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Abstract: Circadian rhythm disruption is intimately linked to atherosclerosis, and endothelial-to-mesenchymal tran-
sition (EndMT) is a major feature of atherosclerosis progression and unstable plaques. However, the mechanisms
underlying the roles of Brain and Muscle ARNT-Like Protein-1 (BMAL1), an essential clock transcription activator,
in EndMT and plaque instability have not been characterized. In the present study, we found a positive relationship
among BMAL1 expression loss, EndMT, and plaque vulnerability in human carotid plaques. Furthermore, loss- and
gain-of-function studies in human aortic endothelial cells (HAECs) revealed that BMAL1 inhibited oxidized low-den-
sity lipoprotein (oxLDL)-induced intracellular reactive oxygen species (ROS) accumulation and subsequent EndMT.
Mechanistically, BMAL1 deficiency aggravated EndMT through BMP-mediated signaling. Collectively, our study dem-
onstrates the underlying mechanism for the central role of BMAL1 loss in atherosclerosis progression and plaque
stability transition promoted by oxidative stress, which can be targeted therapeutically to prevent the occurrence
and progression of atherosclerosis.
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Introduction

Atherosclerosis is a progressive inflammatory
disease characterized by leukocyte and lipid
accumulation in lesions [1]. Although vessel
wall inflammation, oxidative stress and endo-
thelial dysfunction are believed to contribute to
the progression of atherosclerotic plaques, the
precise pathological mechanism remains
unknown [2].

Circadian oscillation is a fundamental process
that influences many physiological and biologi-
cal functions [3]. Accumulating evidence sug-
gests that circadian rhythm disruption is asso-
ciated with atherosclerosis [4, 5]; for example,
exposure to shift work is a risk factor for athero-
sclerosis [6]. Furthermore, animal studies have
shown that when aortae from Bmall’" or
Per1/27 mice are transplanted into wild-type
mice, significant atherosclerosis develops in
the transplanted graft, indicating that cell-

intrinsic molecular clocks function locally in the
vessel wall independently of the central clock
or systemic factor rhythms [7]. Additionally,
Brain and Muscle ARNT-Like Protein-1 (BMAL1)
loss in mouse endothelial cells increases che-
mokine expression, impairs endothelial integri-
ty and barrier function, and subsequently
increases leukocyte trafficking across the
endothelial layer [8], demonstrating the protec-
tive roles of Bmall in the vascular endothelium
[9].

Additional lines of evidence suggest a role
for BMAL1 in suppressing reactive oxygen spe-
cies (ROS) production. The endothelial cells
of Bmall’ mice have significantly decreased
endothelial nitric oxide synthase activation
and, consequently, reduced nitric oxide produc-
tion and increased superoxide levels [4, 10].
Inflammatory signals and increased ROS pro-
duction contribute to endothelial dysfunction
[11, 12] and facilitate endothelial-to-mesenchy-
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mal transition (EndMT), a major feature of
atherosclerosis mediated by induction signals
from TGF-B and BMP ligands [13] in atheroscle-
rotic plaques [14, 15]. However, the potential
mechanism by which BMAL1 suppresses
EndMT remains to be elucidated.

In the present study, we found a positive rela-
tionship among BMAL1 expression loss, EndMT,
and plaque vulnerability in human carotid
plaques. Furthermore, in vitro results revealed
that BMAL1 inhibited oxidized low-density lipo-
protein (oxLDL)-induced intracellular ROS ac-
cumulation and subsequent EndMT. Finally, we
demonstrated that BMAL1 deficiency aggravat-
ed EndMT through BMP signaling. Therefore,
our results suggested that oxLDL induces
EndMT through BMAL1 downregulation, BMP
signaling activation and subsequent ROS pro-
duction, thus contributing to plaque vulnerabi-
lity.

Materials and methods
Ethics statement

Carotid atherosclerotic plaque specimens were
obtained from Zhongshan Hospital (Shanghai,
China). Written informed consent was obtained
from each patient, and the study was approved
and supervised by the Ethics Committee of
Zhongshan Hospital. All protocols were con-
ducted in accordance with the ethical guide-
lines of the 1975 Declaration of Helsinki.

Cell culture and treatments

HAECs (ScienCell Research Laboratories, USA)
were cultured using an Endothelial Cell Growth
Medium (EGM)-2 BulletKit (Lonza Group AG,
Switzerland) as detailed in our previous report
[16]. Upon reaching 80% confluence, HAECs
were serum-starved by incubation in EGM
media containing 0.5% serum for 24 h. Then,
the cells were treated with oxLDL (100 pg/mL)
for 3 days in the presence or absence of a
selective BMP type | receptor inhibitor, LDN-
193189 (100 nM, Selleck Chemicals, USA),
and an ROS scavenger, Tempol (100 uM, Sigma,
USA).

Preparation of the retroviral vector

Human BMAL1 gain- and loss-of-function mod-
els were established as previously described
[17]. To overexpress BMAL1 in HAECs, an ex-
pression construct was generated by subclon-
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ing PCR-amplified full-length human BMAL1
cDNA into an LvCPO6 vector (Genechem, Chi-
na). An empty vector was used as a negative
control. To stably knock down BMAL1 in HAECs,
a short hairpin RNA (shRNA) was designed and
inserted into the pLKO.1 vector (shBMAL1)
(Genechem, China), and scrambled shRNA was
used as a negative control (shControl). All
constructs used in this study were confirmed
by DNA sequencing (Biosune Biotechnology,
China). Viral particle production and cell trans-
fection were carried out as previously described
[18]. The final knockdown and overexpression
efficiencies were determined with western blot
analyses.

Western blot analysis

The relative protein expression levels of BMAL1,
fibroblast-specific protein-1 (FSP-1), vimentin,
phospho-Smadl/5 (p-SMAD1/5), and fibro-
blast activation protein alpha (FAP) were mea-
sured by western blotting using standard meth-
ods. The following antibodies were used: rabbit
anti-BMAL1 (NB100-2288, Novus Biological,
USA), rabbit anti-FSP-1 (ab27957, Abcam, USA),
mouse anti-vimentin (ab8978, Abcam, USA),
rabbit anti-Phospho-Smad1/5 (#9516, Cell
Signaling Technology, USA), rabbit anti-VE-cad-
herin (#2500, Cell Signaling Technology, USA),
rabbit anti-FAP (ab28244, Abcam, USA), mouse
anti-GAPDH (G8795, Sigma, USA), horseradish
peroxidase (HRP)-linked anti-mouse (#7076,
Cell Signaling Technology, USA) and anti-rabbit
(#7074, Cell Signaling Technology, USA) anti-
bodies. The band intensities were quantified
using ImageJ and normalized to GAPDH.

Histology staining

Human carotid artery plaque histological stain-
ing was performed using pre-existing tissue
blocks derived from endarterectomy samples
as previously reported [19]. In brief, the sam-
ples were formalin-fixed and paraffin-embed-
ded. The blocks were sectioned at 5 um inter-
vals using a microtome. Then, the slides were
deparaffinized in xylene and rehydrated with
graded ethanol. Then, the sections were sta-
ined with hematoxylin and eosin (H&E) and
Masson’s trichrome stain.

Quantitative reverse transcription-polymerase
chain reaction (QRT-PCR)

Total RNA from HAECs was harvested using
TRIZOL reagent (Thermo Fisher Scientific, USA).
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Table 1. Primer sequences used for quantita-
tive RT-PCR

Gene Primer sequence

GAPDH-F  5’-ACGGATTTGGTCGTATTGGG-3’
GAPDH-R  5’-CGCTCCTGGAAGATGGTGAT-3’
CDH5-F 5’-AACCAGATGCACATTGATGAAGAG-3’
CDH5-R 5’-ATTCTTGCGACTCACGCTTGA-3’
ACTA2-F 5'-GGGTGATGGTGGGAATGG-3’
ACTA2-R 5'-GCAGGGTGGGATGCTCTT-3’
OPN-F 5'-CGAGGTGATAGTGTGGTTTATGG-3’
OPN-R 5’-GCACCATTCAACTCCTCGCTTTC-3’
BMP2-F 5-TGCTAGTAACTTTTGGCCATGATG-3’
BMP2-R 5-TTTGTGTTTGGCTTGACGTTTTT-3’
BMP9-F 5’-AGAACGTGAAGGTGGATTTCC-3’
BMP9-R 5’-CGCACAATGTTGGACGCTG-3’

ID1-F 5’-CTGCTCTACGACATGAACGG-3’
ID1-R 5’-GAAGGTCCCTGATGTAGTCGAT-3’
FN1-F 5’-CCCAGACTTATGGTGGCAATTC-3’
FN1-R 5’-AATTTCCGCCTCGAGTCTGA-3’

BMPA4-F 5’-GCACTGGTCTTGAGTATCCT-3’
BMPA4-R 5’-GAGGAAACGAAAAGCAGAGT-3’
ALK2-F 5’-ACGTGGAGTATGGCACTATC-3’
ALK2-R 5’-GATGTACACGAATGATCCAA-3’
ALK3-F 5’-ACATCTACAGCTTCGGCCTA-3’
ALK3-R 5’-GCATATCTTCGTATGACGGA-3’

First-strand complementary DNA was synthe-
sized using an Omniscript RT kit (Qiagen).
Quantitative RT-PCR using SYBR Green was
used to quantify the mRNA changes. The ex-
pression levels were calculated using the 224CT
method. All primers are listed in Table 1.

Immunofluorescence (IF) and confocal micros-
copy

For immunofluorescence staining, sections
were prepared according to standard protocols
for H&E staining. Antigen retrieval was per-
formed with citrate buffer (10 mM, pH 6.0)
at 95°C. After cooling, the tissue slides were
blocked with 5% bovine serum albumin (BSA)
for 1 h and then incubated with primary anti-
bodies overnight in a humidified chamber at
4°C. The primary antibodies used for IF were
anti-BMAL1 (NB100-2288, Novus Biological,
USA), anti-CD31 (ab28364, Abcam, USA), anti-
vimentin (ab8978, Abcam, USA) and anti-FSP-1
(@b27957, Abcam, USA). The slides were then
washed with Tris-buffered saline and incubated
with Cy3- or FITC-conjugated secondary anti-
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bodies for 1 h at room temperature. All immu-
nofluorescence micrographs were acquired us-
ing an Axiovert 200M microscopy system (Carl
Zeiss, Germany). Image quantifications were
performed using ImageJ software.

Measurement of ROS production

Intracellular ROS concentrations were mea-
sured using oxidant-sensing 2’, 7’-dichlorofluo-
rescein diacetate (DCF-DA, 5 uM, Invitrogen,
USA). The DCF fluorescence intensities were
measured using a spectrophotometer (Leica,
Germany) at an excitation wavelength of 488
nm and an emission wavelength of 525 nm.

Statistical analysis

All experiments were repeated at least three
times. Statistical analysis was performed using
SPSS software, version 19.0 (IBM SPSS, USA).
The data are expressed as the mean + stan-
dard deviation (SD). Comparisons were per-
formed by one-way analysis of variance (ANOVA)
among groups or by Student’s t test between
two groups. P<0.05 was considered statistical-
ly significant.

Results

BMAL1 regulates EndMT in human carotid
plaques

To determine whether BMAL1-induced EndMT
occurs in human atherosclerotic plaques, we
evaluated human carotid endarterectomy pla-
que samples. A neurologist and a pathologist
assessed plaque stability based on the clinical
manifestation and pathological results (Figure
1A and 1B) [20, 21]. Disagreements between
the two specialists were resolved by a third
reviewer. Western blot analyses revealed that
BMAL1 and VE-CADHERIN expression levels
were significantly lower in vulnerable human
carotid plagues than in stable human carotid
plaques (Figure 1C). Mesenchymal markers
(VIMENTIN, FSP-1 and FAP) and p-SMAD1/5
expression levels were significantly higher in
vulnerable human carotid plagues and were
negatively correlated with BMAL1 and VE-cad-
herin (Figure 1C), and immunostaining show-
ed similar results (Figure 1D-F). Furthermore,
immunostaining results revealed that 19.7 +
8.6% of the luminal endothelium of stable
plaques coexpressed CD31 and VIMENTIN; this
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Figure 1. BMAL1 suppresses EndMT and restricts atherosclerotic plaque development. (A, B) Representative im-
ages of hematoxylin-eosin (A) and Masson (B) staining of stable plaques (SP) and vulnerable plaques (VP). Scale
bar: 250 ym. (C) VE-CADHERIN, BMALZ1, VIMENTIN, FSP-1, FAP and p-SMAD1/5 protein levels in SP and VP were as-
sayed via western blotting. (D-F) Representative images of SP and VP after immunofluorescence staining for CD31
(green) and VIMENTIN (D) (red), FSP-1 (E) (red) and BMAL1 (F) (red). The nuclei were stained with 4’, 6-diamidino-
2-phenylindole (DAPI) (blue). Scale bar: 100 um. Immunofluorescence intensities of VIMENTIN, FSP-1 and BMAL1 in
the plaque endothelium and the percentages of VIMENTIN* ECs, FSP-1* ECs and BMAL1* ECs in the lumens carotid
plaques were analyzed. The values represent the mean + SD. *P<0.05 vs. stable plaques.

coexpression was significantly increased to
62.7 + 11.6% in the luminal endothelium of
vulnerable plaques (Figure 1D, P<0.05). In
addition, compared to cells in stable plaques,
more cells coexpressed CD31 and FSP-1 in the
luminal endothelium of vulnerable plaques
(15.0 + 3.0% vs. 36.3 + 16.1%, P<0.05, Figure
1E), while fewer cells coexpressed CD31 and
BMAL1 in vulnerable plaques (51.7 + 6.5% vs.
22.7 + 6.8%, P<0.05, Figure 1F). These results
from human samples reflected the participa-
tion of BMAL1-mediated EndMT in atheroscle-
rotic progression.

oxLDL induces EndMT and reduces BMAL1
expression in cultured HAECs

DCF analyses showed that the relative ROS lev-
els were significantly higher in HAECs treated
with 100 pg/mL oxLDL for 3 days than in nor-
mal control HAECs (Figure 2A). Western blot
and gRT-PCR analyses demonstrated signifi-
cantly decreased levels of BMAL1 and CDH5,
an endothelial marker, and significantly incre-
ased levels of FSP-1, VIMENTIN, FAP, OPN and
FN1 after 3 days of oxLDL treatment; however,
the expression levels of ACTA2 were not signifi-
cantly changed (Figure 2B and 2C). In addition,
the expression levels of BMP2, BMP4, BMP9,
ID1, ALK2, ALK3 and p-SMAD1/5 also incre-
ased significantly after 3 days of oxLDL treat-
ment (Figure 2B and 2D).
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BMAL1 deficiency aggravates oxLDL-induced
EndMT

To determine whether BMALL deficiency is
closely related to EndMT progression, HAECs
transduced with control or BMALI1-silencing
vectors were treated with 100 yg/mL oxLDL for
3 days. BMAL1 deficiency significantly incre-
ased ROS accumulation and OPN, FN1, FSP-1,
VIMENTIN and FAP expression but decreased
CDH5 expression (Figure 3A-C). Interestingly,
ACTA2, an EndMT marker, was downregulated
slightly, although the difference was not signifi-
cant (Figure 3C). In addition, BMAL1 deficiency
significantly increased the expression levels
of BMP2, BMP4, BMP9, ID1, ALK2, ALK3 and
p-SMAD1/5 (Figure 3B and 3D).

BMAL1 overexpression attenuates oxLDL-
induced EndMT

To further confirm whether BMAL1 plays an
important role in oxLDL-induced EndMT, HAECs
transduced with control or BMAL1-overexpres-
sing vectors were treated with 100 pg/mL
oxLDL for 3 days. As expected, BMAL1 overex-
pression reduced ROS production (Figure 4A)
and BMP2, BMP4, BMP9, ID1, ALK2, ALK3,
p-SMAD1/5, OPN, FN1, FSP-1, VIMENTIN and
FAP expression levels but significantly incre-
ased CDH5 expression (Figure 4B-D). ACTA2
was slightly upregulated, but the difference

Am J Transl Res 2018;10(10):3150-3161
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Figure 2. oxLDL induces EndMT and reduces BMAL1 expression in cultured HAECs. HAECs were cultured with or
without 100 pg/mL oxLDL for 3 days. A. Intracellular ROS levels were measured by DCF fluorescence. Scale bar, 100
um. B. BMALZ1, FSP-1, VIMENTIN, FAP and p-SMAD1/5 protein levels were assayed by western blotting. C, D. CDH5,
ACTA2, OPN, FN1, BMP2, BMP4, BMP9, ID1, ALK2 and ALK3 mRNA levels were assayed using qRT-PCR (n=3). The
values represent the mean + SD. *P<0.05 vs. the control group (CTR).

was not significant (Figure 4B). These results
suggest that BMAL1 plays a protective role in
oxLDL-induced EndMT.

ROS scavengers inhibit BMP signaling-mediat-
ed EndMT

The interactions among ROS, BMAL1, BMP sig-
naling and EndMT in HAECs were investigated
by treating BMAL1-silenced HAECs cultured
with 100 pg/mL oxLDL for 3 days with or with-
out Tempol/LDN-193189.

When BMAL1-silenced HAECs were treated
with Tempol or LDN-193189, FSP-1, VIMENTIN,
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FAP, OPN, FN1 expression levels and ROS
production were decreased, while CDH5 ex-
pression levels were increased (Figure 5A-C).
Notably, the expression level of CDH5 in cells
treated with LDN-193189 was significantly
higher than that in cells treated with Tempol
(Figure 5C). In addition, BMAL1-silenced HAECs
treated with LDN-193189 had significantly
decreased p-SMAD1/5 and ID1 expression lev-
els, while Tempol treatment had no significant
effect on their expression levels (Figure 5A and
5C). These results indicated that BMAL1 defi-
ciency leads to increased ROS production and
subsequent EndMT through the BMP signaling
pathway.
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were measured by DCF fluorescence. Scale bar, 100 um. B. BMAL1, FSP-1, VIMENTIN, FAP and p-SMAD1/5 protein
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control (shControl).

Discussion

Our results provide a novel mechanism by
which BMAL1 suppresses EndMT and thus
restricts atherosclerotic development. First,
we showed that in HAECs, BMAL1 loss aggra-
vated oxidative stress damage and subsequent
EndMT, an important part of atherosclerotic
plaque progression [14, 22]. Consistent with
the in vitro results, a positive relationship
among BMAL1 expression loss, EndMT, and
plaque vulnerability was also observed in carot-
id plaques of patients. Second, we demonstrat-
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ed that BMAL1 deficiency aggravated intracel-
lular ROS accumulation and EndMT through
BMP-mediated signaling. Taken together, our
results provide a mechanism to explain the
central role of BMAL1 in atherosclerosis pro-
gression and the plaque phenotype switch.

EndMT plays a major role in various chronic
fibrosis-type injuries and cardiovascular dis-
eases [14], including pulmonary hypertension
[23, 24], vascular malformations [25], vascular
calcification [26] and cardiac fibrosis [27]. In
this study, EndMT was observed in human
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Vector.

carotid plaques and was increased with plaque
vulnerability. EndMT can be promoted by vari-
ous stressors, including disturbed blood flow,
hypoxia, hyperlipidemia and high glucose [13,
28]. In our present study, oxLDL treatment
caused HAECs to lose endothelial marker
expression, including CDH5, but gain mesen-
chymal marker expression, including VIMENTIN,
FSP-1, FAP, FN1 and OPN, verifying the induc-
tion of EndMT by oxLDL. Previous studies dem-
onstrated that Bmall deficiency was closely
related to hyperlipidemia and atherosclerosis
[9]. We further demonstrated that BMAL1 loss
was positively related to EndMT progression
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and plaque vulnerability in human atheroscle-
rotic plaques. Furthermore, our in vitro studies
confirmed the protective role of BMAL1 against
EndMT induced by oxLDL in HAECs.

The endothelial cells of Bmall’- mice have
been demonstrated to show significantly blunt-
ed endothelial nitric oxide synthase activation
and, consequently, reduced nitric oxide produc-
tion and increased superoxide levels [4, 10].
Therefore, we further explored whether ROS
was involved in BMAL1 deficiency-mediated
EndMT. DCF fluorescence results demonstrat-
ed that silencing of BMAL1 expression incre-

Am J Transl Res 2018;10(10):3150-3161
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sayed using qRT-PCR (n=3). The values represent the mean + SD. *P<0.05 vs. shControl HAECs treated with oxLDL.
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ased ROS production in HAECs treated with with previous studies [29, 30]. Moreover, we
oxLDL, while overexpression of BMAL1 allevi- found that Tempol diminished ROS production
ated ROS production, which was consistent and significantly inhibited EndMT, confirming
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the important role of ROS in BMAL1 deficiency-
mediated EndMT. These findings suggested a
vital role for BMAL1 loss-mediated ROS produc-
tion in atherosclerosis.

EndMT is thought to be mediated by induct-
ion signals from TGF-B and BMP ligands [13].
Additionally, BMP signaling was found to be
required for ROS induction by oxLDL in endo-
thelial cells, a critical process in atherogenesis
[31-33]. Therefore, we hypothesize that BMAL1
loss activates the BMP signaling pathway and
leads to ROS accumulation, EndMT and subse-
quent plaque instability. In our present study,
BMAL1 deficiency markedly increased BMP sig-
naling pathway activity, intracellular ROS accu-
mulation and EndMT compared to the control
condition. In addition, LDN-193189, a selective
BMP type | receptor inhibitor, could effectively
rescue these changes, which supported our
hypothesis. Notably, the expression level of
CDH5 in cells treated with LDN-193189 was
significantly higher than that in cells treated
with Tempol, suggesting that BMP signaling
pathway-mediated EndMT is partly dependent
on ROS activation [34], which should be eluci-
dated in a future study. Furthermore, BMAL1
loss and p-SMAD1/5 expression levels were
positively related to the EndMT extent and
plaque vulnerability in human carotid athero-
sclerotic plague specimens, which added clini-
cal significance to our study and provided a
promising therapeutic target for atherosclero-
sis.

3159

Plaque instability
and progression

plaque vulnerability (Figure
6). Controlling this process
might represent feasible
therapeutic avenues for
atherosclerosis.
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