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ABSTRACT: The prevalence of diabetes has reached
epidemic proportions and is placing a significant burden on
healthcare systems globally. Diabetes has a detrimental impact
on many organs in the human body, including accelerating the
development of micro- and macrovascular complications.
Current therapeutic options to treat diabetic complications
have their limitations. Importantly, many slow but fail to
reverse the progression of diabetic complications. Bone
morphogenetic proteins (BMPs) are a highly conserved
subgroup of the transforming growth factor β (TGFβ)
superfamily, signaling via serine/threonine kinase receptors, that have recently been implicated in glucose homeostasis and
insulin resistance in the setting of diabetes. Downstream of the receptors, the signal can be transduced via the canonical Smad-
dependent pathway or the noncanonical Smad-independent pathways. BMPs are essential in organ development, tissue
homeostasis, and, as expected, disease pathogenesis. In fact, deletion of BMPs can be embryonically lethal or result in severe
organ abnormalities. This review outlines the BMP signaling pathway and its relevance to diabetic complications, namely,
diabetic nephropathy, diabetes-associated cardiovascular diseases, and diabetic retinopathy. Understanding the complexities of
BMP signaling and particularly its tissue-, cellular-, and time-dependent actions will help delineate the underlying pathogenesis
of the disease and may ultimately be harnessed in the treatment of diabetes-induced complications. This would replicate
progress made in numerous other diseases, including cancer and atherosclerosis.
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The global prevalence of diabetes is increasing alarmingly;
the latest estimates predict that 642 million people will

have diabetes by the year 2040.1 The metabolic changes that
occur in diabetes perpetuate structural and functional changes
in many organs, explaining the increased risk of diabetes
patients to develop associated complications including
nephropathy, cardiovascular disease, and retinopathy.2,3

Current therapeutic options to treat diabetic complications
remain ineffective, at best slowing the progression of diabetic
complications, but ultimately failing to reverse the underlying
structural and functional anomalies. Therefore, more effective
antidiabetic medications are needed. Of interest, several recent
studies have reported a role for bone morphogenetic proteins
(BMPs) in pancreas development and insulin secretion, as well
as glucose homeostasis and insulin resistance in the setting of
diabetes.
There are 20 BMPs that are a subgroup of the transforming

growth factor β (TGFβ) superfamily, all of which share
structural similarities.4 More than 50 years ago, the role of
BMPs was first described in the formation and repair of bone.5

More recently, BMPs have shown to be expressed in many
tissues, playing a fundamental role in a myriad of cellular
processes including cell differentiation, proliferation, and
apoptosis.6 In fact, BMP2 is essential for retinal development;
BMP2 and BMP4 are crucial in cardiac septation where a
conditional knockout of BMP4 causes heart defects in mice.

BMP7 in kidney and heart organogenesis.7,8 Moreover, as well
as its well-characterized role in bone and cartilage formation,
BMP6 has recently been shown to play a novel role in both
iron and glucose homeostasis.9,10

The diabetic milieu causes maladaptive changes in several
organs leading to remodelling; common changes include
hypertrophy, fibrosis, and apoptosis. Several growth factors and
cytokines have been implicated in the pathogenesis of these
complex disorders, including members of the TGFβ super-
family. The TGFβ/BMP signaling axis regulates important
processes, including aiding wound healing by stimulating
expression of extracellular matrix (ECM) components,
subsequently promoting collagen production and formation,
important in the development and progression of diabetic
complications.11−13 This review aims to elucidate the potential
of harnessing BMP signaling to target key processes underlying
diabetic complications.
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■ BONE MORPHOGENETIC PROTEIN SIGNALING:
CANONICAL AND NONCANONICAL PATHWAYS

The TGFβ superfamily encompasses over 30 members that
can be split into several subgroups, including TGFβs, BMPs,
growth differentiation factors, glial-derived neurotropic factors,
and activins.11 Phylogenetic analysis of nucleotide and amino
acid homogeneity have helped further subcategorise BMP
proteins.4 BMP proteins are synthesized as large, inactive
prepro-polypeptides.14 After cleavage, they become activated
and include an N-terminal signal peptide, a prodomain for
folding, and a C-terminal signal peptide.15 Signaling via this
axis is complex, engaging BMP ligands, cell surface receptors,
and various signal transducers via the conserved canonical but
also noncanonical signaling pathways, as illustrated in Figure 1.
Acting in a tissue-, cell-, and context-dependent manner, BMPs
have extensive functions. As expected, BMPs have been
implicated in many disease settings, given their critical role
in development and essential physiological processes in both
mice and humans.6,16,17 In fact, BMP2 and BMP4 knockout
mice are embryonically lethal, while knockout of gremlin1, an
antagonist of BMPs, yielded a small number of viable mice but
with a single enlarged kidney.18 In humans, mutations in
BMP7 caused developmental eye abnormalities, deafness,
scoliosis, and cleft palate.19

In order to initiate signaling, BMPs interact with BMP
receptors, forming a heterodimeric complex of type I and type
II serine/threonine kinase receptors (Figure 1). BMP type I
and type II receptors are structurally analogous and constitute
a short extracellular domain, a single membrane-spanning
domain, and an intracellular domain containing the active
serine/threonine domain.20 BMP type I receptors include
activin-receptor-like kinase (ALK)-2, ALK-3, and ALK-6, and
BMP type II receptors include BMP receptor II, activin type 2
receptor (ActRII)-A, and ActRII-B.20 BMP members bind to
specific receptors with varying affinities depending on
structural elements and residues exposed at the binding
interface of both the ligand and receptor.21 Binding of the
ligand to the receptor causes the active type II receptor to
autophosphorylate the type I receptor at the glycine/serine
rich domain. Upon receptor activation, instantaneous
phosphorylation of the downstream substrate proteins
Smad1, Smad5 and Smad8 (Smad1/5/8) occurs.22 In
mammals, eight Smad variants have been characterized:
Smad1, Smad5, and Smad8 are receptor-regulated Smads (R-
Smads) involved in the BMP signaling pathway; Smad2 and
Smad3 are R-Smads involved in the TGFβ signaling pathway;
Smad4 is a complex stabilizer, required for nuclear trans-
location; and Smad6 (BMP pathway) and Smad7 (BMP and
TGFβ pathways) are inhibitory Smads.23,24 The structure of

Figure 1. TGFβ and BMPs signaling pathways. (A) In the canonical pathway, TGFβ and BMPs bind to their respective receptors resulting in
phosphorylation of Smad2/3 or Smad1/5/9, respectively. Common Smad4 binds to both Smad complexes and facilitates translocation to the
nucleus, thereby activating transcription. (B) Alternatively, after receptor binding, the signal can be transduced via several noncanonical pathways
including nitogen-activated protein kinase (MAPK), phosphoinositide 3-kinase (PI3K), and c-Jun N-terminal kinase (JNK), also resulting in gene
transcription. Akt, protein kinase B; CRE, cyclic adenosine-monophosphate response element; ERK, extracellular signal-regulated kinases; MEK,
mitogen-activated protein kinase kinase; mTOR, mammalian target of rapamycin; SBE, Smad binding element; TAK1, TGFβ-activated kinase 1;
TAB1, TAK-1 binding protein 1. Figure created using artwork provided by Somesault1824, licensed under a Creative Commons License (CC BY-
NC-SA 4.0).
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Smad proteins is highly conserved, possessing regions known
as Mad Homology (MH) domains MH1 and MH2. MH1
domains are conserved only in R-Smads and common Smads
and are responsible for nuclear translocation.25 MH2 domains
are expressed in all eight Smads and are responsible for
interaction with BMP receptors, interaction with DNA-binding
proteins, and transcriptional activation.25 Many transcription
factors have been identified that regulate BMP target genes,
although further work is needed to establish if these are

universal regulators of BMP signaling or context-dependent in
their mode of action, as reviewed in detail by Ampuja et al.26

For example, the transcription factor ATF2 was shown to
activate the promoter of β-myosin heavy chain, important in
cardiac development.27

Several pathways have also been identified that signal in a
Smad-independent manner (Figure 1), known as noncanonical
pathways. One example is via mitogen-activated protein kinase
(MAPK) cascades: BMP receptor associated molecule 1

Figure 2. Overview of BMPs actions in organ development, tissue homeostasis, and disease pathology. BMPs play a role in several cellular
processes important in organ development, with BMP deletion leading to severe organ abnormalities. Beyond development, the TGFβ/BMP
signaling is finely balanced, maintaining tissue homeostasis. When this balance is lost, aberrant signaling drives tissue remodelling in several organs,
including organs commonly affected by diabetes. Figure created using artwork provided by Servier Medical Art by Servier, licensed under a Creative
Commons License (CC BY 3.0).

Table 1. Summary of Actions of BMP Ligands in Diabetic Complications

ligand summary of findings ref

Diabetic Nephropathy

BMP2
Renal BMP2 expression was increased in db/db mice. 57
Upregulation of Id-1 via BMP-2 receptors induces reactive oxygen species in human glomerular podocytes. 52
BMP2 antagonizes renal interstitial fibrosis by promoting catabolism of TGFβ receptors. 58

BMP4

Renal BMP4 expression increased in streptozotocin (STZ)-induced diabetic nephropathy (Sprague−Dawley rats). 62
BMP4−Smad1−smooth muscle actin (SMA) signal transduction pathway modulates phenotypic changes in mesangial cells. 64
BMP4-overexpressing mice exhibited mesangial matrix expansion and decreased numbers of podocytes in STZ-induced mice 61
Activation of BMP4 signaling leads to glomerulosclerosis that mimics diabetic nephropathy. 63

BMP6
BMP6 administration reduced pro-inflammatory cytokine expression in human proximal tubular epithelial cells. 71
Loss of endogenous BMP6 increased renal fibrosis in BMP6 knockout mice. 72

BMP7

Renal BMP7 expression was reduced in STZ-induced diabetic nephropathy (Sprague−Dawley rats). 46
Exogenous administration of connective tissue groeth factor (CTGF) rescues BMP7 signal transduction in STZ-induced diabetic nephropathy
(C57Bl/6J). 50

BMP7 treatment inhibits tubular inflammation and tubulointerstitial fibrosis in STZ-induced CD1 mice. 44
Exogenous administration of BMP7 delays onset of glomerulosclerosis and renal hypertrophy in STZ-induced Sprague−Dawley rats. 49
BMP-7 enhances SnoN mRNA expression in renal tubular epithelial cells under high-glucose conditions. 53

Diabetic Cardiomyopathy

BMP2
Plasma BMP2 levels are increased in patients with type 2 diabetes and coronary artery disease. 75
Cardiac BMP2 and Smad 1/5 protein expression is reduced in high-fat-diet-induced type 2 diabetic C57Bl/6J mice. 78

BMP4
Cardiac BMP4 and Smad 1/5/8 protein expression is increased in STZ-induced ApoE knockout mice. 81
BMP4 administration in mouse peritoneal macrophages increases uptake of low-density lipoproteins. 81

BMP7
Recombinant BMP7 reduced left ventricular fibrosis in a C57Bl/6J mouse model of pressure-overload. 84
BMP7 administration is anti-inflammatory and blunts interstitial cardiac fibrosis in STZ-induced diabetic cardiomyopathy (C57Bl/6J mice). 85

Diabetic Retinopathy

BMP2

Hypoxia and vascular endothelial growth factor (VEGF) upregulates BMP2 mRNA and protein expression in microvascular endothelial cells. 97
Increase in BMP2 protein expression in human retinal endothelial cells cultured with high glucose. 98
Retinal BMP2 levels were increased in a mouse model of STZ-induced diabetic retinopathy. 99
ICAM-1 and VEGF protein expression was increased in retinal cells treated with BMP2. 99
Retinal BMP2 acts as an inflammatory cytokine to encourage leukocyte adhesion and increase IL-6 and IL-8. 100

BMP4
Retinal BMP4 protein expression increased in retinal pigmental epithelial cells exposed to high glucose. 102
BMP4 treatment inhibited EMT via Smad2/3 signaling pathway in retinal pigmental epithelial cells. 105

BMP9
BMP9 signaling prevents hyperglycaemia-induced vascular permeability in endothelial cells and in STZ-induced diabetic mice. 112
Activation of BMP9 signaling inhibited neovascularization and reduced vascular lesions in a mouse model of oxygen-induced retinopathy. 113
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(BRAM1) binds to the cytoplasmic tail of the BMP type I
receptor, activating TGFβ activated kinase 1 (TAK1) and
initiating downstream activation of MAPK pathways including
p38-MAPK, Rho-like guanosine triphosphatases (GTPase) and
JNK.28−30 Via this initiation, BMPs are able to elicit their
effects on cell survival, apoptosis, differentiation, and growth.
Rho-like GTPases play a chief role in the TGFβ-induced
epithelial to mesenchymal transition (EMT).31 However, more
work is required to further understand noncanonical mediators
of BMPs, particularly the interplay with the extracellular
environment, other cellular processes, and cross-talk between
other signaling pathways.

■ BONE MORPHOGENETIC PROTEINS AND
GLUCOSE HOMEOSTASIS

BMPs play an important role in pancreas development and
insulin secretion (Figure 2).32 Studies also describe a role for
BMPs in glucose homeostasis and insulin resistance in the
setting of diabetes.9 Glucose metabolism and insulin regulation
involves cross-talk between several systems in the body
including skeletal muscle, adipose tissue, and the liver. In the
adipose tissue, BMPs have been implicated in determination of
adipose cell fate and regulation of adipocyte function.32,33 The
distribution of white adipose tissue, the major site of
triglyceride storage, in relation to brown adipose tissue,
essential for energy expenditure, is associated with an increased
risk of developing diabetes. Importantly, studies report that
BMP4 promotes differentiation of pluripotent stem cells
toward the adipocyte lineage,34,35 while BMP7 induces
differentiation of brown preadipocytes.36

As well as the aforementioned role in adipose balance, BMPs
have also been implicated in glucose homeostasis and insulin
resistance. BMP2 and BMP6 act as insulin-sensitizing growth
factors in adipocytes, via the production of PPARγ. PPARγ
upregulates GLUT4 transcription via the noncanonical p38
MAPK pathway.37 In ob/ob mice, administration of BMP6
caused a decrease in plasma glucose concentration and
improved glucose tolerance via inhibition of gluconeogenesis,9

actions likely mediated via the ALK-3 and ALK-6 receptors.
Serum BMP4 levels are significantly elevated in insulin-
resistant db/db mice, a genetic mouse model of type 2
diabetes resultant of a point mutation in the leptin receptor
gene.38 Furthermore, addition of BMP4 to adipocytes led to
reduced glucose uptake following insulin treatment alone.32

These effects were mediated by activation of the PKC-θ
isoform and phosphorylation of IRS-1.32 Serum BMP7 levels
are reduced in db/db mice.32 However, following 20 weeks of
recombinant BMP7 administration, improvements in glucose
tolerance were reported.32 These effects were likely mediated
by the assembly of PI3K and consequent phosphorylation of
Akt.39 In diabetic mice, BMP9 was reported to be a regulator
of blood glucose levels via inhibition of hepatic glucose
production, promotion of insulin release, and regulation of key
enzymes in fatty acid synthesis.40,41 Given the apparent role of
BMPs on pancreas organogenesis, the adipose tissue, and their
involvement in glucose homeostasis, harnessing these pathways
may have therapeutic potential in the treatment of obesity and
type 2 diabetes.

■ BONE MORPHOGENETIC PROTEINS AND
DIABETIC NEPHROPATHY

Diabetic nephropathy is a primary cause of end-stage kidney
disease worldwide and is characterized by a progressive decline
in renal function. Interstitial fibrosis and tubular injury are
hallmarks of diabetic nephropathy and correlate well with
disease stage.42 One major driver of the pro-fibrotic response
and switch in phenotype of the tubular cells is TGFβ, which
importantly, is counterbalanced by the actions of BMPs.43

Four BMPs are particularly pertinent in the pathogenesis of
diabetic nephropathy and may have therapeutic potential
(Table 1).
BMP7 is primarily expressed in the renal tubules and is the

family member most well studied in the setting of diabetic
nephropathy due to its established antifibrotic and pro-
regenerative properties.44 In fact, BMP7’s antifibrotic proper-
ties were first reported in an experimental model of unilateral
ureteral obstruction, where loss of BMP7 led to renal
dysfunction.45 Restoration of BMP7 expression caused
improvements in function, paralleled by changes in the
expression of fibrosis markers.45 In the setting of diabetic
nephropathy, BMP7 has been reported to be protective. In
fact, in a streptozotocin (STZ)-induced model of diabetic
nephropathy, renal levels of BMP7 were reduced by over 90%
at 30 weeks,46 and this loss of endogenous BMP7 was
associated with renal dysfunction.47 Similarly, diabetic
nephropathy patients have a reduction in phosphorylated
Smad1/5/8 in glomeruli, compared to control kidneys.48

Importantly, studies in STZ-induced rodent models of diabetic
nephropathy report that exogenous BMP7 administration
delayed the onset of glomerulosclerosis, reversed renal
hypertrophy, and restored glomerular filtration rate.44,49 An
important factor in this response is the ECM modulator,
CTGF. Binding assays indicated that CTGF had high binding
affinity for BMP7, with diabetic CTGF knockout mice
exhibiting reduced renal Smad1/5/8 pathway activation.48,50

Intraperitoneal administration of CTGF-rescued BMP7 signal
transduction.51 BMP7 has also been heavily implicated in
EMT, an important process in the pathogenesis of diabetic
nephropathy. One study demonstrated that BMP7 could
stimulate transdifferentiation of mesenchyme-like tubular
epithelial cells to mature epithelial cells, restoring renal
function.52 Another study reports that BMP7 upregulates
expression of TGFβ inhibitor, Ski-related novel protein N
(SnoN), thereby inhibiting the progression of nephropathy.53

Given BMP7’s well-reported antifibrotic actions in exper-
imental models, several clinical studies are now in progress to
harness this potential. The BMP7 small-peptide agonists THR-
184 and THR-123 have demonstrated favorable antifibrotic
results in the setting of human renal disease. THR-123
functions through the ALK3 receptor to suppress both
inflammation and the EMT.54 THR-184 has successfully
reached Phase II clinical trials in the setting of cardiac-surgery-
induced acute kidney injury (clinical trial: NCT01830920),
while THR-123 highlights the therapeutic potential of peptide
agonists in the setting of diabetic nephropathy.
BMP2 preferentially binds to BMP type II receptors and is

typically elevated in models of diabetic nephropathy.52,55,56 In
an experimental setting, renal BMP2 mRNA levels were
elevated 0.5-fold in db/db mouse, a genetic mouse model of
type 2 diabetes due to a point mutation in the leptin receptor
gene.57 Furthermore, BMP2 treatment significantly attenuated
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a TGFβ-induced increase in protein levels of the ECM
component, fibronectin, in renal fibroblast cells, suggestive of a
protective role for BMP2 in the kidney.58 In terms of
mechanism, BMP2 reversed the TGFβ-induced increase in
profibrotic signaling complex Smad2/3, while raising levels of
inhibitor Smad7; Smad7 is highly conserved in BMP signaling
pathways.58,59 It is also known that BMP2 treatment activates
ubiquitination regulatory factor Smurf, which controls
degradation of TGFβ receptors, reducing the half-life of the
TGFβ receptor type I from 90 min to less than 30 min.58,60

By binding with greater affinity to BMP type I than type II
receptors, BMP4 plays a central role in podocyte injury and
mesangial matrix expansion in diabetic nephropathy.20,61

Immunohistochemical staining revealed significantly elevated
levels of renal BMP4 and regulatory Smad1 expression in type
2 diabetic rats.62 Furthermore, overexpression of BMP4
resulted in development of proteinuria and podocyte
dysfunction, both hallmarks of diabetic nephropathy.61,63

BMP4 acts to enhance Smad1 activity, leading to increased
collagen IV deposition and ECM expansion.64 Numerous
studies have reported that in mice with diabetic nephropathy
BMP4 secreted from podocytes strongly adheres to collagen
IV.61,65,66 A BMP4 neutralizing antibody inhibited Smad1-
mediated mesangial matrix expansion.67 Notably, Smad1 is a
urinary biomarker of diabetic nephropathy with levels
correlating with glomerular hyperfiltration in type 1 and type
2 diabetes patients.50 BMP4 provides an important feedback
mechanism that may be targeted therapeutically, as glomerular
hyperfiltration activates TGFβ signaling pathways, exacerbating
Smad1 production via ALK1.68 BMP4 has also been shown to
regulate activation of Smad3 in experimental models.69 Smad3
is a marker of diabetic nephropathy, inversely correlated with
the glomerular filtration rate in diabetic patients and activated
by TGFβ signaling pathways.70

BMP6 preferentially binds and activates ALK2 and ALK3
receptors, over the BMPR-IIB receptor, and therefore has a
distinct mode of action.20 In mice with diabetic nephropathy,
BMP6 levels were considerably lower than those in controls,
suggestive of a regulatory role in the response to injury.50

BMP6 has been shown to reduce hyperglycaemia in rat models
of diabetic nephropathy via MAPK, JNK, and PI3K pathways,
independent of insulin pathways. Although further studies are
needed, BMP6 is the most effective BMP member in reducing
the expression of pro-inflammatory cytokines within proximal
tubular epithelial cells, including monocyte chemoattractant
protein-1 (MCP-1) and interleukin (IL)-6.71 Furthermore, in
BMP6-deficient mice, the degree of renal damage was
positively correlated with leukocytes and pro-inflammatory
markers MCP-1 and IL-6.72

■ BONE MORPHOGENETIC PROTEINS AND
DIABETES-ASSOCIATED CARDIOVASCULAR
DISEASE

Vascular and renal diseases share common triggers, including
diabetes, hypertension, and other hemodynamic irregularities.
Moreover, diabetes patients have a 5-fold increased risk of
mortality as a result of cardiovascular disease, with coronary
artery disease being the primary cause.73 The progression of
endothelial dysfunction is exacerbated by diabetes and
increases the propensity to develop atherosclerosis, charac-
terized by inflammatory cell infiltration and plaque forma-
tion.74 Importantly, recent studies indicate that BMPs can
exert antiatherogenic and anti-inflammatory actions (Table 1).

BMP2 levels were elevated in coronary artery disease
patients with type 2 diabetes, with a positive correlation
between BMP2 expression and the magnitude of coronary
atherosclerotic plaque calcification.75 Smooth muscle cells
treated with high glucose exhibited elevated levels of BMP2,76

while in another study, inhibition of BMP2 decreased total
BMP activity and restricted vascular calcification in diabetic
mice.77 Type 2 diabetic mice with chronic hyperglycaemia and
diastolic dysfunction exhibited elevated left ventricular TGFβ
and Smad3 protein expression, while Smad1/5 and BMP2
protein levels were reduced.78 Obesity reduction attenuated
these signaling changes, improved left ventricular remodelling,
and preserved cardiac function.78 These opposing actions
highlight the complex nature of growth factor signaling
pathways and their context-dependent nature. Here, over-
expression of BMP2 in vascular smooth muscle cells promoted
a phenotypic switch of vascular smooth muscle cells to
osteoblast-like cells, thereby exacerbating vascular calcification
in diabetes patients,75,76 whereas in a model of diabetic
cardiomyopathy, BMP2 was cardioprotective due to its
antifibrotic actions.78

In diabetic patients with atherosclerotic plaques, serum
BMP4 levels were inversely correlated with systolic blood
pressure, triglycerides, and free fatty acid levels.79 However,
other studies describe pro-inflammatory, hypertensive, and
atherogenic effects of BMP4 and correlate serum BMP4 levels
with early phase atherosclerosis in diabetic subjects.77,80

Furthermore, BMP4 levels were increased in diabetic ApoE
knockout mice, activating the Smad1/5/8 signaling cascade.81

In mouse peritoneal macrophages, BMP4 enhanced oxidized
low-density lipoprotein uptake, suggesting a role in plaque
formation, and may therefore be targeted therapeutically to
inhibit plaque progression.81 Endothelial dysfunction and
vascular complications are also risk factors of diabetic
cardiomyopathy.73,82 Diabetic cardiomyopathy is characterized
by myocardial structural abnormalities including cardiac
fibrosis, cardiomyocyte hypertrophy, and apoptosis that
ultimately lead to cardiac dysfunction.73,82 Although limited,
the available evidence suggests that BMPs may have
therapeutic potential in this setting. Following myocardial
infarction in rats, recombinant BMP7 acted as an antifibrotic
cytokine, reducing progression of cardiac fibrosis and
improving cardiac function.83 In a model of pressure-overload,
collagen staining demonstrated reduced left ventricular fibrosis
following administration of BMP7.84 In an experimental model
of prediabetes, recombinant BMP7 treatment blunted
interstitial cardiac fibrosis.85 Furthermore, differentiation of
anti-inflammatory macrophages was stimulated, as well as
expression of IL-10, concurrent with improved cardiac
function.85 The same researchers also reported that BMP
receptor type II expression was significantly enhanced in
cultured human apoptotic monocytes compared to that in
control monocytes86 and that the anti-inflammatory effects of
BMP7 are mediated via the PI3K signaling pathway.86

Several small molecules targeting the TGFβ/Smad pathway
have been investigated in the setting of diabetic cardiomyop-
athy. Matrine, an alkaloid found in plants, inhibits TGFβ
ligands and phosphorylation of Smad2/3 in the hearts of
diabetic rats, thereby inhibiting collagen production and
restoring left ventricular function and cardiac compliance.87

Targeting of the Smad3 signaling axis to attenuate myocardial
fibrosis and improving cardiac function is well-docu-
mented.88,89 In fact, momordicine, a natural compound
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found in bitter melon vine, reduced Smad2/3 phosphorylation
via inhibition of reactive oxygen species in rat cardiac
fibroblasts cultured with high glucose.90 Tranilast, an
antiallergic agent typically used in management of respiratory
inflammatory conditions, has been shown to reduce cardiac
collagen type I and III levels and prevent the onset of diastolic
dysfunction in experimental models.91 However, it is believed
that tranilast exerts its effects via the noncanonical MAPK
pathway of BMP signaling.91

■ BONE MORPHOGENETIC PROTEINS AND
DIABETIC RETINOPATHY

Diabetic retinopathy is a common complication of diabetes
and can lead to vision loss. Proliferative diabetic retinopathy is
characterized by the growth (angiogenesis) and rupture
(hemorrhage) of blood vessels on the retinal surface.92

VEGF primarily secreted from retinal cells acts via the
MAPK pathway to stimulate angiogenesis, endothelial cell
proliferation and to regulate vascular permeability.93 In
diabetic retinopathy, chronic damage to retinal vessels
increases expression of TGFβ and VEGF, and initiates
chemotaxis of macrophages.94 Together, TGFβ and VEGF
induce fibrosis around newly formed vessels, causing retinal
detachment and bleeding.95 The role of BMPs in the setting of
diabetic retinopathy has been characterized in a number of
animal and human studies (Table 1).
BMP2 levels are elevated in the retinas and vitreous of

human patients with diabetic retinopathy. Endothelial cells are
the major source of BMP2 and can be stimulated by
VEGF.96,97 Human retinal endothelial cells cultured under
high-glucose conditions showed increased upregulation of both
BMP2 and VEGF expression.98 In a mouse model of STZ-
induced diabetic retinopathy, expression of BMP2 was
elevated, as was intracellular adhesion molecule-1 (ICAM-1)
and VEGF in retinal cells.99 In retinal endothelial cells, BMP2
acts as an inflammatory cytokine to encourage leukocyte
adhesion and elevate levels of inflammatory markers IL-6 and
IL-8.100 Furthermore, Smad knockout in human retinal
endothelial cells reduced expression of VEGF and inflamma-
tory markers IL-6 and MCP-1.98 Another study suggests the
BMP2/Smad pathway is regulated by nicotinamide adenine
dinucleotide phosphate oxidase, attenuating expression of
ICAM-1 and VEGF in diabetic retinopathy, to enhance
angiogenic and inflammatory pathways.99

In embryonic development, BMP4 promotes capillary
apoptosis in the retina.101,102 BMP4 has been associated with
not only other physiological processes but also in disease
pathogenesis, including in the setting of diabetic retinop-
athy.103,104 Cytokines including TGFβ and BMPs are
regulators in the process of EMT, where epithelial cells
acquire mesenchymal properties. Retinal pigment epithelial
(RPE) cells exposed to high glucose have increased secretion
of BMP4.102 In another study, RPE cells treated with BMP4
appeared to slow EMT by inhibiting the TGFβ/Smad2/3
pathway.105 Furthermore, a BMP4 antagonist, gremlin,
induced EMT in the human RPE cell line.106 BMP4 is also
expressed in human retinal pericytes that surround the
endothelial cells of the capillaries in the eye and help to
maintain homeostatic function.107 In diabetes, hyperglycaemia,
advanced glycation end product formation, and chronic
hypoxia drive apoptosis of pericytes, a key event in the
pathogenesis of diabetic retinopathy.107 Importantly, chordin-
like 1 and gremlin, both antagonists of BMP4, were able to

regulate the balance between TGFβ and BMP4, maintaining
angiogenic homeostasis.108,109

BMP9 is important in the development of retinal blood
vessels and has recently been implicated in diabetic
retinopathy.110,111 In a mouse model of diabetic macular
edema, administration of an adenoviral BMP9 vector limited
vascular permeability by inhibiting VEGF signaling.112 In
cultured endothelial cells, high-glucose incubation impaired
BMP9/ALK1 signaling.112 Furthermore, in a mouse model of
oxygen-induced retinopathy, activating BMP9/ALK1 signaling
inhibited neovascularization and reduced the volume of
vascular lesions.113

■ SUMMARY AND FUTURE PERSPECTIVES

This review sought to highlight the studies that illustrate the
importance of BMPs in the pathophysiology of diabetes-
associated complications. BMPs and downstream signaling
pathways are essential in the development of many organs,
regulating cellular processes including cell proliferation,
differentiation, and apoptosis (Figure 2). In fact, deletion of
several BMPs is embryonic-lethal or results in severe organ
abnormalities. However, BMP signaling is also critical in
maintaining adult tissue homeostasis in the disease setting. The
balance between TGFβ and BMP signaling, and how they are
regulated in response to stress, is particularly relevant. Recent
reports have described a role for BMPs in glucose homeostasis
and insulin resistance, providing a novel option to treat
metabolic syndrome and diabetes. In addition, BMPs also
affect the development and progression of diabetes-associated
complications. In diabetic kidney disease it is well-established
that BMPs (BMP2, BMP4, BMP6, and BMP7) have
antifibrotic and pro-regenerative actions, impacting renal
function, interstitial fibrosis, and tubular injury. In cardiovas-
cular disease, BMPs (BMP2, BMP4, and BMP7) have been
reported to elicit anti-atherogenic and anti-inflammatory
effects and, specifically in diabetes-induced cardiomyopathy,
to improve left ventricular remodelling and preserve cardiac
function. In diabetic retinopathy, BMPs (BMP2, BMP4, and
BMP9) have been reported to be regulators of the EMT
process and play a role in angiogenesis and inflammation.
Given the important role BMPs play in metabolic disease and
associated complications, it is likely that inhibition of BMP
signaling will be explored in these settings, mirroring similar
studies in a wide-range of indications, including chronic
diseases such as cancer and atherosclerosis. Likely approaches
include repurposing existing inhibitors or employing mono-
clonal antibodies to inhibit signaling pathways.114,115 Under-
standing the spatiotemporal context of BMP signaling in
metabolic disease and associated complications, as well as the
interaction with canonical and noncanonical pathways, will
help drive development of more efficacious therapies,
mirroring the use of BMP-targeted therapies in other disease
settings.
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