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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 Bmal1 deficiency was closely 
related to hyperlipidemia and atherosclerosis 
[9]. We further demonstrated that BMAL1 loss 
was positively related to EndMT progression 

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 Bmal1-/- 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- 

Figure 4. BMAL1 overexpression attenuates oxLDL-induced EndMT in HAECs. HAECs transduced with control (Vec-
tor) or BMAL1-overexpressing (BMAL1-OE) vectors were treated with 100 μg/mL oxLDL for 3 days. A. Intracellular 
ROS levels were measured by DCF fluorescence. Scale bar, 100 μm. B, C. CDH5, ACTA2, OPN, FN1, BMP2, BMP4, 
BMP9, ID1, ALK2 and ALK3 mRNA levels were assayed using qRT-PCR (n=3). D. BMAL1, FSP-1, VIMENTIN, FAP and 
p-SMAD1/5 protein levels were assayed by western blotting. The values represent the mean ± SD. *P<0.05 vs. 
Vector. 
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ased ROS production in HAECs treated with 
oxLDL, while overexpression of BMAL1 allevi-
ated ROS production, which was consistent 

with previous studies [29, 30]. Moreover, we 
found that Tempol diminished ROS production 
and significantly inhibited EndMT, confirming 

Figure 5. BMAL1 loss activates oxLDL-induced EndMT via BMP signaling in HAECs. HAECs transduced with control 
vectors (shControl) were treated with oxLDL (100 μg/mL), and HAECs transduced with BMAL1-silencing (shBMAL1) 
vectors were treated with oxLDL (100 μg/mL), oxLDL (100 μg/mL) + Tempol (100 μM) or oxLDL (100 μg/mL) + LDN-
193189 (100 nM). A. FSP-1, VIMENTIN, FAP and p-SMAD1/5 protein levels were determined by western blotting. 
B. Intracellular ROS levels were measured by DCF fluorescence. C. CDH5, OPN, FN1 and ID1 mRNA levels were as-
sayed using qRT-PCR (n=3). The values represent the mean ± SD. *P<0.05 vs. shControl HAECs treated with oxLDL. 
#P<0.05 vs. shBMAL1 HAECs treated with oxLDL. $P<0.05 vs. shBMAL1 HAECs treated with oxLDL + Tempol. 
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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-β 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 I 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 plaque specimens, which added clini-
cal significance to our study and provided a 
promising therapeutic target for atherosclero- 
sis.
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Figure 6. Diagram of the pro-
posed mechanism for cellular 
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In conclusion, we elucidat-
ed that the loss of protec-
tive endothelial BMAL1 ex- 
pression aggravates BMP-
mediated intracellular ROS 
accumulation and EndMT 
progression and leads to 
subsequent human carotid 
plaque vulnerability (Figure 
6). Controlling this process 
might represent feasible 
therapeutic avenues for 
atherosclerosis.
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