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A B S T R A C T

Vascular calcification is prevalent in patients with atherosclerosis, and oxidative stress promotes pathogenesis of
atherosclerosis. We have previously reported that activation of AKT by oxidative stress induces vascular calci-
fication. Using sodium dichloroacetate (DCA), a previously reported small molecule inhibitor of AKT, the present
studies uncovered an AKT-independent mechanism in regulating vascular calcification.

We found that DCA dose-dependently induced calcification of vascular smooth muscle cells (VSMC) in vitro
and aortic rings ex vivo. Furthermore, DCA markedly enhanced vascular calcification in atherosclerotic ApoE
knockout mice in vivo. DCA-induced VSMC calcification was associated with increased Runx2, but not via ac-
tivation of AKT, a key upstream signal that upregulates Runx2 during VSMC calcification. In contrast, DCA
inhibited AKT activation and induced activation of p38 MAPK in calcified atherosclerotic lesions in vivo and
calcified VSMC in vitro. Using a pharmacological inhibitor and shRNA for p38 MAPK, we demonstrated that
inhibition of p38 MAPK blocked DCA-induced Runx2 upregulation and VSMC calcification. Furthermore, Runx2
deletion attenuated DCA-induced VSMC calcification. Immunoprecipitation analysis revealed association of p38
MAPK with Runx2, which was enhanced by DCA treatment. Knockdown p38 MAPK inhibited DCA-induced
Runx2 transactivity, supporting the function of p38 MAPK in regulating Runx2 transactivity.

Our studies have uncovered a new function of DCA in regulating vascular calcification, via AKT-independent
activation of p38 MAPK. Furthermore, we have identified novel interaction between p38 MAPK and Runx2
enhances Runx2 transactivity, thus promoting VSMC calcification. These results revealed a novel signaling
mechanism underlying DCA-induced vascular calcification, and offer opportunities to identify new therapeutic
targets.

1. Introduction

Atherosclerosis leads to narrowing of the vessel and many cardio-
vascular complications. Vascular calcification is a manifestation of the
atherosclerotic lesions, which reduces elasticity and compliance of the
vessel wall [1], and is an independent risk factor for subsequent car-
diovascular mortality [2,3]. Previously considered a passive calcium
deposition, vascular calcification has now been determined as an active
cell-regulated process resembling bone modeling [4]. We and others
have demonstrated that osteogenic differentiation of vascular smooth

muscle cells (VSMC) is important for the development of vascular cal-
cification [5–7].

Increased oxidative stress plays a critical role in promoting ather-
osclerosis [8] and vascular calcification [5]. In the atherosclerotic le-
sions of the high-fat-fed ApoE deficient mice (ApoE-/-), we have shown
that increased oxidative stress is associated with increased vascular
calcification [7]. Using a primary VSMC culture system, we have de-
termined that oxidative stress induces vascular calcification through
activation of AKT signaling pathways that upregulate the key osteo-
genic transcription factor, Runx2 [5]. Furthermore, activation of AKT in
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diabetic mice by O-GlcNAcylation also promotes VSMC calcification
[9]. Consistently, constitutively activated AKT was sufficient to pro-
mote VSMC calcification in vitro and vascular calcification in animals in
vivo [10]. These studies have supported the concept that activation of
AKT signaling mediates oxidative stress and hyperglycemia-induced
vascular calcification.

Sodium dichloroacetate (DCA) is a small molecule that has been
shown to inhibit AKT activation while increasing oxidative stress in
cancer cells [11,12]. Early studies have found that DCA reduce blood
glucose in diabetic dogs [13] and fasting hyperglycemia in diabetic
patients [14]. It has also been recently been tested in phase I clinical
trials to treat patients with advanced solid tumors [15,16]. DCA ex-
hibits potent anti-cancer activity in cancer cells [17,18] and animal
models [12,19,20], via inducing oxidative stress that causes apoptosis
in cancer cells [21,22]. Similarly, DCA exhibited protective effects on
hypoxia-induced pulmonary hypertension via inducing apoptosis of the
pulmonary smooth muscle cells [23,24]. Most recently, DCA was found
to prevent injury-induced restenosis in animal models by inducing
apoptosis of smooth muscle cells [25]. Although the effects of DCA on
vascular calcification have not been investigated, the regulation of DCA
on the pro-calcification signals, oxidative stress, AKT and cell death,
suggests that it may play a role in the development of vascular calci-
fication.

The present study determined the effect of DCA on VSMC calcifi-
cation in vitro and in atherosclerotic ApoE-/- mice in vivo. We found that
non-toxic concentrations of DCA, did not affect VSMC viability, induced
calcification of VSMC in culture and increased atherosclerotic vascular
calcification in atherosclerosis in mice. Furthermore, DCA induced
AKT-independent activation of p38 MAPK, which directly associated
with Runx2 and induced Runx2 transactivity to promote VSMC calci-
fication. These results offer new insights into the signaling mechanisms
underlying DCA-induced vascular calcification; and provide opportu-
nities to identify new therapeutic targets for preventing calcification.

2. Materials and methods

2.1. Experimental animals [6,7]

Eight-week-old ApoE-/- mice, both male and female, in C57BL/6 J
genetic background were fed a high-fat, high-cholesterol diet (Harlan
Teklad, TD88137) with or without DCA added in the drink water
(0.75 g/L) for 5 months. A total of 9 mice were characterized in each
group. The drinking water was filtered and changed twice per week.
The amount of DCA used was based on previously reported in rodent
models [20,24,26]. Both food and fluid intake were ad libitum as we
described previously [6,7]. All of the protocols were approved by the
Institutional Animal Care and Use Committee of the University of
Alabama at Birmingham.

2.2. Tissue harvest and processing

After euthanization, the heart and vasculature were perfused with
sterile PBS. The heart and the aorta were dissected under a microscope
and frozen in OCT embedding medium (Tissue-Tek) for serial cryo-
sectioning [6,7]. The initial sections were collected when the first cusp
became visible in the lumen of the aorta. Serial sections of 8 µm in
thickness were collected from the aortic roots. Histological analysis by
Hematoxylin & Eosin (H&E) staining was performed as we previously
reported [10]. Descending aorta was dissected for calcium quantifica-
tion and Western blot analysis.

2.3. Oil Red O staining

After fixed with 4% paraformaldehyde, 20 μmol EDTA, and 5%
sucrose for 12 h, aortic root sections were stained with Oil Red O
(Sigma Aldrich) and counterstained with hematoxylin [27]. Images

were captured directly using Leica light microscope and the percentage
of positively stained area was quantified using ImageJ software (NIH
Bethesda, MD).

2.4. Aortic calcification

Calcium deposits in aortic sections were stained using Alizarin Red
(Sigma Aldrich) essentially as described previously [6,7]. Stained spe-
cimens were examined microscopically (Leica M165 FC), and the per-
centage of positively stained area for each aortic specimen was quan-
tified using ImageJ software (NIH Bethesda, MD).

Aortic calcium contents in descending aortas were measured as
previously described [6,7]. Descending aortas were lyophilized to
constant weight and decalcified with 0.6mmol/L HCl at 37 °C for 48 h.
Calcium released from the lyophilized tissues was determined color-
imetrically by Arsenazo III (3, 6-bis[(2-Arsonophenyl) Azo]− 4,5-di-
hydroxy-2,7-naphthalenedisulfonic acid with calcium diagnostic kit;
Stanbio Laboratory). The amount of vascular calcium was normalized
to the dry weight of the tissues and expressed as millimolar/gram dry
weight.

2.5. Immunofluorescence staining

Frozen aortic root sections were processed and immunofluorescent
staining performed as we described previously [6,7], using antibodies
for mouse phospho-AKT and phospho-p38 MAPK (Cell signaling). The
immunofluorescence was quantified using ImageJ software.

2.6. Aortic ring culture

Descending aortas were cut into 2–3mm rings, which were cultured
in osteogenic medium containing 1% FBS with DCA (0, 1 and 5mM) for
2 weeks. The mediums were changed every 3 days. Then aortic rings
were collected, fixed and embedded in paraffin [10]. The sections were
then stained by H&E for histology and Alizarin Red for calcification.

2.7. VSMC culture

Primary VSMC were isolated from mouse aorta and cultured in
growth media as we described previously [5]. All experiments were
performed with VSMC isolated from at least 3 animals, and experiments
were performed in duplicate or triplicate as indicated, and repeated at
passages 3–5.

2.8. Cell viability/proliferation assay

VSMC were grown in a 96-well for 72 h in growth media with dif-
ferent concentrations of DCA from 0 to 20mM, which have been used in
cell culture as previously reported [28–30]. Cell viability was de-
termined using the MTS Cell Proliferation Assay Kit (Promega), ac-
cording to manufacturer's recommendation.

2.9. Bromodeoxyuridine proliferation assay [31]

VSMC were plated on 96-well gelatin-coated plates overnight. After
serum starvation, cells were exposed to DCA from 0 to 20mM for two
days. Proliferation was determined by 5-bromo-2-deoxyuridine (BrdU)
incorporation using the Millipore BrdU assay kit (Millipore), and
measured with a microplate reader.

2.10. In vitro VSMC calcification

VSMC calcification was performed as we previously described in
osteogenic media containing 0.25mM L-ascorbic acid and 10mM β-
glycerophosphate and 10−8 nM dexamethasone (Sigma Aldrich) with
or without DCA for 3 weeks with media change every 3 days [5].
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Calcification was determined by Alizarin Red staining; or quantified in
parallel experiments by measuring total calcium in the cell lysates by
Arsenazo III method [5,6].

The effect of p38 MAPK kinase on DCA-induced VSMC calcification
were determined with 10 µM SB203580 (Sigma-Aldrich).

2.11. Reverse transcriptase-polymerase chain reaction

The effect of DCA on the expression of bone-related and smooth
muscle-specific gene markers was determined by RT-PCR. Total RNA
was isolated from VSMC using Trizol (Invitrogen) and reverse-tran-
scribed into cDNA. PCR was performed using specific primers for
murine smooth muscle specific α-actin (SMA), SM22α, alkaline phos-
phatase (ALP), type I collagen A1 (Col Ia) and osteocalcin (OC), Runx2
and β-actin (loading control) as we previously described [5,6].

2.12. ALP activity assay

Cellular ALP activity was determined by ALP staining [6,32].
Briefly, VSMC were exposed to different concentrations of DCA for 2
weeks, cells were fixed with 4% PFA, and stained with an alkaline-dye
mixture containing naphthol AS-BI alkaline solutions (Sigma).

2.13. Western blot analysis

Protein extracts from VSMC and mouse arteries were prepared and
protein concentration was measured as we previously described [5].
Western blot analyses were performed with the use of specific antibody
for p38 MAPK (Catalog# 9212), phospho-p38 MAPK (4511), ERK1/2
(9102), pERK1/2 (9101), AKT (9272), pAKT (9271) from Cell Sig-
naling, Runx2 from MBL (D130-3) and β-actin (A5441) from Sigma
Aldrich and detected with a Western blot chemiluminescence detection
kit (Millipore).

2.14. Immunoprecipitation

To determine Runx2 and p38 MAPK interaction,

immunoprecipitation was performed with anti-Runx2 antibody as we
reported previously [9]. In brief, cell extracts were incubated with
Runx2 antibody at 4 °C overnight and then mixed with protein G
agarose beads (Sigma Aldrich) for 3 h. Beads were washed, and proteins
pulled down were analyzed by Western blotting using specific anti-
bodies to detect Runx2, p38 MAPK and phosphorylated p38 MAPK.

2.15. Lentiviral transduction

Lentivirus-mediated p38 MAPK knockdown or Runx2 over-
expression was performed as previously described [5,6]. Lentiviral
vector encoding a 21-nucleotide p38 MAPK short hairpin RNA (shRNA)
was purchased from Open Biosystems and packaged into lentiviral
particles. Lentiviral construct expressing wild type Runx2 was gener-
ated as we previous described [33]. Viral transductions were performed
by incubating VSMC with recombinant lentiviruses in growth media
supplemented with 10 µg/mL Polybrene (Sigma). After 24 h, cells were
washed with PBS and kept in growth media containing puromycin for 2
weeks to select stable transfectants.

2.16. Detection of Runx2 transactivity

Runx2 transactivity was determined by a Dual-Luciferase Reporter
assay with the use of p6xRunx-Luc, a luciferase reporter construct
containing six Runx binding elements in the promoter region as we
previously reported [5]. A plasmid encoding Renilla luciferase gene
downstream of a minimal SV40 promoter was used to normalize for
transfection efficiency. Twenty-four hours after transfection, cells were
washed and treated with 5mM DCA for an additional 48 h. Luciferase
activities were determined with the Dual-Luciferase assay kit (Pro-
mega).

2.17. Statistical analysis

All the data in this study are expressed as means± SD. Differences
in data between two groups were compared with Student's paired 2-
tailed t-test. For multiple group comparison, one-way analysis of

Fig. 1. DCA induces VSMC calcification. A) Effects of
DCA on VSMC viability and proliferation, as de-
termined by a) MTS assay and b) BrdU incorporation.
Results shown are from experiments using VSMC
from 3 mice, and performed in triplicate. B&C)
Effects of DCA on VSMC calcification. VSMC were
cultured in osteogenic media with DCA (0–5mM) for
up to 21 days. Calcification was determined by a)
ALP staining at 14 days; and b) Alizarin Red staining
at 21 days; and C) Quantitative measurement of
calcium content at 21 days in parallel sets of ex-
periments. Representative images of 3 independent
experiments performed in duplicate are shown
(n=3, *p < 0.05). D) Effects of DCA on the ex-
pression of smooth muscle and osteogenic marker
genes. VSMC were exposed to DCA for 14 days, ex-
pression of smooth muscle markers SM22α, α-actin
(SMA) and osteogenic markers ALP, ColIa, OC and
Runx2 was determined by RT-PCR. Representative
results from 3 independent experiments performed in
duplicate are shown. E) Effects of DCA on arterial
calcification ex vivo. Aortic rings from wild type mice
were cultured in osteogenic media with DCA (0, 1
and 5mM) for 21 days, and stained by H&E for his-
tology (i, iii, v) and Alizarin Red (ii, iv, vi) for cal-
cification. Higher magnification images of the boxed
areas in a are shown in b. Results shown are re-
presentative images from 4 independent experi-
ments.
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variance followed by a Student-Newman-Keuls test was performed. A p
value less than 0.05 was considered statistically significant.

3. Results

3.1. DCA induces VSMC calcification

To identify a non-toxic concentration of DCA for VSMC, we tested a
serial of concentrations of DCA in culture media for up to 20mM, which
has been used in cell culture as previously reported [29,30]. At all
concentrations tested, DCA did not affect VSMC viability (Fig. 1Aa) or
VSMC proliferation (Fig. 1Ab). Therefore, we determined the effects of
DCA on VSMC calcification at concentrations between 0.1 and 5mM.

We found that increasing concentrations of DCA markedly induced
calcification of VSMC, as determined by Alkaline Phosphate (ALP)
staining (Fig. 1Ba) and Alizarin Red staining (Fig. 1Bb). Measurement
of total calcium content in parallel experiments further confirmed a
dose-dependent effect of DCA on VSMC calcification (Fig. 1C). Con-
sistently, DCA decreased the expression of smooth muscle marker
genes, SM22α and α-SMA, while increased the expression of bone
specific markers, ALP, ColIa1, OC, and Runx2 (Fig. 1D), demonstrating
that DCA induces active osteogenic differentiation of VSMC.

Furthermore, we determined the effect of DCA on calcification of
the arteries and VSMC in their natural milieu, using the ex vivo ring
culture model that we and others have previously reported [10,34].
Consistent with the in vivo results, we found that increasing con-
centrations of DCA markedly enhanced vascular calcification, as de-
monstrated by Alizarin Red staining (Fig. 1E, ii, iv, vi). Histological
analysis by H&E showed calcification in the aortic media (Fig. 1E, i, iii,
v).

3.2. DCA enhances vascular calcification in atherosclerotic ApoE-/- mice

The effect of DCA on vascular calcification was further character-
ized in vivo in the atherosclerotic ApoE-/- mice. We found that DCA
treatment did not affect total atherosclerotic lesions, as determined by
Oil Red O staining at the aortic root (Fig. 2A). Consistent with the
observations in VSMC in vitro and aortic rings ex vivo, DCA enhanced
vascular calcification in mouse arteries in vivo (Fig. 2B, C). Alizarin Red
staining of sections at the aortic root demonstrated marked increases of
calcification in the DCA-treated mice (Fig. 2B). Furthermore, mea-
surement of the total calcium contents in the descending aortas con-
firmed that DCA significantly enhanced calcification in the descending
aortas (Fig. 2C). These results have demonstrated that DCA uniquely
enhances vascular calcification in atherosclerosis in vivo.

3.3. DCA induces AKT-independent activation of p38 MAPK

To determine the molecular mechanisms underlying DCA-induced
VSMC calcification, we first analyzed the effects of DCA on the acti-
vation of AKT, a key upstream signal that upregulates Runx2 and pro-
motes oxidative stress-induced VSMC calcification [5,9,10]. Similar to

the observations in cancer cells [11], we found that DCA abolished AKT
activation in VSMC (Fig. 3A). Among other signals that have been
shown to regulate VSMC calcification [5,35], we identified that DCA
specifically activated the p38 MAPK but not the extracellular signal-
regulated kinases (ERK) signaling pathway in VSMC (Fig. 3A).

Consistently, decreased AKT activation was determined in the aortic
root sections from mice treated with DCA (Fig. 3Ba, b); whereas in-
creased phosphorylation/activation of p38 MAPK was demonstrated in
the consecutive aortic sections for the DCA-treated mice (Fig. 3Ba, c).
Furthermore, Western blot analysis demonstrated inhibited AKT acti-
vation in the descending aortas from DCA-treated mice (Fig. 3C, pAKT).
In sharp contrast, DCA treatment-increased p38 MAPK activation and
the Runx2 level was demonstrated in the descending aortas (Fig. 3C,
pp38 MAPK, Runx2). Accordingly, the results suggest that increased
activation of p38 MAPK but not AKT may contribute to the DCA-en-
hanced vascular calcification in vivo.

Using a pharmacological AKT inhibitor, we confirmed that inhibi-
tion of AKT did not affect DCA-induced activation of p38 MAPK and
vascular calcification (Fig. 3D), suggesting that AKT-independent acti-
vation of p38 MAPK mediates DCA-induced VSMC calcification.

3.4. Inhibition of p38 MAPK attenuates DCA-induced VSMC calcification

The role of p38 MAPK in DCA-induced VSMC calcification was in-
itially determined using a p38 MAPK inhibitor, SB203580. We found
that p38 MAPK inhibition attenuated DCA-induced VSMC calcification,
as demonstrated by Alizarin Red staining and quantitative calcium
measurement in parallel experiments (Fig. 4A). Concurrently, p38
MAPK inhibitor blocked DCA-induced Runx2 upregulation, suggesting
that p38 MAPK activation is critical for DCA-induced VSMC calcifica-
tion via upregulation of Runx2.

To exclude potential side effects of the pharmacological inhibitor,
we generated VSMC with p38 MAPK knockdown by specific shRNA.
Western blot analysis confirmed p38 MAPK knockdown in VSMC
(Fig. 4B). Consistent with the results with the p38 MAPK inhibitor, p38
MAPK knockdown blocked DCA-induced VSMC calcification. DCA-in-
duced p38 MAPK activation and Runx2 upregulation were also abol-
ished in the p38 MAPK knockdown VSMC, supporting the role of p38
MAPK in mediating DCA-induced Runx2 upregulation and VSMC cal-
cification. These results have demonstrated a definitive role of DCA-
activated p38 MAPK in mediating DCA-induced Runx2 upregulation
and VSMC calcification.

3.5. DCA-induced p38 MAPK activation promotes VSMC calcification via
Runx2

To determine whether Runx2 upregulation by DCA was necessary
for DCA-induced VSMC calcification, we utilized Runx2 knockout (KO)
VSMC as we previously reported [6]. DCA induced calcification of the
control VSMC, which was abolished in Runx2 KO VSMC as demon-
strated by Alizarin Red staining (Fig. 5Aa). Quantitative measurement
of total calcium content in separate sets of experiments also confirmed

Fig. 2. DCA enhances vascular calcification in
atherosclerosis mice. ApoE-/- mice at 8-week old
were fed cholesterol diet with or without DCA in
drinking water for 5 months with water change twice
a week (n=9 mice / group). A) Atherosclerosis le-
sions, determined by Oil Red O staining positive
areas at the aortic root of control and DCA-treated
mice using NIH ImageJ software. B) Vascular calci-
fication determined in aortic roots. a) Representative
images of aortic root sections stained with Alizarin
Red are shown. Boxed areas at higher magnifications
are shown to the right. b) Quantification of calcifi-

cation in Ba using NIH ImageJ software. Results presented are the percentage of positively stained areas in the total area. The numbers of mice analyzed in each group are shown in each
bar. Bar values are means± SD (*p < 0.001). C) Vascular calcification determined in descending aortic tissues, by total calcium content quantification with the Arsenazo III method
(*p=0.006).
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that Runx2 KO inhibited DCA-induced VSMC calcification (Fig. 5Ab),
supporting an essential role of Runx2 in DCA-induced VSMC calcifica-
tion. Of note, DCA-induced p38 MAPK activation was observed in both
the control cells as well as the Runx2 KO VSMC (Fig. 5Ac), indicating
that Runx2 acts downstream of DCA-induced activation of p38 MAPK.

Furthermore, we determined the role of p38 MAPK in Runx2-in-
duced VSMC calcification. Similar to our previous observation [5],
overexpression of Runx2 was sufficient to induce VSMC calcification in
the control VSMC, as determined by Alizarin Red staining (sh Scr,
Fig. 5Ba) and quantitative calcium measurement (Fig. 5Bb). The
amount of p38 MAPK and activation of p38 MAPK were not affected by
Runx2 overexpression (Fig. 5Bc). In contrast, Runx2-induced VSMC
calcification was inhibited in the p38 MAPK knockdown cells (sh p38,
Fig. 5Ba, b), and the knockdown did not affect Runx2 expression
(Fig. 5Bc). These data demonstrate that inhibition of either p38 MAPK
or Runx2 was sufficient to block DCA-induced VSMC calcification,
suggesting an interplay between Runx2 and p38 MAPK mediates DCA-
induced VSMC calcification.

3.6. p38 MAPK interacts with Runx2 and promotes Runx2 transactivity

A direct association between p38 MAPK and Runx2 was determined

by immunoprecipitation using the Runx2 antibody (Fig. 6A). In the
Runx2 overexpressing VSMC, DCA treatment did not affect the protein
level of Runx2 or p38 MAPK, but markedly induced p38 MAPK acti-
vation, as indicated by phosphorylation of p38 MAPK (pp38, Fig. 6Aa).
Probing the Runx2-associated complex by p38 MAPK antibody revealed
the association of Runx2 with p38 MAPK (Fig. 6Ab). Importantly, in-
creased Runx2 binding to the phosphorylated p38 MAPK was identified
in the DCA-treated VSMC.

The function of p38 MAPK in regulating Runx2 activity was de-
termined by a dual luciferase reporter assay, assessing Runx2 transac-
tivity. As shown in Fig. 6B, increased Runx2 transactivity was demon-
strated in the DCA-treated VSMC (Fig. 6B, sh Scr). However,
knockdown of p38 MAPK abolished DCA-induced Runx2 transactivity
(Fig. 6B, sh p38), further supporting an important role of p38 MAPK in
regulating DCA-induced Runx2 transactivity, which is essential for
Runx2 osteogenic function.

4. Discussion

DCA has been shown to inhibit AKT activation and induce oxidative
stress that lead to apoptosis of cancer cells. The potent effects of DCA on
inhibiting activation of AKT, a key signaling pathway that promotes

Fig. 3. DCA induces AKT-independent activation of
p38 MAPK. A) DCA-activated cellular signaling in
VSMC. Wild type VSMC were serum starved and then
treated with 5mM DCA for different durations.
Phosphorylation/activation of AKT, ERK1/2 and p38
MAPK signals was determined by Western blotting
analysis. a) Representative blots from 3 independent
experiments are shown. The expression of β-actin
was used as a loading control. b) Quantification of
pp38 MAPK and pERK1/2, normalized by β-actin
(n=3, *p < 0.05). B) and C) DCA-activated signals
in mouse aortas. B) Immunofluorescent analysis of
phosphorylation/activation of AKT and p38 MAPK
MAPK in consecutive aortic root sections. a)
Representative images (scale bar= 500 µm). b) and
c) Quantification analysis of pAKT and pp38 MAPK
in a). (n= 9, * *p < 0.001). C) Western blot ana-
lysis of phosphorylation/activation of AKT and p38
MAPK in descending aorta from mice with or
without DCA treatment. D) Effects of inhibition of
either AKT or p38 MAPK on DCA-induced AKT/p38
MAPK activation. VSMC were serum starved, pre-
treated with the inhibitors for p38 MAPK (SB203580,
10 µM) or AKT (AKT IV, 0.1 µM), and subsequently

exposed to 5mM DCA for 10min. The activation of AKT and p38 MAPK was determined by Western blotting analysis. Representative blots from 3 independent experiments are shown.

Fig. 4. Inhibition of p38 MAPK attenuates DCA-in-
duced VSMC calcification. A) Effects of p38 MAPK
inhibition on DCA-induced VSMC calcification.
VSMC were exposed to DCA with or without p38
MAPK inhibitor SB203580 (10 µM) in osteogenic
media for 21 days. a) Alizarin red staining for cal-
cification. b) Quantification of calcium content
(n=3, *p < 0.01). c) Western blotting analysis of
Runx2 expression and p38 MAPK phosphorylation/
activation. B) Effects of p38 MAPK knockdown on
DCA-induced VSMC calcification. VSMC with control
(sh Scr) or p38 MAPK specific shRNA (sh p38) were
exposed to DCA in osteogenic media for 21 days. a)
Alizarin red staining for calcification. b)
Quantification of calcium content (n= 3,
*p < 0.01). c) Western blotting analysis of Runx2
expression and p38 MAPK phosphorylation/activa-
tion. The expression of β-actin was used as a loading
control. Representative images or blots of three in-
dependent experiments are shown.
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VSMC calcification, prompted us to evaluate the function of DCA in
regulating vascular calcification. Unexpectedly, we found that DCA did
not inhibit but induced VSMC calcification in vitro and in athero-
sclerosis mice in vivo.

Although DCA was shown to be toxic to cancer cells, and cell death
may promote VSMC calcification, we demonstrated that DCA-induced
VSMC calcification was not due to the toxic effect of DCA on VSMC. In
addition, DCA-induced vascular calcification may not be attributed to
the effects of DCA on atherosclerosis in the DCA-treated mice, as we
found that DCA did not affect the total atherosclerotic lesions, but in-
duced vascular calcification in the atherosclerotic lesions in mice. By
assessing the expression of the smooth muscle marker genes and os-
teogenic factors, we determined that DCA does-dependently induced
osteogenic differentiation of VSMC, which augmented vascular calcifi-
cation in atherosclerosis mice. These results add to the accumulating
evidence supporting osteogenic differentiation of VSMC playing an
important role in vascular calcification in atherosclerosis.

Similar to previous observations in other cells, we found that DCA
also induced oxidative stress in VSMC (Supplemental Figure IA).

Inhibition oxidative stress attenuated DCA-induced VSMC calcification
(Supplemental Figure IB), supporting that DCA-activated oxidative
stress contributes to DCA-induced VSMC calcification. As activation of
AKT is required for oxidative stress-induced VSMC calcification [5] and
activated AKT is sufficient to induce VSMC calcification [9,10], one
would speculate that inhibition of AKT by DCA may block calcification.
Unexpectedly, while activation of AKT was inhibited by DCA, vascular
calcification of VSMC was still markedly increased. These data suggest
that oxidative stress-activated signals, but not AKT, play a major role in
DCA-induced vascular calcification. Among many signaling pathways,
we identified a novel function of DCA-induced activation of p38 MAPK
signaling pathway in mediating DCA-induced Runx2 upregulation and
calcification of VSMC, which is independent of AKT signaling pathway.
Activation of p38 MAPK is a downstream signaling pathway that has
shown to be induced by oxidative stress in many cells, including cancer
cells, cardiac cells and neurons [36,37]. Different from our previous
observation with hydrogen peroxide-induced oxidative stress that in-
duces AKT activation and VSMC calcification [5], DCA-induced oxida-
tive stress was associated with AKT inhibition while activation of p38
MAPK signaling. The mechanisms underlying the differential activation
of AKT and p38 MAPK signaling pathways by oxidative stress awaits
further investigation. It is likely that the nature of oxidative stress, its
microenvironment, and immediate targeting partners may be different,
thereby inducing distinct signaling pathways, such as AKT or p38
MAPK, that lead to complex and dynamic outputs.

Our studies have revealed a unique AKT-independent interplay of
p38 MAPK and Runx2 signaling axis in promoting osteogenic differ-
entiation and calcification of VSMC. Activation of p38 MAPK signaling
has been shown to promote bone cell differentiation and bone forma-
tion [38], our observation of the role of p38 MAPK activation in DCA-
induced VSMC osteogenic differentiation has further supported an im-
portant function of p38 MAPK activation in promoting osteogenesis.
Importantly, our studies have uncovered a previous unknown link be-
tween p38 MAPK and Runx2 in VSMC, an interaction of p38 MAPK with
Runx2. Although the expression of Runx2 and p38 MAPK was not co-
dependent, we found the expression of both p38 MAPK and Runx2 were
indispensable for DCA-induced VSMC calcification. Our findings of in-
creased binding of Runx2 to DCA-induced phosphorylated p38 MAPK
and that p38 MAPK knockdown attenuated DCA-induced Runx2
transactivity support that DCA-induced activation of p38 MAPK con-
tributes to increased Runx2 transactivity, thus promoting VSMC calci-
fication. A previous study showed that MAPK is capable of phosphor-
ylating Runx2 [39]. Therefore, it is conceivable that binding of DCA-

Fig. 5. DCA-induced p38 MAPK activation promotes
VSMC calcification via Runx2. A) Runx2 deletion
blocked DCA-induced VSMC calcification. VSMC
from control and SMC-specific Runx2 deletion mice
were exposed to 0 and 5mM DCA in osteogenic
media for 21 days. a) Alizarin red staining for cal-
cification. Representative images of 3 experiments
performed in duplicate are shown. b) Quantitative
measurement of calcium content in separate sets of
experiments (n= 3, *p < 0.001). c) Western blot-
ting analysis of Runx2 expression and p38 MAPK
phosphorylation/activation. B) Knockdown of p38
MAPK inhibited Runx2-induced VSMC calcification.
Stably selected VSMC with control (sh Scr) or p38
MAPK shRNA (sh p38) were infected with lentivirus
carrying control or Runx2 protein, and cultured in
osteogenic media for 21 days. a) Alizarin red
staining for calcification. Representative images of 3
independent experiments performed in duplicate are
shown. b) Quantitative measurement of calcium
content in separate sets of experiments. (n= 3,
*p < 0.001). c) Western blotting analysis of Runx2
expression and p38 MAPK phosphorylation.
Representative results of three independent experi-

ments are shown.

Fig. 6. p38 MAPK interacts with Runx2 and promotes Runx2 transactivity. A) VSMC
infected with lentivirus expressing Runx2 were incubated with DCA for a short duration
of 30min. a) Effects of DCA on p38 MAPK activation. Western blot analysis of Runx2
expression and p38 MAPK phosphorylation. The expression of β-actin was used as a
loading control. b) Effects of DCA on p38 MAPK and Runx2 interaction.
Immunoprecipitation was performed with anti-Runx2 antibody, and binding of Runx2 to
p38 MAPK and phosphorylated p38 MAPK was determined by Western blot.
Representative blots of three independent experiments are shown. B) Knockdown of p38
MAPK inhibited DCA-induced Runx2 transactivity. Stably selected VSMC with control (sh
Scr) or p38 MAPK shRNA (sh p38) were co-transfected with Runx2-expressing plasmid
and the dual-luciferase reporter plasmids. The normalized luciferase activity in the con-
trol cells (sh Scr) was defined as 1 (n= 3, *p < 0.001).
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activated phosphorylated p38 MAPK to Runx2 may contribute to in-
creased Runx2 transactivity and VSMC calcification. Accordingly, the
DCA-induced p38 MAPK/Runx2 signaling axis may bypass the activa-
tion of AKT seen in hydrogen peroxide-induced VSMC calcification,
which would explain why reduced activation of AKT by DCA did not
interfere with the development of vascular calcification.

In summary, the present studies have demonstrated a previous un-
known function of the small molecule DCA in promoting VSMC osteo-
genic differentiation and vascular calcification. Our results have also
uncovered the activation of p38 MAPK signal by DCA, and interplay of
p38 MAPK and Runx2 in promoting Runx2 transactivity and VSMC
calcification. This new signaling mechanism underlying AKT-in-
dependent p38 MAPK activation-induced vascular calcification sup-
ports targeting p38 MAPK/Runx2 signaling axis for the prevention and
treatment of vascular calcification.
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