-mediated SMADs (R-

SMADs), via which BMP signaling is mediated, while SMAD4 is a co-SMAD that shares in the formation of the active

complex which will be translocated to the nucleus to act as a transcription factor for multiple downstream target genes. I-

SMADs have conserved carboxy-terminal MH2 domains, that interact with both activated type I receptors and R-SMADs

inhibiting BMP-intracellular signaling. SMAD6 inhibits the SMAD-dependent signaling pathway mediated via BMP type I

receptors ALK-3 and ALK-6 , while SMAD7 inhibits both TGF-β- and BMP-mediated SMAD signaling pathways .

BMPs promote angiogenesis by facilitating endothelial motility and invasion, as well as cell proliferation . During

embryonic and postnatal retinal angiogenesis, a crosstalk between BMP-SMAD and Notch signaling is necessary for stalk

cell specification in the endothelium . Moreover, both in vitro and in vivo studies have shown that BMP2 and BMP4

mediate pro-angiogenic effects through VEGF-A/VEGFR2 and angiopoietin-1/TIE2 signaling stimulation . BMP

signal transduction is involved in the regulation of physiological as well as pathological processes of the endothelium.

BMP signaling has been shown to be involved during multiple pathological conditions where vascular hyperpermeability is

a typical hallmark, such as acute inflammation, atherosclerosis and metastasis . However, the precise role of BMP

signaling in endothelial cell permeability control remains elusive.

The interplay between BMPs and immune response should be taken into consideration. Studies on macrophages and

endothelial cells have suggested both pro-inflammatory and anti-inflammatory roles . Tumor necrosis factor (TNF)-α

was found to induce the expression of BMP2 in human umbilical vein endothelial cells (HUVECs)  and in chondrocytes

via NFκB , suggesting a pro-inflammatory role of BMP2.

Monocytes from type 2 diabetic patients express higher levels of BMP2. Additionally, human macrophages shift to the M1

inflammatory phenotype when exposed to high glucose. Accordingly, higher levels of BMP2 in type 2 diabetes may

contribute to the activation of the inflammatory response .

Several studies have highlighted the role of BMP2 in endothelial cell inflammation . Pardali et al.  used primary

human monocytes to prove that BMP2 is a potent monocyte chemoattractant, where PI3K, P38 and MAPK are involved in

signaling. They reported that BMP2 hinders macrophages’ differentiation to the M2 phenotype, which is responsible for

the resolution of inflammation and healing. Moreover, they reported that BMP2 increases the adhesive properties of

monocytes and endothelial cells by enhancing the expression of adhesive (ICAM-1 and VCAM-1) and pro-inflammatory

(IL-1β, IL-6 and IL-8) molecules. As BMP members may exert pro-inflammatory or anti-inflammatory functions, any

imbalance between these members may disturb the inflammatory response .

Agonists and antagonists of the TGF-β family, including BMPs, were extensively reviewed previously . Among this

extensive network of regulators, we would like to focus on the BMP endothelial cell precursor-derived regulator (BMPER)

because it is relevant to endothelial cell function. BMPER plays an essential role in the fine-tuning of BMP activity in

angiogenesis in a dose-dependent manner. BMPER was shown to have a proangiogenic effect in endothelial cells that is

mediated by the activation of the fibroblast growth factor (FGF) signaling , and demethylation reduced BMPER

expression in fibroblasts . Low concentrations of BMPER promote the migration of endothelial cells, while high doses

do the opposite, indicating that BMPER regulates the migration of endothelial cells in a dose-dependent manner . An

interesting study pointed to the role of BMPER and BMP signaling in endothelial barrier function regulation. In this study,

heterozygous Bmper knockout mice were used where there was a significantly higher vascular leakage into interstitial

lung tissue when compared with wild-type mice. Moreover, Bmper knockdown in endothelial cells increased endothelial

permeability and reduced the VE-cadherin expression. These effects were rescued by the use of the recombinant human

BMPER protein. Interestingly, enhanced BMP activity induced the effects of Bmper knockdown on both VE-cadherin

expression and endothelial permeability. Increased levels of BMPER antagonized BMP4 signaling and prevented BMP4-
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induced endothelial barrier dysfunction and VE-cadherin downregulation, proposing BMPER as a BMP antagonist capable

of restoring the endothelial barrier function . Retinas from Bmper  mice showed increased vascular branching and

sprouting. Although BMP levels did not increase in the retinas of those mice, BMP signaling was activated, as

demonstrated by the increased endothelial phosphorylated SMAD protein levels and the increased expression of BMP

target genes . However, some studies showed that BMPER can be a BMP agonist, while other studies showed it as a

BMP antagonist. An interesting study by Kelly et al.  postulated that BMPER switches from BMP4 activator to inhibitor

when its molar concentrations exceed that of BMP4. The discrepancy among studies that examine how BMPER regulates

BMP activity can be explained by a dosage-dependent molecular switch involving the BMPER-mediated internalization of

BMP4. Interestingly, our recent study demonstrated a significant downregulation of the BMPER gene in cultured human

retinal endothelial cells that were subjected to a high glucose treatment . Taken together, these studies underscored the

important role played by BMP signaling in endothelial cell function.
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