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Background: Atherosclerosis is an aging-related disease, partly attributed to telomerase 
dysfunction. This study aims to investigate whether telomere dysfunction-related vascular 
aging is involved in the protection mechanism of melatonin (MLT) in atherosclerosis.
Methods: Young and aged ApoE−/− mice were used to establish atherosclerotic mice model. 
H&E staining and immunofluorescence assay were performed to detect endothelial cell 
injury and apoptosis. Inflammatory cytokines and oxidative stress-related factors were 
determined using corresponding commercial assay kits. Telomerase activity was detected 
by TRAP assay, and SA-β-gal staining was conducted to evaluate cellular senescence. 
HUVECs were treated with H2O2 for 1 h to induce senescence. Western blot was performed 
to measure protein expression.
Results: An obvious vascular endothelial injury, reflected by excessive production of 
inflammatory cytokines, elevated ROS, MDA and SOD levels, and more apoptotic endothe-
lial cells, was found in atherosclerotic mice, especially in aged mice, which were then greatly 
suppressed by MLT. In addition, telomere dysfunction and senescence occurred in athero-
sclerosis, especially in aged mice, while MLT significantly alleviated the conditions. 
CYP1A1, one of the targeted genes of MLT, was verified to be upregulated in atherosclerotic 
mice but downregulated by MLT. Furthermore, H2O2 induced a senescence model in 
HUVECs, which was accompanied with a remarkably increased cell viability loss and 
apoptosis rate, and a downregulated telomerase activity of HUVECs, and this phenomenon 
was strengthened by RHPS4, an inhibitor of telomerase activity. However, MLT could partly 
abolish these changes in H2O2- and RHPS4-treated HUVECs, demonstrating that MLT 
alleviated vascular endothelial injury by regulating senescence and telomerase activity.
Conclusions: Collectively, this study provided evidence for the protective role of MLT in 
atherosclerosis through regulating telomere dysfunction-related vascular aging.
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Introduction
Atherosclerosis, a chronic progressive arterial disease, is a multifactorial and 
complicated disease involving multiple cellular dysfunctional responses, such as 
vascular smooth muscle cell proliferation, foam cell formation and endothelial cell 
injury, becoming the primary cause of cardiovascular diseases (CVD).1 For the past 
50 years, CVD have been the most common cause of death among the aged 
worldwide, and by 2030, approximately 20% of the population will be over 65 
years old, which is expected to lead to 40% of all deaths.2–4 Epidemiological 
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evidence indicates that aging, especially vascular aging, is 
one of the major and independent risk factors for the 
development of atherosclerosis,5 highlighting the need to 
gain deeper insight into the molecular mechanism under-
lying vascular aging to discover new therapeutic targets.

Telomere is a kind of DNA protein complex that cov-
ers the end of eukaryotic chromosomes. Although it has no 
biological functions such as transcription and translation, 
telomere is an essential structure for maintaining cell pro-
liferation and genome stability, which is responsible for 
telomere replication and elongation. Telomere is recog-
nized as the biological clock of cellular aging, and telo-
mere shortening is a key biomarker of the onset of 
senescence.6 Emerging evidence declare that telomere 
lengthening extends cell lifespan and prevents from 
endothelial dysfunction associated with senescence.7 

Dysfunction of endothelial cells is an initial factor of 
atherosclerosis. As expected, Minamino et al uncovered 
that vascular endothelial cells with senescence-associated 
phenotypes are observed in human atherosclerotic lesion, 
which may be attributed to telomere shortening.8 In addi-
tion, telomerase is a reverse transcriptase enzyme, which is 
necessary for proper function of telomeres. Decreased 
telomerase activity occurs in the process of endothelial 
cell dysfunction and atherosclerosis, and up-regulation of 
telomerase activity in endothelial cell might be one 
mechanism contributing to the atheroprotective effect of 
potential drugs.9–11 Thus, given the close association 
among telomerase activity, senescence and atherosclerosis- 
related endothelial cell dysfunction, targeting telomere- 
telomerase function may be a promising direction to 
further understand the pathogenesis of AS, so as to 
develop more effective drugs.

Melatonin (MLT; N-acetyl-5-methoxytryptamine) is 
a multifunctional hormone mainly produced by the pineal 
gland that plays a vital role in regulating sleep and circadian 
rhythm.12 The secretion of MLT is reduced with aging and in 
certain diseases, indicating deregulation of MLT may be 
associated with the development of human diseases. With 
deep research, more and more properties of MLT have been 
found, including anti-oxidant, anti-inflammatory, anticancer 
and neuroprotective activities, and extensive evidence reveal 
that MLT plays a protective role in respiratory diseases, 
cancers, neurodegenerative diseases, as well as various car-
diovascular diseases including heart failure, hypertension, 
ischemia-reperfusion injury and atherosclerosis.13–19 At pre-
sent, the protective effects of MLT on atherosclerosis have 
been widely reported, and potential mechanism of action has 

been also widely explored; however, up to date, whether 
telomere-telomerase function is involved in its protection 
mechanism in atherosclerosis remains unclear.

Interestingly, we found that human cytochrome P450 
1A1 (CYP1A1) is one of the targeted genes of MLT by 
search STITCH website (http://stitch.embl.de/). CYP1A1 
is involved in multiple metabolic activation, leading to 
production of reactive intermediates, eventually resulting 
in cellular dysfunction and disease development.20 Recent 
years, CYP1A1-mediated metabolic activation was con-
sidered to be a direct mechanism for atherosclerosis.21 

A positive correlation between upregulated expression of 
human telomerase reverse transcriptase (hTERT), the tel-
omerase catalytic subunit and CYP1A1 was observed in 
human lung cancer, indirectly suggesting that CYP1A1 
might be associated with telomere-telomerase function.22

Based on these findings, we hypothesize that MLT may 
exert its protective function in vascular aging of athero-
sclerosis through targeting CYP1A1-mediated telomere- 
telomerase function. We aim to verify this hypothesis by 
conducting a series of in vivo and in vitro experiments. 
This study will provide a novel molecular mechanism 
underlying the development of atherosclerosis, and pro-
vide reference for the discovering of antiatherosclerotic 
drugs.

Materials and Methods
Animal Model
Eighteen young-male ApoE−/− mice (7 weeks old) and 18 
aged-male ApoE−/− mice (8 months old) on a C57BL/6 
background were obtained from the Model Animal 
Research Center of Nanjing University (Nanjing, China), 
and were used to establish the AS model. All mice were 
housed on a 12 h/12 h light/dark cycle with unlimited 
access to food and water. After one-week adaptation, the 
young mice were randomly assigned into three groups: 
Con-Y (young ApoE−/− mice without any further treat-
ment), AS-Y (young ApoE−/− mice received high fat diet 
(HFD; Junke biological Co., LTD, Nanjing, China) for 16 
weeks) and MLT-Y (young ApoE−/− mice received HFD 
and intraperitoneally injected with MLT (20 mg/kg/d)). 
Meanwhile, the aged mice were also divided into three 
groups: Con-O, AS-O and MLT-O. The mice were eutha-
nized under deep anesthesia by intraperitoneal injection 
with an overdose of pentobarbital sodium (200 mg/kg) to 
obtain their samples. This study was carried out according 
to the Guide for the Care and Use of Laboratory animals 
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and approved by the Ethics Committee of the Nanjing 
First Hospital.

Histological Analysis
The blood vessel tissues between thoracic and abdominal 
aortas were cut off and fixed in 10% formaldehyde for 24 
h. Subsequently, the tissues were embedded in paraffin and 
cut into sections with 4-μm-thickness. The sections were 
stained with hematoxylin and eosin (H&E). The sections 
were then observed under an optical microscope (Olympus 
BX53, Tokyo, Japan).

Immunofluorescence Assay
A terminal transferase dUTP nick-end labeling (TUNEL) 
assay with the in situ Apoptosis Detection Kit (Keygen 
Biotech) was employed to assess apoptosis of tissue. In 
addition, immunofluorescence assay based on CD31 anti-
body was simultaneously conducted to localize endothelial 
cells in blood vessel tissues. In brief, the sections were 
deparaffinized and hydrated by xylene and ethanol, fol-
lowed by digestion with Proteinase K at 55 °C for 1 h, and 
incubation with primary antibody against CD31 at 4 °C 
overnight. Afterwards, the sections were washed twice 
with ice-cold PBS, and incubated with TUNEL reaction 
mixture and secondary anti-rabbit IgG-Alexa Fluor 488 
antibody at 37 °C for 1 h. Subsequently, the sections 
were stained with DAPI solution at room temperature for 
5 min in the dark. The immunofluorescence images were 
obtained under an inverted fluorescence microscope 
(Olympus BX53, Tokyo, Japan).

Cytokine Analysis
Levels of IL-6 (ml002293), IL-1β (ml063132), TNF-α 
(ml002095) in blood and tissue homogenate were deter-
mined using their corresponding enzyme-linked immuno-
sorbent assay (ELISA) kits (Enzyme-linked Biotechnology, 
Shanghai, China) according to the manufacturer’s instruc-
tions. 15-HETE level in tissue homogenate was measured 
using 15-HETE ELISA kits (534721, Cayman Chemical, 
Ann Arbor, MI, USA) following the manufacturer’s 
protocol.

Biochemical Indexes Assay
Levels of malondialdehyde (MDA; A003-1-1), and super-
oxide dismutase (SOD; A001-1-2) in tissue homogenate 
were determined using their corresponding commercial 
kits from Nanjing Jiancheng Bioengineering Institute 
(Nanjing, China) according to the manufacturer’s 

instructions. The level of ROS of frozen aortic tissue sec-
tions were assessed by Frozen Section Reactive Oxygen 
Species (ROS) Assay Kit (Beijing Baiaolaibo Technology 
Co., LTD, Beijing, China) in accordance with the manufac-
turer’s protocol and was observed under an inverted fluor-
escence microscope (Olympus BX53). In addition, the 
activity of CYP1A1 was detected using P450-GloTM 

CYP1A1 Assay kit (Promega, USA) according to the man-
ufacturer’s instructions.

Western Blot
The blood tissue was homogenized and protein was 
extracted using RIPA buffer with protease inhibitor 
cocktail (Roche). After determining the protein concen-
tration using BCA, the same amount of protein (30 μg/ 
lane) was separated on 12% SDS-PAGE gel and trans-
ferred to PVDF membranes. The membranes were 
blocked in 5% skimmed milk for 2 h at room tempera-
ture. Subsequently, the membranes were incubated with 
the primary antibodies against Bax (1:1, 000, ab32503, 
Abcam), Bcl-2 (1:2, 000, ab182858, Abcam), cleaved 
caspase 3 (1:1, 000, #9661, Cell Signaling 
Technology), and GAPDH (1:2, 500, ab9485, Abcam) 
at 4 °C overnight. On the following day, the membranes 
were washed and incubated with a horseradish peroxi-
dase-conjugated goat anti-rabbit IgG secondary antibody 
(1:2, 000, ab7090, Abcam) for 2 h at room temperature. 
Finally, the bands were visualized using an ECL Western 
blotting detection kit (Fude Biological Technology, 
China) and quantified using ImageJ software.

Telomere Length Assay
Telomere length measurements were performed by 
Southern blot analysis of the terminal restriction fragments 
as described previously.23 In brief, genomic DNA 
extracted from cells were digested with RsaI and 
HinfI (Thermo Fisher Scientific), resolved in 0.5% agarose 
gels for 24 h at 40 V, electrophoresed and transferred onto 
positively charged nylon membranes (Roche Diagnostics 
GmbH). After the incubation with a digoxigenin-labeled 
telomeric probe at 42°C overnight for hybridization, the 
membranes were washed, incubated with an alkaline phos-
phatase conjugated anti–digoxigenin-antibody, and then 
exposed to alkaline phosphatase conjugate cleavage of 
chemiluminescent CDP-Star substrate solution for 
visualization.
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Telomerase Activity Assay
Telomere repeat amplification protocol (TRAP) assay was 
performed to quantify telomerase activity as described 
previously.24 Briefly, total protein of tissue or cells were 
extracted and quantified. A protein extract from Hela cells, 
which contain an active telomerase, was used as a positive 
control. Each sample was diluted with TRAP buffer and 
mixed to a 50 μL of reaction mixture. Eventually, qPCR 
was carried out using a Bio-Rad CFX96/C1000 with an 
initial denaturation at 95°C for 2 min followed by 37 
cycles of 95°C for 35 s, 50°C for 35 s, and 72°C for 90 s.

Cell Culture and Treatment
Human umbilical vein endothelial cells (HUVECs) were 
purchased from the American Type Culture Collection 
(ATCC, Manassas, VA, USA). The cells were cultured in 
DMEM (Hyclone, South Logan, USA) with 10% fetal 
bovine serum (FBS; Gibco, Grand Island, NY, USA) and 
1% streptomycin/penicillin mixture (Beyotime, Beijing, 
China) at 37 °C in a humidified incubator with 5% CO2.

For the following assay, the cells were initially trea-
ted with 60 μM H2O2 (Sigma-Aldrich, Merck KGaA) 
for 1 h and then incubated for 24 h at 37 °C to induce 
senescence.25 To measure the effect of MLT and telo-
merase activity, cells were incubated with 0.2 μM 
RHPS4 (Selleck), an inhibitor of telomerase activity, 
along with or without MLT (100 and 500 μM), 30 min 
prior to H2O2 induction.

Cell Viability
Cell viability was determined using MTT reagent 
(Beyotime Institute of Biotechnology, Haimen, China) in 
accordance with the manufacturer’s instructions. In brief, 
HUVECs were grown in 96-well plates. After the indi-
cated treatments, 10 μL of MTT solution (5 mg/mL) was 
added to each well, followed by incubation at 37 °C with 
5% CO2 for another 4 h. Subsequently, 200 μL DMSO was 
added to each well to dissolve any crystals, and the plates 
were agitated for 10 min. The OD values of each well 
were measured at the wavelength of 490 nm.

Senescence-Associated β-Galactosidase 
Activity Assay
Senescence was measured using a Senescence 
β-galactosidase (SA-β-gal) Staining Kit (C0602, Beyotime 
Biotechnology, China) according to the manufacturer’s 
instructions. For cell assay, HUVECs were fixed with 2% 

formaldehyde for 10 min at room temperature. After wash-
ing with PBS twice, cells were incubated with fresh SA-β- 
gal staining solution at 37 °C overnight. The percentage of 
SA-β-gal-positive cells was calculated through counting the 
positively stained cells. For tissue assay, the frozen sections 
were prepared to stain according to the kit instruction of 
SA-β-gal and the images were observed under an Olympus 
BX43 microscope (Olympus).

Flow Cytometry Assay
Cell apoptosis was evaluated by an Annexin V-FITC 
apoptosis detection kit (KeyGen, Biotech, Nanjing, 
China) in accordance with the manufacturer’s instructions. 
In brief, after indicated treatment, cells were harvested and 
washed with cold PBS, and resuspended in a binding 
buffer. Then, cells were stained with 10 μL FITC- 
Annexin V and 5 μL propidium iodide at room temperature 
for 30 min in the dark. Apoptosis was analyzed by flow 
cytometry (FACSCalibur, Becton-Dickinson) using the 
Cell-Quest software (Becton-Dickinson).

Statistical Analysis
Statistical analysis was conducted using Prism GraphPad 
software version 8.0. The data were presented as mean ± 
SD. P values were calculated using one-way ANOVA with 
Tukey’s post hoc analysis. A p value less than 0.05 was 
considered to statistically significant.

Results
MLT Alleviates Vascular Aging-Related 
Endothelial Injury in ApoE−/− Mice
After being administered with HFD and MLT, the effects 
of MLT on the endothelial injury of blood vessel tissues in 
young or aged atherosclerotic mice were evaluated. The 
H&E staining of blood vessel tissues in each group 
revealed that the thickness of the aortic wall was uniform 
in the control group, while the thickness of the aortic wall 
was non-uniform and the arterial intima thickening was 
observed in HFD-administered ApoE−/− mice, especially 
in aged mice. MLT treatment remarkably reduced the 
arterial intima thickening in both young and aged mice 
(Figure 1A). In addition, the endothelial cell was marked 
and localized by CD31, and cell apoptosis was assessed by 
TUNEL and Western blot. As shown in Figure 1B, the 
apoptosis mainly occurred at endothelial tissue of the aorta 
after HFD administration or in aged ApoE−/− mice, com-
pared to young ApoE−/− mice, indicating a great 
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Figure 1 MLT alleviates vascular aging-related endothelial injury in ApoE−/− mice. Young-male ApoE−/− mice and aged-male ApoE−/− mice were received high fat diet (HFD) 
to induce atherosclerosis and intraperitoneally injected with melatonin (MLT; 20 mg/kg/d) for treatment. (A) H&E staining of intima of aorta, magnification×200. (B) TUNEL 
staining of intima of aorta, magnification×200. (C) Western blot and statistical analysis of protein expression of Bax, Bcl-2 and cleaved caspase3. N=3. *, **, ***p<0.05, 0.01, 
0.001.
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endothelial injury related to aging. This was also accom-
panied by decreased protein expression of Bcl-2 and 
increased protein expression of Bax and cleaved caspase 
3 (Figure 1C). As expected, MLT treatment greatly 
reduced the apoptotic cells, accompanied with the elevated 
Bcl-2 expression and reduced Bax and cleaved caspase 3 
expression (Figure 1B and C).

MLT Alleviates Vascular Aging-Related 
Inflammatory Response and Oxidative 
Stress in ApoE−/− Mice
Given the powerful anti-inflammatory and antioxidant 
properties of MLT, we next evaluated the effects of MLT 
on inflammatory response and oxidative stress in ApoE−/− 

mice. The pro-inflammatory cytokines, including IL-6, IL- 
1β and TNF-α, were hugely elevated no matter in blood or 
in blood vessel tissues upon HFD administration and were 
higher in aged mice than those in young mice; however, 
MLT treatment exhibited an inhibitory effect on the pro-
duction of these inflammatory cytokines (Figure 2A and 
B). Moreover, the elevated reactive oxygen species (ROS) 
and malondialdehyde (MDA) and reduced superoxide dis-
mutase (SOD) levels was observed in atherosclerotic mice 
or aged mice, indicating that oxidative stress occurred in 
atherosclerosis and aging worsened oxidative stress in 
atherosclerotic mice. These changes were then partly wea-
kened by MLT treatment (Figure 2C–F). These results 
suggested that vascular aging aggravated inflammatory 
response and oxidative stress in ApoE−/− mice, which 
could be attenuated by MLT treatment.

MLT Attenuates Senescence and 
Regulates Telomere-Telomerase Function 
in ApoE−/− Mice
Given that CYP1A1 is one of the targeted genes of MLT by 
searching STITCH website (http://stitch.embl.de/) and is 
related to atherosclerosis progression and telomere- 
telomerase function, we then detected CYP1A1 activity 
in young and aged ApoE−/− mice with different treatment. 
As exhibited in Figure 3A, the CYP1A1 activity was 
elevated following HFD administration, but declined fol-
lowing MLT treatment. In addition, it was obvious that the 
CYP1A1 activity was higher in aged mice than that in 
young mice. The similar change trend was also observed 
on 15-HETE level (Figure 3B). Next, an obvious reduction 
of telomere length was observed in ApoE−/− mice follow-
ing HFD administration compared to the control, 

especially in aged mice. The ameliorative effect of MLT 
on the shortened telomere was obvious in aged mice but 
limited in young mice (Figure 3C). Meanwhile, TERT 
activity was decreased following HFD administration, 
especially in aged mice, and MLT improved TERT activity 
in both young and aged mice (Figure 3D). In addition, the 
overall telomere length and TERT activity in aged mice 
were lower than those in young mice, suggesting that the 
telomere function was lowered upon aging in ApoE−/− 

mice.
Moreover, as vascular aging is an important contributor 

to atherosclerosis, we also investigated the effect of MLT 
on senescence. It was observed that SA-β-gal, a classical 
marker of senescence, was slightly increased in young 
mice following HFD administration, but was hugely 
increased in aged mice compared to the young. MLT 
treatment slightly reduced the SA-β-gal level (Figure 3E 
and F). Furthermore, we also detected senescence-related 
protein expression. As shown in Figure 3G, the protein 
expression of cyclin D1 and cyclin-dependent kinase 2 
(CDK2) was decreased, while the protein expression of 
p16 and p21 was increased in atherosclerotic mice, espe-
cially in the aged, which were then partly hindered by 
MLT treatment.

MLT Alleviates Vascular Endothelial Injury 
by Regulating Senescence and Telomerase 
Activity
Finally, we further verified our hypothesis by conducting 
cellular experiments. HUVECs were treated with RHPS4, 
an inhibitor of telomerase activity, along with or without 
MLT (100 μM (MLT-L) and 500 μM (MLT-H)), 30 min 
prior to H2O2 induction. As shown in Figure 4A and B, 
H2O2 induction caused a great reduction of cell viability, 
which was much strengthened by RHPS4 treatment, indi-
cating that senescence resulted in cell viability loss, which 
was aggravated by the inhibition of telomerase activity. 
However, the cell viability loss was alleviated by MLT 
treatment. Additionally, H2O2 induction resulted in 
a remarkably increased apoptosis rate of HUVECs, 
which was strengthened by RHPS4 treatment, accompa-
nied with the increased protein expression of Bax and 
cleaved caspase 3 and decreased protein expression of 
Bcl-2, whereas these changes were partly reversed by 
MLT (Figure 4C and D), indicating that MLT could attenu-
ate senescence- and telomerase dysfunction-caused 
endothelial cell viability loss and apoptosis. Moreover, 
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CYP1A1 activity and TERT activity were increased fol-
lowing H2O2 induction and RHPS4 treatment, which were 
then hugely inhibited by MLT (Figure 5A and B). SA-β- 
gal level was greatly improved following H2O2 induction 
and RHPS4 treatment, and was then reduced by MLT 
treatment (Figure 5C and D). Furthermore, MLT upregu-
lated the reduced protein expression of cyclin D1 and 
CDK2 and downregulated the elevated protein expression 

of p16 and p21 in HUVECs stimulated by H2O2 and 
RHPS4 (Figure 5E).

Discussion
Atherosclerosis is an aging-related disease. In particular, 
vascular endothelial cell aging takes responsibility for the 
progression of atherosclerosis. Preventing accelerated cel-
lular senescence has been considered as a therapeutic 

Figure 2 MLT alleviates vascular aging-related inflammatory response and oxidative stress in ApoE−/− mice. Young-male ApoE−/− mice and aged-male ApoE−/− mice were 
received high fat diet (HFD) to induce atherosclerosis and intraperitoneally injected with melatonin (MLT; 20 mg/kg/d) for treatment. (A) ELISA assay on the pro- 
inflammatory cytokines, including IL-6, IL-1β and TNF-α in blood. (B) ELISA analysis on the pro-inflammatory cytokines, including IL-6, IL-1β and TNF-α in blood vessel 
tissues. (C and D) The level of ROS in blood vessel tissues was detected using its assay kit. (E and F) The level of MDA and SOD in blood vessel tissues was detected using 
their commercial kits. N=3. *, **, ***p<0.05, 0.01, 0.001.
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Figure 3 MLT attenuates senescence and regulates telomere-telomerase function in ApoE−/− mice. Young-male ApoE−/− mice and aged-male ApoE−/− mice were received 
high fat diet (HFD) to induce atherosclerosis and intraperitoneally injected with melatonin (MLT; 20 mg/kg/d) for treatment. (A) CYP1A1 activity was detected using P450- 
GloTM CYP1A1 Assay kit. (B) ELISA analysis on the level of 15-HETE. (C) Telomere length measurements were performed by Southern blot analysis of the terminal 
restriction fragments. (D) Telomerase activity was detected by TRAP assay. (E and F) SA-β-gal Staining Kit was used to detect SA-β-gal level. (G) Western blot and statistical 
analysis of protein expression of cyclin D1, CDK2, p16 and p21. N=3. *, **, ***p<0.05, 0.01, 0.001.
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Figure 4 MLT alleviates cell apoptosis in HUVECs treated by H2O2 and RHPS4 HUVECs were treated with RHPS4, an inhibitor of telomerase activity, along with or without 
MLT (100 μM (MLT-L) and 500 μM (MLT-H)), 30 min prior to H2O2 induction. (A and B) cell viability was detected using MTT assay. (C) Flow cytometry assay and statistical 
assay on cell apoptosis. (D) Western blot and statistical analysis of protein expression of Bax, Bcl-2 and cleaved caspase3. N=3. **, ***p<0.01, 0.001.
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Figure 5 MLT inhibits senescence and improves telomerase activity in HUVECs treated by H2O2 and RHPS4 HUVECs were treated with RHPS4, an inhibitor of telomerase 
activity, along with or without MLT (100 μM (MLT-L) and 500 μM (MLT-H)), 30 min prior to H2O2 induction. (A) CYP1A1 activity was detected using P450-GloTM CYP1A1 
Assay kit. (B) Telomerase activity was detected by TRAP assay. (C and D) SA-β-gal Staining Kit was used to detect SA-β-gal level. (E) Western blot and statistical analysis of 
protein expression of cyclin D1, CDK2, p16 and p21. N=3. *, **, ***p<0.05, 0.01, 0.001.
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target in atherosclerosis.26 In the present study, we demon-
strated that the endothelial injury was more severe in aged 
atherosclerotic mice than that in young mice. MLT alle-
viated endothelial injury by inhibiting inflammatory 
response, oxidative stress and cell apoptosis in athero-
sclerosis. Of note, MLT exerted strongly inhibitory effect 
on cellular senescence in aging-related vascular endothe-
lial cells in atherosclerosis. In addition, MLT had 
a positive improvement on telomere length and telomerase 
activity, which might partly explain the potential mechan-
ism by which MLT attenuated senescence in 
atherosclerosis.

Emerging evidence show that telomerase dysfunction 
is closely associated with the risk of atherosclerosis and is 
an important reason contributing to vascular endothelial 
cell senescence in human atherosclerosis.27 Upregulation 
of telomerase might be a potential new strategy to prevent 
or delay atherosclerosis.28 hTERT, the critical subunit of 
telomerase to counteract telomeres shortening, can extend 
cell lifespan and telomeres to lengths typically of those in 
young cells.29,30 Thus, the high activity of hTERT is 
beneficial to maintain telomerase activity and telomeres 
length, contributing to chromosome stability and cellular 
immortalization. It has been evidenced that hTERT expres-
sion was regulated by MLT, but the effect of MLT on 
hTERT expression or telomerase activity was discrepant 
in different diseases. For example, the hTERT was highly 
active in tumors and MLT could exert its anti-tumor activ-
ity by inhibiting the expression of hTERT and the activity 
of telomerase.31,32 In contrast, in age-related macular 
degeneration, an eye disease, the telomere synthesis was 
inhibited by oxidative stress stimulation, while MLT could 
overcome this inhibition by stimulating the activity of 
telomerase and rebuilding the telomeres.33 Accordingly, 
in the present study, the reduced TERT activity and shor-
tened telomere length were observed in aged atherosclero-
tic mice in vivo or H2O2-induced HUVECs in vitro, while 
MLT could restrain these changes, indicating that MLT 
might attenuate atherosclerosis through improving telo-
merase activity.

Next, further attention was paid on the specific mole-
cular mechanism underlying the regulatory role of MLT in 
atherosclerosis. Intriguingly, CYP1A1, which is related to 
atherosclerosis progression and telomere-telomerase func-
tion, is found to be one of the targeted genes of MLT by 
searching STITCH website (http://stitch.embl.de/). 
CYP1A1 is a member of a multigenic family of xenobio-
tic-metabolizing enzymes and is deleterious as it can 

generate mutagenic metabolites, lipid peroxidation and 
oxidative stress.34,35 Thus, the inhibitory effects of MLT 
on CYP1A1, inflammatory response and oxidative stress 
in atherosclerotic mice in this study indicated that the 
antioxidant activity and anti-inflammatory activity of 
MLT might be partly dependent on the reduced CYP1A1 
expression. In addition, CYP1A1 was also regarded as 
a key enzyme in the metabolic pathway of arachidonic 
acid, which could transform arachidonic acid into 15- 
hydroxyeicosatetraenoic acid (15-HETE).36 On one hand, 
15-HETE was associated with general lipid oxidation and 
ROS-dependent apoptosis.37,38 On the other hand, the 
generation of 15-HETE could promote hTERT expression, 
and the high level of TERT in turn induced the synthesis of 
15-HETE.39 Accordingly, MLT might regulate telomerase 
activity by targeting CYP1A1-mediated 15-HETE/TERT 
pathway. In the present study, the high level of CYP1A1 
and 15-HETE was verified in atherosclerotic and aged 
mice in vivo, and in H2O2-induced HUVECs in vitro, 
which were partly abolished by MLT treatment; however, 
hTERT changes in the opposite direction to 15-HETE. The 
possible reason is that telomerase activity has a greater 
influence on TERT than CYP1A1, indicating that the 
inhibitory effect of MLT on endothelial injury in athero-
sclerosis partly accounts for the targeting regulation of 
CYP1A1, but not dominantly.

Emerging evidence uncovered that accelerated biolo-
gical aging can be promoted by cardiovascular risk 
factor and demonstrated the accelerated vascular aging 
in atherosclerosis.40 Cellular senescence is also observed 
in patients with atherosclerosis, especially in advanced 
plaques. Atherosclerosis is regarded as a disease both 
cellular senescence and organismal aging.26,27 Here, we 
found a high level of SA-β-gal and high protein expres-
sion of p16 and p21, accompanied with the low protein 
expression of CDK2 and cyclinD1 in atherosclerotic 
mice, especially in aged mice in vivo, and H2O2- 
induced senescent model in vitro. p53-p21 and p16 are 
two predominate pathways controlling senescence, 
which are easily activated by telomere shortening- 
induced DNA damage response and by multiple stres-
sors such as inflammation and oxidative stress during 
the aging process. As CDK inhibitors, the activation of 
p21 and p16 then leads to the inhibition of CDK2 and 
cyclinD1.41–43 Therefore, senescence phenomenon did 
exist in vascular endothelial injury in atherosclerosis, 
especially in aged mice, which might be associated 
with the dysfunction of telomere and excessive 
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accumulation of pro-inflammatory cytokines and lipid 
peroxide. Recent studies have shown that telomere 
repair is an important term to interfere cell senescence 
and prevent atherosclerosis. For example, in vitro 
recombinant expression of TERT can prolong the survi-
val time of vascular smooth muscle cells (VSMC) in 
atherosclerotic plaques, while inhibition of TERT can 
terminate the proliferation of VSMC, leading to the 
reduction of the regeneration of damaged vascular 
intima.44 In addition, activation of telomeric repeat 
binding factor 2 (TRF2), namely telomeric protective 
protein, can inhibit the aging process of vascular 
endothelium, enhance the repair ability of damaged 
DNA, protect vascular intima and increase plaque 
stability.45 As expected, MLT, which has been demon-
strated to improve telomerase activity as stated before, 
was also found to have the ability to inhibit senescence 
as it greatly reduced SA-β-gal level and protein expres-
sion of p16 and p21, as well as increasing protein 
expression of CDK2 and cyclinD1 in injured endothelial 
cells and tissues. Therefore, the properties of anti- 
inflammation, anti-oxidant, and promoting telomerase 
activity of MLT jointly contributed to its protective 
effect on vascular aging-related atherosclerosis.

Conclusion
Altogether, to the best of our knowledge, it might be the first 
time to report that MLT alleviated vascular aging by improv-
ing telomerase activity in atherosclerosis. In addition, MLT 
greatly inhibited the inflammatory response, oxidative stress 
and cell apoptosis in vascular endothelial injury in athero-
sclerosis partly by regulating CYP1A1 activity. The proper-
ties of anti-inflammation, anti-oxidant, and promoting 
telomerase activity of MLT jointly contributed to its protec-
tive effect on vascular aging-related atherosclerosis. This 
study further deepens the potential therapeutic role of MLT 
in atherosclerosis, providing certain scientific and clinical 
significance for MLT application.
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