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Objective—To explore whether a-lipoic acid (ALA), a naturally occurring antioxidant, inhibits neointimal hyperplasia by
inducing apoptosis of vascular smooth muscle cells and to examine its potential effects on reendothelialization and
platelet aggregation.

Methods and Results—Restenosis and late stent thrombosis, caused by neointimal hyperplasia and delayed reendotheli-
alization, are significant clinical problems of balloon angioplasty and drug-eluting stents. ALA treatment strongly
induced apoptosis of vascular smooth muscle cells and enhanced the expression and cytoplasmic localization of Nur77,
which triggers intrinsic apoptotic events. Small interfering RNA-mediated downregulation of Nur77 diminished this
proapoptotic effect of ALA. Moreover, ALA increased p38 mitogen-activated protein kinase phosphorylation, and
inhibition of p38 mitogen-activated protein kinase completely blocked ALA-induced vascular smooth muscle cell
apoptosis and Nur77 induction and cytoplasmic localization. In balloon-injured rat carotid arteries, ALA enhanced
Nur77 expression and increased TUNEL-positive apoptotic cells in the neointima, leading to inhibition of neointimal
hyperplasia. This preventive effect of ALA was significantly reduced by infection of an adenovirus encoding Nur77
small hairpin (sh)RNA. Furthermore, ALA reduced basal apoptosis of human aortic endothelial cells and accelerated
reendothelialization after balloon injury. ALA also suppressed arachidonic acid—induced platelet aggregation.

Conclusion—ALA could be a promising therapeutic agent to prevent restenosis and late stent thrombosis after angioplasty
and drug-eluting stent implantation. (Arterioscler Thromb Vasc Biol. 2010;30:2164-2172.)
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Restenosis caused by neointimal hyperplasia is a main
obstacle in the long-term success of percutaneous coronary
intervention, such as balloon angioplasty and stenting. Neointi-
mal hyperplasia is characterized by diffuse intimal thickening,
resulting from uncontrolled proliferation of vascular smooth
muscle cells (VSMCs).!-3 Along with excessive proliferation of
VSMCs, decreased VSMC apoptosis also plays a crucial role in
the development and progression of neointimal hyperplasia.*-©
The intrinsic antiapoptotic phenotype, leading to diabetic vascu-
lopathy, was observed in neointimal VSMCs isolated from
patients with diabetes mellitus.* Inhibition of antiapoptotic B cell

lymphoma-x (Bcl-x) expression induces VSMC apoptosis and
reduces neointimal hyperplasia and intimal lesion formation.>-©

Drug-eluting stents (DESs), which locally release antipro-
liferative drugs, profoundly reduce the rate of in-stent reste-
nosis.? However, late stent thrombosis (LST) associated with
delayed reendothelialization remains a major problem, limit-
ing the long-term efficacy and safety of DESs.37 Delayed or
incomplete reendothelialization contributes to neointimal hy-
perplasia, and accelerated reendothelialization inhibits reste-
nosis and LST.7-® Therefore, pharmacological agents that
inhibit proliferation and increase apoptosis in VSMCs while
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accelerating reendothelialization appear to be useful for the
prevention of restenosis and LST after DES implantation.

Nur77, also known as nuclear receptor subfamily 4 group
A memberl (NR4A1), nerve growth factor-induced clone B,
and TR3, is a transcription factor that belongs to a nuclear
hormone receptor superfamily.!® Nur77 is implicated in both
cell survival and apoptosis, depending on the cell types and
agents used, although its precise physiological function is not
yet fully understood. Nur77 is transiently induced by serum
and growth factors and exerts mitogenic effects through its
direct binding to a conserved DNA element and transactiva-
tion function in the nucleus.'’!? It is also upregulated in
response to diverse apoptotic stimuli and exhibits a proapo-
ptotic action in T cells and cancer cell lines.'>-'¢ This
proapoptotic feature of Nur77 is associated with its translo-
cation from nucleus to mitochondria, where it interacts with
Bcl-2.17 This interaction, in turn, induces a conformational
change in Bcl-2, leading to conversion of Bcl-2 from an
antiapoptotic to a proapoptotic molecule to initiate apoptosis by
triggering cytochrome C release from mitochondria. Overex-
pression or activation of Nur77 also protects against neointimal
hyperplasia through inhibition of VSMC proliferation.'8-'° How-
ever, the physiological relevance of the proapoptotic role of
Nur77 in neointimal hyperplasia has been poorly investigated.

a-Lipoic acid (1,2-dithiolane-3-pentanoic acid [ALA]), a
naturally occurring powerful antioxidant, induces apoptosis
of several tumor cell lines.2°-22 Several lines of evidence from
clinical and experimental data also suggest that ALA could be
used to prevent the development of atherosclerosis.?!-23 It was
previously reported that ALA improves vascular dysfunction
and prevents free fatty acid—induced apoptosis of vascular
endothelial cells by activating AMP-activated protein ki-
nase.?* It was also demonstrated that ALA prevents neointi-
mal hyperplasia in balloon-injured (BI) rat carotid artery
models through downregulation of the chemokine and adhe-
sion molecules by inhibiting nuclear factor (NF)-«B activi-
ty.2526 However, the potential proapoptotic effect of ALA on
VSMCs and its role in postinjury reendothelialization and
platelet aggregation have not yet been explored.

In this study, we investigated whether ALA inhibits neo-
intimal hyperplasia via induction of VSMC apoptosis and
identified the signaling pathways involved in this process.
Also, we examined the potential effect of ALA on postinjury
reendothelialization and platelet aggregation.

Methods

Male Sprague-Dawley rats (Hyochang, Daegu, Korea), aged 7 to
8 weeks and weighing 280 to 300 g, were used in the experiments.
All procedures complied with the institutional guidelines for
animal research.

An expanded Methods section is available in the supplemental
data (available online at http://atvb.ahajournals.org).

Results
ALA Induces Apoptosis of VSMCs

Based on our observation of a dramatic decrease in the number
of VSMCs by ALA treatment (data not shown), we investigated
the effect of ALA on VSMC proliferation and apoptosis through
cell cycle analysis using flow cytometry. ALA treatment for 22
hours suppressed cell cycle progression from G/G, to S phase

ALA Induces Nur77-Mediated Apoptosis in VSMCs 2165

in serum-stimulated VSMCs (supplemental Figure I). When
VSMCs were incubated in complete medium containing 10%
FBS and ALA for 72 hours, the percentage of cells in the sub-G,
phase, indicative of an apoptotic population, was greatly en-
riched (Figure 1A). In contrast, the sub-G; population was
modestly increased in quiescent VSMCs, which were incubated
in medium with 0.5% FBS and ALA (supplemental Figure II).
This result suggests that ALA induces apoptosis more potently
in proliferating than quiescent VSMCs. This proapoptotic effect
of ALA on VSMCs was further confirmed by TUNEL staining
(Figure 1B).

In addition, ALA significantly increased the expression of
a proapoptotic molecule, BCL2-associated X protein (Bax),
and subsequent cytosolic release of cytochrome C from mito-
chondria (Figure 1C). ALA also strongly activated caspase-3, a
key executioner of apoptosis, as determined by amino acid
sequence Asp-Glu-Val-Asp (DEVD)ase activity (Figure 1D).
These results demonstrate that ALA induces apoptosis of
VSMCs through an intrinsic mitochondria-mediated apoptotic
pathway.

ALA Enhances Expression and Cytoplasmic
Localization of Nur77 in VSMCs

Nur77 is induced in response to various apoptotic stimuli and is
involved in the intrinsic apoptotic pathway in cancer cell
lines.'3-'7 Thus, we examined the effect of ALA on Nur77
expression in VSMCs. Replacement with complete medium
without ALA resulted in a rapid and transient induction of Nur77
mRNA that increased at 30 minutes to 2 hours but returned to
baseline levels by 4 hours (Figure 2A, left). In contrast, Nur77
mRNA expression was slightly enhanced by ALA at 2 hours and
significantly induced at 8 to 24 hours, suggesting biphasic
induction of Nur77 by ALA. In addition, a transient transfection
assay showed that ALA increased Nur77 promoter activity,
suggesting that ALA regulates Nur77 expression at a transcrip-
tional level (Figure 2A, right).

Immunocytochemical staining revealed that complete me-
dium alone transiently increased nuclear Nur77 protein expres-
sion, whereas ALA-containing complete medium further en-
hanced cytoplasmic and nuclear Nur77 expression at 2 hours
(Figure 2B). Cytoplasmic Nur77 expression persisted up to 12
hours, although the signal was weak, whereas it was rarely
detected in ALA-untreated VSMCs. Moreover, similar to other
apoptotic stimuli,'> ALA repressed transcriptional activity of
Nur77 (supplemental Figure III), implying that the nuclear
transactivation function of Nur77 is dispensable for the proapo-
ptotic effect of ALA.

Immunofluorescence analysis also showed that a significant
amount of Nur77 was diffusely distributed throughout the
cytoplasm in ALA-treated, but not untreated, VSMCs (Figure
2C). ALA induced cytoplasmic localization of some fraction of
Nur77 protein, noticeably in mitochondria, as evidenced by
partial coimmunostaining with heat shock protein 60, a
mitochondria-specific protein.'® Moreover, Nur77 interacted
with Bcl-2 in the presence of ALA (Figure 2D), implying that
ALA-induced VSMC apoptosis can be mediated by the interac-
tion of Nur77 with Bcl-2, similar to previous reports.'®!7
Altogether, these findings demonstrate that ALA enhances the
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Figure 1. ALA induces VSMC apoptosis via an intrinsic mitochondrial pathway. A, Flow cytometry analysis. VSMCs were treated with
complete medium containing indicated concentrations of ALA for 72 hours, stained with propidium iodide (Pl), and analyzed by flow

cytometry. The M, (sub-G,) cell population represents apoptotic cells. Data in the bar graph are the mean=SE of 3 independent mea-
surements. *P<0.01, *P<0.005, and ¥P<0.001 vs control. B, VSMCs were treated with ALA, 2 mmol/L, for 24 hours; and apoptotic

nuclei (green) were detected by TUNEL staining. C, Cytosolic proteins and whole cell lysates were analyzed by Western blotting using
anti-cytochrome C (Cyt C) antibody and anti-Bax antibody, respectively. D, The activity of the caspase-3-like enzyme (DEVDase) was
measured by monitoring release of chromophore p-nitroanilide. *P<<0.01 and **P<0.005 vs control at 72 hours. Con indicates control.

expression and nuclear export of Nur77, and interaction between
Nur77 and Bcl-2, leading to subsequent VSMC apoptosis.

Nur77 Is Required for ALA-Induced

VSMC Apoptosis

To verity the requirement of Nur77 for ALA-induced VSMC
apoptosis, we examined the effect of knockdown of Nur77.
ALA-induced Nur77 expression was profoundly reduced by
transient transfection of small interfering RNA (siRNA)
targeting Nur77 (Nur77-siRNA) but not control siRNA (Con-
siRNA) (Figure 3A). The percentage of ALA-increased
apoptotic cells was evidently reduced by Nur77-siRNA,
indicating that Nur77 is indispensable for ALA-induced
VSMC apoptosis (Figure 3B and C). Similarly, ALA-induced

caspase-3 activity was significantly diminished by Nur77-
siRNA (Figure 3D). Taken together, these results reveal that
Nur77 is required for ALA-induced apoptosis of VSMCs.

p38 Mitogen-Activated Protein Kinase Plays a
Critical Role in ALA-Induced VSMC Apoptosis
Through Modulation of Expression and
Cytoplasmic Localization of Nur77

To clarify the signal transduction pathways involved in
ALA-induced Nur77 expression and apoptosis, we examined
the effect of inhibitors of diverse signaling pathways, includ-
ing mitogen-activated protein kinases (MAPKSs) (ie, extracel-
lular signal-regulated kinase [ERK], JNK, and p38 MAPK),
protein kinase A, protein kinase C, and phosphatidylinositol
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Figure 2. ALA enhances the expression
and cytoplasmic localization of Nur77. A,
ALA increased Nur77 expression at a tran-
scriptional level. At 24 hours after seeding
of VSMCs, medium was replaced with fresh
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Fold activity

Nur?7 mBNA Level
(Fold over control)

0 05 1 2 - 8 12 24 h

c Nur77 HSP&0 DAPI Merge input

ALA : -

3-kinase. Among the inhibitors tested, only SB203580, a
selective inhibitor of p38 MAPK, completely blocked ALA-
induced Nur77 mRNA expression and morphological
changes in VSMCs; although GF109203X, a protein kinase C
inhibitor, also showed a modest effect (Figure 4A). In
contrast, inhibition of ERK, JNK, protein kinase A, and
phosphatidylinositol 3-kinase further enhanced Nur77 ex-
pression and could not reverse the morphological changes of
VSMCs evoked by ALA.

As expected, ALA increased p38 MAPK phosphorylation
from 30 minutes up to 8 hours, whereas it moderately
inhibited JNK and ERK1/2 phosphorylation (Figure 4B).
ALA-induced increases in the sub-G, cell population and
caspase-3 activity were markedly suppressed by SB203580
but not by an ERK inhibitor, PD98059 (Figure 4C). More-
over, ALA-induced cytoplasmic localization of Nur77 was
extensively reduced by SB203580 (Figure 4D). Collectively,
these findings demonstrate that ALA induces apoptosis of
VSMCs through p38 MAPK-dependent induction and cyto-
plasmic localization of Nur77.

ALA Prevents Neointimal Hyperplasia Via
Induction of Nur77-Mediated VSMC Apoptosis

To validate the proapoptotic effect of ALA on VSMCs in
vivo, we used a rat carotid artery BI model; and TUNEL
staining was performed on the sections of arteries of rats
intraperitoneally administered saline (vehicle) or ALA from 3
day before to 14 days after BI. ALA administration signifi-
cantly reduced neointimal hyperplasia in the vessels at 14

© (+)ALA
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Bel-2 w— —

T R !

s complete medium containing ALA. Cells
were then incubated for indicated times
and harvested for semiquantitative RT-PCR
(left). Levels of Nur77 mRNA were normal-
ized against those of B-actin, and data in
the bar graph are the mean=SE of 3 inde-
pendent measurements. *P<0.05 and
**P<0.01 vs control. Transient transfection
assay results are also given (right). VSMCs
were transfected with Nur77 pro-Luc and
treated with ALA for 24 hours. Luciferase
activity was normalized to B-galactosidase
activity. *P<0.05 vs reporter alone. B,
Immunocytochemical staining for Nur77 in
VSMCs treated with ALA, 2 mmol/L. C,

2 4 (mmolll)

(=) ALA Subcellular localization of Nur77 was

detected by immunofluorescence. VSMCs
were treated with ALA for 2 hours and im-
munostained with anti-Nur77 and anti-heat
shock protein (HSP) 60 antibodies. Cells were
stained with 4',6-diamidino-2-phenylindole
(DAPI) to identify nuclei. Nur77, HSP60 (mito-
chondria), and DAPI (nuclei) were visualized
by confocal microscopy; and the images
were overlaid. D, ALA stimulates the interac-
tion between Nur77 and Bcl-2. VSMCs were
= treated with ALA, cell lysates were immuno-
precipitated using anti-Nur77 antibody, and
the immune complex was subjected to West-
e blotting with anti-Bcl-2 antibody. Con
indicates control; Nur77 pro-Luc, Nur77
promoter-driven luciferase reporter.

- +

days after BI (Figure 5A and supplemental Figure IV). There
were few apoptotic cells in uninjured control arteries, irre-
spective of ALA treatment (Figure 5B, left), indicating no
toxic effect of ALA on healthy arteries. In contrast, TUNEL-
positive cells were greatly increased in injured arteries of rats
given ALA. Similar results were obtained by transmission
electron microscopy (supplemental Figure V). Moreover,
apoptotic cells were detected predominantly in the neointima
of ALA-treated arteries, where VSMCs actively proliferate,
compared with those in the media. This result was consistent
with the observation that proliferating neointimal VSMCs
were more sensitive to the proapoptotic effect of ALA versus
quiescent medial VSMCs (Figure 5C).

In agreement with TUNEL staining, strong cytoplasmic
Nur77 expression was observed, especially in the neointima
of ALA-treated arteries at 14 days after BI; whereas it was
barely detected in either media or neointima of saline-treated
arteries (Figure 5B, right). To confirm the requirement of
Nur77 for a protective effect of ALA against neointimal
hyperplasia, we infused adenoviruses encoding shRNA
against Nur77 or control shRNA in BI carotid arteries.
Adenoviruses encoding shRNA against Nur77, but not ad-
enoviruses encoding control shRNA, significantly reduced
the inhibitory effect of ALA on neointima formation (Figure
5D and supplemental Figure VI). This finding demonstrates a
requirement of Nur77 for ALA-induced protection against
neointimal hyperplasia. Altogether, these results demonstrate
that ALA prevents neointimal hyperplasia after vascular
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injury, at least partly through induction of Nur77-mediated
apoptosis in VSMCs.

ALA Accelerates Reendothelialization After BI
and Inhibits Platelet Aggregation

Incomplete or delayed reendothelialization, leading to LST,
remains a major problem of DESs; and accelerated reendo-
thelialization has reduced restenosis and LST.3>7-° Based on
previous studies?+27 showing protective effects of ALA on
endothelial cells, we examined the effect of ALA on reendo-
thelialization by immunohistochemical staining for CD31, an
endothelial-specific marker, on the sections of arteries har-
vested at various points (3, 10, and 14 days after injury). ALA
significantly increased CD31 reactivity on the luminal sur-
face of arteries at 10 to 14 days after injury, whereas a CD31
signal was undetectable in injured arteries without ALA
administration (Figure 6A).

In contrast with its proapoptotic action in VSMCs, ALA
did not induce apoptosis of human aortic endothelial cells
(HAECS); rather, it inhibited basal apoptosis of HAECs
(Figure 6B) whereas it inhibited proliferation of HAECs
(Figure 6C). Moreover, ALA strongly inhibited arachidonic
acid—induced platelet aggregation, suggesting its antithrom-
botic property (Figure 6D). Taken together, these results
propose that ALA may prevent restenosis and LST after DES
implantation through facilitation of reendothelialization and
direct inhibition of platelet aggregation.

Con-siRNA with ALA (D).

Discussion

In this study, we demonstrate that ALA inhibits neointima
formation in BI rat carotid arteries by inducing apoptosis of
VSMCs. We also elucidated the detailed molecular mecha-
nisms underlying ALA-induced VSMC apoptosis, which was
associated with the p38 MAPK/Nur77-mediated apoptotic
pathway. In contrast, ALA inhibited basal apoptosis of
endothelial cells and accelerated reendothelialization after BI.
We also found an antiplatelet aggregation effect of ALA.
Therefore, our findings suggest that ALA may prevent
restenosis and LST after DES implantation through induction
of VSMC apoptosis and acceleration of reendothelialization,
along with its direct antithrombotic effect.

ALA has induced or inhibited apoptosis, depending on the
cell types and cellular context.?%2224 However, the detailed
mechanisms of its conflicting actions in relation to apoptosis
have not been fully investigated. Previously, ALA prevented
apoptosis of endothelial cells via AMP-activated protein
kinase phosphorylation and antioxidative function.?* Herein,
we demonstrated differential effects on apoptosis of VSMCs
and endothelial cells. We elucidated the molecular mecha-
nism underlying proapoptotic action of ALA on VSMCs,
involving p38 MAPK-dependent Nur77 induction and cyto-
plasmic localization. In contrary, ALA inhibited basal apo-
ptosis of HAECs, even at a high concentration (4 mmol/L),
and accelerated reendothelialization in vivo. This antiapoptot-
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Figure 4. p38 MAPK plays a critical role in ALA-
induced VSMC apoptosis and expression and cyto-
plasmic localization of Nur77. A, p38 MAPK plays a
key role in ALA-induced Nur77 mRNA expression
and morphological changes in VSMCs. VSMCs were
pretreated with inhibitors of various signal transduc-
tion pathways, as indicated for 1 hour before ALA
treatment for 20 hours, and analyzed by semiquanti-
tative RT-PCR (upper panel). After 72 hours, mor-
phological changes of VSMCs were examined by
phase contrast microscopy (lower panel). SB indi-
cates SB203580, a p38 MAPK inhibitor (10 uwmol/L);
PD, PD98059, an ERK1/2 inhibitor (40 umol/L); SP,
SP600125, a JNK inhibitor (10 umol/L); GF,
GF109203X, a protein kinase C inhibitor (1 wmol/L);
Wort, Wortmannin, a phosphatidylinositol 3-kinase
inhibitor (500 nmol/L); and H89, a protein kinase A
inhibitor (1 wmol/L). B, ALA increased p38 MAPK

phosphorylation. VSMCs were treated with fresh complete medium with or without ALA for indicated times, and whole cell extracts
were subjected to Western blotting. C, Inhibition of p38 MAPK blocked ALA-induced VSMC apoptosis. VSMCs were pretreated with
SB203580 or PD98059 for 1 hour before ALA treatment for 72 hours and analyzed by flow cytometry and measurement of caspase-3
activity. *P<0.01 vs control at 48 hours, and **P<0.01 vs ALA alone. D, Cells were treated with SB203580 for 1 hour before ALA treat-
ment for 2 hours and fixed for immunostaining with anti-Nur77 and anti-heat shock protein (HSP) 60 antibodies. DAPI indicates 4',6-
diamidino-2-phenylindole; p, phosphorylated.

ic action of ALA might be mediated through activation of
AMP-activated protein kinase or acutely transforming retro-
virus AKTS in rodent T cell lymphoma (AKT), as suggested
in previous studies.>*?7 Further studies are necessary to
elucidate the molecular mechanism of antiapoptotic action of
ALA in HAECs.

Recently, Nur77 family members have emerged as poten-
tially important factors in the complex network of proteins
that modulate endothelial cell activation and VSMC prolifer-
ation in atherosclerosis.!-28-30 Qverexpression of TR3 in the
arterial VSMCs and activation of Nur77 by 6-mercaptopurine
protect against neointimal formation through inhibition of

Downloaded from http://atvb.ahajournals.org/ by guest on February 1, 2016


http://atvb.ahajournals.org/

Figure 5. ALA prevents neointimal
hyperplasia via induction of Nur77-
mediated VSMC apoptosis. A, Repre-
sentative photomicrographs of cross-
sections of uninjured (con) and BI
carotid arteries of rats given saline or
ALA, 50 and 100 mg/kg per day, from 3
days before to 14 days after Bl
(hematoxylin-eosin [H&E] stain, original
magnification X100). B, TUNEL staining
(left) and immunohistochemical staining
(right) for Nur77 were performed on the
cross-sections (hematoxylin stain, origi-
nal magnification X200). C, Neointimal
VSMCs are more sensitive to ALA-
induced apoptosis than medial VSMCs.
Neointimal and medial VSMCs were

incubated with ALA, 1 and 2 mmol/L,
M3 093% for 72 hours and analyzed by flow
cytometry. D, Adenoviruses encoding
shRNA against Nur77 (Ad-shNur77)
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excessive VSMC proliferation via induction of cell cycle
arrest but not apoptosis.!$!1° Herein, we suggest an alternative
inhibitory mechanism of neointimal hyperplasia by ALA
through induction of p38 MAPK/Nur77-mediated apoptosis
of VSMCs. ALA-induced VSMC apoptosis and protection
against neointimal hyperplasia were significantly abrogated
by downregulation of Nur77. It was previously reported that
ALA inhibited vascular inflammation by inhibiting the
NF-«kB pathway, leading to the inhibition of neointimal
hyperplasia.>*-26 Considering the previous reports28—3° that
Nur77 inhibits NF-«B activity, it is also plausible that the
anti-inflammatory effect of ALA may be mediated, at least in
part, by Nur77. In support of this theory, we found that Nur77
siRNA significantly reduced the inhibitory effect of ALA

control shRNA (Ad-shRNA) were
infused into BI carotid arteries of rats
immediately after injury, and rats were
given ALA from 3 days before to 14
days after Bl (H&E stain, original magni-
fication X100). Immunohistochemical
staining for Nur77 (brown) was per-
formed (hematoxylin stain, original
magnification X200).

on TNF-a-stimulated NF-«B activity (supplemental Fig-
ure VII). Therefore, ALA may exert antirestenotic effects
primarily through Nur77 because ALA-induced Nur77
could mediate the anti-inflammatory action of ALA in
injured vessels and because of its proapoptotic effect on
proliferating VSMCs. However, further studies are needed
to confirm the hypothesis in vivo and to identify the
transcription factors mediating ALA responsiveness on the
Nur77 gene promoter.

Recent advances in DESs, such as sirolimus- or paclitaxel-
eluting stents, have significantly reduced the incidence of
in-stent restenosis. However, the risk of LST remains a severe
complication after DES implantation and is caused, in part,
by delayed or incomplete reendothelialization because of its
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Figure 6. ALA accelerates postinjury reendothelialization and inhibits platelet aggregation. A, Immunohistochemical staining for CD31
(brown), an endothelial-specific marker, was performed on the cross-sections of control arteries and the arteries of rats administered
saline or ALA, 100 mg/kg per day, and harvested at 3, 10, and 14 days after Bl (hematoxylin stain, original magnification x200). B, ALA
inhibits basal apoptosis of HAECs. HAECs were treated with ALA for 72 hours and analyzed by flow cytometry. C, ALA inhibited prolif-
eration of HAECs. Serum-starved HAECs with 0.5% FBS for 24 hours were stimulated with 10% FBS and ALA for 16 hours and incu-
bated with 5-bromodeoxyuridine (BrdU) for an additional 2 hours. *P<0.001 vs control, and *P<0.01 and #*P<0.001 vs serum-
stimulated activity. D, ALA inhibits arachidonic acid (AA)-induced human platelet aggregation. Human platelets were incubated with

ALA and stimulated with AA, 1 mmol/L.

cytotoxic effects on endothelial cells and VSMCs and vascu-
lar inflammation.?-7-° Therefore, successful development of a
DES has relied on discovery of agents that play opposite
actions in VSMCs and endothelial cells in terms of prolifer-
ation and apoptosis. In addition, antiplatelet therapy is man-
datory to prevent LST after DES implantation, although there

is still a debate about the optimal duration of antiplatelet
therapy.>73! Herein, we demonstrated that ALA prevented
HAEC apoptosis and accelerated postinjury reendothelializa-
tion in vivo. We also showed an antiplatelet aggregation
property of ALA, suggesting its direct antithrombotic effect.
Collectively, our previous and present studies suggest that
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ALA can be a promising therapeutic agent used in DESs for
the prevention of restenosis and LST after DES implantation
because of its pleiotropic effects on diverse vascular and
inflammatory cells.
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Supplement Material

Supplemental Materials

Materials and Methods

Cell Culture

VSMCs were isolated from the thoracic aorta of 4-week-old male SD rats using the
explant method (1) and cultured in Dulbecco's Modified Eagle Medium (DMEM; Invitrogen,
Carlsbad, CA) supplemented with 20% fetal bovine serum (FBS; Thermo Scientific
HyClone, Logan, UT) and antibiotics. VSMC purity was determined by positive staining
with smooth-muscle-specific a-actin monoclonal antibody (Sigma, St. Louis, MO). VSMCs
were maintained in complete medium (DMEM supplemented with 10% FBS) and cells from
the fourth to seventh passages were used for all the experiments. Neointimal and medial
SMCs were isolated from the balloon-injured and uninjured carotid arteries by enzyme
digestion method as described previously (2) and cultured in DMEM supplemented with 20%
FBS and antibiotics. Isolated neointimal and medial SMCs were used passages between 2
and 3. Human aortic endothelial cells (HAECs, Clonetics Corporation, San Diego, CA) were
cultured in EGM-2 growth medium supplemented with 2% FBS and used passages between

5 and 7. HepG2 cells were cultured in MEM supplemented with 10% FBS and antibiotics.

Flow cytometric analysis

To examine the effect of ALA on the cell cycle distribution, VSMCs (1.4 x 10°
cells/cm’, unless otherwise stated) were serum starved for 48 h and stimulated with 20%
FBS in the presence of ALA (0, 0.5, 1, 2 and 4 mmol/L) for 22 h. To detect the apoptosis,
VSMCs, intimal and medial VSMCs isolated from carotid arteries 14 days after BI, or

HAECs (1.5 x 10 cells/100-mm dish) were seeded in the complete medium supplemented
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with 10% FBS. After 24 h, medium was replaced with fresh complete medium supplemented
with 10% FBS and various concentrations of ALA (0, 0.5, 1, 2 and 4 mmol/L) and cells were
incubated for 72 h. To inhibit activity of p38 MAPK or ERK1,2, VSMCs were pretreated
with SB203580 (10 pumol/L ) or PD98059 (30 pumol/L) for 1 h before ALA treatment (2
mmol/L, unless otherwise stated), respectively. For siRNA transfection, a reverse
transfection procedure was employed. Briefly, after trypsinization, VSMCs were transfected
with 100 nmol/L of Nur77-siRNA (sense:5’-GUGUUGAUGUUCCUGCCUUdTAT-3’) or
control siRNA (Con-siRNA) duplexes (sense:5’-CCUACGCCACCAAUUUCGUATAT-3")
using Lipofectamine RNAIMAX (Invitrogen, Carlsbad, CA) according to the manufacturer’s
instruction. Twenty four hours after transfection, cells were incubated in fresh complete
medium with or without ALA (2 mmol/L, unless otherwise stated) for 72 h. Floating cells
and adherent cells detached by trypsinization were collected and washed with ice-cold PBS.
Cells were fixed with 70% ethanol at -20°C for overnight, then incubated with propidium
iodide (40 mg/ml), RNaseA (10 pg/ml) and 0.1% NP-40 for 30 min at 37°C and analyzed
with a FACSCallbur (BD Biosciences, San Jose, CA). DNA histogram analysis was

performed using the CellQuest software (BD Biosciences).

Plasmids
Nur77 expression vector (pECE-Nur77) and the reporter plasmids, NurRE-Luc
which contains 3 copies of Nur77 binding sites from POMC gene promoter (3), Nur77

promoter luciferase (Nur77 pro-Luc) ( 4) and pNF-kB-Luc (5) were described previously.

Transient transfection assay and siRNA transfection.
HepG2 cells and VSMCs were cultured in MEM and DMEM supplemented with 10%

FBS, respectively. For luciferase assay, HepG2 (8 x 10*) were seeded in 24-well plates and
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incubated in complete medium for 24 h. HepG2 were transfected with 200 of NurRE-Luc,
and 100 of pECE-Nur77 using TransIT-LT1 transfection reagent (Mirus Bio Incorporation,
Madison, WI) according to the manufacturers’ instructions. VSMCs cells (3 x 10°) were
transfected with 800 ng of NurRE-Luc with or without 600 ng of pECE-Nur77 or 1 ug of
Nur77 pro-Luc or NF-«B-Luc with or without Nur77-siRNA (100 nmol/L) in 12-well plates
using Amaxa Nucleofector kit (Amaxa Biosystem, Cologne, Germany) according to the
manufacturers’ instructions. Cytomegalovirus (CMV)-B-galactosidase plasmids were
cotransfected as an internal control. Twenty four (HepG2) or six (VSMCs) hours after
transfection, cells were treated with ALA for 24 h (HepG2) or ALA (2 mmol/L) and TNF-a
(10 ng/mL) for 18 h and harvested for luciferase and B-gal assays. Luciferase activity was
normalized to the [(-galactosidase activity. For siRNA transfection, a reverse transfection
procedure was employed. Briefly, after trypsinization, VSMCs (2 x 10* cells/cm?) were
seeded in 100-mm dishes and transfected with Nur77-siRNA (100 nmol/L) or control
scramble siRNA (Con-siRNA) duplexes using Lipofectamine RNAIMAX (Invitrogen)
according to the manufacturer’s instruction. Twenty four hours after transfection, cells were
serum starved for 24 h, then incubated in fresh complete medium containing ALA for 2 h

and harvested for Western Blotting.

TUNEL assay

VSMCs (1.4x 10* cells/cm?) were plated into 8-well culture slide and incubated in
complete medium supplemented with 10% FBS. After 24 h, cells were treated with fresh
complete medium containing ALA for 24 h and fixed with 2% paraformaldehyde in PBS for
1 h. Using In situ Cell Death Detection Kit (Roche, Basel, Switzerland), fragmented DNA in
the apoptotic cells were labeled according to the manufacturer’s instruction. Labeled cells

were visualized directly by fluorescence microscopy.
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Casepase-3-like (DEVDase) activity assay

VSMCs (1.4 x 10* cells/cm?®) were incubated in complete medium for 24 h. Cells
were then treated with fresh complete medium containing ALA for indicated times and
enzymatic activities of DEVDase (Casepase-3 activity) were determined by incubating 60 pg
of cell lysates in 100 pl reaction buffer (1% NP-40, 20 mmol/L Tris—HCI, pH 7.5, 137
mmol/L NaCl, and 10% glycerol) containing 5 pmol/L of chromogen substrate [Asp-Glu-
Val-Asp-p-nitroanilide (DEVD-pNA)] (Sigma) at 37°C for 2 h. The release of chromophore

p-nitroanilide (pNA) was monitored spectrophotometrically (405 nm).

Semi-quantitative RT-PCR analyses

VSMCs (7.5 x 10° cells) were plated in 100-mm culture dishes in complete medium.
After 24 h, cells were incubated in fresh complete medium with or without ALA for
indicated times. To investigate the effect of inhibitors of various signal transduction
pathways on ALA-induced Nur77 expression, VSMCs were pretreated with indicated
concentrations of various inhibitors for 1 h prior to ALA treatment for 20 h and harvested for
total RNA isolation using TRIzol reagent (Invitrogen, Carlsbad, CA). For semi-quantitative
RT-PCR, 2 pg of total RNA was used to synthesize the first strand cDNA using the First
Strand cDNA synthesis kit (Fermentas, EU). The first strand cDNAs were amplified by PCR
according to the following PCR parameters: 94°C for 30 s, 59°C for 30 s, and 72°C for 30 s,
25 cycles. Primers used in the PCR were as follows: Nur77 forward, 5’-GCTCATCTTCTG
CTCAGGCCT-3" and reverse, 5-CAGACGTGACAGGCAGCTGGC-3’; and p-actin
forward, 5’-GGCATCGTCACCAACTGGGAC-3’ and reverse, 5’-CGATTTCCCGCTCGG

CCGTGG-3°.
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Western blot and co-immunoprecipitation analyses

VSMCs (7.5 x 10° cells) were plated into 100-mm culture dishes and incubated in
complete medium. After 24 h, cells were treated with fresh complete medium containing
ALA (2 mmol/L) for indicated times. Whole cell lysates were prepared using a lysis buffer
(20 mmol/L Tris-HCI, pH 7.4, 10 mmol/L NasP,OH, 100 mmol/L NaF, 2 mmol/L Na3;VO,,
5 mmol/l EDTA, pH 8.0, 0.1 mmol/L PMSF, 1% NP-40) containing proteinase and
phosphatase inhibitors. To detect cytosolic release of cytochrome c, cytosolic extracts free of
mitochondria were prepared by lysing cells for 2 min using a lysis buffer (250 mmol/L
sucrose, | mmol/L EDTA, 20 mmol/L Tris-HCI, pH 7.2, 1 mmol/L dithiothreitol, 10 mmol/L
KCI, 1.5 mmol/L MgCl,, 5 pg/ml pepstatin A, 10 pg/ml leupeptin, 2 pg/ml aprotinin).
Lysates were centrifuged at 12,000 g at 4°C for 10 min to obtain the supernatant (cytosolic
extracts) and the pellet (mitochondria). Whole cell lysates or cytosolic extracts were resolved
by SDS-PAGE and transferred to Immobilon-P-membrane (Millipore, Billerica, MA). After
blocking, the membrane was incubated with various primary antibodies, including mouse
monoclonal anti-B-actin (A5441) antibody (Sigma), mouse monoclonal anti-Bax (B-9) and
anti-Bcl-2 (C-2) antibodies (Santa Cruz Biotechnology, Santa Cruz, CA), mouse monoclonal
anti-Nur77, anti-cytochrome c antibodies (BD Biosciences), rabbit polyclonal anti-p38
MAPK, anti-phospho p38 MAPK, anti-ERK 1,2 (p44/42), anti-phospho ERK (Thr201/
Tyr204), anti-JNK and anti-phospho JNK (Thr183/Tyr185) antibodies (Cell Signaling
Technology, Beverly, MA). After washing with TBST three times, the membranes were
incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies and signals
were detected using the ECL Western blotting detection system (Amersham,
Buckinghamshire, UK). For co-immunoprecipitation assay, whole cell lysates treated with
ALA were immunoprecipitated using anti-Nur77 antibody (Santa Cruz Biotechnology, M-

210) and the immune complex was subjected to Western blotting with anti-Bcl-2 antibody.
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Immunocytochemistry and Immunofluorescence analyses in vitro

Cells were seeded on cover slip glasses at a density of 1.4 x 10* cells/cm® in
complete medium and allowed to attach for 24 h. Cells were incubated in fresh complete
medium with or without ALA (2 mmol/L) for indicated times and fixed with 4%
paraformaldehyde for 15 min at room temperature. Fixed cells were permeablized with 0.2%
Triton X-100 in PBS for 15 min on ice and incubated with anti-Nur77 (C-19) antibody
(Santa Cruz Biotechnology) for overnight at 4°C followed by Polink-2 Plus HRP Anti-Goat
DAB Detection kit (Golden Bridge International, Inc., Mukilteo, WA).

For immunofluorescence, fixed cells were incubated with anti-Nur77 (C-19)
antibody (Santa Cruz Biotechnology) and anti-Hsp60 antibody (BD Biosciences), followed
by further incubation with Alexa Fluor-488-labeled anti-goat secondary antibody (Invitrogen)
and Alexa Fluor-568-labeled anti-mouse secondary antibody (Invitrogen), respectively for 3
h at room temperature. Cell nuclei were stained with DAPI (5 pg/mL) and mounted. Samples
were analyzed using an inverted MRc5 Carl Zeiss fluorescence microscopy (Thornwood,

NY).

Preparation of adenoviruses

To downregulate Nur77 expression, adenovirus encoding short hairpin RNA
(shRNA) against rat Nur77 (Ad-shRNA) was generated. Briefly, annealed oligonucleotides
targeting Nur77 were cloned into pRNATHI1.1/Adeno shuttle vector (GenScript Co.,
Piscataway, NJ), which contains a GFP marker under the control of CMV promoter. The
pRNAT-HI1.1/Adeno-shNur77 or pPRNATH1.1/Adeno vector alone (control adenovirus; Ad-
shRNA) was electroporatically transformed into BJ5138 cells containing pAdeasy-1

adenoviral vector and recombinant adenoviral plasmids were generated by homologous
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recombination using AdEasy Adenoviral Vector system (Stratagene, La Jolla, CA),
according to the manufacturer's instructions. The recombinant adenoviral plasmids were
transfected into low-passage HEK-293 cells after Pacl digestion and virus generation was
confirmed by the appearance of a cytopathic effect and by GFP expression. Adenoviruses
were amplified in HEK-293 cells and purified by CsCl gradient centrifugation. The viruses
were collected and desalted, and the titers were determined using Adeno-X Rapid titer (BD

Biosciences).

Balloon-injury (BI) of the rat carotid artery model and delivery of adenoviruses into
injured arteries

Balloon injury (BI) of the rat carotid artery was performed as described previously
(6, 7). Briefly, 8-week-old male SD rats were anesthetized with 50 mg/kg of sodium
pentobarbital (Entobar; Hanlim Pharmaceutical, Yong-In, Korea) and a balloon catheter was
introduced through the right external carotid artery into the aortic arch. The carotid artery
was damaged by passing the inflated balloon catheter back and forth through the lumen. To
deliver adenovirus expressing shRNA against Nur77 (Ad-shNur77) or control adenovirus
(Ad-shRNA), 10 ul (10" pfu/ml) of Ad-shRNA or Ad-shNur77 in PBS were infused into
injured artery for 15 min immediately after BI. ALA (50 or 100 mg/kg/day) or saline
(vehicle) was administered by intraperitoneal injection once a day, starting from 3 days

before to 14 days after injury, and animals were sacrificed at 14 days after injury.

Histological and morphometric analyses
Histological and morphometric analyses were performed as described previously (6,
7). At the end of each experiment, rats were euthanized by intravenous pentobarbital

overdose. Right and uninjured left common carotid arteries were removed, fixed overnight in
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4% formaldehyde in PBS and paraffin-embedded. Serial cross sections (4 pum thick) of
carotid arteries were stained with hematoxylin and eosin (H&E) and analyzed using
iSolution DT Ver 7.7 imaging software (IMT i-Solution Inc., Coquitlam, Canada), to
determine the intimal area (IA) and medial area (MA) and to calculate the intima to media

ratio.

Immunohistochemistry and TUNEL analysis

Immunohistochemical staining was performed as described previously (5). Briefly,
cross sections (4 um thick) of uninjured (control) or balloon-injured rat carotid arteries were
deparaffinized, rehydrated and antigen retrieval was carried out by microwave oven heating
in 0.01 M sodium citrate buffer (pH 6.0). Sections were then incubated with goat polyclonal
anti-Nur77 (C-19) antibody (Santa Cruz Biotechnology) or mouse monoclonal anti-
CD31/PECAM-1 antibody (Millipore, MAB1393, 1:50 dilution) followed by Polink-2 Plus
HRP Anti-Goat DAB Detection kit (Golden Bridge International, Inc., Mukilteo, WA) or
UltraVision LP Detection System HRP Polymer & DAB Plus Chromogen (Thermo Fisher
Scientific Inc., Fremont, CA), respectively, according to the manufacturers’ instructions.

TUNEL assays were performed using ApopTag Peroxidase In Situ Apoptosis Detection
kit (Millipore) according to manufacturer’s instructions. In brief, control and injured carotid
artery sections were deparaffinized, rehydrated and digested by proteinase K method.
Sections were then incubated with fresh 3% hydrogen peroxide for 10 min, washed with
PBS-Tween 20, incubated with TUNEL reaction mixture containing terminal
deoxynucleotidyl transferase (TdT) and digoxigenin-conjugated dUTP for 1 h at 37°C

followed by incubation of anti-digoxigenin conjugate (peroxidase) and DAB kit solution.

Transmission electron microscopy (TEM)
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To detect apoptosis in VSMCs, transmission electron microscopy was performed as
previously described (8). Briefly, right and uninjured left common carotid arteries were
removed from rats given ALA (100 mg/kg/day) from 3 days before injury to 10 days after
balloon injury. Arteries were fixed overnight in a phosphate buffer containing 4%
paraformaldehyde and 1% glutaraldehyde. The specimen were postfixed in 1% osmium
tetroxide, dehydrated, and embedded in epoxy resin. Ultrathin sections were stained with 1%

uranyl acetate and analyzed with a Philips CM200 transmission electron microscope.

BrdU incorporation assay

To determine the effect of ALA on HAEC proliferation, BrdU incorporation was
performed as previously described (9). HAECs (5 x 10°) were seeded in 96-well plates and
incubated with culture medium containing 0.5% FBS for 24 h. Cells were stimulated with 10%
FBS for 16 h and incubated with BrdU labeling solution for an additional 2 h. The BrdU
incorporation was analyzed using 5’-Bromo-2’-deoxy-uridine Labeling and Detection Kit III

(Roche, Indianapolis, IN) according to manufacturer’s instructions.

Platelet aggregation assay

To prepare the platelet-rich plasma (PRP), whole blood collected from human
volunteers who had provided informed consent was anticoagulated with sodium citrate (3.8%
final concentration) and centrifuged at 1,000 rpm for 10 minutes at room temperature.
Platelet-poor plasma (PPP) was obtained by centrifuging the remaining blood fraction for 10
minutes at 3,000 rpm. PRP (250 pL) was incubated in glass cuvettes for at least 5 minutes.
The baseline was set to the light transmission of nonstirred PRP against PPP. PRP was
incubated with ALA (0, 100, 200, 300 pmol/L, final concentration) for 2 min and then

activated with arachidonic acid (1 mmol/L, final concentration). Platelet aggregation was
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assessed by measuring changes in light transmission during constant stirring of the samples
(1,000 rpm) using a chrono-Log lumi-aggregometer (model 490-4D, Chrono-Log,

Havertown, Pennsylvania).

Statistical analysis

Results are expressed as means + SE (n=3-5). Data were analyzed with one-way
analysis variance of ANOVA followed by a post hoc least significant difference test. A value
of P <0.05 was considered statistically significant. All experiments were performed at least

three times.
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Supplemental Figure Legends

Supplemental Fig. I. ALA induces G0/G1 phase cell cycle arrest in VSMCs. FACS
analysis. VSMCs (7.5 x 10> cells/100-mm culture plates) were serum starved for 48 h and
incubated with fresh medium containing 10% FBS and ALA (0, 0.5, 1, 2 and 4 mmol/L) for
22 h. Floating cells and adherent cells were collected and stained with propidium iodide (PI).

Cell cycle distribution was analyzed by flow cytometry.

Supplemental Fig. II. ALA induces apoptosis more potently in proliferating than
quiescent VSMCs. FACS analysis. VSMCs were seeded in complete medium and incubated
for 24 h. The medium was replaced with fresh medium containing 10% or 0.5% FBS in the
presence or absence of ALA (1 mmol/L) and cells were incubated for 72 h. Floating cells
and adherent cells were collected, stained with propidium iodide (PI) and analyzed by flow

cytometry. The M1 (sub G1) cell population represents apoptotic cells.

Supplemental Fig. III. ALA represses transcriptional activity of Nur77. HepG2 cells (A)
and VSMCs (B) were transiently transfected with NurRE-Luc together with or without
pECE-Nur77 expression plasmid. Twenty four (HepG2) or six (VSMCs) hours after
transfection, cells were incubated in fresh complete medium with various concentrations of
ALA as indicated for 24 h (HepG2) or 18 (VSMCs) h, and harvested for luciferase and [-
galactosidase assays. Luciferase activity was normalized against B-galactosidase activity and
plotted as fold change relative to basal luciferase activity of NurRE-Luc reporter alone. (A)
*P < 0.001 versus reporter alone, **P < 0.01, *P < 0.005 versus Nur77-stimulated activity
without ALA treatment. (B) *P < 0.005 versus reporter alone, **P < 0.05 versus Nur77-

stimulated activity without ALA treatment.

13



Supplement Material

Supplemental Fig. IV. ALA significantly diminished intimal area and intima to media
ratio in carotid arteries at 14 days after balloon injury (BI). The morphometric analyses
of cross-sections of carotid arteries isolated from rats that were given intraperitoneally either
saline (vehicle) or ALA (50 or 100 mg/kg/day) daily from 3 days before to 14 days after BI.
(A) Medial area was calculated by subtracting the area defined by the internal elastic lamina
from the area defined by the external elastic lamina, and intimal area was determined as the
area defined by the luminal surface and the internal elastic lamina. (B) The ratio of intima to
media was calculated (n = 6 per group, *P < 0.001 versus uninjured control group, **P <

0.01, P < 0.005 versus balloon-injured group treated with saline.

Supplemental Fig. V. Transmission electron microscopy of carotid arteries 10 days
after balloon injury (BI). Transmission electron microscopic examination was performed
on the sections of control uninjured (a, ¢) and balloon-injured (b, d) carotid arteries of rats
given saline (a, b) or ALA (c, d, 100 mg/kg/day) daily from 3 days before injury to 10 days
after BI. Representative photographs showing VSMCs present in the medial (a, ¢) and
neointimal (b, d) areas in uninjured (a, ¢) and balloon-injured (b, d) carotid arteries. A
typical nuclear fragmentation is indicated by arrowheads (d). Scale bar indicates 1 um

(magnification x 5,000).

Supplemental Fig. VI. Adenovirus-mediated downregulation of Nur77 significantly
reduced inhibitory effect of ALA on intimal thickening. Morphometric analysis of the
sections of carotid arteries from rats that were infused with Ad-shNur77 or Ad-shRNA
(control) immediately after BI and intraperitoneally injected with either saline or ALA (100

mg/kg/day) daily from 3 days before to 14 days after BI. (A) Intimal and medial areas.
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Medial area was calculated by subtracting the area defined by the internal elastic lamina
from the area defined by the external elastic lamina, and intimal area was determined as the
area defined by the luminal surface and the internal elastic lamina. (B) The ratio of intima to
media. *P < 0.001 versus uninjured group, **P < 0.005 versus balloon-injured group treated

with saline, "P < 0.01 versus Ad-shRNA-infused group treated with ALA (n = 6 per group).

Supplemental Fig. VII. Nur77 siRNA reversed inhibitory effect of ALA on TNF-a-
stimulated NF-kB activity. VSMCs were transiently transfected with pNF-kB-Luc reporter
plasmid with 100 nmol/L of Nur77-siRNA (siNur77). Six hours after transfection, cells were
incubated in fresh complete medium with ALA 1 h prior to TNF-a (10 ng/mL) treatment for
18 h, and harvested for luciferase and [B-galactosidase assays. Luciferase activity was
normalized against B-galactosidase activity and plotted as fold change relative to basal
luciferase activity of NF-kB-Luc reporter alone. *P < 0.001 versus reporter alone, **P <
0.01 versus TNF-a-stimulated activity without ALA, P < 0.05 versus TNF-a and ALA

treatment.
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