
www.kjpp.net Korean J Physiol Pharmacol 2016;20(2):169-175169

Korean J Physiol Pharmacol 2016;20(2):169-175
http://dx.doi.org/10.4196/kjpp.2016.20.2.169

Author contributions: O.K.H. and H.S.K. participated in the design of 
the study. O.K.H. and H.S.K. performed the experiments. O.K.H., S.J.Y., 
J.W.S., M.K.K., K.H.B., K.H.S., B.Y.C., H.J. and H.S.K. conceived of the study, 
and participated in its design and coordination and helped to draft the 
manuscript. All authors read and approved the fi nal manuscript.

This is an Open Access article distributed under the terms 
of the Creative Commons Attribution Non-Commercial 

License, which permits unrestricted non-commercial use, distribution, and 
reproduction in any medium, provided the original work is properly cited.
Copyright © Korean J Physiol Pharmacol, pISSN 1226-4512, eISSN 2093-3827

INTRODUCTION

BMP was originally described as a bone-inducing protein. BMP 
members of the transforming growth factor  superfamily are 
cytokines with diverse critical roles in embryonic development, 
angiogenesis, and cartilage formation [1,2]. In several tissues, BMP 
signaling has been linked to regulation of cellular development, 
pluripotency, differentiation, apoptosis, proliferation, and 
morphogenesis [1,3]. BMPs act as proatherogenic mediators in 
the arterial wall. BMP2, BMP4, and BMP6, and BMP receptors 
such as Alk1 are upregulated in atheroprone vascular regions and 
atherosclerotic lesions, indicating that they contribute to plaque 

formation [3,4]. Recently, BMPs expressed under hyperglycemic 
and diabetic conditions have been shown to trigger the 
overproduction of reactive oxygen species (ROS), which in turn 
trigger endothelial cell dysfunction and apoptosis [4-7].

BMP4 expression is triggered by blood flow disturbances [8]. 
BMP4 is upregulated in atheroprone regions of blood vessels and 
may contribute to vascular calcification and the development of 
atherosclerotic plaques [8,9]. Exposure to oscillatory shear induces 
endothelial expression of BMP4, which in turn may activate 
intercellular adhesion molecule-1 (ICAM-1) expression and 
monocyte adhesion [8,9]. BMP4 also acts as a mechanosensitive 
proinflammatory cytokine that stimulates ROS synthesis by 
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ABSTRACT Here, we investigated whether hyperglycemia and/or free fatty acids 
(palmitate, PAL) aff ect the expression level of bone morphogenic protein 4 (BMP4), 
a proatherogenic marker, in endothelial cells and the potential role of BMP4 in 
diabetic vascular complications. To measure BMP4 expression, human umbilical 
vein endothelial cells (HUVECs) were exposed to high glucose concentrations and/
or PAL for 24 or 72 h, and the effects of these treatments on the expression levels 
of adhesion molecules and reactive oxygen species (ROS) were examined. BMP4 
loss-of-function status was achieved via transfection of a BMP4-specific siRNA. 
High glucose levels increased BMP4 expression in HUVECs in a dose-dependent 
manner. PAL potentiated such expression. The levels of adhesion molecules and ROS 
production increased upon treatment with high glucose and/or PAL, but this eff ect 
was negated when BMP4 was knocked down via siRNA. Signaling of BMP4, a pro-
infl ammatory and pro-atherogenic cytokine marker, was increased by hyperglycemia 
and PAL. BMP4 induced the expression of infl ammatory adhesion molecules and ROS 
production. Our work suggests that BMP4 plays a role in atherogenesis induced by 
high glucose levels and/or PAL.
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Nox1-dependent NADPH oxidase [7,10]. In contrast, laminar 
shear stress and the cAMP/PKA pathway are important negative 
regulators of BMP4 expression in the vascular endothelium [8]. 
In vivo, chronic BMP4 infusion into C57BL/6 apolipoprotein 
E-knockout mice impaired endothelium-dependent vasodilation 
and induced arterial hypertension in an NADPH oxidase-
dependent manner [5].

Chronic exposure of cells (both in vitro and in vivo) to elevated 
glucose levels (glucotoxicity), fatty acid levels (lipotoxicity), or 
both (glucolipotoxicity) impairs cellular functions and triggers 
cell death [11]. In diabetes, exposure of the vascular endothelium 
to high glucose (HG) levels increases oxidative stress and causes 
vascular dysfunction [12]. HG also significantly enhances 
intracellular ROS formation, associated with subsequent 
apoptosis, in human umbilical vein endothelial cells (HUVECs) 
[13]. Exposure to HG significantly increases BMP4 expression 
in HUVECs [14], diabetic mouse aorta, and endothelial cells 
[15]. Free fatty acids (FFAs), the levels of which are elevated in 
metabolic syndrome and diabetes, play a crucial role in the 
pathogenesis of metabolic diseases, including atherosclerosis and 
type 2 diabetes. Saturated FFAs activate inflammatory signaling 
pathways in vascular smooth cells, macrophages, and vascular 
endothelial cells [16] and are lipotoxic to endothelial cells, directly 
inducing endothelial dysfunction and/or apoptosis by increasing 
oxidative stress [12]. Serum BMP4 levels are inversely correlated 
with those of triglycerides and FFAs, as well as with arterial 
stiffness and carotid atherosclerosis in patients with type 2 
diabetes [17]. Although diabetes triggers endothelial dysfunction, 
in turn promoting diabetic vascular disease, the associations 
between BMPs and vascular disease induced by hyperglycemia or 
high-level FFAs remain incompletely understood.

Here, we investigated whether hyperglycemia and/or PAL affect 
BMP4 expression in endothelial cells, and how BMP4 might play 
a role in the vascular complications of diabetes. We investigated 
whether BMP4 is associated with endothelial dysfunction caused 
by altered levels of adhesion molecules and ROS production 
triggered by hyperglycemia and PAL.

METHODS 

Cell culture

Primary HUVECs (Modern Cell&Tissue Technologies, Seoul, 
Korea) were cultured in the endothelial cell basal medium 
provided in the EBM-2 BulletKit (Lonza, Basel, Switzerland), 
supplemented with 20% FBS. Cells were grown to confluence at 
37oC in a humidified atmosphere of 5% CO2/95% air. Cells were 
used in the experiments after passage 4. 

HUVECs were plated in 60-mm culture dishes at a density of 
1×106/dish. After 16~24 h, the cells were washed with DMEM 
containing 2% FBS, antibiotics, and antimycotics but no growth 

factors and then incubated in the presence of HG (D-glucose 
500 mg/dl), palmitate (PAL; 500 M, Sigma-Aldrich, St. Louis, 
MO, USA), or both HG+PAL for 24~72 h. The fatty acids were 
dissolved in ethanol (40 mM solution) prior to their addition to 
the medium. Control cells were incubated in the presence of 0.25% 
vehicle (ethanol). 

Small interfering RNA (siRNA) transfection

Cells were seeded into 6-well plates at a density of 2×105/well 
with growth media. The amount of siRNA was optimized per 
the manufacturer’s instructions. Predesigned siRNAs targeting 
BMP4 (three SilencerⓇ siRNAs from Ambion and one from Santa 
Cruz Biotechnology, Santa Cruz, CA, USA) and a scrambled 
siRNA containing the same nucleotide content were evaluated. 
When compared with unrelated control siRNA and scrambled 
siRNA, the specific siRNAs resulted in an 80~90% decrease in 
mRNA and protein levels, as determined by RT-PCR and Western 
blotting, respectively. The siRNA that provided the most effective 
inhibition (>60%) was used for the experiments. BMP4 siRNA 
transfection was performed according to the manufacturer’s 
protocol (Santa Cruz Biotechnology). At 6 h post-transfection, the 
media were refreshed, and the cells were treated with HG, PAL, or 
HG+PAL for 72 h. Media were changed daily. 

Western blot analysis

Cells were lysed in ice-cold lysis buffer (150 mM NaCl, 50 
mM Tris-HCl, pH 7.4, 2 mM EDTA, 1% Nonidet P-40, 10 
mM NaF, 1 mM Na3VO4, 10 mM sodium pyrophosphate, 1 
mM phenylmethylsulfonyl f luoride, 10 mg/ml aprotinin, 10 
mg/ml leupeptin, 0.1 mg/ml soybean inhibitor). Cell lysates 
were centrifuged at 15,000 rpm for 10 min at 4oC. Protein 
concentrations were measured by the BCA method using BSA 
as the standard. Proteins (30 g) were separated by 8~10% SDS-
PAGE and transferred onto nitrocellulose membranes. The 
membranes were blocked with 5% fat-free milk for 1 h in Tris-
buffered saline (TBS; 25 mM Tris-HCl, pH 7.6, and 150 mM 
NaCl) containing 0.1% Tween 20 (TBS-T) and then incubated 
with the following primary rabbit or mouse antibodies: anti-
BMP4, -ICAM-1, -VCAM-1 and -E-selectin (all from Santa Cruz 
Biotechnology), and anti--actin (Sigma-Aldrich). The antibodies 
were diluted 1:500~1:2,000 in 1% fat-free milk in TBS-T and 
incubated at 4oC overnight. After washing, the membranes were 
incubated with secondary peroxidase-conjugated anti-mouse and 
anti-rabbit antibodies (Bio-Rad Laboratories, Hercules, CA, USA) 
diluted 1:1,000 in 1% fat-free milk in TBS-T at room temperature 
for 1 h. Detection was achieved using Pierce ECL Plus Western 
Blotting Substrate (ThermoFisher Scientific Inc., Rockford, IL, 
USA).
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Monocyte adhesion assay

We measured the adhesion of fluorescently labeled human 
monocyte cells (THP-1, Korea Cell line Bank, Seoul, Korea) onto 
confluent HUVEC monolayers. Cells were grown to confluence 
in 6-well plates and, after transfection with BMP4 siRNA, were 
treated with HG, FFA and HG+FFA for 72 h at 37oC. TNF- 
was used as a positive control. THP-1 cells were labeled with 
the fluorescent dye BCECF-AM (5 mol/l final concentration, 
Molecular Probes Inc., Rockford, IL, USA) in serum-free RPMI 
medium for 30 min at 37oC. Cells were then washed twice with 
pre-warmed (37oC) RPMI medium. Fluorescently labeled THP-
1 cells (1×106/well) were added to confluent HUVECs for 30 
min at 37oC. Non-adherent THP-1 cells were removed by careful 
washing (three times) with pre-warmed RPMI medium. Cells 
were fixed with 1 ml 4% paraformaldehyde for 5 min. PBS was 
added to each well, and fluorescence was then measured using a 
multilabel counter system (Perkin Elmer, Waltham, MA, USA; 
excitation: 485 nm; emission: 528 nm). Controls included the 
measurement of total f luorescence from labeled cells before 
adhesion, the measurement of autofluorescence from unlabeled 
cells, and the measurement of monocyte adhesion to HUVEC-
free microplate wells.

ROS assay

Intracellular ROS formation in HUVECs was detected using 
the f luorescent probe 5-(and 6)-chloromethyl-2’,7’-di-
chlorodihydrofluorescein diacetate acetyl ester (CM-H2DCFDA, 
Molecular Probes Inc.) according to the manufacturer’s protocol. 
Fluorescence was then measured using a multilabel counter 
system (Perkin Elmer, excitation: 485 nm; emission: 528 nm). 
Preliminarily, we confirmed the satisfactory efficacy of this 
probe in detecting intracellular ROS signals induced by H2O2 in 
HUVECs.

Statistical analysis 

Data are expressed as means±SEM. Differences between 
groups were evaluated using SPSS 13.0 (Chicago, IL, USA). The 
independent t-test, one-way ANOVA, and Kruskal-Wallis test 
were used to analyze the quantitative variables between groups. A 
p value<0.05 was deemed to indicate significance.

RESULTS

BMP4 is upregulated under hyperglycemic conditions

The cells were washed with DMEM (containing 2% FBS, 
without growth factors) 16~24 h after plating and then incubated 
with glucose (D-glucose 100, 500, 1000 mg/dL) and mannitol 

(25 mmol) in DMEM for 24 h. The BMP4 levels in HUVECs 
after exposure to glucose are shown in Fig. 1. BMP4 production 
was minimal after incubation with 100 mg/dL glucose and 
maximal after incubation with 1,000 mg/dL glucose (p<0.05, Fig. 
1). Although BMP4 expression was increased somewhat after 
incubation with 500 mg/dL glucose compared with 100 mg/dL 
glucose, the difference was not significant (p=NS). Nevertheless, 
HUVECs cultured in 100 mg/dL plus 25 mmol mannitol showed 
no increase in BMP4 expression, indicating that high osmolarity 
did not affect the expression of BMP4 (100 mg/dL glucose with vs. 
without 25 mmol mannitol, p=NS; Fig. 1). 

BMP4 is upregulated under HG and/or FFA conditions

HUVECs were incubated with HG (500 mg/dL), PAL (500 
M), and HG+PAL in DMEM media (containing 2% FBS, 
without growth factors) for 24 or 72 h. PAL treatment increased 
BMP4 levels in HUVECs to levels significantly higher than those 
attained upon exposure to HG alone after 1 day (p<0.05, Fig. 2). 
Although BMP4 expression was somewhat reduced with HG + 
PAL, it was increased significantly compared with incubation 
in 100 or 500 mg/dL glucose after 1 day. As shown in Fig. 2, the 
BMP4 protein level in HUVECs was increased 3.2-fold from 1 to 
3 days of exposure to HG+PAL (p<0.05). 

BMP4 siRNA inhibits the HG- and/or FFA-induced 
upregulation of adhesion molecules 

We used siRNA techniques to inhibit BMP4-dependent 

Fig. 1. Glucose increased expression of BMP4 in dose-dependent 

manners. After 16~24 h plating, the cells were washed with DMEM 
media (containing 2% FBS, w/o growth factor), and then incubated with 
glucose (D-glucose 100, 500, 1000 mg/dL), and mannitol (D-glucose 
100 mg/dL+Mannitol 25 mmol ) for 24 h. High glucose increase BMP4 
expression in dose-dependent manner in HUVECs. Data are expressed 
as the mean±SEM of four independent observations in separate cell 
culture wells. *p<0.05 vs. 100 mg/dL glucose.
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path ways selectively and examine the effects of HG, PAL, and 
HG+PAL incubation on the expression of ICAM-1, VCAM-1, 
and E-selectin. The protein levels of these adhesion molecules in 
HUVECs incubated with HG alone, PAL alone, or HG+PAL (in 
DMEM containing 2% FBS, without growth factors) for 72 h were 
explored by Western blotting. Compared with unstimulated cells, 
ICAM-1, VCAM-1, and E-selectin protein levels were significantly 
increased (p<0.05, Fig. 3). The knockdown of BMP4 using specific 
siRNAs (scrambled siRNA served as the control) prevented 
these increases in VCAM-1 and E-selectin levels under all three 
conditions (p<0.05, Fig. 3). Unexpectedly, ICAM-1 expression 
was not inhibited by sRNA-mediated BMP4 knockdown and 
increased further upon exposure to HG+PAL (Fig. 3). Western 
blotting confirmed that the BMP4 protein level was reduced by 
more than 60% by siRNA. 

BMP4 siRNA inhibits HG- and/or FFA-induced 
monocyte adhesion 

We examined the effects of HG, PAL, and HG+PAL incubation 
(in DMEM containing 2% FBS, without growth factors) for 72 h 
in a monocyte adhesion assay. Treatment with PAL significantly 
increased monocyte adherence to cultured HUVECs, and trans-
fection of BMP4 siRNAs inhibited this process (p<0.05, Fig. 
4). PAL alone or HG+PAL significantly increased monocyte 
adhesion (p<0.05), while depletion of BMP4 abolished PAL-
induced monocyte adhesion (p<0.05, Fig. 4). 

Fig. 2. High glucose and FFA increased expression of BMP4 in time-

dependent manners. HUVECs incubated with HG, PAL, and HG/PAL 
combination with DMEM media (containing 2% FBS, w/o growth factor) 
for 24 h or 72 h. BMP4 increased by high glucose, and this increase in 
PAL accelerates more in time-dependent manner. Data are expressed 
as the mean±SEM of four independent observations in separate cell 
culture wells. *p<0.05 vs. NG, NG; 100 mg/dL glucose, HG; 500 mg/dL 
glucose, PAL; 500 M palmitate.

Fig. 3. Activation of BMP4 induced by high glucose and FFA ef fects on various adhesion molecues. We used siRNA techniques to selectively 
deplete BMP4-dependent pathways and examine the effect of HG, PAL, HG/PAL with DMEM media (containing 2% FBS, w/o growth factor) for 72 h. 
Expression of adhesion molecules were increased by treatments with HG and/or PAL. When BMP4 was knockdowned by siRNA, this expression was 
blunted. Data are expressed as the mean±SEM of four independent observations in separate cell culture wells. *p<0.05, NG; 100mg/dL glucose, HG; 
500 mg/dL glucose, PAL; 500 M palmitate.
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BMP4 siRNA inhibits HG- and/or FFA-induced ROS 
synthesis

We examined the effects of HG, PAL, and HG+PAL incubation 
(in DMEM containing 2% FBS, without growth factors) for 
72 h on the production of ROS. After siRNA-mediated BMP4 
knockdown, ROS production was not elevated in HUVECs 
exposed to HG alone, PAL alone, or HG+PAL; however, ROS 
production was elevated under BMP4 expression (p<0.05, Fig. 5). 

DISCUSSION

Postprandial increases in lipid levels and hyperglycemia 
induce oxidative stress, with implications for the pathogenesis 
of cardiovascular diseases and diabetic complications. Under 
diabetic conditions, long-term hyperglycemia and high cir-
culating FFA levels cause significant endothelial damage [18, 19]. 
We demonstrated that BMP4 induced by hyperglycemia and high 
PAL levels acts as a proatherogenic cytokine in HUVECs. 

BMPR1A and BMPR2 are involved in BMP4 signal trans-
duction, and the binding of BMP4 to BMPR2 triggers the 
recruitment and phosphorylation of BMPRIA [20,21]. Thus, 
different BMP family members stimulate or inhibit endothelial 
cell angiogenesis, proliferation, and migration. Our present 
work may also suggest a role for BMP2, similar to that of BMP4, 

in HUVECs under HG conditions [22]. Although BMP2 and 
BMP4 exhibit a high level of sequence similarity and likely act 
on the same receptor, the biological roles of the two cytokines, 
in fact, may differ [3,7,23,24]. Kim et al. [24] reported that the 
expression levels of BMP2 and BMP4 were increased in human 
atherosclerotic plaques and coronary artery endothelium 
overlying atherosclerotic lesions. BMP2 and BMP4 exert pro-
inflammatory, pro-oxidant, and pro-hypertensive effects on 
systemic arteries [10]. BMP2 and BMP4 may play distinct roles in 
the vascular atherogenesis associated with hyperglycemia; BMP4 
may induce mainly pro-angiogenic effects and BMP2 pro-calcific 
effects [3,7]. BMP4 is preferentially expressed in endothelial cells, 
and BMP2 is both expressed in the endothelium and secreted into 
the growth medium [7,23].

The BMP4 expression levels in type 2 diabetics exhibiting 
venous endothelial dysfunction [14] and in HUVECs treated 
with HG were affected in a dose-dependent manner (p<0.05, Fig. 
1). Zhang et al. [15] found that HG increased BMP4 expression 
in the aorta of C57BL6 mice and mouse aortic endothelial cells. 
Previously, we found that serum BMP4 levels were associated with 
human adiposity and metabolic syndrome [17]. BMP4 expression 
levels in HUVECs were increased after chronic exposure to PAL 
compared with HG alone (Fig. 2). BMP2 and BMP4 produced 
by FFA-stimulated macrophages play roles in vascular smooth 
muscle cell proliferation, migration, and phenotypic changes 
[25]. PAL increased BMP4 production in human endothelial 
cells, and a high-fat diet increased BMP4 levels in thoracic aortic 

Fig. 4. High glucose and FFA induced BMP4 activation increase 

monocyte adhesion. We used siRNA techniques to selectively deplete 
BMP4-dependent pathways and examine the effect of HG, PAL, HG/PAL 
with DMEM media (containing 2% FBS, w/o growth factor) for 72 h. In 
monocyte adhesion assay, HG with PAL induced monocyte adhesion 
in HUVECs and it was prevented by BMP4 siRNA. Data are expressed 
as the mean±SEM of four independent observations in separate cell 
culture wells. *p<0.05 vs. NG, NG; 100 mg/dL glucose, HG; 500 mg/dL 
glucose, PAL; 500 M palmitate.

Fig. 5. High glucose and FFA induced BMP4 activation increases 

ROS production. We used siRNA techniques to selectively deplete 
BMP4-dependent pathways and examine the effect of HG, PAL, HG/
PAL with DMEM media (containing 2% FBS, w/o growth factor) for 72 h. 
HG and/or PAL increases ROS production in HUVECs, BMP4 knockdown 
ameliorated this response. Data are expressed as the mean±SEM of 
four independent observations in separate cell culture wells. *p<0.05, 
NG; 100 mg/dL glucose, HG; 500 mg/dL glucose, PAL; 500 M FFA. 
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tissue of C57BL/6 mice [26]. Therefore, BMP4 is associated with 
atherosclerosis induced by either PAL or hyperglycemia. 

The expression levels of endothelial adhesion molecules and 
proteins associated with inflammation and cellular stress show 
strong correlations with increased BMP activity [8]. However, 
BMP4 siRNA did not significantly reduce ICAM-1 expression, 
even though VCAM-1 and E-selectin levels were reduced effectively 
(Fig. 3). ICAM-1-enhanced monocyte recruitment is a potential 
mode of growth for atherosclerotic plaques [6]. Therefore, to 
enhance the treatment of vascular inflammation, it is important 
to understand how ICAM-1 expression on the endothelial 
cell surface is regulated and to identify regulators of ICAM-
1 expression [6]. Although both VCAM-1 and ICAM-1 are 
upregulated in atherosclerotic lesions, VCAM-1, but not ICAM-
1, is associated with early-stage atherosclerosis [27]. Jo et al. [8] 
reported that staining of ICAM-1 in human coronary arteries 
also resulted in staining of BMP4, and the extent of the (mutual) 
staining was increased as the endothelial patches expanded. 
We found that the combination of HG and PAL significantly 
increased the levels of BMP4 and ICAM-1 (Fig. 2 and 3). In 
addition, the hyperglycemia- and/or PAL-induced expression 
of these adhesion molecules increased THP-1-mediated cell 
adhesion (Fig. 4). Thus, BMP4 inhibition is likely to exert strong 
anti-inflammatory effects on vascular cells, and the increase in 
ICAM-1 caused by chronic exposure to HG and PAL may be 
associated with late-stage atherosclerosis.

ROS are critically involved in signal transduction and phy-
siological regulation of vascular function. Under pathological 
conditions, increased ROS bioavailability (oxidative stress) 
triggers signaling events that promote endothelial dysfunction, 
vascular inflammation, and arterial remodeling [19,28]. Ac-
tivation of BMP4 signaling triggers both Smad-dependent 
and -independent pathways, including the activation of NADPH 
oxidase, thereby elevating ROS production [15]. Csiszar et al. 
[10] showed that atherosclerosis involving pulmonary vascular 
endothelial cells may be attributed to a lack of BMP4-induced 
endothelial activation; such cells exhibited superior resistance to 
the pro-oxidant effects of BMP4. Du et al. [16] showed that high 
levels of PAL and glucose increased endothelial ROS production 
in the retinal and aortic endothelium of high-fat diet-fed ZDF 
rats. Zhang et al. [15] found that the levels of superoxide anions 
in C57BL/6 and dbb/dbb mouse aortas were significantly 
increased after 48 h of exposure to HG levels, and treatment with 
BMP4 siRNA reversed these effects. The increases in vascular 
cell ROS production caused by HG and/or PAL may alter va-
scular function, partially explaining the rapid acceleration of 
atherosclerosis in patients with metabolic syndrome.

In summary, we showed BMP4-induced endothelial dys-
function in HUVECs, providing the first evidence that HG and 
FFA (palmitate) combination treatment stimulate ROS production 
and adhesion molecules via BMP4 expression in endothelial 
cells. BMP4, as a proinflammatory and proatherogenic cytokine, 

represents the earliest measurable marker of atherosclerosis. Our 
findings afford further insight into the mechanisms by which 
BMP4 induces atherosclerosis in diabetic patients. 
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