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Aims Adenosine receptors and extracellular adenosine have been demonstrated to modulate vascular smooth muscle
cell (VSMC) proliferation and neointima formation. Adenosine kinase (ADK) is a major enzyme regulating intracellu-
lar adenosine levels but is function in VSMC remains unclear. Here, we investigated the role of ADK in vascular
injury-induced smooth muscle proliferation and delineated the mechanisms underlying its action.

....................................................................................................................................................................................................
Methods
and results

We found that ADK expression was higher in the neointima of injured vessels and in platelet-derived growth
factor-treated VSMCs. Genetic and pharmacological inhibition of ADK was enough to attenuate arterial injury-
induced neointima formation due to inhibition of VSMC proliferation. Mechanistically, using infinium methylation
assays and bisulfite sequencing, we showed that ADK metabolized the intracellular adenosine and potentiated the
transmethylation pathway, then induced the aberrant DNA hypermethylation. Pharmacological inhibition of aber-
rant DNA hypermethylation increased KLF4 expression and suppressed VSMC proliferation as well as the neoin-
tima formation. Importantly, in human femoral arteries, we observed increased ADK expression and DNA hyper-
methylation as well as decreased KLF4 expression in neointimal VSMCs of stenotic vessels suggesting that our
findings in mice are relevant for human disease and may hold translational significance.

....................................................................................................................................................................................................
Conclusion Our study unravels a novel mechanism by which ADK promotes VSMC proliferation via inducing aberrant DNA

hypermethylation, thereby down-regulating KLF4 expression and promoting neointima formation. These findings ad-
vance the possibility of targeting ADK as an epigenetic modulator to combat vascular injury.
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1. Introduction

Vascular smooth muscle cells (VSMCs) are critical players in the devel-
opment of a variety of arterial diseases including atherosclerosis, arterial
restenosis, and hypertension.1–3 VSMCs are normally quiescent and con-
tribute to the contractile force that enables blood vessels to regulate
blood flow and pressure. However, in response to vascular injury,
VSMCs in the media layer migrate into the intima, proliferate and pro-
duce a large amount of extracellular matrix. These phenotypic changes
in VSMCs critically contribute to arterial neointima formation.4,5

While many molecular pathways have been implicated in modulation
of VSMC phenotypes and arterial neointima formation, recent studies
have indicated the importance of epigenetic modification in these patho-
logical changes.6,7 Among the known epigenetic mechanisms involved in
vascular diseases, histone modification has been studied in depth,8,9

whereas only a few studies have focused on DNA methylation.10,11

DNA methylation, a process mediated by DNA methyltransferases
(DNMTs), requires the donation of a methyl group from S-adenosylme-
thionine (SAM). S-adenosylhomocysteine (SAH), the resulting product
from this transmethylation reaction, is further converted by SAH hydro-
lase (SAHH) into adenosine (Ado) and homocysteine (Hcy). The trans-
methylation pathway is controlled by mass action and the reversibility of
the SAHH-mediated reaction. The equilibrium constant of the SAHH
enzyme lies in the direction of SAH formation. Therefore, the reaction
will proceed only when adenosine and homocysteine are constantly re-
moved.12,13 In most tissues and cells, removal of adenosine is mainly
through the enzyme adenosine kinase (ADK).12,13 When metabolic
clearance of adenosine through ADK is impaired, the level of SAH rises
and in turn, suppresses methyltransferase activity, reducing methylation
of DNA (Supplementary material online, Figure S1A).13,14 Until now, the
role of ADK in VSMC phenotypic determination has never been investi-
gated, and it remains unknown whether the transmethylation pathway
and DNA methylation regulated by ADK determines VSMC phenotype

and pathological vascular remodelling associated with neointima forma-
tion following vascular injury.

In the current study, multiple approaches were employed, including
the in vitro knockdown (KD) or overexpression of ADK in cultured
VSMCs and the VSMC-selective deletion of Adk in vivo in novel mice,
with the goal of interrogating the importance of ADK to the regulation
of VSMC function and to address whether the intrinsic regulation of
DNA methylation by targeting ADK and increasing adenosine alters
VSMC behaviour in vascular remodelling. The results of this study will
expand our understanding of vascular disease and help identify the thera-
peutic potential of targeting ADK for vascular remodelling in cardiovas-
cular diseases.

2. Methods

2.1 Animal procedures
Animals were used based on the National Institutes of Health Guide for
the Care and Use of Laboratory Animals, and the protocol was ap-
proved by the Institutional Animal Care and Use Committee at Augusta
University. A Cre-loxP approach was used to generate VSMC-specific-
Adk (Myh11-Cre/ERT2/Adkf/f) knockout mice. Details for the generation
and breeding of Myh11-Cre/ERT2/Adkf/f knockout mice as well as
Apoe-/-/Myh11-Cre/ERT2/Adkf/f mice are provided in the Supplementary
material online, Methods and Materials. For generating models of carotid
artery ligation and guide wire injury-induced arterial neointima forma-
tion, mice were anaesthetized using an intraperitoneal injection of keta-
mine (80 mg/kg body weight) and xylazine (5 mg/kg) (Phoenix Scientific,
Inc., St. Joseph, MO, USA). For sacrificing mice, CO2 asphyxiation was
used. Models of carotid artery ligation and guide wire injury-induced ar-
terial neointima formation were performed as detailed in the
Supplementary material online, Methods and Materials.
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2.2 Molecular methods and reagents
The details of expression vectors, cell culture/transfection, isolation of
mouse aortic SMCs, immunoblotting, RT–PCR, biochemical determi-
nants of adenosine and SAH, flow cytometry, DNA bisulfite sequencing,
haematoxylin and eosin (H&E) staining, and immunostaining methods
are provided in the Supplementary material online, Methods and
Materials. The WST-1 proliferation assay, DNMT activity assay and
global DNA methylation assay were performed using commercial kits,
the details of which are in the Supplementary material online, Methods
and Materials. The Infinium methylation assay was analysed using Illumina
Infinium 450K Methylation array according to the manufacturer’s sug-
gested protocols (Illumina) and analysed as described in the
Supplementary material online, Methods and Materials.

2.3 Human neointimal hyperplasia
All procedures involving human samples were carried out in accordance
with the Declaration of Helsinki and were approved by the Institutional
Review Board at Augusta University. Informed consent was obtained
from each participating patient. Human femoral artery specimens from
femoral endarterectomy were collected and stained against ADK. ADK
expression was compared between the medial and intimal layers.

2.4 Statistics
The minimum animal numbers and sample sizes required to achieve sta-
tistical significance were determined by power analysis and prior experi-
ence. Grouping was carried out in a randomized manner. The data were
analysed with GraphPad Prism Software by one-way analysis of variance
(ANOVA) with Tukey’s post hoc test, two-way ANOVA with
Bonferroni’s post hoc test, or Student’s t-test to evaluate two-tailed levels
of significance. The number of experiments performed is provided in fig-
ure legends (biological replicates). Values are expressed as the mean ±
standard error of the mean and the null hypothesis was rejected at
P <_ 0.05.

3. Results

3.1 ADK expression is increased in
proliferative VSMCs
To examine ADK expression in proliferative VSMCs, cultured human
coronary VSMCs (HCSMCs) were treated with platelet-derived growth
factor (PDGF), which is a well-established mitogen to promote a switch
of contractile VSMCs to proliferative cells.15 While moderate levels of
ADK were detected in HCSMCs under control conditions, PDGF signifi-
cantly up-regulated ADK expression at both the mRNA and protein lev-
els, as shown by the results of quantitative RT–PCR, western blotting
and immunostaining (Figure 1A and B, Supplementary material online,
Figure S1B). The up-regulation of ADK had a functional impact on purine
metabolism with the levels of both intracellular and extracellular adeno-
sine significantly decreased in PDGF-treated HCSMCs (Figure 1C and D).
Next, we examined the Adk expression and marks associated with
VSMC proliferation in ligation-injured carotid arteries and found that,
compared to control right carotid artery (RCA), the level of Adk was in-
creased in the left carotid artery (LCA) 3 days after ligation, a mouse ar-
terial injury model that resembles angioplasty in humans (Figure 1E and
F). In addition, Adk expression was accompanied by increased expres-
sion of the proliferative markers cyclin D1, pH3 (phospho-histone H3),
and PCNA (proliferating cell nuclear antigen), and down-regulation of

the contractile SM markers calponin, SM MHC (myosin heavy chain),
MLCK (myosin light-chain kinase), SM22a (smooth muscle protein 22-al-
pha), a-SMA (alpha-smooth muscle actin), and Smoothelin (Figure 1E
and F). Immunostaining experiments revealed that the expression of
Adk, which was primarily localized to the nuclei, was higher in VSMCs in
the arterial neointima than those in the medial layer of ligated carotid ar-
teries or in the vascular wall of intact mouse carotid arteries (Figure 1G
and H). Nevertheless, the level of adenosine decreased in carotid arter-
ies with neointima, although the decrease does not reach statistical signif-
icance (Figure 1I). To examine whether ADK regulates adenosine levels
in VSMCs, ADK was silenced in HCSMCs using an adenovirus-delivered
shRNA that reduced the ADK mRNA levels by 85% and protein levels by
51% (Supplementary material online, Figure S1C–E). The levels of intra-
cellular and extracellular adenosine were enhanced by 200% and 50%,
respectively, which suggest the decreased clearance of adenosine by
ADK KD (Figure 1J and K).

3.2 VSMC Adk ablation inhibits neointima
formation in a model of vascular injury
To examine the effect of ADK on vascular remodelling, we selectively
knocked out Adk in VSMCs in Myh11-Cre/ERT2/Adkf/f (hereinafter re-
ferred to as AdkDVSMC) mice. These mice harbour a tamoxifen-inducible,
VSMC-restricted null mutant in the Adk gene (Supplementary material
online, Figure S2A and B) which, when activated by tamoxifen, results in
the deletion of exon 7, yielding a kinase dead Adk gene that does not
have the ability to metabolize adenosine. Western blot and immunos-
taining revealed a significant decrease in the level of Adk in the aortas
and carotid arteries of tamoxifen-treated AdkDVSMC mice vs. Adkf/f (here-
inafter referred to as AdkWT) control mice (Supplementary material on-
line, Figure S2C–E). In contrast, comparable levels of Adk expression
were observed in other organs of tamoxifen-treated AdkDVSMC mutants
and control mice (Supplementary material online, Figure S2C).
Consistent with these findings, marked attenuation of Adk protein and
mRNA levels were observed in VSMCs isolated from the aortas of
tamoxifen-treated AdkDVSMC mice compared with AdkWT control mice
(Supplementary material online, Figure S2F and G). Accordingly, the levels
of adenosine in aortas of AdkDVSMC mice were much higher than those of
AdkWT mice (Supplementary material online, Figure S2H). No gross mor-
phological differences were observed on H&E-stained cross-sections of
carotid artery (Supplementary material online, Figure S2I) and thoracic
artery (Supplementary material online, Figure S2J) from AdkWT vs.
AdkDVSMC mice.

To determine whether the loss of Adk in VSMCs affects arterial neoin-
tima formation, the left common carotid arteries were ligated for 28 days
and then collected for histological analysis. Quantification of the neoin-
tima area and neointima/media ratio based on serial cross-sections of ca-
rotid arteries with relative distances to the ligation site showed
decreased vascular remodelling in AdkDVSMC mice compared with AdkWT

mice (Figure 2A–C). In addition, the number of PCNA- or Ki67-positive
VSMCs in cross-sections of arterial neointima was greatly reduced in
AdkDVSMC mice compared with AdkWT mice (Figure 2D–F). To identify
the role of ADK in VSMC phenotypic switching, we analysed the expres-
sion levels of proliferative and contractile markers in RCAs and LCAs
harvested from AdkWT and AdkDVSMC mice 3 days post-ligation. We
found that, compared with control AdkWT mice, VSMC-specific Adk dele-
tion significantly attenuated the induction of proliferative marker cyclin
D1, pH3, and PCNA in ligated LCA. However, Adk deletion did not res-
cue the ligation injury-induced down-regulation of multiple contractile
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Figure 1 ADK expression and adenosine level in proliferative VSMCs. (A) Quantitative RT–PCR analysis of ADK mRNA levels in HCSMCs treated with
vehicle or PDGF-BB (20 ng/mL) for 12 h (n = 6 independent cultures). (B) Representative western blots showing ADK expression in HCSMCs treated with
vehicle or PDGF-BB (20 ng/mL) for time periods as indicated. Images are representative from three independent experiments. (C and D) Intracellular and ex-
tracellular adenosine levels of VSMCs. HCSMCs were treated with vehicle or PDGF-BB (20 ng/mL) for 24 h (n = 4 independent cultures). (E and F)
Western blot detection (E) and densitometric quantification (F) of the indicated proteins normalized to Vinculin in HCSMCs treated with vehicle or PDGF-
BB (20 ng/mL) for 48 h. Expression of proteins in vehicle-treated control group was set as 1 (red dashed line). Images are representative from four indepen-
dent experiments. (G) Representative IF staining of Adk on sections of mouse carotid arteries from mice without or with ligation injury. Arterial neointima is
indicated within the white line. (H) The Adk fluorescence relative optical density values in carotid arterial neointimal or medial layer from mice with ligation
injury (n = 4 mice per group). (I) Quantification of adenosine levels in carotid arteries from mice without or with ligation injury (n = 4 mice per group). (J and
K) Intracellular and extracellular adenosine levels in control and ADK KD HCSMCs (n = 3 independent cultures). For all bar graphs, data are expressed as
the means ± SEM, *P < 0.05 and **P < 0.01 (unpaired, two-tailed Student’s t-test).
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Figure 2 Neointima formation and VSMC proliferation in AdkWT and AdkDVSMC mice following carotid artery ligation. (A) Representative H&E-stained
cross-sections of carotid arteries from mice with left common carotid artery ligation injury for 28 days. Yellow lines indicate the internal elastic lamina. (B)
Quantitative analysis of arterial neointima area (n = 8 mice per group). (C) Calculation of the ratios of neointima areas to medial areas of injured carotid ar-
teries (n = 8 mice per group). (D) Representative IHC staining of PCNA on sections of ligated carotid arteries. Red lines indicate the internal elastic lamina.
(E) Representative IF staining of Ki67 on sections of ligated carotid arteries. (F) Quantification of Ki67-positive VSMCs in neointima (n = 8 mice per group).
(G and H) Western blot detection (G) and densitometric quantification (H) of the indicated proteins normalized to Vinculin in the injured left (LCA) and
uninjured right carotid arteries (RCA) of AdkWT and AdkVEC-KO mice 72 h post-ligation injury (n = 4 mice per group). Expression of proteins in the RCA of
the AdkWT group was set as 1 (blue dashed line). For all bar graphs, data are expressed as the means ± SEM, *P < 0.05 and **P < 0.01 (unpaired, two-tailed
Student’s t-test).
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markers in LCA (Figure 2G and H). Collectively, these data imply that the
reduced neointima formation in mice deficient in VSMC Adk is due to
changes in cell proliferation.

3.3 ADK KD/inhibition suppresses VSMC
proliferation in a cell-autonomous manner
To further investigate the effect of ADK KD on VSMC proliferation, cell
counting, and WST-1 proliferation assays were performed. Compared
with control cells, the growth of ADK KD HCSMCs was significantly de-
creased (Figure 3A and B). In an alternative approach to ADK KD, the
pharmacological inhibition of ADK with 5-iodotubercidin (ITU, 10mM
for 24 h) and 5-(3-Bromophenyl)-7-[6-(4-morpholinyl)-3-pyrido[2,3-
d]byrimidin-4-amine dihydrochloride (ABT702, 10mM for 24 h) also
inhibited PDGF-induced growth of HCSMCs as determined by the WST
assay (Figure 3C). Flow cytometric analysis of the cell cycle by DNA stain-
ing with propidium iodide (PI) found that VSMCs deficient in ADK were
most commonly in the G0/G1 phase and a lower percentage in the S
phase, indicating that loss of ADK expression leads to cell cycle arrest at
G0/G1 (Figure 3D). Consistent with the above decreased proliferative
phenotype, western blotting showed that the increased levels of cyclin
D1, pH3, and PCNA induced by PDGF treatment were markedly de-
creased in ADK KD VSMCs when compared with control VSMCs (Figure
3E and F). To further confirm that ADK regulates VSMC proliferation,
we respectively overexpressed the two alternatively spliced isoforms,
ADK long (ADK-L) and ADK short (ADK-S) in HCSMCs (Figure 3G).
The WST assay showed that overexpression of each isoform of ADK
had a minimal effect on HCSMC proliferation; however, overexpression
of ADK-L significantly potentiated the PDGF-induced proliferation of
HCSMCs (Figure 3H).

We next investigated whether reduced cell growth in ADK KD
VSMCs is associated with apoptosis. The degree of apoptosis was
assessed by flow cytometry of ADK KD or control HCSMCs. As shown
in Figure 3I, no differences in VSMC apoptosis were observed between
ADK KD and the control group. There was also no difference in cell ne-
crosis between these two groups as determined by trypan blue exclu-
sion (Figure 3J). These data indicate that there is no overt change in
apoptosis or necrosis in cells with the loss of ADK expression.

3.4 VSMC DNA hypermethylation
correlates with ADK overexpression and
neointimal hyperplasia
Previous studies have demonstrated that adenosine inhibits the prolifera-
tion of murine and human VSMCs via activation of the A2BR recep-
tor.16,17 We found that genetic or pharmacological inactivation of A2BR
only modestly augmented the proliferation potential of HCSMCs
(Supplementary material online, Figure S3A–C). Furthermore, the anti-
proliferative effect of ADK deletion in HCSMCs was not reversed by in-
activation of A2BR (Supplementary material online, Figure S3A–C). This
data suggest that a mechanism other than A2BR mediates the effect of
ADK deletion on VSMC proliferation.

Elevated intracellular adenosine has been shown to shift the equilib-
rium of the SAHH-mediated reaction towards the accumulation of SAH,
which is a powerful inhibitor of SAM-dependent transmethylation reac-
tions.14 Furthermore, a form of ADK that is localized to the nucleus has
been demonstrated to sustain DNA methylation.13 In light of the nuclear
localization of Adk observed in neointimal VSMCs, we hypothesized that
elevated levels of intracellular adenosine triggered by Adk deletion inhib-
its VSMC proliferation and neointima formation through the reduced

methylation of DNA. To test this hypothesis, we first examined whether
DNA hypermethylation is associated with VSMC proliferation and neo-
intima formation. Along with an increase in ADK expression (Figure 1A
and B), the activity of DNMT and the level of 5-methylcytidine (5-mC, an
indicator of global DNA methylation) were increased in PDGF-treated
VSMCs (Figure 4A and B). Immunohistochemical (IHC) staining of ligated
carotid arteries revealed greater increases in 5-mC levels in neointimal
vs. medial VSMCs, which was consistent with previous changes in Adk
expression (Figures 4C and D and 1E). The spatial match between ADK
overexpression and increased 5-mC immunoreactivity suggests that a
functional relationship may exist between ADK, methyltransferase activ-
ity and the degree of DNA methylation. In addition, these data also sug-
gest that DNA hypermethylation correlates with, and might contribute
to, enhanced VSMC proliferation and neointimal hyperplasia.

3.5 Inhibition of DNA methylation
suppresses VSMC proliferation and
neointimal hyperplasia
To determine whether changes in DNA methylation can contribute to
the proliferative phenotype of VSMCs, a dose–response study with the
DNMT inhibitor 5-Aza was performed. As shown in Figure 4A, B and E,
administration of 5-Aza for 3 days significantly reduced DNMT activity,
5-mC content and the cell numbers of HCSMCs in a dose-dependent
manner. To determine whether changes in DNA methylation impact
neointima formation in vivo, we treated C57BL/6 mice with 5-Aza at
0.2 mg/kg/day for 5 weeks following carotid artery ligation. As shown in
Figure 4F and G, administration of 5-Aza significantly reduced the neoin-
tima area and the neointima/media ratio. These data suggest that inhibi-
tion of DNMT activity and DNA methylation suppresses VSMC
proliferation and reduces neointima formation.

3.6 ADK determines DNA methylation
level in VSMCs
To investigate whether ADK deletion alters DNA methylation in VSMCs,
we next examined the level of SAH and activity of DNMTs in VSMCs.
ADK KD markedly enhanced the level of intracellular SAH and reduced
DNMT activity in HCSMCs (Figure 4H and I). Consistent with these
results, the levels of 5-mC in ADK KD HCSMCs were much lower than
those in control HCSMCs (Figure 4J). Similar changes in DNMT activity
and 5-mC levels were observed in arterial VSMCs isolated from
AdkDVSMC and AdkWT mice (Figure 4K and Supplementary material online,
Figure S3D). In addition, gain-of-function studies demonstrated that both
ADK isoforms increased the DNMT activity and 5-mC levels in
HCSMCs, and the increase was more prominent with ADK-L (Figure 4L
and Supplementary material online, Figure S3E). IHC staining showed
that 5-mC immunoreactivity was significantly decreased in the neointimal
VSMCs from AdkDVSMC mice compared with AdkWT mice (Figure 4M and
N). In HCSMCs, ADK KD-induced DNA hypomethylation was preserved
following KD of the A2AR or A2BR (Supplementary material online, Figure
S3F–H), indicating that activation of the key adenosine receptors is not
required for the reduction in DNA methylation seen with ADK KD
HCSMCs. Collectively, these data provide evidence of a functional link
between ADK activity and DNA methylation status.

To further validate the link between ADK KD and DNA hypomethyla-
tion and to determine which genes are regulated by promoter hypome-
thylation, we next performed the Infinium methylation assay. This
genome-wide DNA methylation assay includes at least 485 000 methyla-
tion sites covering 96% of the CpG islands distributed across the

566 Y. Wang et al.

https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa040#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa040#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa040#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa040#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa040#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa040#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa040#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa040#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa040#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa040#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa040#supplementary-data


Figure 3 Proliferation and apoptosis in control and ADK KD VSMCs. (A) Cell numbers of ADK KD and control HCSMCs grown in complete growth me-
dium were counted for three consecutive days (n = 3 independent experiments). (B) WST-1 proliferation analysis of HCSMCs that were transfected with
ADK KD and control adenovirus and grown in complete growth medium for 48 h (n = 4 independent experiments). (C) WST-1 proliferation analysis of vehi-
cle or PDGF-treated HCSMCs pretreated with ADK inhibitors 5-iodotubercidin (ITU, 10 mM) or 5-(3-Bromophenyl)-7-[6-(4-morpholinyl)-3-pyrido [2,3-d]
byrimidin-4-amine dihydrochloride (ABT702, 10 mM) (n = 4 independent experiments). (D) Flow cytometry analyses of cell cycle for control and ADK KD
HCSMCs grown in complete growth medium with propidium iodide (PI) DNA staining (n = 5 independent experiments). (E and F) Western blot detection
(E) and densitometric quantification (F) of the indicated proteins normalized to Vinculin in control and ADK KD HCSMCs treated with vehicle or PDGF-BB
(20 ng/mL) for 48 h (n = 3 independent experiments). Expression of proteins in vehicle-treated control group was set as 1 (blue dashed line). (G) Western
blot analysis of ADK in HCSMCs transfected with the cytoplasmic (ADK-S) or nuclear (ADK-L) isoform of ADK. Images are representative from three inde-
pendent experiments. (H) WST-1 proliferation analysis of vehicle or PDGF-treated HCSMCs transfected with the ADK-S and ADK-L isoforms (n = 4 inde-
pendent experiments). (I) Flow cytometry analyses of apoptosis for control and ADK KD HCSMCs grown in complete growth medium with Annexin V
staining (n = 4 independent experiments). (J) Cell viability for control and ADK KD HCSMCs grown in complete growth medium was evaluated by counting
the relative number of cells that excluded trypan blue dye (n = 4 independent experiments). For all bar graphs, data are expressed as the means ± SEM, *P <
0.05 and **P < 0.01 (two-way ANOVA with Bonferroni’s post hoc test for A; one-way ANOVA with Tukey’s post hoc test for C and F; unpaired, two-tailed
Student’s t-test for B, D, and H–J).
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Figure 4 Involvement of ADK-driven DNA hypermethylation in VSMC proliferation and neointima formation. Quantification of DNA methyltransferase
(DNMT) activity (A) and 5-methylcytosine (5-mC) content (B) in HCSMCs pretreated with 5-Aza (2 lmol/L or 5 lmol/L) for 1 h and followed by incubation
with PDGF (20 ng/mL) for 72 h (n = 4 for A and 3 for B). Representative IF staining (C) and quantification (D) of 5-mC on sections of mouse carotid arteries
from mice without or with ligation injury (n = 4 mice per group). Arterial neointima is indicated within the white line. (E) WST-1 proliferation analysis of
HCSMCs pretreated with 5-Aza-20-deoxycytidine (5-Aza, 2 lmol/L or 5 lmol/L) for 1 h followed by incubation with PDGF (20 ng/mL) for 72 h (n = 4).
Quantitative analysis of arterial neointima area (F) and ratios of neointima areas to medial areas of injured carotid arteries (G) from 5-Aza-treated mice (n =
5 mice per group). Quantification of SAH level (H), DNMT activity (I), and 5-mC content (J) in control and ADK KD HCSMCs growing in complete medium
(n = 3 or 4 independent experiments). Quantification of DNMT activity (K) in mouse aortic SMCs isolated from AdkWT or AdkDVSMC mice (n = 4 indepen-
dent experiments). (L) Quantification of DNMT activity in HCSMCs transfected with the ADK-S and ADK-L isoforms (n = 4 independent experiments).
Representative IF staining (M) and quantification of 5-mC (N) on sections of mouse carotid arteries from AdkWT or AdkDVSMC mice with ligation injury. The
area highlighted with the white line is the arterial neointima (n = 4 mice per group). (O) Mean methylation difference of CpG sites in the promoters of 30
anti-proliferative genes of VSMCs comparing control group with those of ADK KD HCSMCs. n = 3 independent cultures, x axis: mean methylation difference
of CpG sites between control and ADK KD HCSMCs; y axis: -log10 of the P-values. (P) Quantitative RT–PCR analysis of mRNA levels for anti-proliferative
genes with DNA hypomethylation in the promoters due to ADK KD in control and ADK KD HCSMCs (n = 6 independent experiments). (Q) Quantitative
RT–PCR analysis of mRNA levels for genes in (H) in HCSMCs treated with 5 lmol/L 5-Aza or vehicle for 72 h (n = 4 or 5 independent experiments). For all
bar graphs, data are expressed as the means ± SEM, *P < 0.05 and **P < 0.01 (one-way ANOVA with Tukey’s post hoc test for A, B, E, and L; unpaired, two-
tailed Student’s t-test for D, F–K, and N–Q).
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promoter, gene body, and 30UTR of 99% of Ref Seq genes. Since pro-
moter hypermethylation correlates with gene silencing, we restricted
the analysis to probes within promoter regions. For a specific CpG site,
methylation differences were calculated by subtracting the mean methyl-
ation value in the control group from the corresponding value in the
ADK deletion group. As defined in the programme of Gene Set
Enrichment Analysis (GSEA), the analysis of methylation differences was
confined to a group of 30 genes that negatively regulate proliferation of
VSMCs (Supplementary material online, Table S1). Methylation on most
of the CpG sites for the 30 gene promoters were decreased in HCSMCs
deficient in ADK compared with the controls, as shown in the volcano
plot in Figure 4O. Based on the statistical analysis of false discovery rates
(FDRs) <0.2, the methylation levels of 16 CpG sites that mapped to 12
anti-proliferative genes in the ADK KD group were considered to be sig-
nificantly decreased (highlighted in Supplementary material online, Table
S1). Quantitative RT–PCR was performed to examine the levels of
mRNA for those 12 genes with decreased methylation in their pro-
moters. Increased levels of mRNA were found for the anti-proliferative
genes INFG, Krüppel-Like Factor 4 (KLF4), TPM1, VIPR2, and VIP in ADK-
deficient HCSMCs (Figure 4P). We also examined the mRNA levels of
these 12 genes in 5-Aza-treated HCSMCs. Administration of 5-Aza for
3 days significantly up-regulated the mRNA levels of AdipoQ, INFG, IL-15,
KLF4, TRIB1, and TPM1 in HCSMCs (Figure 4Q). From these two sets of
RT–PCR data, we found that the greatest up-regulation in gene expres-
sion was observed with KLF4, which is a key suppressor of VSMC prolif-
eration.18–22 We interrogated a microarray data set derived from ADK
KD and control human umbilical vein endothelial cells and found that
KLF4 was also increased at the mRNA level in ADK KD endothelial cells.
These data suggest that KLF4 up-regulation might at least partially con-
tribute to the changes in VSMC proliferation and neointima formation
seen with ADK KD VSMCs.

3.7 Decreased proliferation in ADK KD
VSMCs is causally associated with
up-regulated KLF4
To validate the data from the Infinium methylation assay, changes in the
DNA methylation of the KLF4 promoter were assessed by bisulfite se-
quencing. A CpG island predicated by Methyl Primer Express software
exists between -2000 bp and þ200 bp at the transcription start site
(TSS). Bisulfite sequencing of KLF4 was conducted within -487 bp to
þ122 bp of the TSS (Figure 5A). Methylation within the fragment be-
tween -478 bp and -350 bp of the TSS was significantly altered; the meth-
ylation rates of CpG sites were 12.86% and 5.36%, respectively, for
control and ADK KD HCSMCs with PDGF treatment (Figure 5B). These
data indicate that ADK deletion dramatically decreases the methylation
of DNA in the KLF4 promoter region. Furthermore, we also found that
prolonged PDGF treatment (3 days) increased the degree of methylation
of CpG sites between -478 bp and -350 bp of the TSS for KLF4 by one
fold (Figure 5B). Consistent with the increased methylation status in the
KLF4 promoter, mRNA levels of KLF4 were down-regulated in HCSMCs
with prolonged PDGF treatment (Figure 5C). However, in ADK KD cells,
the down-regulation of KLF4 expression was prevented (Figure 5C). All
together, these data suggest that PDGF treatment leads to pathological
increases in ADK expression that down-regulate KLF4 by stimulating
DNA hypermethylation.

To establish a link between ADK levels, KLF4 levels and vascular
remodelling, we examined the Klf4 expression in carotid arteries of
AdkDVSMC and AdkWT mice. Increased expression of Klf4 was found in

arteries of AdkDVSMC mice at both the mRNA and protein levels (Figure
5D–F). To determine the importance of KLF4 up-regulation to the re-
duced proliferative capacity of ADK KD VSMCs, two siRNAs that re-
spectively lowered the mRNA level of KLF4 by 58% and 66% were
introduced. KLF4 KD partially, but significantly, impaired the ability of
ADK KD to suppress VSMC proliferation (Figure 5G).

To further confirm that the reduced proliferation of VSMCs is a direct
consequence of ADK KD-induced hypomethylation of the KLF4 pro-
moter, HCSMCs were first treated with the DNMT inhibitor 5-Aza, fol-
lowed by treatment with adenoviral ADK shRNA. As shown previously
(Figure 4E and Q), 5-Aza treatment impaired the proliferative ability of
HCSMCs and increased the mRNA level of KLF4, but the loss of ADK ex-
pression did not further decrease proliferation or elevate the mRNA
level of KLF4 (Figure 5H and I), suggesting that the effect of ADK KD on
KLF4 expression and VSMC proliferation cannot be achieved in VSMCs
with hypomethylated genes.

3.8 Adk deletion reduces guide wire injury-
induced arterial neointima formation in
atherosclerotic mice
To determine whether the selective deletion of Adk in VSMCs reduces
the arterial neointima in a disease model analogous to human arterial re-
stenosis, AdkDVSMC mice and controls were bred to hypercholesterolae-
mia Apoe-/- mice, and a guide wire transluminal injury in carotid arteries
was performed. Three weeks following arterial injury, a markedly de-
creased arterial neointima was found in Apoe-/-/AdkDVSMC mice com-
pared with that in control mice (Figure 6A–C). No obvious difference in
the medial wall area was observed between Apoe-/-/AdkDVSMC and
Apoe-/-/AdkWT groups (Figure 6D), which is consistent with the non-
apoptotic/necrotic effects of ADK KD in vitro. As shown in Figure 6E and
F, the number of PCNA-positive VSMCs is greatly reduced in the arterial
vessel wall of Apoe-/-/AdkDVSMC mice compared with control mice. In ad-
dition, Adk deletion in VSMCs also significantly decreased the 5-mC con-
tent in carotid arterial neointima of Apoe-/- mice following a guide wire
transluminal injury (Figure 6G and H). Collectively, these data indicate
that Adk deletion in VSMCs ameliorates vascular injury-induced arterial
neointima formation by reducing aberrant DNA hypermethylation and
excessive VSMC proliferation.

To assess the therapeutic potential of pharmacological inhibition of
ADK, a selective ADK inhibitor, ABT702, was administered to Apoe-/-

mice following guide wire transluminal injury of the carotid artery. Three
weeks following arterial injury, a markedly decreased arterial neointima
was observed in Apoe-/- mice treated with ABT702 as compared to mice
treated with vehicle (Figure 6I and J). No marked differences in medial
wall area were observed between vehicle and ABT702-treated groups
(Figure 6K).

3.9 ADK expression associates with DNA
hypermethylation in human arterial
neointima
While our data suggest that ADK expression levels can influence DNA
methylation and the proliferative capacity of VSMCs in models of vascu-
lar disease in mice, whether similar pathways are operational in human
blood vessels is not yet known. Therefore, we investigated the expres-
sion levels of ADK and the level of 5-mC in human stenotic femoral ar-
tery specimens. IHC analysis of ADK in human blood vessels revealed
that the levels of ADK were higher in the tunica intima vs. the tunica me-
dia (Figure 7A and B). Furthermore, immunofluorescent (IF) staining
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Figure 5 The involvement of KLF4 up-regulation due to DNA hypomethylation in ADK deficiency-induced suppression of VSMC proliferation. (A)
Schematic illustration of the predicted CpG islands within promoter region of the KLF4 gene (http://www.urogene.org/methprimer/). (B) DNA bisulfite
analysis of the 137 bp region (-478 bp to -350 bp of TSS) within the KLF4 promoter of control and ADK KD HCSMCs treated with 20 ng/mL PDGF-BB or ve-
hicle for 72 h (n = 10). (C) Quantitative RT–PCR analysis of mRNA level of KLF4 in ADK KD and control HCSMCs treated with 20 ng/mL PDGF-BB for indi-
cated time points (n = 4 independent experiments). (D) Quantitative RT–PCR analysis of KLF4 transcription level in mouse aortic SMCs isolated from
AdkWT and AdkDVSMC mice (n = 6 independent experiments). (E and F) Representative IHC staining of KLF4 expression and quantification in ligated carotid
arteries of AdkWT or AdkDVSMC mice with ligation injury for 14 days. I indicates intimal area (n = 4 mice per group). (G) Analysis of proliferation by WST-1 as-
say in HCSMCs that were first transfected with siRNA targeting KLF4 or control siRNA, and then infected 6 h later with adenovirus encoding shRNA target-
ing ADK or control shRNA (n = 4 independent experiments). (H) Analysis of proliferation by WST-1 assay in HCSMCs that were first infected with
adenovirus encoding shRNA targeting ADK or control shRNA, and then treated 6 h later with 5-Aza at 2 lM for 48 h (n = 4). (I) Quantitative RT–PCR analy-
sis of KLF4 transcription level in HCSMCs that were first infected with adenovirus encoding shRNA targeting ADK or control shRNA, and then treated 6 h
later with 5-Aza at 2 lM for 48 h (n = 4). For all bar graphs, data are expressed as the means ± SEM, *P < 0.05 and **P < 0.01 (two-way ANOVA with
Bonferroni’s post hoc test for C; unpaired, two-tailed Student’s t-test for D and F; one-way ANOVA with Tukey’s post hoc test for G–I).
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Figure 6 The role of ADK in guide wire injury-induced arterial neointima formation in atherosclerotic mice. (A) Representative H&E-stained cross-sec-
tions of mouse carotid arteries from AdkWT and AdkDVSMC mice with guide wire injury for 21 days. Red lines indicate the internal elastic lamina. (B)
Quantitative analysis of arterial neointima area in A (n = 8 mice per group). (C) Quantification of the ratios of neointima areas to media areas of injured ca-
rotid arteries in A (n = 8 mice per group). (D) Quantitative analysis of arterial media area in A (n = 8 mice per group). (E) Representative IF staining of PCNA
on sections of carotid arteries from Apoe-/-/AdkWT and Apoe-/-/AdkDVSMC mice with guide wire injury for 21 days. (F) Quantification of PCNA-positive area in
carotid arterial neointima from Apoe-/-/AdkWT and Apoe-/-/AdkDVSMC mice with guide wire injury for 21 days (n = 4 mice per group). (G) Representative IF
staining of 5-mC on sections of mouse carotid arteries from Apoe-/-/AdkWT or Apoe-/-/AdkDVSMC mice with guide wire injury for 21 days. (H) The 5-mC fluo-
rescence relative optical density values in carotid arterial neointima from Apoe-/-/AdkWT or Apoe-/-/AdkDVSMC mice with guide wire injury for 21 days (n = 4
mice per group). (I–K) Evaluation of neointima formation in carotid arteries from mice with left common carotid artery ligation injury. Mice were injected in-
traperitoneally with vehicle or ABT702 at a dose of 1.5 mg/kg mouse/day for 21 days (n = 7 mice per group). (I) Quantitative analysis of arterial neointima
area. (J) Quantification of the ratios of neointima areas to media areas of injured carotid arteries. (K) Quantitative analysis of arterial media area. For all bar
graphs, data are expressed as the means ± SEM, *P < 0.05 and **P < 0.01 (unpaired, two-tailed Student’s t-test).
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showed that increased expression of ADK was primarily localized to the
nuclei of neointima VSMCs, which were identified by a-SMA staining
(Supplementary material online, Figure S4). To explore the relationship
between ADK expression and DNA methylation, we measured the level

of 5-mC. IF analysis showed significantly higher level of 5-mC immunore-
activity in the tunica intima vs. the tunica media (Figure 7C and D). In con-
trast, IHC analysis showed that the levels of KLF4 in the tunica intima
were lower than those in the tunica media (Figure 7E and F). These data

Figure 7 ADK expression and DNA methylation in human femoral arterial neointima. (A) Representative IHC staining of ADK on sections of human fem-
oral artery specimens with in-stent restenosis. The left image shows the tunica intima area and the right one shows the tunica media area. ADK-positive cells
(brown spots) were shown with DAB staining. (B) Quantification of human stenotic artery specimen in (A) via Image Pro Plus (n = 6 per group). (C and D)
Representative IF staining (C) and quantification (D) of 5-mC (red) in the tunica intima area and tunica media area of human stenotic femoral artery (n = 6
per group). (E and F) Representative IHC staining (E) and quantification (F) of KLF4 in the tunica intima area and tunica media area of human stenotic femoral
artery (n = 6 per group). For all bar graphs, data are expressed as the means ± SEM, **P < 0.01 (unpaired, two-tailed Student’s t-test).
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reveal possible associations among ADK level, DNA hypermethylation,
and KLF4 level in human arterial neointima and suggest an association be-
tween ADK expression level and human proliferative vascular disease.

4. Discussion

To the best of our knowledge, this study is the first to report that ADK
overexpression in VSMCs promotes the hypermethylation of DNA and
the acquisition of a proliferative phenotype that contributes to arterial
neointima formation. Elevated levels of intracellular adenosine achieved
either by ADK KD or inhibition promotes DNA hypomethylation that
suppresses VSMC proliferation and reduces arterial neointima forma-
tion. These findings provide new insights into a previously unrecognized
effect of ADK and intracellular adenosine on VSMC proliferation via
modification of epigenetic pathways (Supplementary material online,
Figure S5A and B).

4.1 SAM-dependent transmethylation
pathway promotes a proliferative
phenotype in VSMCs and arterial
neointima formation
ADK favours SAM-dependent transmethylation reactions by keeping the
levels of intracellular adenosine low.13,14 In addition, our recent pub-
lished study showed that ADK associates with and coordinates with
SAHH to remove adenosine that is generated by the SAHH-dependent
hydrolysis of SAH, which then facilitates the SAM-dependent transme-
thylation pathway.23 In this study, deletion of ADK promoted the eleva-
tion of intracellular adenosine as well as SAH. SAH is a powerful
inhibitor of SAM-dependent transmethylation reactions,24 which
accounts for the ability of ADK deletion to inhibit the transmethylation
pathway. Functionally, the outcome of a loss in ADK expression in
VSMCs is to reduce VSMC proliferation and neointima formation.
Previous studies have demonstrated that inhibition of SAM-dependent
transmethylation pathways by the SAHH inhibitor, 3-deazaadenosine,
suppresses VSMC proliferation and neointima formation.25 Together,
these findings indicate that the SAM-dependent transmethylation path-
way robustly regulates the proliferative phenotype of VSMCs and influ-
ences the extent of arterial neointima formation.

4.2 DNA hypermethylation promotes the
VSMC proliferative phenotype and arterial
neointima formation
Epigenetic regulation, including DNA methylation, is critically involved in
the modulation of VSMC function.7,26,27 Several reports have shown that
promoter hypermethylation of individual anti-proliferative genes occurs
in diseased arteries and contributes to VSMC hyperplasia.28,29 A few re-
cent reports have indicated that inhibition of DNA methylation has a net
anti-proliferative effect on SMCs. The DNMT inhibitor, 5-Aza, has been
shown to suppress PDGF-induced proliferation of rat airway SMCs and
mouse VSMCs.30,31 In addition, overexpression of the methylcytosine
dioxygenase TET2, which oxidizes DNA 5-methylcytosine (5mC) to 5-
hydroxymethylcytosine (5hmC), leading to DNA demethylation,32,33

promotes the expression of anti-proliferative genes in VSMCs and
reduces cell proliferation.33 In agreement with these studies, we ob-
served a marked increase in DNMT activity and 5-mC levels in PDGF-
treated VSMCs as well as in the size of the arterial neointima. We also
observed that inhibition of DNA methylation with the DNMT inhibitor

5-Aza suppressed VSMC proliferation and reduced neointima formation.
Therefore, our data suggest that DNA hypermethylation is functionally
linked to the proliferative phenotype of VSMCs and neointima
formation.

4.3 Inhibition of DNA hypermethylation,
through elevation of intracellular
adenosine levels, contributes to the
suppression of VSMC proliferation and
arterial neointima formation in ADK KD
VSMCs
As previously shown in neurons and astrocytes,14 ADK levels positively
correlate with DNA hypermethylation in VSMCs. As the major adeno-
sine metabolizing enzyme, the loss of ADK in VSMCs led to an increased
level of intracellular adenosine that then biochemically represses SAM-
dependent DNA transmethylation reactions through product inhibition
(Supplementary material online, Figure S1A). Using an ELISA-based assay
as well as a genome-wide Infinium methylation assay, we found that ADK
KD decreased the global DNA methylation status in VSMCs.
Furthermore, we found that the actions of ADK KD to inhibit VSMC
proliferation and reduce the neointima formation mimicked those of the
DNA methylation inhibitor 5-Aza. This data suggests that the compro-
mised proliferation of VSMCs and the constrained arterial neointima for-
mation secondary to ADK deficiency can, at least partially, be attributed
to adenosine-dependent DNA hypomethylation.

4.4 KLF4 is one of the key mediators for
intracellular adenosine to suppress VSMC
proliferation
Previous studies have suggested that KLF4 functions not only as a repres-
sor of VSMC differentiation but also as a VSMC growth repressor.34

Owen et al.35 found that KLF4 inhibits VSMC differentiation through
transcriptional repression of the expression of VSMC marker genes.
Many studies have shown that increased expression of KLF4 inhibits the
proliferation of VSMCs. In a carotid artery ligation model, Yoshida et al.18

reported that although a conditional deletion of KLF4 delays the down-
regulation of smooth muscle cell differentiation markers, it increases
VSMC proliferation and enhances arterial neointima formation, indicat-
ing that KLF4 is a negative regulator of VSMC proliferation in vivo. In our
study, ADK KD VSMCs exhibited not only a low rate of proliferation but
also low levels of the VSMC markers a-actin and SM22a compared with
control VSMCs (Figure 3E and F). The phenotypes of ADK KD VSMCs
were similar to those of KLF4-overexpressing VSMCs, suggesting a func-
tional relationship between ADK KD and KLF4 overexpression. Among
the anti-proliferative genes for VSMCs that exhibited reduced promoter
methylation in ADK-deficient cells, the KLF4 level was the most robustly
up-regulated. In addition, KLF4 was also the most up-regulated anti-
proliferative gene in cells treated with the DNA methylation inhibitor 5-
Aza, indicating that in VSMCs the KLF4 promoter locus is a methylation/
demethylation hotspot. The significantly reduced level of methylation on
the KLF4 promoter in ADK KD VSMCs was confirmed by bisulfite se-
quencing. We also found that short-term PDGF treatment increased,
but long-term PDGF treatment decreased, the transcription of KLF4.
Bisulfite sequencing data suggest that the reduced transcription of KLF4
results from DNA hypermethylation triggered by prolonged PDGF
treatment. These data indicate that down-regulation of KLF4 by ADK-
mediated potentiation of DNA hypermethylation contributes to the
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PDGF-induced VSMC proliferative phenotype. In addition, KD of KLF4 in
ADK KD VSMCs partially compromises the anti-proliferative effect of
ADK KD and provides evidence to support the links between KFL4 pro-
moter hypomethylation, increased KLF4 expression, and compromised
proliferation of ADK KD VSMCs.

4.5 ADK-deficiency-induced suppression of
VSMC proliferation and arterial neointima
formation is mediated by cooperative
interaction between extracellular
adenosine-mediated adenosine receptor
activation and intracellular adenosine-me-
diated DNA hypomethylation
We have shown that the hypomethylation of DNA triggered by ADK
KD/inhibition in VSMCs is independent of adenosine receptor A2AR and
A2BR, which is consistent with previous reports in other cell types.14,36

However, the current study cannot rule out the possibility that ADK de-
letion has additional distinct effects on adenosine receptor expression
on VSMCs and that autocrine activation of adenosine receptors, espe-
cially A2BR, may inhibit VSMC proliferation. Studies in vitro have demon-
strated that A2BR activation mediates the anti-proliferative effects of
exogenous or endogenous (VSMC-derived) adenosine in VSMCs.17,37

Using a femoral artery ligation model of vascular disease, Yang et al.38

reported that A2BR deficiency exacerbated neointima formation by pro-
moting VSMC proliferation, which suggests that A2BR activation sup-
presses VSMC proliferation in vivo. In our study, we found that the anti-
proliferative effect of ADK deletion was compromised by KLF4 defi-
ciency, but not by genetic or pharmacological inhibition of A2BR, implying
that KLF4 up-regulation due to DNA hypomethylation, but not A2BR ac-
tivation, is the dominant mediator of the anti-proliferative effect of ADK
deletion. However, considering the increased extracellular adenosine
levels (Figure 1J) and increased intracellular cAMP levels (Supplementary
material online, Figure S3I) observed post-ADK deletion, the involvement
of autocrine activation of A2BR in the anti-proliferative effect of ADK de-
letion remains a possibility. In addition, paracrine/autocrine adenosine
signalling would be much more anticipated in in vivo studies. The elevated
extracellular adenosine induced by VSMC ADK deficiency may exert
paracrine and autocrine anti-proliferative functions on most vascular cell
types.

4.6 ADK could be an important target for
therapeutic augmentation of intracellular
adenosine and inhibition of aberrant DNA
methylation to treat proliferative and
remodelling vascular diseases
In the present study, we demonstrate that pharmacological inhibition of
the aberrant DNA hypermethylation by targeting ADK prevents neoin-
tima formation but does not increase VSMC apoptosis and necrosis, indi-
cating that ADK is a potential therapeutic target. Increased expression of
ADK in the human stenotic femoral artery suggests that ADK may also
contribute to pathological remodelling and arterial neointima develop-
ment in humans. Despite great efforts aimed at targeting epigenetic path-
ways for the treatment of vascular diseases, no related agents have been
tested in clinical trials for the treatment of vascular diseases thus far.
Among many epigenetic molecules characterized to regulate DNA
methylation, none of them are targetable for treating vascular diseases.
With enzymatic activity that can be inhibited by small molecules, the

targetable properties of ADK have already received much attention in
drug development for the treatment of seizure and pain.39,40 Thus, tar-
geting ADK for treatment of arterial neointima is warranted. The current
medicines used in medicated stents for treating patients with coronary
artery disease, such as rapamycin and paclitaxel, reduce not only neoin-
tima formation but also endothelial cell repopulation, leading to clinical
concerns over delayed arterial healing, poor re-endothelialization, and
late stent thrombosis.41,42 In contrast, our recent studies show targeting
endothelial ADK increases the rate of endothelial cell repopulation and
improves endothelial cell function.23,43–45 Overall, these findings indicate
that targeting ADK to therapeutically augment intracellular adenosine
may represent an attractive and safe therapeutic strategy for the treat-
ment of proliferative and remodelling vascular diseases.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Translational perspective
Abnormal proliferation of vascular smooth muscle cell (VSMC) is key to abundant occlusive vascular diseases in humans, such as atherosclerosis and
intimal hyperplasia associated with restenosis. Adenosine has been shown to combat abnormal smooth muscle proliferation. Here, we demonstrate
that increased catabolism of adenosine by adenosine kinase (ADK) promotes abnormal VSMC proliferation. The pathological ADK overexpression
in both mice and humans with vascular disease promotes VSMC proliferation via inducing aberrant DNA hypermethylation and KLF4 down-regula-
tion. Our study suggests that pharmacological augmentation of endogenous adenosine by targeting ADK represents a promising therapeutic strategy
for occlusive vascular diseases.

Adenosine kinase contributes to neointima formation 575


