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Vitamin D attenuates cerebral artery
remodeling through VDR/AMPK/eNOS
dimer phosphorylation pathway after
subarachnoid hemorrhage in rats

Budbazar Enkhjargal, Jay Malaguit, Wing M Ho, Wu Jiang,
Weifeng Wan, Gaiqing Wang, Jiping Tang and John H Zhang

Abstract

The role of vitamin D3 (VitD3) in the upregulation of osteopontin (OPN) and eNOS in the endothelium of cerebral

arteries after subarachnoid hemorrhage (SAH) is investigated. The endovascular perforation SAH model in Sprague-

Dawley rats (n¼ 103) was used. The VitD3 pretreatment (30 ng/kg) increased endogenous OPN and eNOS expression

in cerebral arteries compared with naı̈ve rats (n¼ 5 per group). Neurobehavioral scores were significantly improved in

Pre-SAHþVitD3 group compared with the SAH group. The effects of VitD3 were attenuated by intracerebroventricular

(i.c.v) injections of siRNA for the vitamin D receptor (VDR) and OPN in Pre-SAHþVitD3þVDR siRNA and Pre-

SAHþVitD3þOPN siRNA rats, respectively (n¼ 5 per group). The significant increase of VDR, OPN and decrease of

C44 splicing in the cerebral arteries of Pre-SAHþVitD3 rats lead to an increase in basilar artery lumen. The increase in

VDR expression led to an upregulation and phosphorylation of AMPK and eNOS, especially dimer form, in endothelium

of cerebral artery. The results provide that VitD3 pretreatment attenuates cerebral artery remodeling and vasospasm

through the upregulation of OPN and phosphorylation of AMPK (p-AMPK) and eNOS (p-eNOS) at Ser1177-Dimer in

the cerebral arteries. Vitamin D may be a useful new preventive and therapeutic strategy against cerebral artery

remodeling in stroke patients.

Keywords

Subarachnoid hemorrhage, vitamin D, AMPK, endothelial nitric oxide synthase, artery endothelium

Received 8 June 2017; Revised 11 July 2017; Accepted 12 July 2017

Introduction

Aneurysmal SAH is a devastating form of hemorrhagic
stroke with significant mortality and long-term morbid-
ity among survivors1,2 for which no effective treatments
are available.3,4 Studies during past few decades
concerning cerebral vascular spasm have mostly been
focused on finding therapeutic strategies for aneurys-
mal SAH, unfortunately mortality and poor clinical
outcomes after SAH remain considerably high.5,6

In recent years, researchers have focused on elucidating
the mechanisms of early brain injury (EBI) after SAH7

and are working to resolve the limitations of past
studies.

Vitamin D is a neuroprotective hormone that
regulates a number of genomic and non-genomic path-
ways.8,9 VDR is a ubiquitous nuclear transcription

receptor expressed in human body tissues including
endothelium.10 Moreover, vitamin D regulates endo-
thelium relaxation factors such as nitric oxide (NO),
through a VDR-dependent pathway, with its insuffi-
ciency associated with a profoundly increased risk for
endothelial dysfunction and hypertension.11,12

Epidemiological and basic science studies suggest that
vitamin D deficiency is associated with neurological
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and cerebrovascular diseases, including stroke.13–15

However, while vitamin D deficiency is associated
with an increased risk of stroke and adverse outcomes
for post-stroke patients,16 studies are limited concern-
ing vitamin D deficiency in vivo.17,18

Our previous studies have shown that vitamin D
upregulates endogenous OPN in rat brain hemispheres
and leads to blood–brain barrier integrity in the micro
vessels after SAH.19 Additionally, cerebral OPN is
primarily expressed in astrocytes and endothelial cells
after SAH and protects vascular smooth muscle
remodeling and cerebral vasospasm in EBI after
SAH.20,21 However, the preventive effects of vitamin
D induced upregulation of OPN in the endothelium
of cerebral arteries after SAH have not been elucidated.
We hypothesized that vitamin D affects the endothe-
lium of cerebral arteries, not only micro vessels, with
a pleiotropic effect of vitamin D upregulating OPN.
Thus, we aimed to identify a role of vitamin D upregu-
lated OPN on a CD44-(a receptor of OPN) dependent
intracellular mechanism in the endothelium of cerebral
arteries of rats after SAH.

Materials and methods

All experimental protocols and procedures were
approved by the Institutional Animal Care and Use
Committee of Loma Linda University, are in accord-
ance with the ARRIVE (Animal Research: Reporting
In Vivo Experiments) guidelines, and comply with the
NIH Guidelines for the Use of Animals in
Neuroscience Research.

Animals and treatment

Adult male Sprague-Dawley rats (n¼ 103, 300–350 g;
Harlan Indianapolis, IN) were housed in a light-and-
temperature-controlled environment and fed ad lib-
itum. Naı̈ve rats were pretreated a single 30 ng/kg of
VitD3 (calcitriol, 71820, Cayman Chemical, MI,
USA) (þVitD3) by intranasal route to study the effect
of VitD3 on endogenous expression of OPN in the cere-
bellum, brain stem and cerebral arteries at 24 h after the
pretreatment (n¼ 5 per group). Next, animals were
divided randomly into the following groups: Sham,
SAH time course at 3, 6, 12, 24, 72 h, Sham operated
plus vehicle (5% ethanol) (Sham, n¼ 5), SAH plus
vehicle (SAH, n¼ 5), SAH plus a single 30 ng/kg of
VitD3 pretreatment 24 h before surgery (Pre-
SAHþVitD3, n¼ 5). Lastly, to examine the molecular
mechanism, 15 animals were divided randomly into the
following groups: Pre-SAHþVitD3þControl siRNA
(n¼ 5), Pre-SAHþVitD3þVDR siRNA (n¼ 5), Pre-
SAHþ VitD3þOPN siRNA (n¼ 5). All animals were
sacrificed 24 h after surgery.

Surgery procedures

The endovascular perforation model of SAH was per-
formed as previously described.19,22 Briefly, rats were
anesthetized and kept on a ventilator during surgery
with 2–3% isoflurane in air (isoflurane was reduced to
1.5% at the moment of puncture). A sharpened 4–0
nylon suture was inserted into the left internal carotid
artery though the external carotid artery and common
carotid bifurcation. The 3-cm suture was advanced
until resistance was felt at the bifurcation of the anter-
ior and middle cerebral arteries. The suture was then
further advanced to puncture the vessel and then imme-
diately withdrawn after artery perforation. During
sham operations, the suture was inserted into the left
carotid artery; however, no perforation was performed.
After removal of the suture, the skin incision was
sutured and rats were housed individually in heated
cages until recovery.

Neurological score evaluation

At 24 h after surgery, neurological scores were evalu-
ated in a blinded fashion using a modification of the
Garcia scoring system as previously described.23 This
composite sensorimotor assessment evaluated the
rodent’s spontaneous activity, spontaneous movement
of all limbs, vibrissae touch, forelimbs outstretching
and climbing wall of cage. Each subtest was scored
from 0 (minimum) to 3 (maximum). Animals were
also evaluated for walking distances on a wooden
beam for 1min and wire hanging ability for 30 s, each
scored from 0 to 4.

SAH grading

The severity of SAH was blindly evaluated by the SAH
grading system immediately after euthanasia as previ-
ously described.24 Briefly, after removing the brain
from the skull, a photograph of the base of the brain
was divided into six parts that were scored (0–3)
according to amount of subarachnoid blood present,
and a total score was calculated as the sum of each
sections score. Operated animals received a total score
ranging from 0 (no SAH) to 18 (most severe SAH), and
SAH rats with a score of 7 or less were excluded from
this study (Table 1).

Intracerebroventricular administration

Intracerebroventricular (i.c.v) administration was per-
formed as previously described.19 Briefly, rats were
placed in a stereotaxic apparatus under 2.5% isoflurane
anesthesia. The needle of a 10ml Hamilton syringe
(Microliter 701; Hamilton Company, Reno, NV) was
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inserted, through a burr hole, into the right lateral
ventricle at the following coordinates relative to the
bregma: 0.92mm posterior, 1.5mm lateral, and
3.3mm below the horizontal plane of the skull. VDR
small interfering ribonucleic acid (siRNA) (SR508804,
OriGene Technologies, Inc., MD, USA), OPN siRNA
Sigma-Aldrich, MO, USA), and a scrambled negative
control siRNA were prepared at 1000 pMol each in
RNAse free resuspension buffer and was injected 48 h
before SAH induction surgery at a rate of 2 ml/min with
a total volume of 10 mL.

Western blot

Western blot analyses of samples from the cerebellum
and brain stem were performed as previously
described.19,25 Artery samples including the Wills circle
and basilar artery were collected from the basal cisterns
and snap frozen in liquid nitrogen. Artery samples were
homogenized using a polypropylene pestle in 200mL of
RIPA Lysis Buffer System (sc-24948, Santa Crus, CA,
USA). Equal amounts of sample protein (30mg) were
loaded onto an SDS-PAGE gel. After electrophoresis
and transfer of the samples to a nitrocellulose mem-
brane, the membrane was blocked for 1 h at 21�C then
incubated overnight at 4�C with the following primary
antibodies: VDR (1:500, sc-13133), OPN (1:1000, sc-
21742), b-Actin (1:5000, I-19), endothelial nitric oxide
synthase (eNOS, 1:1000, sc-653), p-eNOS-Ser1177
(1:1000, sc-12972), p-eNOS-Thr495 (1:1000, sc-136519)

(Santa Cruz Biotechnology Inc., Texas, USA), and
adenosine monophosphate-activated protein kinase
(AMPK, 1:2000, #5832), p-AMPK (1:2000, #2535)
(Cell Signaling, MA, USA). Next, the membranes were
incubated at room temperature for 1 h with the appro-
priate secondary antibodies (1:5000, Santa Cruz
Biotechnology Inc.). Immunoblots were then probed
with ECL Amersham Western blotting detection
reagents (Amersham Biosciences UK Ltd, PA, USA).
Blot bands were quantified by densitometry using
image J software (Image J 1.4, NIH, USA). b-Actin
was used as the loading control.

Morphometric analysis

The brain sections encompassing the BA were stained
with hematoxylin and eosin according to the routine
protocol as previously described.21 Histological photo-
graphs were serially captured in LASX software with a
Leica DMi8 microscope (Leica Microsystems,
Germany). At the level of the pons-cerebellum and mid-
brain, the cross-sectional areas of BA were measured
using Image J software (Image J 1.4, NIH, USA).

Immunofluorescence staining

Deeply anesthetized rats were perfused transcardially
with 60mL of PBS followed by 60mL of 10%
paraformaldehyde through the upper part of the body.
The brains were removed, fixed for 24h in 10%

Table 1. Experimental design and number of animals used per group.

Part Groups Neuro test

WB

Histology

IHC

Mortality

(%)

Exclusion Sum

1 VitD3 pretreatment study:

Naı̈ve 5 2 – – 7

þVitD3 5 2 – – 7

2 Time course study (n¼ 5 per group):

Sham 5 – – – 5

SAH (3, 6, 12, 24, 72 h) 25 – 6 (18%) 3 34

3 Outcome study:

Sham 5 3 – – 8

SAH 5 3 3 (23%) 2 13

Pre-SAHþVitD3 5 3 2 (18 %) 1 11

4 Molecular mechanism study:

Pre-SAHþVitD3þVDR siRNA 5 – 1 (17%) – 6

Pre-SAHþVitD3þOPN siRNA 5 – 1 (17%) – 6

Pre-SAHþVitD3þControl siRNA 5 – – 1 6

Total 70 13 13 (17%) 7 103

Note: Sprague-Dawley male rats with 300–350 g body weights were used. þVitD3, a single intranasal treated 30 ng/kg of calcitriol 24 h before. SAH:

subarachnoid hemorrhage; Pre-SAHþVitD3: VitD3 treated 24 h before SAH induction; VDR: vitamin D receptor; OPN: osteopontin; siRNA: small

interfering ribonucleic acid; WB: Western blot; IHC: immunohistochemistry.
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paraformaldehyde followed by 30% sucrose for three
days, then embedded into OCT compound
(Scigen Scientific Gardena, CA, USA) and frozen
at �80�. The tissues were cut on a cryostat (LM3050S;
Leica Microsystems, Bannockburn, III, Germany) into
10mm thick slices of basilar artery located between the
pons-cerebellum and midbrain and mounted on poly-L-
lysine-coated glass slides. Double-fluorescence labeling
was performed as described previously.26 Anti-CD34
(1:500, 250591, Abbiotec, San Diego, CA), anti-CD31
(1:500, ab119339, abcam, Cambridge, MA), anti-OPN
(1:100, sc-21742), VDR (1:500, sc-13133), and p-eNOS-
Ser1177 (1:500, sc-12972), (Santa Cruz Biotechnology
Inc., Dallas, TX), antibodies were applied and incubated
overnight at 4�C, followed by incubation for 1 h at room
temperature with secondary antibodies at a dilution
of 1:500. Slide pictures were taken in LASX software
with a Leica DMi8 fluorescence microscope (Leica
Microsystems, Germany).

Statistical analysis

Data analysis was performed using IBM SPSS
Statistics software version 21 (IBM, Armonk, New
York, USA). Data are shown as mean� SD and
analyzed by one-way ANOVA followed by LSD post
hoc analysis for comparison among all groups.
Independent Samples T-Test was used to compare
two groups. A P value of< 0.05 was considered statis-
tically significant.

Results

Pretreatment of VitD3 increases endogenous OPN
expression in the hindbrain and cerebral arteries

Western blot analysis showed that a single pretreatment
of VitD3 (30ng/kg) significantly increased OPN expres-
sion in the cerebellum and brain stem (Figure 1(a)).
Additionally, VDR (Figure 1(b)) and eNOS
(Figure 1(c)) expression were increased in the cerebellum
after 24h in naı̈ve rats. OPN expression was increased in
the arterial layers of the basilar artery including the endo-
thelium after pretreatment with VitD3 (Figure 1(d)).

Mortality and SAH severity

After SAH, blood clots were present around the basal
cistern with a significant difference in SAH grade
between Sham and SAH animals, but no difference
was observed between all SAH groups at 24 h post-
ictus as described our previous study.19 Of the 103
total animals used, 75 were subjected to SAH, of
which 13 (17%) died within 24 h after SAH induction
(Table 1).

Expression changes of VDR and eNOS in the brain
after SAH

Western blot results showed that expression of VDR
dramatically increased from 3 to 12 h and declined
from 24 h to 72 h in the left hemisphere of the brain
after SAH induction (Figure 2(a)). Total expression
of eNOS, including monomer and dimer forms,
increased significantly at 6, 12 and 24 h and decreased
at 72 h (Figure 2(b)). However, total expressions of
p-eNOS and ratio of dimer to monomer of the
p-eNOS at Ser1177 (p-eNOS-Ser1177) increased signifi-
cantly at 3, 6 and 12 h and declined at 24 h, specifically
the dimer form of p-eNOS-Ser1177 which is the most
active form of eNOS (Figure 2(c) and (d)).

Pretreatment of VitD3 attenuates neurological
deficits after SAH

A single pretreatment of 30 ng/kg of VitD3 significantly
increased the neurological score on modified Garcia
(Figure 3(a)), beam balance (Figure 3(b)) and wire
hanging (Figure 3(c)) tests at 24 h in Pre-SAHþVitD3
rats compared with SAH. The preventive effects of Pre-
SAHþVitD3 were reversed by siRNAs for VDR and
OPN (Figure 3).

VitD3 upregulates AMPK and eNOS through a VDR
dependent mechanism in cerebral arteries

At 24 h after SAH induction, VDR expression was
higher in the cerebral arteries of SAH rats compared
with Sham group and reached a significantly higher
level by VitD3 pretreatment. Moreover, i.c.v injection
of siRNA for VDR significantly inhibited VDR expres-
sion in the cerebral arteries of Pre-SAHþVitD3þVDR
siRNA rats compared with Pre-SAHþVitD3þControl
siRNA rats (Figure 4(a)). Expression of OPN in the
basilar artery was significantly increased in Pre-
SAHþVitD3 rats compared with SAH rats
(Figure 4(b)). Total expression of CD44 was signifi-
cantly higher in the SAH group compared with that
of Sham rats and was decreased mainly dependent on
degradation of CD44 splice and ectodomain variants in
Pre-SAHþVitD3 group. These changes were reversed
by intervention of siRNA for both VDR and OPN in
the Pre-SAHþVitD3þVDR siRNA and Pre-
SAHþVitD3þOPN siRNA rats, respectively, com-
pared with that Pre-SAHþVitD3þControl siRNA
rats (Figure 4(c)). Total expression of AMPK did not
change significantly among groups (Figure 4(d)).
However, the p-AMPK increased in the SAH group
(P¼ 0.097) and it was reached significantly higher in
the Pre-SAHþVitD3 group compared with that of the
Sham rats and was reversed by VDR siRNA, but not
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OPN siRNA, these effects compared with that Pre-
SAHþVitD3þControl siRNA rats (Figure 4(e)).

Moreover, total expression of eNOS was signifi-
cantly lower in Pre-SAHþVitD3þVDR siRNA rats
compared with that of the Sham and SAH rats
(Figure 5(a)). Moreover, the total and ratio of dimer
to monomer p-eNOS-Ser1177 were significantly upre-
gulated and stayed significantly higher in the SAH
group as well as in pretreatment SAH groups compared
with that of the Sham rats. Compared with Pre-
SAHþVitD3þControl siRNA rats, these effects were
reversed by VDR siRNA, but not OPN siRNA
(Figure 5(b) and (c)). Expression of the p-eNOS-
Thr495-Dimer was affected in an inverse manner with
the p-eNOS-Ser1177-Dimer changes, but it did not

reach significant differences between the groups
(Figure 5(d)). Hematoxylin–eosin-stained histology
images of the basilar artery between the pons-cerebel-
lum and midbrain showed that the diameter (left panel)
and cross-sectional area (right panel) of the basilar
artery decreased after SAH compared with Sham rats
and was reversed by pretreatment with VitD3
(Figure 6(a)). Immunohistochemistry staining of the
basilar artery showed that VDR is highly expressed in
the artery layers of Sham rats and was increased in
SAH rats as well as Pre-SAHþVitD3 rats
(Figure 6(b)). Moreover, p-eNOS, which is primarily
expressed in the basilar artery endothelium of Sham
rats, was increased in SAH and Pre-SAHþVitD3 rats
(Figure 6(c)).

Figure 1. A single pretreatment of vitamin D3 (VitD3) upregulates endogenous osteopontin (OPN) in hindbrain and cerebral

vascular endothelium. (a) Representative Western blots of VitD3-induced (30 ng/kg) expression of OPN (upper panel) and quantitative

analysis (lower panel) 24 h after pretreatment in the cerebellum and brain stem of VitD3 pretreated (þVitD3) and naı̈ve rats. (b)

Vitamin D receptor (VDR) and (c) endothelial nitric oxide synthase (eNOS) representative western blots (upper panel) and quan-

titative analysis (lower panel) after pretreatment in the cerebellum of þVitD3 and naı̈ve rats. *P< 0.05 vs. naı̈ve rats. n¼ 5 per group.

(d) Immunohistochemical staining of OPN (green) and endothelium (CD31, red) of basilar artery. Nuclei are stained with DAPI (blue).

Top panel indicates the location of staining (small red box). Arrows indicate colocalization of OPN and CD31. n¼ 2 per group.

Bar¼ 50mm.
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Discussion

The novel finding of our present study was that pre-
treatment with VitD3 upregulates the expression of
p-AMPK and the p-eNOS-Ser1177-Dimer in cerebral
arteries leading to protection against cerebral artery
remodeling and spasm in EBI after SAH in rats.
Pretreatment with VitD3 (calcitriol), the most active
form of vitamin D improved neurological impairment
and attenuated artery remodeling and spasm. VitD3
pretreatment was also associated with upregulation of
OPN and eNOS in the hindbrain, and decrease of
CD44 splicing and upregulation of p-AMPK-Thr172
and the p-eNOS-Ser1177-Dimer in the cerebral artery
within 24 h after SAH. Blockage of VDR and OPN
exacerbated neurologic impairment and was associated
with a decrease of eNOS and AMPK in the arteries.

The VDR association with both genomic and non-
genomic pathways8,9 with a number of vitamin
D-induced neuroprotective effects having been studied

in neuroscience.27 Interestingly, because stroke is a sig-
nificant cause of mortality for patients with vitamin D
deficiency, prolonged vitamin D therapy could reduce
the risk and mortality of stroke.13,16,28 However, a pre-
cise mechanism of the effect is still lacking. Studies have
shown that long-term vitamin D therapy is protective
against ischemic stroke through GDNF and NR3A/
CREB pathways in neurons.17,18 Our recent study
showed that vitamin D upregulates OPN expression
and inhibits blood–brain barrier disruption through
an OPN/CD44/P-gp glycosylation mechanism in the
endothelial cells of cerebral micro vessels.19 However,
the molecular mechanism of vitamin D has not been
studied in cerebral arteries after SAH. For the first
time, we have demonstrated that pretreatment with
VitD3 prevents cerebral artery remodeling and spasm
after SAH in rats and that the molecular mechanism of
VitD3 was associated with upregulation of OPN and
VDR-dependent AMPK and eNOS phosphorylation in
cerebral arteries.

Figure 2. Expression changes of vitamin D receptor (VDR) and endothelial nitric oxide synthase (eNOS) after SAH in the brain.

Time dependent changes of representative Western blots (upper panel) and quantitative analysis (lower panel) of VDR (a) in left

hemisphere of the brain after SAH induction. Time dependent changes of representative Western blots including monomer and dimer

bands (upper panel) and quantitative total analysis (lower panel) of eNOS (b) and phosphorylated eNOS-Ser1177 (p-eNOS-Ser1177)

(c–d) in left hemisphere of the brain after SAH induction. *P< 0.05 vs. Sham. n¼ 5 per group.
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OPN is an extracellular glycoprotein associated with
neuroprotection29,30 and can be upregulated by vitamin
D in vitro and in vivo.31–33 Our previous studies have
shown that recombinant OPN treatment attenuates
neuronal apoptosis through the FAK/PI3K/Akt
pathway after SAH in rats.34 The integrin receptor-
dependent effects of OPN protect against vasospasm
and BBB disruption after SAH through the activation
of MKP-1 and MAPK phosphatase in VSMC,
astrocytes and endothelial cells.20,35 Our studies have
also shown that OPN preserves the cerebral artery
phenotype through Rac-1 in VSMC.21 Studies from
other labs have shown that OPN protects against ische-
mic brain injury via Akt/p42/p44/MAPK phosphoryl-
ation and GDNF upregulation.18,29 In our present
study, the mechanism for upregulation and activation
of eNOS in cerebral artery endothelium is involved
mostly with VDR-dependent pathways. However, the
beneficial effect of pretreatment with VitD3 could also
be involved in ways alternative to cerebral OPN upre-
gulation and decrease of CD44 splicing, as reported in
our previous studies.19–21,34,35

AMPK is a multisubstrate serine/threonine protein
kinase involved in a number of downstream pathways

is ubiquitously expressed in all human tissues.36,37

AMPK consists of a catalytic subunit a, and two regu-
latory subunits b and g,36 that are differentially
expressed in various tissues and subcellular locations.38

Previous studies have demonstrated that the predomin-
ant isoform expressed in vascular endothelial cells
is a1.

39,40 Interestingly, AMPK is the only kinase that
can phosphorylate eNOS on multiple sites including
Ser1177 as well as activating sites in the reductase
domain and the Thr495 residue located in the inhibi-
tory site of the calmodulin-binding domain.
Endothelial AMPK is one of the main regulators of
NO-dependent and -independent relaxation in arteries
of mice which are different in conduit and resistance
arteries, respectively.26 Current study results have
shown that pretreatment with vitamin D improves
AMPKa-Thr172 phosphorylation in the cerebral
artery through a VDR-dependent pathway and sup-
ports eNOS-Ser1177-Dimer phosphorylation and the
p-eNOS-Thr495-Dimer dephosphorylation after SAH.
Osuka et al.25 have shown that p-eNOS-Ser1177 and
p-AMPKa-Thr172 increased significantly in endothe-
lial cells of the basilar artery 24 h after SAH induction
in rats and was consistent with our results. Moreover,

Figure 3. A single pretreatment of vitamin D3 (VitD3) improves neurological deficits after subarachnoid hemorrhage (SAH). A single

pretreatment of VitD3 (30 ng/kg) significantly increased the modified Garcia (a), beam balance (b) and wire hanging test (c) scores 24 h

in Pre-SAHþVD3 group (n¼ 5 per group) and reversed by small interfering ribonucleic acid (siRNA) for vitamin D receptor (VDR)

and osteopontin (OPN). Pre-SAHþVitD3, pretreatment (30 ng/kg) VitD3 24 h before SAH; *P< 0.05 vs. Sham. #P< 0.05 vs. SAH.
yP< 0.05 vs. Pre-SAHþVitD3þControl siRNA.
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our current results showed that vitamin D improves the
phosphorylation and dimerization of potential factors
against eNOS dysfunction after SAH.

eNOS is a well-known member of NOS enzyme
family and is highly expressed in the endothelium.
The functional ability of NOS to release NO is

dependent on phosphorylation (i.e p-NOS). NO, a
potent vasorelaxant, is an essential factor in the endo-
thelium that relaxes underlying VSMC. Vitamin D has
been shown to upregulate eNOS through a VDR-
dependent pathway in the aorta of VDR mutant
mice,41 normalizes NO production in the renal artery

Figure 4. Vitamin D3 (VitD3) upregulates vitamin D receptor (VDR), osteopontin (OPN), decreases CD44 splicing and improves

phosphorylation of adenosine monophosphate-activated protein kinase (AMPK) in cerebral arteries after SAH. Representative

Western blots (upper panel) and quantitative analysis (lower panel) of VDR (a), OPN (b), CD44 (c), AMPK (d) and phosphorylated

AMPK (p-AMPK) (e) in cerebral arteries after SAH induction. Pre-SAHþVitD3, pretreatment (30 ng/kg) VitD3 24 h before SAH

induction; siRNA, small interfering ribonucleic acid; *P< 0.05 vs. Sham. yP< 0.05 vs. Pre-SAHþVitD3þControl siRNA. n¼ 5 per

group.
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of estrogen-deficient rats,42 and improves the dimer to
monomer ratio of total eNOS in the femoral artery of
diabetic rats.43 The dimerization of eNOS indicates
activity of the enzyme in endothelial cells.44 However,
most studies have focused on the expressional changes
of total eNOS after SAH, but not on the regulatory
mechanism of eNOS dimerization in the cerebral
artery after SAH. Previous studies showed that total
eNOS expression is significantly decreased at 3, 6 and
12 h in the brain cortex,45 increases within 24 h46 then
decreases again at 48 h in the full ipsilateral hemi-
sphere47 which is consistent with present results.
Present results showed that VitD3 pretreatment
increased phosphorylated eNOS in the cerebral artery
after SAH through VDR-dependent signaling of the

eNOS dimerization ratio in the endothelium. Because
the primary role of eNOS is to dilate vessels via NO and
hyperpolarization,26 understanding the role of eNOS in
cerebral artery resistance48 is an important issue for
effective stroke treatment. The activity of NOS having
phasic changes in the brain after SAH with each sub-
type having different effects on specific cell types, helps
to explain these findings. To this end, the current results
shed new light on the role of vitamin D in stimulating
the dimer phosphorylation ratio of p-eNOS-Ser1177
through VDR and AMPK-dependent pathways. Our
results also provide a functional link between eNOS
activity and cerebral artery circulation after SAH.
The precise signaling mechanism of vitamin D, regard-
ing the role of p-AMPK in the eNOS dimer/monomer

Figure 5. Vitamin D3 (VitD3) pretreatment regulates Ser1177-Dimer phosphorylation of endothelial nitric oxide synthase (p-

eNOS) in cerebral arteries after SAH. Representative Western blots (upper panel) and quantitative analysis (lower panel) of total

eNOS (a), total phosphorylated eNOS (p-eNOS-Ser1177) (b), p-eNOS-Ser1177-Dimer/Monomer (c) and p-eNOS-Thr495-Dimer/

Monomer (d) in cerebral arteries after SAH induction. Pre-SAHþVitD3, pretreatment (30 ng/kg) VitD3 24 h before SAH induction;

VDR, vitamin D receptor; OPN, osteopontin; siRNA, small interfering ribonucleic acid; *P< 0.05 vs. Sham. #P< 0.05 vs. SAH.
yP< 0.05 vs. Pre-SAHþVitD3þControl siRNA. n¼ 5 per group.
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Figure 6. Vitamin D3 (VitD3) pretreatment improves phosphorylated endothelial nitric oxide synthase (p-eNOS) expression in the

endothelium of basilar arteries after subarachnoid hemorrhage (SAH). (a) Hematoxylin–eosin-stained basilar artery lumen image (left

panel) and quantitative analysis of the cross-sectional area (right panel) at level between midbrain and pons-cerebellum. *P< 0.05 vs.

Sham. #P< 0.05 vs. SAH. (b) Immunohistochemistry images of VDR (green) and the endothelium (CD31, red) in the basilar artery. (c)

Immunohistochemistry images of p-eNOS (green) at Ser1177 and the endothelium (CD34, red) in the basilar artery. Nuclei are

stained with DAPI (blue). Top panel indicates the location of staining (small red box). Pre-SAHþVitD3, pretreatment (30 ng/kg) VitD3

24 h before SAH induction; n¼ 3 per group; Bar¼ 50mm.
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modification and role of OPN in the endothelium of
brain resistance arteries after stroke remains to be elu-
cidated in further studies.

Vitamin D deficiency is strongly correlated with inci-
dences of cancer, diabetes, and cardiovascular dis-
eases13–15 as well as stroke.16 Moreover, the incidence of
SAH is highly prevalent in non-Caucasian populations,49

of which a worse prognosis is remarkably increased
during winter months.50 Based on this and the vitamin
D regulatory mechanism of AMPK and eNOS, it sug-
gests that vitamin D is critical to reducing both SAH
sequelae and the occurrence of SAH. For the first time,
the beneficial effect of VitD3 was shown to be involved in
an increased dimerization ratio of p-eNOS in the endo-
thelium of the cerebral artery and upregulation of VDR
and p-AMPK in endothelial cells, thereby attenuating
cerebral artery spasm in EBI after SAH. Our previous
study confirmed that vitamin D upregulates endogenous
OPN expression in brain hemispheres of an in vivomodel
of SAH.19 Our current results also demonstrated that
pretreatment with VitD3 leads to increased expression
of endogenous OPN in the cerebellum and brain stem,
specifically in cerebral artery endothelium. Thus, pre-
treatment with vitamin D would be an inexpensive and
easy safe way to upregulate eNOS and OPN-dependent
protective factors in the cerebral arteries in SAHpatients.

In conclusion, we demonstrated that pretreatment
with VitD3 attenuated cerebral artery remodeling
and spasm in EBI after SAH in rats through a VDR-
dependent OPN upregulation in the cerebral artery and
AMPK/eNOS-Ser1177-Dimer phosphorylation mech-
anism in endothelial cells. Vitamin D may be a useful
new preventive and therapeutic strategy against cere-
bral artery remodeling in stroke patients via upregula-
tion of OPN and manipulation of eNOS.
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