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Abstract
Recent epidemiologic studies have suggested that serum dehydroepiandrosterone sulfate (DHEAS)
levels have a significant inverse correlation with the incidence of cardiovascular diseases. However,
direct evidence for the association with DHEAS and vascular disorders has not yet been explored.
DHEAS significantly reduced neointima formation 28 days after surgery without altering other serum
metabolite levels in a rabbit carotid balloon injury model. Immunohistochemical analyses revealed
the reduction of proliferating cell nuclear antigen (PCNA) index and increase of TdT-mediated
dUTP-biotin Nick End Labeling (TUNEL) index, expressing differentiated vascular smooth muscle
cell (VSMC) markers in the media 7 days after surgery. In vitro, DHEAS exhibited inhibitory effects
on VSMC proliferation and migration activities, inducing G1 cell cycle arrest with upregulation of
one of the cyclin dependent kinase (CDK) inhibitors p16INK4a and apoptosis with activating
peroxisome proliferator-activated receptor (PPAR)-α in VSMCs. DHEAS inhibits vascular
remodeling reducing neointima formation after vascular injury via its effects on VSMC phenotypic
modulation, functions and apoptosis upregulating p16INK4a/activating PPARα. DHEAS may play a
pathophysiological role for vascular remodeling in cardiovascular disease.
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1. Introduction
Dehydroepiandrosterone (DHEA) and its sulfate ester (DHEAS) are the most abundant
circulating adrenal steroids in the human body. However, other than their role as precursors to
androgens and estrogens, their physiological effects are unknown. Plasma DHEAS levels
decline linearly with age1, 2 and this decline has led to the suggestion that DHEAS can be
implicated in the process of aging, e.g., atherosclerosis. Observational studies have indicated
that plasma DHEAS is inversely correlated with cardiovascular diseases (CVD) or
angiographically defined coronary artery diseases in men.3–5 These studies have suggested
that DHEAS may have an anti-atherosclerotic or –arteriosclerotic effect.

Several reports have indicated that DHEA administration reduces atherosclerotic lesions
significantly in hypercholesterolemic rabbits.6–9 In these studies, however, since significant
lipid profile changes were not detected after DHEA administration, the mechanism of the anti-
atherosclerotic effect by DHEA remains unknown and no follow-up studies have been
performed. We focused on DHEAS effects on the biology of VSMCs because VSMC
accumulation into the intima and their activation are hallmarks of not only atherosclerosis10,
11 but also in-stent restenosis, which is still a major problem after arterial stent implantation.
12 Although we previously reported that DHEAS inhibits proliferation and migration of
VSMCs in vitro,13 in vivo studies focused on DHEAS effects on VSMCs have never been
performed.

In addition, several lines of evidence have suggested that DHEAS is not just a reservoir of
DHEA: 1) DHEAS, but not DHEA, can activate peroxisome proliferator-activated receptor
(PPAR)-α;14 2) DHEAS has a more potent inhibitory effect on VSMC migration than DHEA
in rabbit VSMC cell lines (SM-3);13 3) DHEAS reduces chronic hypoxic pulmonary
hypertension in rats; 15 and 4) DHEAS inhibits vascular inflammation. 16 Until now, however,
the effect of DHEAS on arterial remodeling following balloon injury had never been studied.

In the present study, to test the hypothesis that DHEAS has an inhibitory effect on neointima
formation, we examined exogenous DHEAS effects in a rabbit carotid balloon injury model.
We also assessed in vitro effects of DHEAS on VSMC functions, and attempted to elucidate
the mechanism for the biological effect of DHEAS in vascular biology.

2. Materials and methods
2.1. Animal Study

All animal studies were performed with the approval of the Osaka Medical College Animal
Care and Use Committee. Adult male Japanese white rabbits (2.5 to 3.0 kg) fed with normal
chow were assigned to two groups: DHEAS-treated (DHEAS) group and saline-treated
(control) group. DHEAS (Mylis™, Kanebo Pharmaceutical, Japan) was administered
intravenously (20 mg/kg/day) via an ear vein from 3 days before surgery until sacrifice, and
saline was administered as a control vehicle. Carotid balloon injury was performed as described
previously.17 The carotid arteries were examined histologically and blood samples were
collected for serological analysis at each time point. (supplemental information)

2.2 Immunohistochemistry
Immunohistochemistry was performed as described previously.18 Brief procedure is described
in supplemental information. Primary antibodies (supplemental information) were visualized
with Cy2 or Cy3 conjugated anti-goat or rabbit IgG (Jackson ImmunoResearch; 1:500)
followed by nuclear counter staining with 4′,6-diamdino-2-phenylindole (DAPI).
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2.3. Proliferation and Apoptosis assay in the Media
Medial proliferating and apoptotic cells were detected by immunostaining for PCNA and
TUNEL using in situ cell death detection kit (Roche) according to the manufacturer’s
instructions, respectively. After the staining, PCNA- or TUNEL-positive and -negative nuclei
were counted in 3 different HPF (200X) per section. Proliferation and apoptosis activity was
expressed as the PCNA and TUNEL labeling index calculated by dividing positive labeled
cells by total cell number, respectively.

2.4. Western Blot Analysis
Western blot analysis was performed as described previously.18 Brief procedure is described
in supplemental information.

2.5. Cell culture
Rabbit carotid VSMCs were obtained by an explant method, as previously described.17 Cells
were passaged by trypsinization, and used for the experiment between passages 3 and 5.

2.6. Cell Proliferation and Migration Assay
VSMC proliferation was assessed by BrdU incorporation as described previously.18 VSMC
migration was assessed by the modified Boyden’s chamber method, as described previously.
17 Brief procedure is described in supplemental information.

2.7. Flow Cytometry Analysis
For cell cycle analysis, flow cytometry was performed as described previously.18 Brief
procedure is described in supplemental information.

2.8 Apoptosis Assay
VSMCs (3×104 cells/well) were cultured in 5% FCS/MEM in 4 well-chamber slides (Nunc)
at 37°C, and incubated with DHA at a concentration of 0, 10−7, 10−6 or 10−5 mol/L for 24
hours under serum starved condition (0.5% FCS) in the presence of DHEAS (10−5 mol/L) or
not. For the PPARα deletion study, human PPARα siRNA (Santa Cruz) was transfected with
human aortic VSMCs (ATCC) and incubated for 3 days and TUNEL staining was performed.
TUNEL-positive and total cells were counted in 5 different HPF (200X), and apoptosis was
evaluated as the percentage of TUNEL-positive cells to total cell number in each chamber.

2.9. Statistical analysis
All values were expressed as mean ± SEM. Statistical analyses were performed using statistical
software (Statview™). Mann-Whitney U-test was used for the comparison between two groups
and ANOVA was used followed by post-hoc test with a Tukey procedure for multiple groups.
A value of P<0.05 was considered significant.

3. Experimental results
3.1. Serum Cholesterol Levels, Triglyceride, DHEAS, DHEA, Estradiol and Testosterone in
Rabbits (Table)

The serum level of DHEAS before treatment was under the detection limit (<20 ng/ml) of the
assay. Daily administration of DHEAS (20 mg/kg) resulted in significant increases in the serum
DHEAS levels at 7 days to 1408±453 ng/ml and 14 days to 1123±448 ng/ml (physiological
doses in human), which then decreased at 28 days to 81±11 ng/ml. All the other hormone and
lipid levels that might be affected by conversion of DHEAS did not change significantly, even
in the setting of robust serum DHEAS elevation.
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3.2. Effect of DHEAS on Neointima Formation and Medial Cell Proliferation
DHEAS inhibited neointima formation 14 days after balloon injury in carotid arteries (Figure
1a and b). The intimal area and I/M ratio in the DHEAS group (n=10) were significantly
reduced compared to the control group (n=8) at 14 days after carotid injury (0.37±0.05 mm2

and 0.22±0.02 versus 0.64±0.02 mm2 and 0.48±0.04, p=0.0002 and <0.0001, respectively). A
similar inhibitory effect of neointima formation by DHEAS was also observed at 28 days after
surgery (0.48±0.03 mm2 and 0.29±0.01 versus 0.73±0.05 mm2 and 0.61±0.03, p=0.0006; n=8
and <0.0001; n=7, respectively). There was also a difference in the medial area between the
control group and DHEAS group with a thicker medial layer in the DHEAS group (1.39±0.08
versus 1.64±0.10 mm2 at 14 days, p=0.09838 and 1.20±0.07 versus 1.66±0.09 mm2 at 28 days,
p=0.000922) (Figure 1c).

DHEAS also significantly suppressed medial cell proliferation (Figure 2a) as indicated by a
reduced PCNA labeling index in the media 7 days after carotid injury. (45.8±2.9% in control;
n=5, 17.8±1.7% in the DHEAS group; n=5, p=0.01116) (Figure 2b)

3.3. Effect of DHEAS on Phenotypic Modulation of VSMCs after Vascular Injury
VSMC phenotypic modulation in injured carotid arteries by DHEAS was evaluated
immunohistochemically using the following various markers: smooth muscle (SM) α-actin for
a universal marker of VSMC; SM2 (smooth muscle specific myosin heavy chain) for a
differentiated phenotype marker of VSMC; and SMemb (non-muscle myosin heavy chain) for
a dedifferentiated phenotype marker of VSMC.19, 20 There was no difference in the medial
expression of SMα-actin after injury between the control and the DHEAS groups (Figure 3a
and d). The medial expression of SM2 was strikingly reduced in the control group compared
with the DHEAS group (Figure 3b and e). In contrast, the medial expression of SMemb was
more prominent in the control group than the DHEAS group (Figure 3c and f). The similar
SM2 and SMemb expression differences were observed in both media and neointima at day
14 after carotid injury. (supplemental Figure Ia–d)

Western blot analysis also demonstrated remarkable decreases in calponin and meta-vinculin
levels (relative value to non-injured artery; calponin, 0.27±0.04 vs. 1.00±0.00 and meta-
vinculin, 0.00±0.00 vs. 1.00±0.00, p<0.0001) in injured arteries compared with non-injured
artery. Downregulation of these marker expressions was significantly reversed by DHEAS.
(calponin, 0.82±0.03 vs. 0.27±0.04 and meta-vinculin, 0.87±0.12 vs. 0.00±0.00, p<0.0001)
(Figure 3g)

3.4. Effects of DHEAS on VSMC Proliferation, Migration and Cell Cycle In Vitro
After 24 hours incubation of cultured VSMCs stimulated by 10% FCS/MEM with DHEAS,
BrdU labeling index was reduced dose-dependently by a maximum of 50% (DHEAS) at a
concentration of 10−5 mol/L compared with control (Figure 4a). In migration assay, co-
incubation with DHEAS for 3 hours decreased PDGF-induced VSMC migration by a
maximum of 52% (DHEAS) at a concentration of 10−5 mol/L compared to the control (Figure
4b). Cell cycle analysis by flow cytometry also demonstrated that DHEAS induced G1 cell
cycle arrest in proliferating VSMCs. (supplemental Figure II)

3.5. DHEAS upregulates CDK inhibitor, p16INK4a, but not p21Cip1 and p53
To further explore a certain molecular mechanism for the inhibitory effect of DHEAS on
VSMC proliferation/cell cycle, we examined the expression of CDK inhibitors in VSMCs.
VSMCs were collected after 18 hours co-incubation with DHEAS (10 μmol/L) or PBS (control)
in 5% FCS/MEM following 48 hours serum starvation for Western blot analysis. Although the
expression of p21Cip1 and p53 were not changed (p21Cip1; 1.01±0.06 vs. 1.00±0.00, p=0.9876
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and p53; 1.07±0.05 vs. 1.00±0.00, p=0.9866), p16INK4a was significantly upregulated by
DHEAS compared with control (1.86±0.17 vs. 1.00±0.00, p=0.0018). (Figure 4c) In addition,
in vitro p16INK4a knockout study exhibited reversed anti-proliferation of VSMCs by DHEAS
treatment. (p16KO+DHEAS; 28.3±1.5 vs. Ctrl+DHEAS; 15.3±2.5 %, p<0.05) (Figure 4d and
e) Indeed, striking medial p16INK4a expressions were observed only in the DHEAS-treated
injured arteries 3 days after surgery. The merged image exhibits co-localization of p16INK4a

and SMα-actin positive cells in the DHEAS-treated group. (Figure 4f)

3.6. Effects of DHEAS on VSMC Apoptosis
We evaluated the effects of DHEAS on medial cell apoptosis/necrosis by TUNEL staining
(Figure 5a and b) 7 days after carotid injury. TUNEL labeling index was significantly greater
in the DHEAS group than the control group (4.1±0.3% in control; n=5, 40.8±6.2% in the
DHEAS group; n=5, p=0.01116). (Figure 5c) Although there was no remarkable difference of
TUNEL positivity in the media, a number of TUNEL positive cells were observed in the
neointima only in the DHEAS group 14 days after carotid injury. (supplemental Figure Ie)

Next, PPARα ligand (DHA)-induced VSMC apoptosis was evaluated by TUNEL staining in
the presence or absence of DHEAS (10 μmol/L) in vitro. DHA increased the percent of
TUNEL-positive cells dose-dependently. On the other hand, DHEAS not only induced VSMC
apoptosis by itself (14.3±2.3 vs. 0.7±0.3%, p=0.07652) but also co-incubation of DHEAS and
DHA resulted in the greater extent of apoptosis in VSMCs at any concentration of DHA (0.1
μmol/L; 35.2±4.2 vs. 17.9±1.7%, p=0.0564, 1 μmol/L; 37.3±6.6 vs. 20.1±2.6%, p=0.0859, and
10 μmol/L; 39.1±4.0 vs. 24.1±2.6%, p=0.126). (Figure 5d) Although cleaved caspase 3/total
caspase 3 ratio (DHA; 1.9±0.2 and DHEAS; 1.9±0.1 vs. 1.5±0.2 in control, p=0.9995) was
limited by 25% by DHEAS without significant difference, co-incubation with DHA and
DHEAS in VSMCs exhibited a significantly elevated cleaved-caspase 3/total caspase 3 ratio
compared with the control (DHA+DHEAS; 2.3±0.1 vs. 1.5±0.2 in control, p=0.0136). (Figure
5e) The PPARα expression by DHEAS was higher than that by DHA, however, no significant
further upregulation of PPARα was observed by the co-incubation compared with either DHA
or DHEAS treatment alone (DHA+DHEAS; 2.9±0.3 vs. DHA; 2.2±0.3, p=0.2535 and
DHEAS; 3.1±0.1, p=0.2196), (Figure 5e)

Immunocytochemical analysis showed that only TUNEL-positive cells co-expressed PPARα
by DHA treatment alone, (Figure 6a) and co-treatment of DHA with DHEAS showed much
higher expression of PPARα in only TUNEL-positive cells. (Figure 6b) Striking PPARα
expression was also observed only in the DHEAS-treated group, and most of the expression
was co-localized with SM2, indicating that PPARα was upregulated in injured medial VSMCs.
(Figure 6c) In contrast, when the PPARα mRNA expression is silenced by siRNA technique
in VSMCs, DHEAS-induced apoptosis was partially cancelled in consistent with the decreased
expression of PPARα. (supplemental Figure III)

4. Discussion
In the present study, we first report the biological effect of DHEAS on neointima formation
following arterial injury in a non-cholesterol fed rabbit carotid injury model which allow us to
focus on VSMC biology without inflammatory response. DHEAS significantly inhibited
neointima formation after balloon injury suppressing VSMC migration and proliferation
activities. This was associated with upregulation of CDK inhibitor p16INK4a, and with
induction of medial cell death/apoptosis through PPARα-involved signaling.

Differing from the estradiol-NO dependent indirect inhibitory effect of DHEA on
atherosclerosis,9 the present study assumed the remote possibility that the inhibitory effect of
DHEAS for neointima formation is due to its conversion to the other metabolites, because the
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serum levels of other hormones including metabolites of DHEAS were not changed
significantly after DHEAS administration to rabbits. (Table). Indeed, our in vitro data shows
direct inhibitory effects of DHEAS on VSMCs supporting the results of serological
examination. Since there are no reports in which DHEAS-sulfatase, which can convert DHEAS
to DHEA, activation is demonstrated in rabbits and evidences of differential DHEAS-sulfatase
activity among species,21 we speculate that the significant decrease of serum DHEAS level at
day 28 was a result from DHEAS metabolism by unknown enzymatic system into other
metabolites but not DHEA or estradiol.

Interestingly, the medial area at 14 and 28 days after injury was significantly increased in the
DHEAS-treated injured arteries (Figure 1c) inhibiting neointima formation by DHEAS. One
possible reason for this phenomenon is an increase of extracellular matrices, because it has
already been reported that DHEAS promotes collagenase22 and hyaluronate23 synthesis in
rabbit fibroblasts. Indeed, Picro-Sirius red staining demonstrated the increased medial matrix
including collagen fibers (stained in red) in the DEHAS-treated injured arteries. (supplemental
Figure IV) We speculate that the interstitial space after medial cell apoptosis was replaced with
the extracellular matrices produced from resident medial fibroblasts by DHEAS treatment.

Several lines of evidence have shown that phenotypic modulation is an important phenomenon
in VSMC activation.10, 11 We have shown that DHEAS prevented the phenotypic change of
VSMC from differentiated “contractile” phenotype to dedifferentiated “synthetic” phenotype
that is normally induced by balloon injury as well as insulin-like growth factor 1 (IGF-1)24 and
all-trans-retinoic acids (atRA).25 Recent studies have reported that PPARα activators (fibrate
drugs) and its ligand (fish oil; DHA) could inhibit VSMC activation26 and induce apoptosis
via p38 MAP kinase activation27, respectively. Our in vitro data have also demonstrated that
DHEAS induced G1-cell cycle arrest in VSMCs (supplemental figure II) upregulating
p16INK4a under serum-stimulating conditions but not under no serum condition and finally
apoptosis activating caspase 3 along with PPARα expression, indicating that DHEAS-
PPARα signaling pathway might be involved in the inhibitory/pro-apoptotic effect on
proliferating VSMCs. However, since the activation of caspase 3 by DHEAS was limited to
slight extent, the results from DHA/DHEAS might not be necessarily due to the PPARα
activation alone. Thus, we assume that upregulation of PPARα by DHEAS could be a trigger
to induce apoptosis or cell death signaling rather than direct stimulation of apoptosis in VSMCs
by DHEAS. Although the entire mechanism of DHEAS-induced modulation of VSMC activity
still remains unclear, the responsible mechanism for the effect of DHEAS on VSMC is
considered to be, at least in part, due to upregulation of p16INK4a and activation of PPARα–
involved signaling. Apart from the suppressive effect of DHEAS on VSMC functions in vitro
and in vivo which is one of the major mechanistic insights in this study, DHEAS also
demonstrated an potent inhibitory effect on inflammation of vessel wall following balloon
injury as reported previously.16 Indeed, immunohistochemical analysis exhibited the clearly
reduced neutrophil/T-cell infiltration in the DEHAS-treated artery compared with that in the
control artery following balloon injury. (supplemental figure V)

Our data suggest that one of the adrenal androgens, DHEAS, may play a role for vascular
remodeling after arterial injury promoting the effect of exogenous PPARα ligands e.g. fish oil
(DHA) and fibrates ordinarily taken in our daily life and reducing vascular inflammation. The
replacement therapy of DHEAS in male human subject may have a beneficial effect for
preventing atherosclerosis or restenosis after catheter-based arterial intervention in the clinical
setting.
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Figure 1. DHEAS Reduces Neointima Formation Following Carotid Balloon Injury
a, The entire cross-sections of Masson’s Trichrome-stained sections from balloon injured
carotid arteries. I, the intima; M, media; and arrow-heads, internal elastic lamina (IEL). b,
Morphometric analysis. Comparisons of intimal, medial area, and intima/media ratio (I/M)
between the control group and the DHEAS group. * and **, P<0.01 and #, P<0.0001 at 14 and
28 days vs. control.
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Figure 2. DHEAS Reduces Medial Cell Proliferation Activity
Immunostaining for PCNA to evaluate proliferation activity in injured arteries. a, control group
and DHEAS group. PCNA-positive nuclei are stained in black and arrow-heads indicate the
external elastic lamina (EEL). Nuclei are stained with methylgreen in green. b, PCNA labeling
index as a percentage of PCNA-positive nuclei per total nuclei in the media.
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Figure 3. DEHAS Modulates Medial VSMC Phenotype Following Carotid Balloon Injury
Immunostaining for SMα-actin (a and d), SM2 (b and e), and SMemb (c and f) in injured
arteries. a, b and c: control group; d, e and f: DHEAS group. The positive expressions of each
marker are stained in black. Arrow-heads indicate EEL. g, Western analyses for SMα-actin
(42 kD), calponin (34 kD), meta-vinculin (150 kD), and vinculin (130 kD) in the control group
and the DHEAS group with or without balloon injury. Immunoblots are shown with
densitometrical analysis. * and **, P<0.0001 and NS vs. (DHEAS: -, Carotid Injury: -).
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Figure 4. DHEAS Inhibits VSMC Proliferation and Migration Inducing p16INK4a

a and e, Proliferation activity evaluated as a percentage of BrdU positive cells. b, Migration
activity expressed as the number of migrated cells/HPF (200X). Control indicates the each
assay in the absence of DHEAS. *, P<0.05; **, P<0.01; ***, P<0.05: and #, P<0.0001 vs.
control (ctrl). c, Western blot analyses of CDK inhibitors, p16, p21, and p53 in VSMCs.
Immunoblots are shown with densitometrical analysis. *, P<0.01 and NS vs. control. d, Double
immunofluorescent staining: Red, BrdU, Green, p16INK4a, and Blue, nuclei (DAPI). Arrows,
p16INK4a positive cells and Arrow-heads, BrdU-positive cells. e, Proliferation activity was
expressed as BrdU labeling index in control and p16 knockout (KO) VSMCs with or without
DHEAS (10 μmol/L) f, Double immunofluorescent staining in injured arteries. Red, p16;
Green, SMα-actin; Blue, nuclei (DAPI). Arrow-heads indicate EEL and arrows indicate p16-
positive cells.
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Figure 5. DHEAS Induces Medical Cell (VSMC) Apoptosis Activating PPARα
Fluorescent TUNEL staining in injured arteries: a, control group and b, DHEAS group. Arrows
and arrow-heads indicate TUNEL-positive cells (green) and EEL, respectively. Blue: uclei
with DAPI. c and d, TUNEL labeling index. *, P<0.01 vs. control and DHA treatment alone.
e, Western analyses of caspase 3 (35 kD), cleaved-caspase 3 (17/19 kD) and PPARα (52 kD)
in VSMCs after 18 hours serum starvation with DHA (10 μmol/L), DHEAS (10 μmol/L) and
both of DHA and DHEAS or not (control). Immunoblots are shown with densitometrical
analysis. *, P<0.05 and #, P<0.01 vs. control.
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Figure 6. DHEAS Induces PPARα Expression in VSMCs and Injured Artery
Cells were cultured in 0.5% FCS medium with DHA (10 μmol/L) in the presence (b) or absence
(a) of DHEAS (10 μmol/L) for 24 hours. Double immunofluorescent staining: Red, PPARα,
Green, TUNEL, and Blue, nuclei (DAPI). Arrows, TUNEL negative cells and Arrow-heads,
TUNEL-positive cells. c, Injured carotid arteries in the control and the DHEAS group. Red,
PPARα; Green, SM2; Arrows, PPARα-positive cells, and arrow-heads, EEL.
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