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Abstract
Objectives: Vascular disorders are associated with phenotypical switching of vascu‐
lar smooth muscle cells (VSMCs). We investigated the effect of bone morphogenetic 
protein (BMP)‐2 in controlling VSMC phenotype and vascular disorder progression. 
Lysine (K)‐specific demethylase 1A (KDM1A) has been identified to target BMP‐2 
and is employed as a therapeutic means of regulating BMP‐2 expression in VSMCs.
Materials and methods: VSMCs were stimulated with angiotensin II, and the expres‐
sion of KDM1A and BMP‐2 was detected. VSMC proliferation, apoptosis, and phe‐
notype were evaluated. An in vivo aortic injury model was established, and VSMC 
behaviour was evaluated by the expression of key markers. The activation of BMP‐2–
associated signalling pathways was examined.
Results: We confirmed the inhibitory effect of KDM1A on BMP‐2 activity and dem‐
onstrated that KDM1A inhibition prevented VSMC transformation from a contractile 
to synthetic phenotype. In angiotensin II‐treated VSMCs, KDM1A inhibition trig‐
gered a decrease in cell proliferation and inflammatory response. In vivo, KDM1A 
inhibition alleviated post‐surgery neointimal formation and collagen deposition, pre‐
venting VSMCs from switching into a synthetic phenotype and suppressing disease 
onset. These processes were mediated by BMP‐2 through canonical small mothers 
against decapentaplegic signalling, which was associated with the activation of BMP 
receptors 1A and 1B.
Conclusions: The regulatory correlation between KDM1A and BMP‐2 offers insights 
into vascular remodelling and VSMC phenotypic modulation. The reported findings 
contribute to the development of innovative strategies against vascular disorders.
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1  | INTRODUC TION

Neointimal hyperplasia is a pathological process that often occurs 
after surgical intervention in vascular diseases such as pulmonary 
arterial hypertension and is the main contributor to post‐interven‐
tion restenosis.1 It is characterized by the excess proliferation and 
migration of vascular smooth muscle cells (VSMCs), promoting the 
development of cardiovascular diseases with cytopathological mani‐
festations such as vascular stenosis and calcification.2-4 VSMCs exist 
in and can interconvert between two phenotypic states, namely 
the contractile (differentiation) and synthetic (dedifferentiation) 
states.4,5 The transformation from a contractile state to a synthetic 
one leads to enhanced VSMC proliferation and migration, secretion 
and synthesis of extracellular matrices, and formation of neointimal 
membranes, which is the key step in the initiation of severe vascular 
proliferative diseases.6,7 Precise control of the phenotypic transfor‐
mation of VSMCs is thus an important step in preventing the oc‐
currence and development of the above‐mentioned diseases at an 
early stage.

The phenotypic transformation of VSMCs is mainly induced 
by growth factors (eg, angiotensin II), mechanical stimulation, and 
molecular signalling. The stimulation signal is transmitted to the 
nucleus and eventually regulates the expression of smooth muscle 
cell differentiation marker genes.8-10 Among the members of the 
bone morphogenetic protein (BMP) multifunctional cytokine family, 
BMP‐2 is a well‐known osteogenic factor11,12 that also plays critical 
roles in embryonic development,13,14 nerve growth,15,16 and cell be‐
haviour regulation.17 BMP‐2 signalling can occur via either canonical 
or non‐canonical routes. Canonical BMP‐2 signalling is closely linked 
to downstream small mothers against decapentaplegic (SMAD) sig‐
nalling, involving BMP‐transduced phosphorylation of receptor‐reg‐
ulated (R)‐SMADs 1, 5, and 8 via the activation of BMP‐2 receptors 
(BMPRs).18 On the other hand, non‐canonical BMP signalling triggers 
non‐SMAD activity including mitogen‐activated protein kinase and 
phosphoinositide 3 kinase pathways.18,19 In tumour‐related studies, 
BMP‐2 has demonstrated an inhibitory effect on colon cancer cell 
growth and proliferation while promoting apoptosis.20,21 In addition, 
BMP‐2 signalling is involved in the maintenance of the contractile 
phenotype and has been shown to inhibit VSMC proliferation and 
neointimal hyperplasia.22,23 Whether BMP‐2 signalling is mediated 
by canonical or non‐canonical routes in vascular remodelling re‐
mains to be investigated.

We hypothesized that BMP‐2 signalling is directly or indirectly 
involved in the phenotypic transformation of VSMCs and that the 
occurrence of vascular diseases may be prevented by regulating 
BMP‐2 expression. Transcriptome sequencing has identified lysine‐
specific histone demethylase 1 (or lysine (K)‐specific demethylase 
1A, KDM1A) as a compound that potentially targets BMP‐2,24 sug‐
gesting that its function in cardiovascular health may be non‐neg‐
ligible. Studies on KDM1A have revealed that histone methylation 
occurs through the interaction of histone methyltransferase and de‐
methylase, dynamically regulating biological processes such as the 
activation and inhibition of gene transcription.25 Presently, research 

on KDM1A has focused on tumours, and it has been found to be 
highly expressed in tumour tissues and cells, participating in multi‐
ple signalling pathways that affect tumorigenesis, tumour invasion 
and metastasis, and drug resistance.26 For example, high levels of 
KDM1A are often closely associated with the clinical progression of 
highly aggressive medulloblastoma, whereas inhibition of KDM1A 
using drugs reduced the tumorigenicity of human neuroblastoma 
cell lines in nude mice.24 Yet, the involvement of KDM1A in the phe‐
notypic transformation of VSMCs, the occurrence of neointimal hy‐
perplasia and the development of vascular diseases have not been 
investigated.

Herein, we induced phenotypic switching of VSMCs using an‐
giotensin II and investigated the resulting changes in KDM1A and 
BMP‐2 expression. Cell behaviour including proliferation, migration, 
and apoptosis and the secretion of a variety of related factors were 
examined to validate the conversion of VSMCs from a contractile 
to a synthetic state. A rat model of aortic endothelial balloon injury 
was established to further investigate the relationship between 
KDM1A and BMP‐2 at the in vivo level and to elucidate the possible 
involvement of BMPRs and SMADs in the phenotypic remodelling 
of VSMCs. The findings of our study aim to clarify the mechanism of 
KDM1A in regulating the biological behaviour of VSMCs and neoin‐
timal formation, revealing new targets and insights for the preven‐
tion and treatment of vascular proliferative diseases.

2  | MATERIAL S AND METHODS

Detailed Materials and Methods can be found in the online Materials 
S1.

2.1 | VSMC isolation, culture and treatment

Vascular smooth muscle cells were extracted from the thoracic 
and abdominal aortic tissues of Sprague Dawley rats following 
standard procedures for isolating primary cells. Cells were cultured 
with smooth muscle culture medium until they reached 80%‐90% 
confluence. Morphological characterization via bright‐field and 
fluorescence microscopy was carried out to confirm the successful 
extraction of VSMCs, which typically show peak‐valley structures. 
To induce phenotypic switching of VSMCs, the cells were treated 
with angiotensin II (Ang‐II) with or without pre‐treatment using 
ORY‐1001, a specific inhibitor of KDM1A (denoted as KDM‐inh). 
Cells that were treated with neither Ang‐II nor KDM‐inh were used 
as controls.

2.2 | Evaluation of VSMC 
proliferation and apoptosis

Vascular smooth muscle cells were treated as described previously 
and subjected to characterization of proliferation and apoptosis. The 
viability of Ang‐II‐induced VSMCs was first assessed using a 3‐(4,5‐
dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium bromide (MTT)  assay 
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based on the instructions provided in the assay kit. Then, VSMC pro‐
liferation was evaluated using a scratch assay. Images of scratches 
in the cell monolayer were acquired immediately or 24 hours after 
scratching, and the wound‐healing rate was calculated using ImageJ. 
EdU  staining was also carried out to visualize VSMC proliferation 
following the instructions provided in the EdU staining kit. The 
percentage of EdU‐positive cells was calculated using ImageJ. To 
examine the migratory ability of treated or non‐treated VSMCs, a 
Transwell migration assay was performed following the manufactur‐
er's instructions. Cell cycle progression and apoptosis were analysed 
using flow cytometry.

2.3 | Identification of VSMC phenotype

The phenotype of VSMCs was identified by immunofluorescence 
staining of α‐smooth muscle actin (α‐SMA) and osteopontin (OPN), 
which are markers of the contractile and synthetic phenotypes, 
respectively. After treatment as described previously, the VSMCs 
were fixed, permeabilized, blocked, and incubated with respec‐
tive primary antibodies overnight at 4°C. After incubation with the 
corresponding secondary antibodies for 1  hour at 37°C, the cells 
were observed using a fluorescence microscope. The production of 
growth factors and inflammatory cytokines, which also function as 
markers of VSMC phenotype, was assessed using enzyme‐linked im‐
munosorbent assay kits following the manufacturer's instructions. 
The following growth factors and cytokines were evaluated: matrix 
metalloproteinase‐2 (MMP‐2), intercellular adhesion molecule‐1 
(ICAM‐1), platelet‐derived growth factor (PDGF), fibroblast growth 
factor‐2 (FGF‐2), interleukin (IL)‐6, IL‐18, monocyte chemotactic pro‐
tein‐1 (MCP‐1), and transforming growth factor‐β (TGF‐β).

2.4 | mRNA and protein expression of key markers

Quantitative reverse transcription‐polymerase chain reaction 
was performed to detect the mRNA expression of KDM1A, and 
BMP‐2 after VSMCs was treated as described previously, using 
GAPDH as a housekeeping gene. The primer sequences were 
as follows: KDM1A forward, 5′‐GCTCCTATTCTTATGTGG‐3′ 
and reverse, 5′‐AGTTGCGGATTGTATG‐3′; BMP‐2 
forward, 5′‐GCGAGTTTGAGTTGAGG‐3′ and re‐
verse, 5′‐TGAGCACGGTGTTGG‐3′; GAPDH for‐
ward, 5′‐CAAGTTCAACGGCACAG‐3′ and reverse, 
5′‐CCAGTAGACTCCACGACAT‐3′. Western blot was carried out 
to quantify the relative protein expression of KDM1A, BMP‐2, 
α‐SMA, and OPN. Protein expression was normalized to that of 
GAPDH. The intensity of the protein bands was acquired using 
Tanon software.

2.5 | In vivo rat model of aortic endothelial artery 
balloon injury

All animal experiments were performed in accordance with the 
Guidelines for Animal Care and Use of the Model Animal Research 

Institute at Wuhan Myhalic Biotechnology Co Ltd. and were ap‐
proved by the institutional review board (approval number: 
HLK‐20180925‐01). Sprague Dawley rats were subjected to ei‐
ther sham operation (Control) or aortic endothelial balloon injury 
via surgical dissection of the common carotid artery. The aortic 
endothelial balloon injury procedure was performed by inserting a 
balloon catheter into the left common carotid artery down to the 
abdominal aorta. The balloon was filled with physiological saline, 
and injury was induced by pulling the catheter to remove the arte‐
rial endothelium. Injured rats were treated with KDM‐inh and/or 
recombinant BMP‐2, and aortic tissues were collected from the 
rats 7, 14, or 28 days after the operation for further characteriza‐
tion and analysis.

2.6 | Histological and immunohistochemical 
evaluation of injured tissues

The collected aortic tissues were cut into pieces, fixed, and dehy‐
drated by conventional means. Tissue specimens were embedded 
in paraffin blocks and sliced at a thickness of approximately 5 μm. 
Then, the tissue sections were subjected to haematoxylin and eosin 
(H&E) staining to observe general tissue morphology and Masson's 
trichrome staining to evaluate collagen deposition, using well‐es‐
tablished histological protocols. The ratio of intimal to medial (I/M) 
thickness was calculated using ImageJ, and collagen deposition was 
quantified using Image‐Pro Plus. The tissues were also subjected to 
immunohistochemical staining for KDM1A, BMP‐2, α‐SMA, OPN, 
and proliferating cell nuclear antigen (PCNA). After nuclear staining, 
dehydration, and mounting, the stained tissue samples were viewed 
and analysed using a microscope.

2.7 | Involvement of BMPR and SMAD signalling in 
neointimal hyperplasia

Proteins were extracted from aortic tissues of rats subjected to 
aortic endothelial balloon injury and/or treated with KDM‐inh 
and/or BMP‐2. To investigate the role of BMPR signalling, west‐
ern blot was performed to quantify the protein expression of 
BMPR‐1A, BMPR‐1B, and BMPR‐2. Protein expression was nor‐
malized to that of GAPDH. To explore the involvement of SMAD 
signalling pathways, western blot was carried out to examine the 
phosphorylated levels of individual SMADs (1, 5, and 8) relative to 
the respective levels of total SMADs. The intensity of the protein 
bands was acquired using Tanon software.

2.8 | Statistical analysis

All experiments were performed in triplicates (n = 3), and the data 
are presented as the mean ± standard deviation (SD). Statistical anal‐
ysis was carried out by one‐way analysis of variance with Tukey's 
test for multiple comparisons using OriginPro 8. ImageJ ver. 1.8 and 
Image‐Pro Plus 6.0 were used for image analysis. P < .05 is considered 
statistically significant.
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3  | RESULTS

3.1 | Ang‐II enhanced VSMC proliferation and 
revealed inverse correlation between KDM1A and 
BMP‐2

Isolated VSMCs (Figure S1 in Materials S1) were stimulated with 
Ang‐II and/or KDM‐inh to induce phenotypical switching from the 
contractile to synthetic (or proliferative) state. We observed a nota‐
ble increase in the proliferation of Ang‐II–stimulated VSMCs com‐
pared to that of control cells, as revealed by MTT assay (Figure 1A), 
whereas KDM‐inh suppressed the proliferation of both control and 
Ang‐II–induced VSMCs. The mRNA expression of KDM1A was up‐
regulated by Ang‐II (P  <  .05; Figure 1B), whereas that of BMP‐2 
was downregulated (P < .05; Figure 1C), exhibiting an inverse rela‐
tionship with KDM1A. Meanwhile, the addition of an inhibitor of 
KDM1A (KDM‐inh) counteracted the effects of Ang‐II. In agree‐
ment with mRNA expression, the protein expression of KDM1A 
(P < .05; Figure 1D,E) and BMP‐2 (P < .05; Figure 1D,F) showed the 
same trends as their respective mRNA counterparts, with KDM‐
inh playing an antagonistic role against Ang‐II in VSMCs.

We further examined the impact of Ang‐II on VSMC proliferation 
(Figure 2A) and migration (Figure S2 in Materials S1) using a scratch 
assay and Transwell assay, respectively. We noted that 24 hours after 
scratching, cells stimulated with Ang‐II proliferated with greater 

capacity than did control cells, closing the scratch gap more than 
three times more efficiently. However, in the presence of KDM‐inh, 
the proliferative capacity of the VSMCs was hindered, and wound 
closure did not proceed as effectively. EdU staining confirmed these 
results, showing that Ang‐II promoted whereas KDM‐inh suppressed 
the proliferation of VSMCs (Figure 2B). Additionally, examination of 
cell cycle progression showed that Ang‐II promoted the entry of 
VSMCs into the G0/G1 phase, whereas KDM‐inh reduced the pro‐
portion of cells in the G0/G1 phase to a level similar to that of control 
cells (Figure 2C). VSMC apoptosis was correspondingly suppressed 
by Ang‐II (Figure 2D), though not to a drastic extent. Again, KDM‐inh 
counteracted the effects of Ang‐II as anticipated.

3.2 | Ang‐II‐induced contractile‐to‐synthetic 
transition of VSMCs requires KDM1A

To characterize the phenotypic transformation of VSMCs under 
Ang‐II stimulation, the cells were subjected to immunofluorescence 
staining for α‐SMA and OPN (Figure 3A), which are markers of the 
contractile and synthetic states, respectively. We noted that while 
VSMCs initially showed high expression of α‐SMA, positive stain‐
ing was significantly weaker in VSMCs treated with Ang‐II, whereas 
the KDM‐inh restored the intensity of positive staining in Ang‐II–
treated cells. The opposite phenomenon was observed for OPN, as 
Ang‐II increased its expression in VSMCs while the KDM‐inh caused 

F I G U R E  1  Effect of Ang‐II on VSMC 
proliferation and the expression of 
KDM1A and BMP‐2. (A) MTT assay of 
VSMC proliferation with and without Ang‐
II and/or KDM‐inh stimulation. qRT‐PCR 
of the relative mRNA expression of (B) 
KDM1A and (C) BMP‐2 (both normalized 
to GAPDH) in VMSCs with and without 
Ang‐II stimulation, in the absence or 
presence of a KDM‐inh. (D) Western 
blot detection and quantification of the 
relative protein expression of (E) KDM1A 
and (F) BMP‐2 in VMSCs with and without 
Ang‐II stimulation, in the absence or 
presence of a KDM‐inh. For (D), portions 
of full Western blot membrane images 
were cropped to show relevant bands. 
The data are presented as the mean ± SD 
of three independent replicates, *P < .05
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F I G U R E  2  Proliferative and apoptotic behaviour of VMSCs. (A) Scratch assay and quantification of the percentage of wound closure in 
VMSCs with and without Ang‐II stimulation, in the absence or presence of a KDM‐inh, showing gap closure at the time of scratching (0 h) 
and 24 h after scratching. Wound healing (%) was calculated using ImageJ. Scale bar, 200 μm. The data are presented as the mean ± SD of 
three independent replicates, *P < .05. (B) EdU staining and quantification of EdU‐positive proliferating VMSCs with and without Ang‐II 
stimulation, in the absence or presence of a KDM‐inh. Nuclei are shown in blue (DAPI), and proliferating cells (EdU) are shown in orange. 
“Merge” indicates the composite of the “Nuclei” and “EdU” images. The percentage of EdU‐positive cells was calculated using ImageJ. Scale 
bar, 100 μm. The data are presented as the mean ± SD of three independent replicates, *P < .05. Flow cytometric analysis of (C) cell cycle 
progression and (D) apoptosis
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a decrease in its expression. Western blot of the protein expression 
of α‐SMA (P < .05; Figure 3B,C) and OPN (P < .05; Figure 3B,D) was 
in agreement with the results of immunofluorescence. We further 
monitored the phenotypic transformation of VSMCs by measuring 
the secretion of a variety of growth factors and inflammatory cy‐
tokines known to be associated with VSMC behaviour (Figure 3E). 
The expression of PDGF, FGF‐2, and MMP‐2, which are all markers 
of the synthetic phenotype in VSMCs,27-30 was elevated by Ang‐
II (P  <  .05), whereas that of the contractile marker TGF‐β29,31 was 
downregulated (P  <  .05). Additional inflammatory markers of the 
synthetic state (ICAM‐1, MCP‐1, IL‐6, and IL‐18)32,33 also showed a 
significant increase in expression upon Ang‐II stimulation (P < .05). 
In all cases, the presence of a KDM‐inh counteracted the action of 
Ang‐II (P < .05).

3.3 | KDM1A and BMP‐2 showed inverse 
correlation in in vivo aortic injury model

In an in vivo model of aortic endothelial aortic endothelial bal‐
loon injury established in rats, we observed that the mRNA 
expression of KDM1A in the aortic tissues of rats subjected to 
injury was remarkably elevated on day 7, 14, and 28 post‐sur‐
gery, compared to that sham‐operated rats (P  <  .05). On the 
contrary, the mRNA expression of BMP‐2 showed a significant 
decline with balloon injury (P  <  .05). The maximum and mini‐
mum mRNA expression of KDM1A and BMP‐2, respectively, was 
detected on day 14 (Figure 4A). Analysis of protein expression 
showed no differences in the expression of KDM1A and BMP‐2 
in sham‐operated rats throughout the observation period of 

F I G U R E  3   In vitro characterization of contractile‐to‐synthetic transition in VSMCs. (A) Immunofluorescence staining of α‐SMA, a marker 
of the contractile phenotype, and OPN, a marker of the synthetic/proliferative phenotype, in VMSCs with and without Ang‐II stimulation, 
in the absence or presence of a KDM‐inh. White arrows point to areas of positive staining (green). Scale bar, 100 μm. (B) Western blot 
detection and quantification of the relative protein expression of (C) α‐SMA and (D) OPN (both normalized to GAPDH) in VMSCs with and 
without Ang‐II stimulation, in the absence or presence of a KDM‐inh. (E) ELISA of the secretion of factors involved in phenotypic regulation 
(MMP‐2, ICAM‐1, PDGF, FGF‐2, IL‐6, IL‐18, MCP‐1, and TGF‐β) in VMSCs with and without Ang‐II stimulation, in the absence or presence 
of a KDM‐inh. For (B), portions of full western blot membrane images were cropped to show relevant bands. The data are presented as the 
mean ± SD of three independent replicates, *P < .05

F I G U R E  4  Expression of KDM1A and 
BMP‐2 in aortic tissues of rats subjected 
to aortic endothelial balloon injury. (A) 
qRT‐PCR of the relative mRNA expression 
of KDM1A and BMP‐2, performed 7, 
14, and 28 d after experimental rats 
were subjected to either sham surgery 
or balloon injury in the aorta. Western 
blot detection and quantification of 
the relative protein expression of 
KDM1A and BMP‐2 (both normalized 
to GAPDH), performed 7, 14, and 28 d 
after experimental rats were subjected 
to (B) sham surgery or (C) balloon injury 
in the aorta. For (B) and (C), portions of 
full western blot membrane images were 
cropped to show relevant bands. The data 
are presented as the mean ± SD of three 
independent replicates, *P < .05; n.s., not 
significant at P < .05
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28  days (Figure 4B). However, in rats subjected to balloon in‐
jury, the protein expression of KDM1A was upregulated 14 and 
28 days post‐surgery compared to that on day 7 (P < .05). BMP‐2 
expression was downregulated on days 14 and 28 compared to 
that on day 7 (P  <  .05), corresponding to the trend of mRNA 
expression (Figure 4C).

3.4 | KDM1A inhibition and BMP‐2 stimulation 
attenuated neointimal hyperplasia and affected 
VSMC behaviour in vivo

Histological examination of aortic endothelial tissues (Figure 5) 
revealed a remarkable increase in the intimal thickness in rats 

F I G U R E  5  Histological assessment of neointimal hyperplasia and collagen deposition in aortic tissues. (A) H&E staining reveals the extent 
of neointimal formation (indicated between black arrows) after experimental rats were subjected to aortic endothelial balloon injury and/
or administration of KDM‐inh and/or recombinant BMP‐2. Masson's trichrome staining indicates areas of fibrosis and collagen deposition in 
deep blue. Scale bar, 100 μm. (B) Quantification of neointimal formation via ratio of intimal to medial (I/M) thickness. ImageJ measurements 
of intimal and medial thickness were taken at 5‐10 equidistant segments from each section, using three H&E sections from each group. 
The I/M ratio was calculated as the average of all measurements and presented as the mean ± SD, *P < .05. (C) Quantification of collagen 
deposition. Image‐Pro Plus was used to measure the mean integrated optical density of collagen‐positive (blue) areas on each section. The 
data are presented as the mean ± SD of three independent replicates, *P < .05
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subjected to aortic endothelial balloon injury compared to that in 
control rats, indicating the onset of neointimal hyperplasia. The 
administration of KDM‐inh and BMP‐2 individually reduced the 
neointimal thickness to a certain extent, but their combination 
prevented neointimal formation almost completely. The ratio of in‐
timal to medial (I/M) thickness was also measured as an indication 

of neointimal formation (Figure 5B). In terms of collagen deposi‐
tion, Masson's trichrome staining (Figure 5A,C) showed significant 
areas of dark blue staining (collagen fibres) in balloon‐injured rats, 
covering almost the entire area of the tissue. With KDM‐inh treat‐
ment, the distribution and intensity of collagen fibres were greatly 
attenuated, and BMP‐2 seemed to exert an even greater effect. 

F I G U R E  6   Immunohistochemical evaluation of KDM1A and BMP‐2 expression and VSMC phenotype and proliferation in aortic tissues. 
Tissue samples were staining for KDM1A, BMP‐2, α‐SMA, OPN, or PCNA after experimental rats were subjected to aortic endothelial 
balloon injury and/or administration of KDM‐inh and/or recombinant BMP‐2. Positive staining for KDM1A, BMP‐2, α‐SMA, OPN, or PCNA is 
shown in light brown and pointed out by black arrows. Each image is a representative of the respective group. Scale bar, 100 μm
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The combined treatment of KDM‐inh and BMP‐2 effectively elimi‐
nated collagen deposition and the occurrence of aortic fibrosis.

Because we aimed to elucidate the relationship between 
KDM1A and BMP‐2 in vascular injury, we examined the expression 
of these proteins by means of immunohistochemistry in balloon‐
injured rats treated with KDM‐inh and/or recombinant BMP‐2 
(Figure 6). Consistent with the in vitro results of VSMCs reported 
in Section 3.1, aortic endothelial balloon injury led to an increase 
in the expression of KDM1A and a decrease in that of BMP‐2. The 
individual addition of KDM‐inh and BMP‐2 slightly reduced the 
expression of KDM1A and enhanced that of BMP‐2. The combined 
effect of the two was greater than that of individual administra‐
tion, resulting in the absence of KDM1A and high distribution of 
BMP‐2 within the tissues.

Next, we investigated whether balloon‐induced vascular in‐
jury affected the phenotype and proliferation of VSMCs within 

the tissues. In rats subjected to aortic endothelial balloon injury, 
the expression of the contractile VSMC marker α‐SMA showed a 
drastic decrease, whereas that of the synthetic marker OPN was 
elevated. The administration of KDM‐inh and BMP‐2 separately 
upregulated the expression of α‐SMA and downregulated that of 
OPN. As VSMC phenotype is directly related to cell proliferation 
(which in turn correlates with neointimal formation), immunohisto‐
chemistry was performed for PCNA as an indication of VSMC pro‐
liferation. We observed significant areas of positive PCNA staining 
in tissues subjected to balloon injury, which is consistent with the 
results of H&E staining that suggested the onset of neointimal for‐
mation. The application of KDM‐inh effectively inhibited VSMC 
proliferation to a small extent, whereas BMP‐2 exerted a much 
larger inhibitory effect. Unsurprisingly, the combined administra‐
tion of KDM‐inh and BMP‐2 suppressed VSMC proliferation to a 
much greater extent than did the individual components.

F I G U R E  7   Involvement of SMAD and BMPR signalling pathways in KDM1A/BMP‐2‐mediated regulation of neointimal hyperplasia. 
(A) Western blot detection and (B) quantification of the relative protein expression of p‐SMAD/SMAD (1, 5, and 8) in tissue samples after 
experimental rats were subjected to aortic endothelial balloon injury and/or administration of KDM‐inh and/or recombinant BMP‐2. (C) 
Western blot detection and (D) quantification of the relative protein expression of BMP‐2, BMPR‐1A, BMPR‐1B, and BMPR‐2 (all normalized 
to GAPDH) in tissue samples after experimental rats were subjected to aortic endothelial balloon injury and/or administration of KDM‐inh 
and/or recombinant BMP‐2. For (A) and (C), portions of full western blot membrane images were cropped to show relevant bands. The data 
are presented as the mean ± SD of three independent replicates, n.s., not significant at P < .05 (comparisons between unmarked groups are 
all significant at P < .05)
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3.5 | Regulation of neointimal hyperplasia via 
BMP‐2 involves SMAD and BMPR signalling

With regard to BMP‐2 signalling, we were interested in the in‐
volvement of SMADs during neointimal formation. We proceeded 
to evaluate the expression of various SMADs in response to aortic 
endothelial balloon injury (Figure 7A,B). In particular, SMADs 1, 5, 
and 8 have been widely implicated in BMP‐2 signalling. Herein, we 
noticed that balloon‐induced injury led to a drastic decrease in the 
phosphorylation of all three SMADs (P < .05), whereas KDM‐inh and 
BMP‐2 individually recovered their expression to various degrees 
(not all differences were significant). However, the combination of 
KDM‐inh and BMP‐2 effectively triggered the phosphorylation of 
SMADs 1, 5, and 8 after injury (P < .05), and in the case of SMAD5 
and SMAD8, phosphorylation was restored to levels close to those 
of control rats that were not subjected to injury.

Knowing that downstream BMP/BMPR signalling is critically im‐
plied in SMAD activity, we specifically investigated the behaviour 
of BMP‐2 itself and receptors 1A, 1B, and 2 after aortic endothelial 
balloon injury was carried out in rats. The results of western blot 
(Figure 7C,D) illustrated that balloon‐induced injury suppressed the 
expression of BMP‐2, BMPR‐1A, and BMPR‐1B, but elevated that of 
BMPR‐2 compared to those in control rats (P < .05). KDM‐inh and 
BMP‐2 separately elevated the expression of BMP‐2, BMPR‐1A, and 
BMPR‐1B after balloon injury, although to various extents (again, not 
all differences were significant). However, in all cases, the combined 
administration of the two caused significant increases in BMP‐2, 
BMPR‐1A, and BMPR‐1B expression after balloon injury (P <  .05). 
The opposite was observed for BMPR‐2, whereby rats treated with 
both KDM‐inh and BMP‐2 exhibited a large decline in BMPR‐2 ex‐
pression compared to that in non‐treated injured rats (P < .05).

4  | DISCUSSION

The transition from a contractile to synthetic phenotype is a neces‐
sary step in the early developmental stages of vascular diseases 
such as atherosclerosis and restenosis.34 Aside from excessive pro‐
liferation, this transition is typically characterized by the onset of 
inflammation and neointimal formation.6,35-38 Consequently, the 
prevention or reversion of this process can aid in the control of 
vascular disorders. The findings of our in vitro study collectively 
showed that the inhibition of KDM1A expression significantly 
downplayed the effect of Ang‐II in the induction of contractile‐to‐
synthetic phenotypic modulation in VSMCs (Figure 3A,B). This is 
complemented by the observation that KDM‐inh diminished the 
Ang‐II–triggered production of factors associated with inflamma‐
tion (IL‐6, IL‐18, ICAM‐1, and MCP‐1), cell proliferation (PDGF and 
FGF‐2) and extracellular matrix remodelling (MMP‐2) (Figure 3E). 
Thus, we suggest that KDM1A is required for Ang‐II to function 
properly in inducing the contractile‐to‐synthetic transition of 
VSMCs. Simultaneously, we induced arterial wall thickening in a rat 
model using the classic method of balloon catheter injury. Our in 

vivo results revealed that KDM1A deficiency, along with recombi‐
nant BMP‐2 treatment, contributed to the suppression of neointi‐
mal formation after aortic endothelial balloon injury (Figures 5 and 
6). The therapeutic application of KDM1A, however, remains to be 
fully explored and validated.

A thorough understanding of the precise relationship between 
KDM1A and BMP‐2 will allow us to develop effective strategies for 
targeted local delivery of KDM1A‐based agents with therapeutic 
potential against neointimal hyperplasia and other vascular disor‐
ders. BMP‐2 is a widely studied and critical protein that is involved 
in a variety of biological phenomena, and its function may differ in 
osteogenic signalling, tumorigenesis, and vascular remodelling.39 
In some cases, such as vascular calcification and atherosclerosis, 
BMP‐2 may have dual effects at various developmental phases.40 
Meanwhile, though research on the involvement of KDM1A in vas‐
cular modulation is scarce in the literature, the interaction between 
KDM1A and BMP‐2 has been reported in several studies. In glioblas‐
toma, KDM1A was stabilized via phosphorylation, which was trig‐
gered by glycogen synthase kinase 3β. This led to the demethylation 
of histone H3K4, in turn inhibiting the transcription of the BMP‐2 
gene and promoting glioblastoma tumorigenesis.41,42 In a study of 
osteoblastic differentiation, KDM1A deficiency enhanced BMP‐2 
signalling in human mesenchymal stem cells and mice and promoted 
an osteoblastic phenotype.43

It is reasonable to speculate that the above‐mentioned negative 
regulatory effects between KDM1A and BMP‐2 are also present in 
the vascular microenvironment. In other words, inhibiting the ex‐
pression of KDM1A may achieve the effect of upregulating BMP‐2 
expression, effectively activating its functions. The role of BMP‐2 
has been well established in bone tissue engineering, and likewise, 
its implications in vascular remodelling and diseases are non‐trivial. 
In a well‐established study using rat aortic VSMCs, Nakaoka et al 
suggested that BMP‐2 inhibited neointimal hyperplasia caused by 
balloon injury, implicating the therapeutic potential of BMP‐2 in 
the prevention of vascular proliferative diseases.23 Our histological 
analysis of rat aortic tissues showed that KDM‐inh and BMP‐2 were 
able to attenuate neointimal formation and tissue fibrosis after bal‐
loon‐induced injury (Figure 5). We note also that BMP‐2 (and conse‐
quently, KDM‐inh) promoted the contractile phenotype in VSMCs 
and inhibited their proliferation, as signified by the increased expres‐
sion of α‐SMA and decreased expression of PCNA in injured aortic 
tissues treated by BMP‐2 (Figure 6). This is complementary to our in 
vitro observations (Figures 1-3) and is consistent with other reports 
demonstrating the importance of BMP‐2 in the maintenance of con‐
tractile markers and suppression of proliferation in VSMCs.40,44,45

BMP‐2 often interacts with BMPRs and downstream SMADs, 
consequently resulting in a series of signal cascades.46 Whether 
BMP‐2 signalling is transduced via canonical or non‐canonical 
routes in vascular remodelling may depend on other components 
involved in the signalling cascade. For example, BMP signalling 
induced nuclear recruitment of myocardin‐related transcription 
factors (MRTFs) to an α‐SMA promoter and modulated VSMC phe‐
notype. This interaction between BMPs and MRTFs was possibly 
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due to non‐SMAD pathways.40 Herein, we revealed that KDM‐inh 
suppressed neointimal hyperplasia in injured aortic tissues by me‐
diating canonical SMAD‐related pathways (Figure 7A,B). The same 
phenomenon was observed when injured tissues were treated by 
BMP‐2 (Figure 5). The activation of R‐SMADs (1, 5, and 8) upon ad‐
ministration of KDM‐inh and BMP‐2 was accompanied by enhanced 
expression of BMPR‐1A and BMPR‐1B, but BMPR‐2 signalling was 
disrupted (Figure 7C,D).

The premise and results of our investigation may seem to disagree 
with a number of studies reporting that BMP‐2 contributes to vascular 
calcification, and thus atherosclerosis. We propose several explana‐
tions for the controversy. First, KDM1A signalling, which is the key to 
this study, could be much more potent than BMP‐2 signalling. KDM1A 
itself may have unknown, unreported pro‐inflammatory or pro‐ath‐
erogenic effects, which may override those of BMP‐2. While KDM1A 
targets BMP‐2 by decreasing its expression, if the effect of KDM1A 
is potent enough in inducing the synthetic phenotype of VSMCs or 
neointimal hyperplasia, then the function of BMP‐2 becomes passive. 
In other words, the downregulation of BMP‐2 is merely a result of 
KDM1A targeting and would itself have negligible effects on VSMC 
behaviour and vascular calcification. In the same manner, the inhibi‐
tion of KDM1A signalling by KDM‐inh results in an upregulation of 
BMP‐2, but this upregulation would have little impact on vascular re‐
modelling, as the effect of KDM1A inhibition is far greater. In fact, 
KDM1A may interfere with BMP signalling by impairing or altering the 
action of BMPR‐2 (Figure 7C,D), which is normally downregulated in 
pro‐atherogenic conditions.47 Another possibility is that, as we have 
mentioned previously, BMP‐2 signalling plays pleiotropic roles in reg‐
ulating cellular processes. Depending on the specific growth condi‐
tions and state of proliferation, BMP‐2 may have different effects 
on VSMCs in vitro or function as part of a continuum.48 It was also 
suggested that while BMP‐2 halts VSMC proliferation and causes cell 
cycle arrest, only further and continuous exposure to BMP‐2 will re‐
sult in vascular calcification.48 Because of the prominent implications 
of BMP‐2 in osteochondrogenic functions, in future studies, it will be 
interesting to explore whether these functions have an influence on 
VSMC phenotype and vascular remodelling in the context of neoin‐
timal hyperplasia. Specific molecular interactions between KDM1A 
and various BMPRs, especially BMPR‐2, will also be investigated to 
provide further insights into the mechanism of the KDM1A/BMP sig‐
nalling axis.

Collectively, the findings reported here demonstrated the regu‐
latory correlation between KDM1A and BMP‐2 signalling in vascular 
remodelling, specifically in terms of VSMC phenotypic modulation 
(in vitro and in vivo) and the control of neointimal hyperplasia. We 
speculate that an in‐depth understanding of the functions and impli‐
cations of KDM1A will offer insights into the development of inno‐
vative strategies for the treatment of vascular disorders.
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