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Activation of sonic hedgehog signaling attenuates
oxidized low-density lipoprotein-stimulated brain
microvascular endothelial cells dysfunction in vitro
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Abstract: The study was performed to investigate the role of sonic hedgehog (SHH) in the oxidized low-density lipo-
protein (oxLDL)-induced blood-brain barrier (BBB) disruption. The primary mouse brain microvascular endothelial
cells (MBMECs) were exposed to oxLDL. The results indicated that treatment of MBMECs with oxLDL decreased
the cell viability, and oxidative stress was involved in oxLDL-induce MBMECs dysfunction with increasing intracel-
lular ROS and MDA formation as well as decreasing NO release and eNOS mRNA expression. In addition, SHH
signaling components, such as SHH, Smo and Gli1l, mRNA and protein levels were significantly decreased after
incubation with increasing concentrations of oxLDL. Treatment with oxLDL alone or SHH loss-of-function significantly
increased the permeability of MBMECs, and overexpression of SHH attenuated oxLDL-induced elevation of perme-
ability in MBMECs. Furthermore, SHH gain-of-function could reverse oxLDL-induced apoptosis through inhibition
caspase3 and caspase8 levels in MBMECs. Taken together, these results demonstrated that the suppression of
SHH in MBMECs might contribute to the oxLDL-induced disruption of endothelial barrier. However, the overexpres-
sion of SHH could reverse oxLDL-induced endothelial cells dysfunction in vitro.

Keywords: Sonic hedgehog, brain microvascular endothelial cells, oxidized low-density lipoprotein, blood-brain
barrier

Introduction muscle cells, oxLDL has been shown to sup-
press cell proliferation and induce cell apopto-
sis and DNA damage [7, 8]. Previous reports
have shown that oxLDL induces mouse cerebral
endothelial cells apoptosis via regulating Bax-
mitochondria-caspase protease pathway [9].

However, the molecular mechanisms of oxLDL-

Brain microvascular endothelial cells (BMECs)
have a crucial role in maintaining brain vascular
homeostasis, and endothelial dysfunction is
recognized as an early event in the pathogene-
sis of cerebrovascular diseases such as isch-

emic stroke and subarachnoid hemorrhage
[1-3]. Moreover, cerebral endothelial cells form-
ing the blood-brain barrier (BBB) facilitate the
exchange of nutrients and proteins between
these compartments, and endothelial cells
injury can influence the permeability of BBB [4,
5]. However, a variety of intrinsic and extrinsic
factors or disease conditions may affect the
physiologies and pathophysiologies of BMECs.
A growing body of evidence suggests that oxi-
dized low-density lipoprotein (oxLDL) causes
atherosclerotic lesions via a process of binding
to macrophage scavenger receptors to form
lipid-laden foam cells [6]. In vascular smooth

induced injury in BMECs have not been clearly
delineated.

Sonic hedgehog (SHH), as a glycoprotein, has
both morphogenic and mitogenic properties
and is an indirect angiogenic factor in individual
development and tissue repair [10]. Multivalent
conjugates of SHH accelerate the closure of
full-thickness wounds in diabetic (db/db) mice
[11], SHH signalling pathway plays a role in reg-
ulating endothelial cell apoptosis in a Smo-
dependent manner [12]. In addition, a recent
study reveals that SHH released from astro-
cytes promotes BBB formation and integrity by
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upregulating tight junction (TJ) proteins in capil-
lary endothelial cells [13]. SHH loss-of-function,
its receptor Patched-1 (Ptch-1) suppresses a
G-coupled-protein receptor Smoothened (Smo),
which is critical for the activation of a transcrip-
tion factor Gli-1 that is an important regulator of
TJ protein expression and BBB formation. SHH
binds and inactivates Ptch-1, which allows Smo
to activate Gli-1, subsequently, the TJ protein
expression is upregulated and enhances BBB
integrity [14]. Intriguingly, interleukin-1f induc-
es BBB disruption by downregulating SHH in
Astrocytes [15], and recombinant human SHH
protein upregulates the expression of Z0-1 and
occludin to repair the tight junction and amelio-
rate the brain edema and BBB permeability
[16].

oxLDL is a proinflammatory cytokine that acts
on both endothelial cells and astrocytes to
increase BBB permeability [17-20]. However,
the mechanisms of BBB disruption by oxLDL
have not been fully elucidated. The present
study was designed to elucidate the role of SHH
in oxLDL-induced impairment to endothelial
permeability in primary mouse brain microvas-
cular endothelial cells (MBMECSs).

Materials and methods
Cell culture

The mouse brain microvascular endothelial
cells (MBMECs) were isolated from gender-
matched 6-week old C57BL/6 mice and main-
tained in RPMI-1640 (Invitrogen, USA) supple-
mented with 10% FBS (Invitrogen, USA) at 37°C
in @ humidified incubator (Thermo, USA), 5%
COZ, 95% air atmosphere.

Cell viability detection by CCK8

MBMECs (5.0 x 103/well) were plated and
treated in 96-well plates (three wells per group)
with oxLDL for 24 h. 10 pL of Cell Counting Kit-8
(CCK-8) was added to the cells, and the OD
value of the cells was measured at 450 nm
using an ELISA reader (BioTek, USA) according
to the manufacturer’s instructions.

Caspase3 and caspase8 activity and cell
apoptosis assay

MBMECs lysates were prepared and incubated
with anti-caspase3 and anti-caspase8. Im-
munocomplexes were incubated with peptide
substrate in assay buffer for 2 h at 37°C.
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Release of p-nitroaniline was measured at 405
nm using an ELISA reader (MD SpectraMax M5,
USA) according to the manufacturer’s instruc-
tions. Cell apoptosis was assessed by the ter-
minal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick endlabeling
(TUNEL) method, which examines DNA-strand
breaks during apoptosis by using BD ApoAlertTM
DNA Fragmentation Assay Kit.

Nitric Oxide, ROS, LDH and MDA quantification

MBMECs were plated and treated in 96-well
plates and were stimulated with oxLDL for 24 h.
Centrifugate to obtain the supernatant, and the
level of nitric oxide was measured by nitrite pro-
duction using the Griess reagent (Invitrogen,
USA) at 540 nm using an ELISA reader (BioTek,
USA) according to the manufacturer’s protocol.
ROS released by cells was determined by the
2,7-dichlorofluorescin  diacetate (DCFH-DA)
method using an ROS assay kit according to the
manufacturer’'s protocol. Cellular cytotoxicity
was detected by the LDH assay using a cytotox-
icity detection kit (Invitrogen, USA) according to
the manufacturer’s protocol. The Biochemical
Analysis Kit (Jiancheng Biotechnology Co.,
Nanjing, China) was used for the measurement
of MDA according to manufacturer’s protocol.

Overexpression and small interfering RNA

For the transfection of MBMECs, lentiviral vec-
tors harboring SHH was constructed, and the
MBMECs were infected. Briefly, MBMECs were
cultured in McCoy’s 5a medium containing
10% FBS and when they reached the exponen-
tial growth phase, 1.0 x 10° cells per well were
plated in 96 plates. Next, 300 ul complete cul-
ture medium, containing recombinant lentivi-
ruses, control lentiviruses or McCoy’s 5o medi-
um (all containing 6 ug/ml polybrene; Sigma)
was added into the plates when the cells
reached 50-60% confluence. Two days later,
the virus-containing medium was replaced with
fresh complete medium.

The small interfering (si) RNAs for SHH was
obtained from Dharmacon (Lafayette, USA).
The small interfering with the following primers:
SHH, Forward 5-CACUGUGUGUGGGUCAUGCA-
CAUCA-3’ and Reverse 5-AGAUGAGGAUGUGA-
CUCACUGUCAC-3'. The siRNA oligonucleotides
were transfected into MBMECs using Lipo-
fectamine 2000 (Invitrogen, USA) according to
the manufacturer’s instructions.
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Figure 1. MBMECs were incubated with oxLDL for 24 h, and the cell viability was examined by CCK8 assay (A).
Cellular cytotoxicity was assessed by LDH production when the MBMECs were exposed to oxLDL for 24 h (B). MDA
(C) and NO (D) concentrations were measured with ELISA assay. ROS concentration was analyzed by fluorescence
intensity values (E). eNOS mRNA expression was determined by real-time PCR (F). Values were expressed as mean *
SD, n = 3 in each group. “P < 0.05, P < 0.01, *"*P < 0.001 versus control group. LDH lactate dehydrogenase, MDA
malondialdehyde, NO nitric oxide, ROS reactive oxygen species, eNOS endothelial nitric oxide synthase.

Real-time PCR

MBMECs RNA extraction was performed
according to the TRIzol manufacturer’s protocol
(Invitrogen, Carlsbad, CA, USA). Synthesis of
cDNAs was performed by reverse transcription
reactions with 4 ug of total RNA using moloney

12822

murine leukemia virus reverse transcriptase
(Invitrogen) with oligo dT (15) primers (Fer-
mentas) as described by the manufacturer. The
first strand cDNAs served as the template for
the regular polymerase chain reaction (PCR)
performed using a DNA Engine (ABI 7300). PCR
with the following primers: eNOS, forward
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Figure 2. MBMECs were incubated with oxLDL (100 mg/L) for 24 h, SHH, Ptch1, Smo and Gli1 mRNA expression were determined by real-time PCR (A). SHH, Ptchi,
Smo and Glil protein expression were determined by Western blotting (B). Values were expressed as mean + SD, n = 3 in each group. ‘P < 0.05, P < 0.01, ""P <
0.001 versus control group. SHH, sonic hedgehog; Smo, smoothened protein; Ptchl, patched 1; Glil, glioma-associated oncogene homolog 1.
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Figure 3. Effect of SHH loss-of-function on endo-
thelial permeability in MBMECs when treated with
ox-LDL (100 mg/L) for 24 h (A). Effect of SHH gain-
of-function on endothelial permeability in MBMECs
when treated with ox-LDL (100 mg/L) for 24 h (B).
Values were expressed as mean + SD, n = 3 in each
group. "P < 0.05 versus control group.

5-CTTCAAGTTGCCCAT-3’, reverse 5-ATGGGCA-
ACTTGAAG-3’; SHH, forward 5-TCCAGAAACT-
CCGAGCGATTTAAG-3/, reverse 5-CACTCCTGG-
CCACTGGTTCA-3’; Ptchi, forword 5-CTGCGTC-
AGCAGAGTGATTC-3', reverse 5-AGCTGAGGGT-
GTCCTGTGTC-3";, Smo, forward 5-CCTGCTCAC-
CTGGTCACTC-3’, reverse 5-CACGGTATCGGTA-
GTTCTTGTAG-3’; Gli1, forword 5-AGGGAGTG-
CAGCCAATAC-3’, reverse 5-CCGGAGTTGATGT-
AGCTGGT-3’; GAPGH, forward 5-GGTGGAGGT-
CGGGAGTCAACGGA-3’, reverse 5-GAGGGATC-
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TCGCTCCTGGAGGA-3'. Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) as an internal
control was used to normalize the data to deter-
mine the relative expression of the target
genes. The reaction conditions were set accord-
ing to the Kit instructions.

Western blotting

MBMECs were homogenized and extracted in
NP-40 buffer, followed by 5-10 min boiling and
centrifugation to obtain the supernatant.
Samples containing 50 ug of protein were sepa-
rated on 10% SDS-PAGE gel, transferred to
nitrocellulose membranes (Bio-Rad Laborato-
ries, Hercules, CA, USA). After saturation with
5% (w/Vv) non-fat dry milk in TBS and 0.1% (w/V)
Tween 20 (TBST), the membranes were incu-
bated with the following antibodies: SHH,
Ptch1, Smo and Glil (Santa Cruz Biotechnoogy,
CA, USA). After three washes with TBST, the
membranes were next incubated with the
appropriate HRP (horseradish peroxidase)-con-
jugated antibody visualized with chemilumines-
cence (Thermo, USA).

Statistical analysis

The data from these experiments were report-
ed as mean + standard errors of mean (SEM)
for each group. All statistical analyses were
performed by using PRISM version 4.0 (Gra-
phPad). Inter-group differences were analyzed
by one-way ANOVA, and followed by Tukey’s
multiple comparison test as a post test to com-
pare the group means if overall P < 0.05.
Differences with P value of < 0.05 were consid-
ered statistically significant.

Results
oxLDL induces MBMECs dysfunction in vitro

To explore oxLDL-induced MBMECs viability, the
CCK8 assay was performed to evaluate the
cytotoxicity of oxLDLtoward cells. Administration
of MBMECs with oxLDL at the concentrations of
10 mg/L for 24 h did not affect cell survival.
When the concentrations reached 50 mg/L
and 100 mg/L, oxLDL decreased the viability of
MBMCs by 20% and 33% respectively (Figure
1A). Moreover, we further analyzed the cytotox-
icity of MBMECs induced by oxLDL, the LDH
production was measured. LDH release was
increased to 159% and 207% at the concentra-
tion of 50 mg/L and 100 mg/L respectively

Int J Clin Exp Pathol 2015;8(10):12820-12828
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Figure 4. The mRNA and protein expression of SHH were measured by real-time PCR and western blotting respec-
tively when MBMECs were treated with SHH-siRNA and SHH-transfected (A). Effect of SHH loss-of-function or gain-of-
function on cell viability in MBMECs when treated with ox-LDL (100 mg/L) for 24 h (B). Effect of SHH loss-of-function
or gain-of-function on cell apoptosis in MBMECs when treated with ox-LDL (100 mg/L) for 24 h (C). Effect of SHH
loss-of-function or gain-of-function on caspase3 levels in MBMECs when treated with ox-LDL (100 mg/L) for 24 h
(D). Effect of SHH loss-of-function or gain-of-function on caspase8 levels in MBMECs when treated with ox-LDL (100
mg/L) for 24 h (E). Values were expressed as mean + SD, n = 3 in each group. “P < 0.05 versus control group.

(Figure 1B). To indicate oxLDL-induced oxida-
tive stress of MBMECs, we analyzed the MDA
and NO release, intracellular ROS concentra-
tion, and eNOS mRNA expression by ELISA and
real-time PCR, respectively. Results showed
that MBMECs exposure to oxLDL led to increase
the MDA level and decrease the NO level in a
time-dependent manner (Figure 1C and 1D).
Furthermore, treatment with 50 mg/L and 100
mg/L oxLDL significantly increased the ROS
level and decreased the eNOS mRNA expres-
sion level in MBMECs (Figure 1E and 1F).
Therefore, these results demonstrated that oxi-
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dative stress was involved in oxLDL-induce
MBMECs dysfunction with increasing intracel-
lular ROS and MDA formation as well as
decreasing NO release and eNOS mRNA
expression.

oxLDL regulates mRNA and protein expression
of SHH signalling components in endothelial
cells

Real-time PCR was performed to evaluate the

effect of oxLDL on the mRNA expression of SHH
signalling components in MBMECs. As shown in

Int J Clin Exp Pathol 2015;8(10):12820-12828
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Figure 2A, SHH, Smo and Glil mRNA levels
were significantly decreased after incubation
with increasing concentrations of oxLDL. In
contrast, Ptchl mRNA levels were upregulated
following oxLDL treatment. Based on the mRNA
expression of SHH signalling components in
MBMECs, we further analyzed the protein of
SHH signalling components in MBMECs in-
duced by oxLDL. In accordance with the result
of mMRNA expression levels, MBMECs stimulat-
ed with oxLDL showed a remarkable decrease
in SHH, Smo and Glil protein and increase in
Ptchl as compared to untreated cells (Figure
2B).

SHH loss-of-function or gain-of-function regu-
lates oxLDL-induced permeability transition in
MBMECs

First, we confirmed the effects of oxLDL on BBB
integrity using MBMECs as an in vitro BBB
model. Treatment with oxLDL alone or SHH
loss-of-function significantly increased the per-
meability of MBMECs, and the permeability in
SHH loss-of-function combination with oxLDL
treatment group was markedly higher than
those of single treatment by either oxLDL or
SHH loss-of-function group and untreatment
group (Figure 3A). Intriguingly, we found that
overexpression of SHH attenuated oxLDL-
induced elevation of permeability in MBMECs
(Figure 3B). These results demonstrated that
the suppression of SHH in MBMECs might con-
tribute to the oxLDL-induced disruption of endo-
thelial barrier.

SHH loss-of-function or gain-of-function regu-
lates oxLDL-induced apoptosis in MBMECs

To investigate the function of SHH in oxLDL-
induced MBMECs apoptosis, SHH loss-of-func-
tion by small interfering RNA was dramatically
inhibited the mRNA and protein expression,
and MBMECs transfected with SHH obvious
increased the mRNA and protein expression
(Figure 4A). The inhibiting effect of cell viability
was significantly suppressed in the combined
treatment group compared with single treat-
ment group or untreatment group, however,
SHH overexpression resulted in a restored cell
viability (Figure 4B). In addition, we examined
whether SHH abnormal expression regulated
oxLDL-induced apoptosis in MBMECs through
an apoptotic mechanism. Annexin V-PI double-
labeling, caspase3 and caspase8 activity assay
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were measured when MBMECs were exposed
to oxLDL for 24 h. The results indicated that
treatment with oxLDL alone or SHH loss-of-
function showed significant cell apoptosis as
compared to that of the control group (Figure
4C), simultaneously, the caspase3 and cas-
pase8 activity were increased (Figure 4D and
4E). However, SHH gain-of-function could
reverse oxLDL-induced apoptosis in MBMECs.

Discussion

It is well known that oxLDL induces endothelial
cells dysfunction through various signal path-
ways, such as activation of NF-kB [21], GSK3[3/
B-catenin [22], mitochondrial-dependent apop-
totic pathway [9] and sodium-dependent glu-
cose transporter (SGLT1) [23]. Intriguingly, SHH
signalling pathway regulates apoptosis through
Smo protein in endothelial cells [12], and topi-
cal SHH gene therapy accelerates wound heal-
ing in diabetes by enhancing endothelial pro-
genitor cell-mediated microvascular remodel-
ing [24]. However, for all we know, no literature
has been reported that SHH signal pathway
mediates oxLDL-induced cell dysfunction in
MBMECs. In the present study, we revealed
that oxidative stress was involved in oxLDL-
induce MBMECs dysfunction with increasing
intracellular ROS and MDA formation as well as
decreasing NO release and eNOS mRNA expres-
sion. Next, treatment with oxLDL significantly
increased the permeability and induced apop-
tosis in MBMECs, however, overexpression of
SHH could reverse oxLDL-induced apoptosis
and permeability transition in MBMECs. In addi-
tion, SHH signalling components were signifi-
cantly decreased after incubation with increas-
ing concentrations of oxLDL. These results indi-
cated that oxLDL increased ROS and induced
apoptosis and permeability transition in
MBMECs, the underlying mechanism was medi-
ated, at least partially, through regulation SHH
signalling components expression.

Previous studies illuminate that oxLDL increas-
es BBB permeability and decreased myogenic
tone through NADPH oxidase-derived superox-
ide [25, 26]. Moreover, SHH signaling is consid-
ered to mediate IL-1B-induced BBB permeabili-
ty by downregulating TJ proteins in astrocytes
[15]. The study further suggests that SHH sig-
naling provides a barrier-promoting effect and
an endogenous anti-inflammatory balance to
central nervous system-directed immune
attacks in endothelial cells and perivascular

Int J Clin Exp Pathol 2015;8(10):12820-12828
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astrocytes, which are composed of BBB [13]. In
this work, we first demonstrated that SHH gain-
of-function attenuated oxLDL-induced eleva-
tion of endothelial permeability in MBMECs,
and downregulation of SHH in MBMECs might
contribute to the oxLDL-induced disruption of
endothelial barrier.

It has been reported that excessive ROS can
accelerate proinflammatory cytokine injury to
human brain microvascular endothelial barrier
properties and cell apoptosis [9, 20, 27]. In the
current study, we found that oxLDL induced
ROS formation and cell apoptosis. Overex-
pression SHH attenuated oxLDL-induced endo-
thelial cell apoptosis, indicating that SHH was
involved in the oxLDL-induced cytotoxicity for-
mation in MBMECs. Cascade activation of cas-
pase3 and caspase9 plays a critical role in
oxLDL-induced apoptosis of mouse endothelial
cells. Administration of oxLDL in mouse endo-
thelial cells increased caspase-9 activity [28].
Our present results further demonstrated that
suppression of caspase3 and caspase8 activa-
tion significantly lowered oxLDL-induced cell
apoptosis through the overexpression of SHH.

In conclusion, this study showed that oxLDL
could damage MBMECs through increasing
intracellular ROS and MDA formation as well as
decreasing NO release and eNOS expression,
and oxLDL-treated significantly increased the
permeability of MBMECs. Interestingly, the
overexpression of SHH could reverse oxLDL-
induced endothelial cells dysfunction in vitro.
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