
Redox Biology 65 (2023) 102828

Available online 25 July 2023
2213-2317/© 2023 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Epigenetic modulation of Drp1-mediated mitochondrial fission by 
inhibition of S-adenosylhomocysteine hydrolase promotes vascular 
senescence and atherosclerosis 

Yiran You a, Xu Chen b, Yu Chen a, Juan Pang a, Qian Chen c,d, Qiannan Liu a, Hongliang Xue a, 
Yupeng Zeng a, Jinghe Xiao a, Jiaxin Mi a, Yi Tang e, Wenhua Ling a,d,f,* 

a Department of Nutrition, School of Public Health, Sun Yat-Sen University, Guangzhou, People’s Republic of China 
b Department of Molecular, Cellular and Developmental Biology, University of Colorado, Boulder, USA 
c Department of Cardiology, Sun Yat-sen Memorial Hospital, Sun Yat-sen University, Guangzhou, People’s Republic of China 
d School of Public Health and Management, Ningxia Medical University, Yinchuan, People’s Republic of China 
e Department of Nutrition, The First People’s Hospital of Zhaoqing, Zhaoqing, China 
f Guangdong Provincial Key Laboratory of Food, Nutrition and Health, Guangzhou, People’s Republic of China   

A R T I C L E  I N F O   

Keywords: 
vascular senescence 
Atherosclerosis 
S-adenosylhomocysteine hydrolase 
DNA methylation 
mitochondrial dynamics 

A B S T R A C T   

Aims: Vascular senescence, which is closely related to epigenetic regulation, is an early pathological condition in 
cardiovascular diseases including atherosclerosis. Inhibition of S-adenosylhomocysteine hydrolase (SAHH) and 
the consequent increase of S-adenosylhomocysteine (SAH), a potent inhibitor of DNA methyltransferase, has 
been associated with an elevated risk of cardiovascular diseases. This study aimed to investigate whether the 
inhibition of SAHH accelerates vascular senescence and the development of atherosclerosis. 
Methods and results: The case-control study related to vascular aging showed that increased levels of plasma SAH 
were positively associated with the risk of vascular aging, with an odds ratio (OR) of 3.90 (95% CI, 1.17–13.02). 
Elevated pulse wave velocity, impaired endothelium-dependent relaxation response, and increased senescence- 
associated β-galactosidase staining were observed in the artery of SAHH+/- mice at 32 weeks of age. Additionally, 
elevated expression of p16, p21, and p53, fission morphology of mitochondria, and over-upregulated expression 
of Drp1 were observed in vascular endothelial cells with SAHH inhibition in vitro and in vivo. Further down-
regulation of Drp1 using siRNA or its specific inhibitor, mdivi-1, restored the abnormal mitochondrial 
morphology and rescued the phenotypes of vascular senescence. Furthermore, inhibition of SAHH in APOE− /−

mice promoted vascular senescence and atherosclerosis progression, which was attenuated by mdivi-1 treatment. 
Mechanistically, hypomethylation over the promoter region of DRP1 and downregulation of DNMT1 were 
demonstrated with SAHH inhibition in HUVECs. 
Conclusions: SAHH inhibition epigenetically upregulates Drp1 expression through repressing DNA methylation in 
endothelial cells, leading to vascular senescence and atherosclerosis. These results identify SAHH or SAH as a 
potential therapeutic target for vascular senescence and cardiovascular diseases.   

1. Introduction 

Atherosclerosis is a chronic disease of vascular intima and is a 
leading cause of morbidity and mortality worldwide [1]. Vascular aging 
caused by cellular senescence is a major risk factor for atherosclerosis 
[2]. Especially, endothelial senescence, has been observed in the early 
stages of atherosclerosis and shown to be involved in its pathogenesis 
[3]. Senescent vascular cells release higher levels of proinflammatory 

cytokines and less NO, thus initiating atherosclerosis, while senolytic 
drugs [4] and phytochemicals [5,6] are able to improve cellular 
dysfunction and ameliorate the development of atherosclerosis. In 
recent years, in addition to classical stimuli such as free radicals and 
toxins, it has been suggested that epigenetics is another regulator of 
vascular senescence, but the mechanism remains largely unknown [7]. 

Mitochondria are organelles with dynamic morphology maintained 
by an equilibrium between fission and fusion. Imbalanced 
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mitochondrial dynamics cause an accumulation of reactive oxygen 
species (ROS), ATP depletion, and mitochondrial DNA (mtDNA) dam-
age, resulting in cellular senescence [8,9]. In mammalian cells, 
dynamin-related protein 1 (Drp1) and fission 1 (Fis1) are key proteins 
regulating mitochondrial fission, while optic atrophy 1 (OPA1) and 
mitofusin1&2 (MFN1&2) can modulate mitochondrial fusion [10]. 
Aberrant changes in these molecules are related not only to cellular 
senescence [11] and shortened lifespan [12] but also to vascular dis-
eases [13], indicating the critical role of mitochondrial dynamics in 
age-dependent diseases such as cardiovascular diseases (CVDs). 

S-adenosylhomocysteine (SAH) is produced from S-adenosylme-
thionine (SAM) in methylation reactions. S-adenosylhomocysteine hy-
drolase (SAHH) is the only enzyme which catalyzes the reversible 
hydrolysis of SAH to adenosine and homocysteine, maintaining 
methylation-related epigenetics and homeostasis in the methionine 
cycle [14]. Inhibition of SAHH results in higher levels of intracellular 
and plasma SAH and is tied to atherosclerosis in both epidemiological 
research and laboratory studies [15–18]. Considering that vascular 
senescence is associated with epigenetics but the mechanism is unclear, 
we postulated that SAHH inhibition can induce vascular senescence and 
thereby accelerate atherosclerosis. Previous studies of our group have 
shown that SAHH inhibition was associated with senescence in human 
umbilical vein endothelial cells [19], however, the mechanism was not 
verified in further in vivo models and remained elusive. Herein, we 
investigated the impact of SAHH inhibition on vascular senescence in 
the context of atherosclerosis. Our study shows that inhibition of SAHH 
can induce vascular senescence through epigenetic upregulation of 
Drp1-mediated mitochondrial fission and therefore, accelerate the pro-
gression of atherosclerosis. 

2. Methods and materials 

2.1. Case-control study 

The protocols of human study were approved by the Institutional 
Review Board of the Sun Yat-sen University (No. SYSU-SPH-2021-126). 
All procedures performed in this study were in accordance with the 
principles outlined in the Declaration of Helsinki. Written informed 
were obtained from all participants. The study population was selected 
from the Guangzhou Nutrition and Health Study (GNHS), which tar-
geted middle-aged and elderly individuals (40–80 years old) residing in 
southern China. Case subjects were defined by a brachial ankle pulse 
wave velocity (baPWV) ≥ 1400 cm/s, measured using a BP-203RPEIII 
detector (OMRON, Tokyo, Japan). Control subjects were matched to 
case subjects by age (within 3 y) and sex. Participants with hepatic or 
renal failure, cancer, chemotherapy or the use of anticancer agents were 
excluded from the study. Carotid intima-media thickness (cIMT) and 
flow-mediated dilation (FMD) were also measured in the study partici-
pants. cIMT was measured using a high-resolution 7.0–12.0-MHz linear- 
array transducer system (Apoli:Toshiba, Tokyo, Japan) according to the 
manufacturer’s guidelines. FMD in the brachial artery was measured 
with a UNEXEF18G ultrasound system (OMRON, Tokyo, Japan), also 
following the manufacturer’s guidelines. Blood samples were collected 
and stored at − 80 ◦C for further analysis. 

2.2. Animal experiments 

All animal studies were approved by the institutional Animal Care 
and Use Committee of the School of Public Health of Sun Yat-sen Uni-
versity (No. SYSU-SPH-2020-013) and conducted in compliance with 
the National Institutes of Health (NIH) guidelines for the Care and Use of 
Laboratory Animals. Heterozygous SAHH knockout mice (SAHH+/− ) 
were bred with apolipoprotein E-deficient mice (APOE− /− ) to produce 
APOE− /− SAHH+/− mice. Male mice were maintained in SPF conditions 
under a controlled 12-h light/dark cycle and temperature at 22 ± 2 ◦C, 
with ad libitum access to water and food. Mice were euthanized with 

sodium pentobarbital (200 mg/kg, i.p.) and tissues were collected for 
further studies. 

2.2.1. Experiment 1 
To investigate the effect of SAHH inhibition on vascular senescence, 

male SAHH+/- mice at age of 8 weeks and wild type littermates (n = 6) 
were fed a chow diet for 24 weeks. 

2.2.2. Experiment 2 
To confirm that vascular senescence induced by SAHH inhibition was 

mediated by mitochondria-derived reactive oxygen species (mtROS), 
male SAHH+/- mice at age of 8 weeks and wild type littermates were 
divided into four groups (n = 6): wild type + saline (i.p.) group, wild 
type + mitoTEMPO group (i.p. 0.5 mg/kg every other day), SAHH+/− +

saline (i.p.) group, and SAHH+/− + mitoTEMPO group (i.p. 0.5 mg/kg 
every other day). These mice were fed a chow diet for 24 weeks. 

2.2.3. Experiment 3 
To explore the role of Drp1 in vascular senescence induced by SAHH 

inhibition, male SAHH+/-mice at age of 8 weeks and wild type litter-
mates were divided into four groups (n = 6): wild type + saline (i.p.) 
group, wild type + mdivi-1 (i.p. 10 mg/kg twice a week) group, SAHH+/ 

− + saline (i.p.) group, and SAHH+/− + mdivi-1 (i.p. 10 mg/kg twice a 
week) group. These mice were fed a chow diet for 24 weeks. 

2.2.4. Experiment 4 
To investigate the association among SAHH inhibition, vascular 

senescence, and atherosclerosis progression, male APOE− /− mice at age 
of 8 weeks were divided into three groups (n = 6) and fed a western diet 
fed (D12079B, Research Diets, New Brunswick, NJ) for 0, 6, and 12 
weeks, respectively. 

2.2.5. Experiment 5 
To verify whether SAHH inhibition accelerates atherosclerosis in a 

Drp1-dependent manner, male APOE− /− SAHH+/− mice at age of 8 
weeks and their APOE− /− littermates were divided into four groups (n =
6): APOE− /− group, APOE− /− + mdivi-1 group (i.p. 10 mg/ml twice a 
week); APOE− /− SAHH+/− group, and APOE− /− SAHH+/− + mdivi-1 
group (i.p. 10 mg/ml twice a week). These mice were fed a western diet 
(D12079B, Research Diets, New Brunswick, NJ) for 8 weeks. 

2.3. Determination of SAH and SAM 

The concentrations of intracellular and mouse plasma SAH and S- 
adenosylmethionine (SAM) were determined as previously described 
[20]. 

2.4. Transmission electron microscopy (TEM) 

HUVECs were dispersed with 0.25% trypsin and centrifuged at 1000 
rpm for 5 min. After removing the supernatant, the cell pellet was fixed 
with 2.5% glutaraldehyde at room temperature for 30 min and 4 ◦C for 
preservation. The cells were then dehydrated and embedded with 
EMBed 812 (SPI) for polymerization at 65 ◦C for 48 h. Sections (70 nm) 
were cut, counterstained with methanolic uranyl acetate and lead cit-
rate, and photographed using a transmission electron microscope 
(HT7800, Hitachi, Tokyo, Japan). Fresh aorta of mice was cut into 2- 
mm-long rings and fixed with 2.5% glutaraldehyde at room tempera-
ture for 30 min and preserved at 4 ◦C. Subsequent procedures were the 
same as those used for HUVECs. 

2.5. MitoTracker green and MitoSOX staining 

MitoTracker Green (Invitrogen, Carlsbad, CA, USA) at a working 
concentration of 100 nM in endothelial cell medium was used to stain 
cells at 37 ◦C for 20 min. After replacing the staining solution with fresh 
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medium, the cells were photographed at 490 nm (Ex)/516 nm (Em) 
using a confocal laser microscope (Leica, Wetzlar, Germany). MitoSOX 
(Invitrogen, Carlsbad, CA, USA) at 1 μM in HBSS buffer was used to stain 
cells at 37 ◦C, protected from light for 10 min. The cells were gently 
washed with warm HBSS buffer for three times and photographed at 
510 nm (Ex)/580 nm (Em) using a confocal laser microscope (Leica, 
Wetzlar, Germany). 

2.6. In vitro methylation assay 

The Drp1 promoter plasmid (100 μg) were mixed with 500 μl of NEB 
buffer (NEB, Ipswich, MA, USA), 500 μl of 1600 μM SAM, 400 units of 
Sss1 methyltransferase and nuclease-free water (up to 5 ml). The 
mixture was then incubated at 37 ◦C for 1 h and 65 ◦C for 20 min to 
terminate the reaction. The same amount of plasmid DNA was incubated 
without the enzyme as a control. 

2.7. Immunohistochemistry 

Frozen sections of mouse aorta were fixed with 4% para-
formaldehyde (Biosharp, Beijing, China) for 15 min, permeabilized with 
0.5% Triton X-100 (Biosharp, Beijing, China) in PBS for 10 min and then 
incubated with 3% H2O2 to quench endogenous peroxidase. The sections 
were rinsed with PBS for 2 × 3 min and blocked with goat serum at room 
temperature for 30 min. The sections were then incubated with anti- 
CD31 antibody (1:100, Cell Signaling Technology, Danvers, MA) at 
4 ◦C overnight, followed by the addition of a peroxidase-conjugated goat 
anti-rabbit secondary antibody (1:200, Servicebio, Wuhan, China) at 
room temperature for 30 min. Specific proteins were detected with DAB, 
and counterstained with hematoxylin for 5 s. The sections were then 
visualized using a light microscope (Leica, Wetzlar, Germany). 

2.8. Dihydroethidium (DHE) staining 

Fresh aortic cross-sections (30 μm) were equilibrated in Krebs buffer 
for 30 min at 37 ◦C and then incubated with dihydroethidium (3 μM) for 
30 min at 37 ◦C, protected from light. Images were obtained using a 
confocal laser microscope (Leica, Wetzlar, Germany) and analyzed using 
LAS AF software (Leica, Wetzlar, Germany). 

2.9. MitoTEMPO treatment 

A 50 mM stock solution of mitoTEMPO (MCE, Monmouth Junction, 
NJ, USA) was prepared by dissolving it in water. Subsequently, HUVECs 
were treated with a working solution of 50 μM mitoTEMPO in complete 
medium at 37 ◦C for 24 h. 

2.10. Amplicon bisulfite sequencing 

Genomic DNA of HUVECs was extracted with a genomic DNA 
extraction kit (Tsingke, Beijing, China). Bisulfite conversion of the 
genomic DNA (2 μg) was performed according to the manufacturer’s 
protocol supplied with the EZ DNA Methylation Gold Kit (Zymo 
Research, Orange, CA, USA). Specific primers for the promoter regions 
of the Drp1 gene were designed (E-gene Co. Ltd, Shenzhen, China) and 
used to perform bisulfite PCR amplification and library construction. 
Integrity and quantification were tested using Agilent 2100 and Qubit 
2.0. Then, sequencing was performed in an Illuminia system. Alignment 
was conducted in reference to the Drp1 gene sequence from NCBI. 

2.11. Western blot analysis 

Proteins from HUVECs were extracted with RIPA lysis buffer 
(Beyotime, Shanghai, China) containing 1% PMSF (Beyotime, Shanghai, 
China) and quantified using a BCA protein assay kit (Thermo Fisher 
Scientific, Waltham, MA, USA). Equal amounts of protein (30 μg) were 

separated by 10% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE), transferred to 0.22-μm PVDF membranes (Milli-
pore, Billerica, MA, USA), and incubated overnight at 4 ◦C with specific 
antibodies: anti-p16, anti-p21, anti-FIS1, anti-SAHH (Abcam, Cambridge, 
UK), anti-p53, anti-Drp1, anti-OPA1, anti-MFN1, anti-MFN2, anti- 
DNMT1, anti-DNMT3A, anti-DNMT3B, and anti-GAPDH (Cell Signaling 
Technology, Danvers, MA) followed by incubation with horseradish 
peroxidase-conjugated secondary antibodies (Cell Signaling Technol-
ogy, Danvers, MA). The dilution ratio was 1:1000 for the primary an-
tibodies and 1:10,000 for the secondary antibodies. Protein bands were 
visualized with Super Signal Chemiluminescence Substrate (Thermo 
Scientific, Waltham, MA, USA) and GAPDH was used as a control. Im-
ages were captured using the FluorChem E system (Protein Simple, 
Minneapolis, MN, USA) and band densities were quantified using image 
J software (NIH, Bethesda, MD, USA). The densities of the bands were 
normalized to that of GAPDH. 

2.12. Senescence-associated β-galactosidase (SA β-gal) staining 

The senescence of endothelial cells (ECs) and aorta was measured 
using a senescence-associated β-galactosidase (SA β-gal) staining kit 
(Beyotime, Shanghai, China). The protocol was conducted according to 
the manufacturer’s guide. In brief, HUVECs were seeded in a 6-well 
plate. Upon confluency, cells were fixed and incubated with SA β-gal 
working solution overnight in a non-humidified CO2-free incubator at 
37 ◦C. Random images per well were captured using light microscopy. 
SA β-gal positive cells were manually counted, and the total cell number 
per field was quantified using image J software (NIH, Bethesda, MD, 
USA). Aorta was harvested from sacrificed mice and perfused with ice- 
cold PBS. The subsequent procedures were the same as those used for 
HUVECs. 

2.13. Statistics 

The results are presented as means ± SEMs. The statistical signifi-
cance between groups was determined using two-tailed unpaired Stu-
dent’s t-test, Mann-Whitney U test, or one-way ANOVA followed by 
Bonferroni post hoc tests as appropriate. A probability value less than 
0.05 was considered statistically significant. Logistic regression and 
Spearman correlation analysis was performed for the case-control study. 
SPSS 25.0 software (IBM Corporation, Armonk, NY, USA) were used for 
all statistical analyses. 

3. Results 

3.1. Plasma SAH levels are associated with vascular aging in the 
population 

To investigate the association between SAH metabolism and vascular 
aging in human, a case-control study enrolling 102 age- and sex- 
matched participants was conducted. Cases were defined as brachial 
ankle pulse wave velocity (ba-PWV) ≥ 1400 cm/s. Descriptive statistics 
are listed in Supplementary Table 1. As shown in Fig. 1A–C, plasma SAH 
levels were significantly higher and SAM/SAH ratio were lower in the 
case group compared with the control group, but plasma SAM levels did 
not differ between groups. The logistic regression indicated that plasma 
SAH level was a risk factor for vascular aging, with an adjusted odds 
ratio (OR) (95% confidence interval, CI) of 3.90 (1.17–13.02) for Tertile 
3 vs. Tertile 1 (Table 1). In addition, the spearman correlation analysis 
showed that plasma SAH levels was positively correlated with ba-PWV 
(r = 0.314, P < 0.01) (Fig. 1D), carotid intima-media thickness (cIMT) 
(r = 0.290, P < 0.01) (Fig. 1E) and negatively correlated with flow- 
mediated dilation (FMD) (r = − 0.196, P < 0.05) (Fig. 1F), further sug-
gesting a link between SAH metabolism and age-associated alterations 
in vasculature. 
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3.2. SAHH inhibition induces vascular senescence 

To explore whether SAHH inhibition affected vascular senescence, 
SAHH+/- mice were generated by CRISPR/Cas9 system and their vali-
dation was confirmed (Supplementary Figs. 2A–E). At 32 weeks of age, 
SAHH+/- mice exhibited higher plasma SAH levels, lower SAM/SAH 
ratio (Supplementary Figs. 3A–B), and displayed signs of vascular 
senescence, as evidenced by an increased PWV value (Fig. 2B) and 
impaired endothelium-dependent relaxation response (Fig. 2C). But the 
endothelium-independent relaxation did not alter between groups 
(Fig. 2C). Elevated senescence-associated β-galactosidase (SA β-gal) 
staining in the aorta (Fig. 2D) and increased expression of p16, p21, and 
p53 (Fig. 2E), markers of cellular senescence, were also observed in 
SAHH+/- group compared with the wild type group. Additionally, we 
observed that cellular senescence predominately occurred in the endo-
thelial layer through combined β-gal staining and immunohistochemical 
staining of CD31, a marker of vascular endothelial cells, in sections of 
artery (Fig. 2D). In addition, basic phenotypes of key metabolic tissues 
including the liver, skeletal muscle, and epididymal adipose tissue in 
abovementioned mouse groups were examined and the data demon-
strated no significant alterations between groups (Supplementary 
Figs. 2F–H). Subsequently, the human umbilical vein endothelial cells 
(HUVECs) from passage 3–5 were then treated with the SAHH inhibitor 
adenosine dialdehyde (ADA) (30 μM) or transfected with SAHH siRNA 
for 48 h, which led to reduced expression of SAHH (Supplementary 
Figs. 3C–D) and SAM/SAH ratio (Supplementary Fig. 3F), and increased 
intracellular SAH levels (Supplementary Fig. 3E). Inhibition of SAHH 

increased SA β-gal staining (Fig. 2F) and expression of p16, p21, and p53 
in HUVECs with SAHH inhibition compared with the control group 
(Supplementary Figs. 3G–H). Taken together, these findings suggest that 
SAHH inhibition induces vascular senescence. 

3.3. SAHH inhibition promotes mitochondrial fission and elevates mtROS 
levels 

Given that SAHH inhibition is associated with DNA hypo-
methylation, whole-genome bisulfite sequencing (WGBS) was per-
formed on HUVECs treated with SAHH inhibition for further 
mechanistic investigations (Supplementary Fig. 4A). The sequencing 
results revealed that the global methylation level decreased in the SAHH 
inhibition group compared to the control group (Supplementary 
Fig. 4B). Additionally, GO enrichment analysis of sequencing datasets 
suggested that genes regulating mitochondrial dynamics might mediate 
the senescence-prone effect of SAHH inhibition (Supplementary 
Fig. 4C). Furthermore, examination of transmission electron microscope 
(TEM) and staining of MitoTracker Green on HUVECs demonstrated that 
SAHH inhibition turned mitochondria into shorter morphologies, indi-
cating excessive mitochondrial fission (Fig. 3A–C). In vivo, TEM exami-
nation on the endothelial layer of SAHH+/- mice also revealed a fission- 
prone morphology of mitochondria (Fig. 3E–F). As mitochondria- 
derived reactive oxygen species (mtROS) resulting from disturbance of 
mitochondrial dynamics can cause cellular senescence through DNA 
damage and other pathway, mtROS levels were measured in HUVECs 
using MitoSOX staining. The results indicated higher levels of mtROS in 

Fig. 1. Plasma SAH levels are associated with vascular aging in population 
A case‒control study (n = 51/group) related to vascular aging was conducted. Cases were defined as ba-PWV ≥1400 cm/s. (A)–(C) Differences in the levels of plasma 
SAH, SAM, and SAM/SAH between controls and cases. Plasma levels of SAH and SAM were measured by stable-isotope dilution liquid chromatography–electrospray 
tandem mass spectrometry. (D)–(F) The correlation between plasma SAH levels and baPWV, cIMT, and FMD in the cases and the controls. ba-PWV, brachial ankle 
pulse wave velocity; cIMT, carotid intima-media thickness; FMD, flow-mediated dilation. For all bar graphs, data are means ± SEM, *p < 0.05 (determined by the 
Mann-Whitney U test). Correlation was conducted using Spearman correlation analysis. 

Table 1 
Odds ratios of risk for vascular aging by plasma SAH levels.  

Variables Cases (n = 51) Controls (n = 51) OR (95% CI) Adjusted ORa (95% CI) 

SAH levels (nM)     
T1 (<39.21) 12 22   
T2 (39.21–47.46) 18 16 2.06 (0.78–5.46) 1.87 (0.59–5.93) 
T3 (>47.46) 21 13 2.96 (1.10–7.94) 3.90 (1.17–13.02) 

CI, Confidence interval; OR, odds ratio; T1, Tertile 1. 
a Adjusted for age, sex, BMI, and smoking status. 
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the SAHH-inhibition group than in the control group (Fig. 3A, D). 
Similarly, SAHH+/- mice also showed elevated levels of ROS in the artery 
(Fig. 3E, G). Notably, the effect of SAHH inhibition on β-gal staining was 
abrogated upon mitoTEMPO administration, a specific quencher of 
mtROS, both in vitro and in vivo (Fig. 3H–J). Given that elevated mtROS 
has been reported to elicit both cellular senescence and apoptosis, 

TUNEL assay was performed in HUVECs with SAHH inhibition but no 
significant change was observed between groups (Supplementary 
Fig. 5A). Additionally, it is worth noting that mitochondrial fission can 
serve as a mechanism to segregate damaged mitochondria for further 
degradation through mitophagy. In light of this, we further investigated 
the involvement of mitophagy in HUVECs treated with SAHH inhibition 

Fig. 2. SAHH inhibition induces vascular senescence. 
(A) 8-week-old male SAHH+/- mice and wild type littermates were fed a chow diet for 24 weeks (n = 6). (B) Aortic pulse wave velocity in abovementioned mouse 
groups (n = 6). (C) Endothelium-dependent vascular relaxation in response to acetylcholine in the presence or absence of eNOS inhibitor L-NAME, and endothelium- 
independent vascular relaxation in response to nitroprusside in abovementioned mouse groups (n = 6). (D) SA β-gal staining and CD31 immunohistochemical 
staining in the aortic arch of abovementioned mouse groups (n = 6). Scale bar = 2 mm, 250 μm, and 250 μm (from the top to bottom). (E) Western blot analysis of 
p16, p21, and p53 protein expression in the aorta of abovementioned mouse groups (n = 6). (F) HUVECs were treated with ADA (30 μM) or transfected with SAHH 
siRNA for 48 h. SA β-gal staining of abovementioned HUVECs groups (n = 4). Scale bar = 200 μm. SA β-gal, senescence-associated β-galactosidase; PWV, pulse wave 
velocity. For all bar graphs, data are means ± SEM, *p < 0.05 (determined by the t-test). 
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Fig. 3. SAHH inhibition promotes mitochondrial fission and elevated mtROS. 
(A) Morphology of mitochondria detected by transmission electron microscopy, morphological staining of mitochondria using MitoTracker Green dye, and mtROS 
staininig using MitoSOX dye in HUVECs treated with ADA (30 μM) or transfected with SAHH siRNA for 48 h (n = 3). Scale bar = 2 μm, 25 μm, and 25 μm (from the 
top to bottom). (B) Quantification of the ratio of mitochondrial width to length according to TEM examination in (A). (C) Quantification of the mitochondrial length 
according to Mitotracker Green staining in (A). (D) Quantification of mtROS levels according to MitoSOX staining in (A). (E) Morphology of mitochondria in the 
aortic endothelium detected by transmission electron microscopy and DHE staining of the aorta in wild type and SAHH+/- mouse groups (n = 6). Scale bar = 2 μm 
and 250 μm (from the top to bottom). (F) Quantification of the ratio of mitochondrial width to length according to TEM examination in (E). (G) Quantification of 
DHE fluorescence density according to DHE staining in (E). (H) SA β-gal staining of HUVECs transfected with SAHH-siRNA for 48 h in the presence or absence of 
mitoTEMPO (50 μM) (n = 4). Scale bar = 200 μm. (I) Male SAHH+/- mice and their wild type littermates were divided into 4 groups (n = 6): wild type group, wild 
type + mitoTEMPO (i.p. 0.5 mg/kg every other day), SAHH+/- group, and SAHH+/- 

+ mitoTEMPO (i.p. 0.5 mg/kg every other day) group and fed a chow diet from 8 
to 32 weeks of age. (J) SA β-gal staining and CD31 immunohistochemical staining of the aortic arch of the abovementioned mouse groups (n = 6). Scale bar = 2 mm, 
250 μm, and 250 μm (from the top to bottom). TEM, transmission electron microscopy; SA β-gal, senescence-associated β-galactosidase; mtROS, mitochondria- 
derived reactive oxygen species. For all bar graphs, data are means ± SEM, *p < 0.05 (determined by the t-test or 1-way ANOVA). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version of this article.) 
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using Mitophagy staining and observed increased mitophagy in the 
SAHH inhibition group compared with the control (Supplementary 
Fig. 5B). 

3.4. Endothelial senescence induced by SAHH inhibition is mediated 
through the Drp1-mtROS pathway 

To further explore the mechanism by which SAHH inhibition induce 
mitochondrial fission, the expression of key molecules regulating 
mitochondrial dynamics was tested in HUVECs with SAHH inhibition. 
The results showed that the expression of Drp1 was upregulated by 
71.9% and 73.3% at the mRNA level and by 2.06 times and 2.44 times at 
the protein level in the ADA-treated and siRNA-treated groups, respec-
tively, compared with control groups (Supplementary Fig. 5C and 
Fig. 4A). Whereas the expression of Fis1, OPA1, MFN1 and MFN2 
remained unaltered (Supplementary Fig. 5C and Fig. 4A). Likewise, the 
protein level of Drp1 was increased by 2.15 times in the aorta of 
SAHH+/- mice compared with that of wild-type mice (Fig. 4B). To 
further investigate the role of Drp1 in SAHH inhibition-induced mito-
chondrial fission and cellular senescence, DRP1 siRNA or mdivi-1 (a 
Drp1 inhibitor) were used to inhibit Drp1 in vitro and in vivo, respectively 
(Fig. 4C and Supplementary Fig. 5D). The results showed that inhibition 
of Drp1 recovered the shape of mitochondria in SAHH-inhibited 
HUVECs and endothelium of SAHH+/- mice to baseline levels 
(Fig. 4D–F, 4I-J). Furthermore, knocking down Drp1 with siRNA abro-
gated the mtROS elevation in HUVECs (Fig. 4D, G) and mdivi-1 treat-
ment alleviated the ROS levels in the artery of SAHH+/- mice (Fig. 4I, K). 
However, quenching mtROS with mitoTEMPO did not affect Drp1 
expression or mitochondrial morphology in HUVECs with SAHH inhi-
bition (Supplementary Figs. 5E–F), suggesting that mtROS was 
increased in a Drp1-dependent fashion, but not the other way round. The 
knockdown of Drp1 also attenuated the SA β-gal staining in HUVECs 
with SAHH inhibition (Fig. 5A) and reduced protein expression of p16, 
p21, and p53 in HUVECs transfected with siRNA by 54.5%, 55.5%, and 
43.8%, respectively (Fig. 5B). In vivo, inhibition of Drp1 ameliorated 
endothelial senescence and vascular senescence in SAHH+/- mice by 
decreasing PWV value (Fig. 5C), improving endothelium-dependent 
relaxation response (Fig. 5D), and reducing SA β-gal staining (Fig. 5E). 
The protein expression of p16, p21, and p53 in the aorta of SAHH+/- 

mice treated with mdivi-1 was also reduced by 67.0%, 61.9%, and 
67.4% respectively compared with the control (Fig. 5F–G). These find-
ings suggests that inhibition of SAHH induce endothelial senescence and 
vascular senescence via the Drp1-mtROS pathway. 

3.5. SAHH inhibition accelerates atherosclerosis via a Drp1-dependent 
pathway 

To verify whether the aforementioned mechanisms apply to the 
development of atherosclerosis, we conducted further investigations in 
APOE− /− mice. Utilizing a model of atherosclerosis involving APOE− /−

mice fed a western diet (Fig. 6A), our findings revealed increases in SA 
β-gal staining of the artery, protein expression levels of p16, p21, and 
p53 in the aorta, and plaque formation in male APOE− /− mice over a 12- 
week period of western diet feeding (Fig. 6 B, E). Concurrently, plasma 
levels of SAH were elevated by 2.91 times, while plasma SAM/SAH ratio 
was reduced by 63.4% in the 12-week mouse group compared to the 0- 
week group (Fig. 6C–D). Furthermore, protein expression of SAHH in the 
aorta decreased by 33.3% in the 6-week group and by 62.6% in the 12- 
week group, relative to the 0-week group (Fig. 6E). Protein expression of 
Drp1 in the aorta was increased by 51.6% in the 6-week mouse group 
and by 2.27 times in the 12-week group, compared to the 0-week group 
(Fig. 6E). These findings suggest that SAHH declined and phenotypes 
related to vascular senescence increased in ApoE− /− mouse model dur-
ing a western-diet feeding and the progression of atherosclerosis. Sub-
sequently, APOE− /− SAHH+/− mice were generated by breeding 
SAHH+/- knockout mice with APOE− /− mice and identified with agarose 

gel electrophoresis (Supplementary Fig. 6A). At the age of 8 weeks, male 
APOE− /− SAHH+/− mice and their APOE− /− littermates were divided 
into 4 groups: APOE− /− group, APOE− /− + mdivi-1(i.p.) group, APOE− / 

− SAHH+/− group, and APOE− /− SAHH+/− + mdivi-1(i.p.) group 
(Fig. 7A). Upon being fed a western diet for 8 weeks, APOE− /− SAHH+/−

mice showed increased plasma SAH levels (Fig. 7B) and decreased SAM/ 
SAH ratio (Fig. 7C). There were no significant differences in TG, TC and 
HDL-C among groups (Supplementary Fig. 6B). The positive area for 
β-gal staining and oil red staining in the aorta of APOE− /− SAHH+/− mice 
increased by 4.76 times and 2.97 times, respectively, compared with 
APOE− /− littermates (Fig. 7D–F). Additionally, we observed a 2.44-time 
increase in lesion area in the aortic sinus of APOE− /− SAHH+/− mice in 
comparison with APOE− /− mice (Fig. 7G). However, mdivi-1 treatment 
reduced the positive area for β-gal staining and oil red staining by 76.3% 
and 70.5%, respectively in APOE− /− SAHH+/− mice (Fig. 7D–F). A 
decline of 49.1% in lesion area of aortic sinus was observed as well 
(Fig. 7G). 

3.6. SAHH inhibition induces hypomethylation of the DRP1 promoter and 
upregulates Drp1 via inhibition of DNMT1 

Considering that inhibition of SAHH regulates methylation nega-
tively in organisms, as well as the indication of WGBS, we performed 
bisulfite-amplicon sequencing targeting the promoter region of the 
DRP1 gene in HUVECs treated with ADA or SAHH siRNA and observed a 
decrease in methylation levels in both treatment groups compared to 
controls (Fig. 8A). Hypomethylation of the promoter region is known to 
be associated with transcriptional activation, which was confirmed by a 
luciferase reporter assay that showed an increase in DRP1 promoter 
activity by 68.5% and 59.1% in ADA- and SAHH-siRNA-treated 
HUVECs, respectively (Fig. 8B). To further examine the role of CpG 
methylation in the upregulation of Drp1, methylated DRP1 promoter 
plasmid was conducted in vitro using Sss1 enzyme and transfected into 
HUVECs. Interestingly, in vitro methylation decreased the activity of the 
DRP1 promoter by 36.4% and 55.5% in ADA- and SAHH-siRNA-treated 
HUVECs, respectively (Fig. 8B). DNA transmethylation is catalyzed by 
DNA methyltransferases (DNMTs) including DNMT1, DNMT3A, and 
DNMT3B. DNMT1 is responsible for maintaining the methylation status, 
whereas DNMT3A and DNMT3B are involved in de novo synthesis. After 
SAHH inhibition, DNMT1 was decreased at both the protein and mRNA 
levels in HUVECs, while no significant differences were observed in 
DNMT3A and DNMT3B compared with the control group (Fig. 8C and 
Supplementary Fig. 7). To further confirm the role of DNMT1 in regu-
lating Drp1 expression, we constructed an adenovirus expressing human 
DNMT1 and infected HUVECs with it. As expected, overexpression of 
DNMT1 abolished the increase in promoter activity and protein 
expression of Drp1 in HUVECs treated with ADA or SAHH siRNA 
(Fig. 8D–E). 

4. Discussion 

In this study, we identified a new mechanism that links SAHH inhi-
bition to the development of atherosclerosis through vascular senes-
cence. Our results indicate that inhibition of SAHH leads to 
downregulation of DNMT1 expression, which subsequently reduces 
methylation over the promoter region of the DRP1 gene in endothelial 
cells. This effect leads to imbalanced mitochondrial dynamics and 
increased mtROS production, ultimately resulting in vascular senes-
cence and atherosclerosis. These findings suggest that SAHH could be a 
potential target for preventing vascular senescence and atherosclerosis, 
which are highly prevalent in the elderly population. The inhibition of 
SAHH has been observed to exert a pro-atherosclerotic effect via 
epigenetic regulation. Specifically, SAHH inhibition has been shown to 
induce endothelial inflammation by downregulating H3K27me3 
through EZH2 pathway [21], promote oxidative stress in endothelial 
cells, and impair endothelium-dependent vasodilation via upregulation 
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of p66shc [20]. Given that vascular senescence is linked with epigenetics 
modifications and contributes to atherosclerosis [22], we hypothesized 
that SAHH inhibition might induce vascular senescence and thereby 
accelerate the development of atherosclerosis. We first identified an 
association between vascular aging and plasma SAH levels in our 
case-control study. Subsequently, we confirmed that SAHH inhibition 
affects vascular senescence using the SAHH+/- knockout mice model. 
Notably, the pro-senescence effect of SAHH inhibition was mainly 
observed in the endothelial layer, which is further verified using 
HUVECs models treated with ADA and SAHH siRNA. One possible 
explanation for this selective effect is the pivotal role of the endothelium 
in cardiovascular pathogenesis. Alteration of the endothelium is re-
ported to be the initial step in cardiovascular diseases and may be seen in 
their early phase [22]. Risk factors such as hypercholesterolemia, hy-
pertension, diabetes, and smoking, for example, are associated with 
endothelial dysfunction, which in turn contributes to arterial stiffness, 
atherosclerosis, stroke, and coronary artery disease [23]. 

As an essential component of the methionine cycle, SAH metabolism 
has been tightly linked to cellular senescence and aging in organisms. 
For example, the activity of SAHH decreases and SAH levels increase 
with the aging of bone marrow mesenchymal stem cells [24] and red 
blood cells [25]. Age-dependent accumulation of SAH was also found in 
vivo in Drosophilas [26] and rats [27]. In humans, the SAH levels of 
cerebrospinal fluid manifested an age-dependent increase [28]. Addi-
tionally, SAH accumulation has been proposed to be associated with 
age-related cognitive diseases [29]. Today, in an increasingly aging 
society, the demand for the prevention of age-related diseases increases 
further. Our findings might provide new insight into potential therapies 
for age-associated diseases, such as Alzheimer’s disease, diabetes, and 
cancer, as SAHH inhibition regulates cellular senescence in addition to 
affecting atherosclerosis. 

Mitochondria are organelles with highly dynamic structures main-
tained by a delicate equilibrium between fission and fusion processes 
[8]. In mammalian cells, mitochondrial fission is regulated by Drp1 and 
Fis1, while MFN1&2 and OPA1 participate in the fusion process [10]. 
Perturbation of mitochondrial dynamics can lead to cellular senescence. 
For instance, myocardial senescence induced by hypoxia in rats depends 
on Drp1-mediated mitochondrial fission [30]. Protein disulfide isom-
erase inhibits Drp1-mediated mitochondrial fission, thereby limiting 
endothelial senescence [31]. In fungi and C. elegans, inhibiting mito-
chondrial fission by knocking down Drp1 expands the lifespan [12,32]. 
In line with these findings, WGBS in the current study indicated that 
differentially methylated genes between the SAHH inhibition and con-
trol groups were enriched in terms related to mitochondrial dynamics. 
We further confirmed the fission-prone changes of mitochondria in 
SAHH+/- mice and HUVECs by TEM and specific fluorescence staining. 
Our loss-of-function experiments demonstrated that Drp1 mediates the 
effect of SAHH inhibition on mitochondrial fission and subsequent 
endothelial senescence both in vitro and in vivo. 

Abnormal shape of mitochondria can cause a series of pathological 
changes, including inefficient oxidative phosphorylation, ATP 

depletion, and increased levels of mitochondria-derived ROS (mtROS) 
[8]. Mounting evidence suggests that mtROS play a critical role in the 
link between aberrant mitochondrial dynamics and cellular senescence 
in various cell types, including T cells, hepatocellular carcinoma cells, 
microglia, and endothelial cells [31,33–35]. Herein, elevated mtROS 
was observed in HUVECs with SAHH inhibition. Enhanced ROS levels 
were also detected in the aorta of SAHH+/- mice. To investigate the role 
of mtROS in vascular senescence induced by SAHH inhibition, we used 
mitoTEMPO, a specific quencher that targets mtROS. Our results showed 
that the senescence phenotypes of HUVECs were attenuated after 
mitoTEMPO treatment. In vivo, ameliorated vascular senescence were 
also observed in SAHH+/- mice injected with mitoTEMPO compared 
with the control. To determine the origin of the elevated mtROS, we 
downregulated Drp1 in vitro and in vivo. The results indicated that the 
elevated mtROS functioned downstream of the enhanced 
Drp1-mediated mitochondrial fragmentation without a feedback effect. 
Mitochondrial fission may also be induced by mitochondrial dysfunction 
in order to segregate and degrade the damaged portion through 
mitophagy. Mitophagy is a vital process responsible for selective 
removal of excess or damaged mitochondrial through autophagy and 
plays a role in mitochondrial homeostasis alongside mitochondrial dy-
namics. Growing evidence suggests that dysregulated mitophagy con-
tributes to vascular senescence by promoting the accumulation of 
damaged mitochondria and ROS [36,37]. Conversely, the upregulation 
of mitophagy, such as through trehalose treatment, has been shown to 
reduce superoxide and reverse several phenotypic manifestations of 
vascular aging in aged mice [38]. In light of these findings, we sought to 
investigate the role of mitophagy in HUVECs under SAHH inhibition and 
observed an increase in mitophagy in the SAHH inhibition group 
compared to the control. This finding can be attributed to the disruption 
of mitochondrial dynamics, which is known to promote intracellular 
mitophagy. Specifically, previous studies have demonstrated that 
Drp1-mediated mitochondrial fission is a prerequisite for mitophagy in 
yeast [39]. In mouse heart and brain, parkin-independent mitophagy is 
also induced by Drp1-mediated mitochondrial fission [40]. Addition-
ally, the depletion of Cav-1 in breast cancer cells enhances both mito-
chondrial fusion and fission, and thereby facilitating mitophagy [41]. 
However, we acknowledge that further investigations are required in the 
future to determine whether SAHH inhibition directly affects 
mitophagy. 

MtROS has been reported to elicit both cellular senescence and 
apoptosis [42]. To investigate the effect of herein SAHH model on 
apoptosis, we examined the occurrence of apoptosis in HUVECs and 
observed no significant difference between the SAHH group and the 
control group. It is possible that the intensity of mtROS induced by 
SAHH inhibition was not sufficient to trigger apoptosis. Oxidative stress 
elicits downstream cellular events in a dose-response manner. For 
instance, high doses of H2O2 can cause overwhelming stress and lead to 
apoptosis, while lower doses of H2O2 induce less severe damage and 
cellular senescence in F65 and IMR90 human diploid fibroblasts [43, 
44]. Furthermore, the quaternary structure, post-translational 

Fig. 4. Enhanced mitochondrial fission and mtROS are mediated by Drp1. 
HUVECs were treated with ADA (30 μM) or transfected with SAHH siRNA for 48 h. 8-week-old SAHH+/- mice and wild type littermates were fed a chow diet for 24 
weeks (n = 6). (A) Western blot analysis of genes regulating mitochondrial dynamics in abovementioned HUVECs groups (n = 3). (B) Western blot analysis of Drp1 
protein expression in the aorta of abovementioned mouse groups (n = 6). HUVECs were transfected with DRP1-siRNA in the presence of ADA or SAHH-siRNA. (C) 
Western blot analysis of Drp1 protein expression in abovementioned HUVECs groups (n = 3). (D) Morphology of mitochondria detected by transmission electron 
microscopy, morphological staining of mitochondria using MitoTracker Green dye, and mtROS staininig using MitoSOX dye in abovementioned HUVECs groups (n =
3). Scale bar = 2 μm, 25 μm, and 25 μm (top to bottom). (E) Quantification of the ratio of mitochondrial width to length according to TEM examination in (D). (F) 
Quantification of the mitochondrial length according to MitoTracker Green staining in (D). (G) Quantification of mtROS levels according to MitoSOX staining in (D). 
(H) Male SAHH+/- mice and their wild type littermates were divided into 4 groups (n = 6): wild type group, wild type + mdivi-1 (i.p. 10 mg/kg twice a week) group, 
SAHH+/- group, and SAHH+/− + mdivi-1 (i.p. 10 mg/kg twice a week) group and fed a chow diet from 8 to 32 weeks of age. (I) Morphology of mitochondria in the 
aortic endothelium detected by transmission electron microscopy and DHE staining of the aorta in abovementioned mouse groups (n = 6). Scale bar = 2 μm and 250 
μm (top to bottom). (J) Quantification of the ratio of mitochondrial width to length according to TEM examination in (I). (K) Quantification of DHE fluorescence 
density according to DHE staining in (I). For all bar graphs, data are means ± SEM, *p < 0.05 (determined by the t-test or 1-way ANOVA). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 5. Drp1 inhibition rescues the endothelial senescence and vascular senescence induced by SAHH inhibition. 
HUVECs were transfected with DRP1-siRNA in the presence of SAHH-siRNA. Male SAHH+/- mice and their wild type littermates were divided into 4 groups (n = 6): 
wild type group, wild type + mdivi-1 (i.p. 10 mg/kg twice a week) group, SAHH+/-group, and SAHH+/− + mdivi-1 (i.p. 10 mg/kg twice a week) group and fed a chow 
diet from 8 to 32 weeks of age. (A) SA β-gal staining of HUVECs from the abovementioned 4 groups (n = 4). Scale bar = 200 μm. (B) Western blot analysis of p16, 
p21, and p53 protein expression in HUVECs from the abovementioned 4 groups (n = 3). (C) Aortic pulse wave velocity of mice from the abovementioned mouse 
groups (n = 6). (D) Endothelium-dependent vascular relaxation in response to acetylcholine in the presence or absence of eNOS inhibitor L-NAME, and endothelium- 
independent vascular relaxation in response to nitroprusside in abovementioned mouse groups (n = 6). (E) SA β-gal staining and CD31 immunohistochemical 
staining of the aortic arch of the abovementioned mouse groups (n = 6). Scale bar = 2 mm, 250 μm, and 250 μm (from the top to bottom). (F)–(G) Western blot 
analysis of p16, p21, and p53 protein expression in mouse aorta from the abovementioned mouse groups (n = 6). SA β-gal, senescence-associated β-galactosidase; 
PWV, pulse wave velocity. For all bar graphs, data are means ± SEM, *p < 0.05 (determined by the 1-way ANOVA). 

Fig. 6. SAHH declines and vascular senescence increases during the progression of atherosclerosis in ApoE− /− mice. 
(A) 8-week-old male APOE− /− mice were divided into 3 groups (n = 6) and fed a western diet for 0, 6 and 12 weeks, respectively. (B) SA β-gal staining and CD31 
immunohistochemical staining of the aortic arch and oil red O staining of the aortic sinus of the abovementioned mice (n = 6). Scale bar = 2 mm, 250 μm, 250 μm, 
and 500 μm (from the top to bottom). (C)–(D) Plasma concentrations of SAH and the SAM/SAH ratios in the abovementioned mice (n = 6). Plasma levels of SAH and 
SAM were measured by stable-isotope dilution liquid chromatography–electrospray tandem mass spectrometry. (E) Western blot analysis of p16, p21, p53, SAHH, 
and Drp1 protein expression in the aorta of the abovementioned mice (n = 6). SA β-gal, senescence-associated β-galactosidase. For all bar graphs, data are means ±
SEM, *p < 0.05 (determined by the 1-way ANOVA). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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modification, and kinetic expression of p53 can influence whether cells 
undergo apoptosis or senescence [45]. These factors were not explored 
in our study and warrant further work in the future, as well as other 
signaling pathways such as PTEN/PI3K/AKT, that regulate both 
apoptosis and senescence. 

Drp1 is a GTPase belonging to dynamin superfamily and regulates 
mitochondrial fission. Drp1 can be modified by phosphorylation, ubiq-
uitylation, SUMOylation, and S-nitrosylation [46]. In addition, epige-
netic modifications, such as methylation, have been shown to 
participate in Drp1 regulation in recent years. For example, proteins 
associated with obesity in fat mass have been shown to impair 
Drp1-mediated mitochondrial fission by decreasing m6A methylation in 

DRP1 mRNA [47]. In the HUVEC model of SAHH inhibition, we 
observed decreased methylation occupancy over the promoter region 
and decreased promoter activity of the DRP1 gene, concomitant with 
downregulation of DNMT1, an enzyme responsible for DNA methylation 
maintenance. An in vitro methylation assay confirmed that the methyl-
ated promoter could abrogate Drp1 upregulation in HUVECs with SAHH 
inhibition. In line with it, further overexpression of DNMT1 reduced 
Drp1 expression in HUVECs treated with SAHH inhibition. Our inves-
tigation provided evidence that DNA methylation participated in Drp1 
regulation. Consistent with our findings, a study on BeWo cells treated 
with polybrominated diphenyl ethers reported increased Drp1 expres-
sion and hypomethylation of the promoter region of DRP1, but the 

Fig. 7. SAHH inhibition accelerates atherosclerosis in a Drp1-dependent pathway. 
(A) 8-week-old male APOE− /− SAHH+/− mice and APOE− /− littermates were divided into 4 groups (n = 6): APOE− /− group, APOE− /− + mdivi-1 (i.p. 10 mg/ml twice a 
week) group, APOE− /− SAHH+/− group, and APOE− /− SAHH+/−

+ mdivi-1 (i.p. 10 mg/ml twice a week) group and fed a western diet from 8 to 16 weeks of age. (B)– 
(C) Plasma concentrations of SAH and the SAM/SAH ratios in the abovementioned mice (n = 6). Plasma levels of SAH and SAM were measured by stable-isotope 
dilution liquid chromatography–electrospray tandem mass spectrometry. (D) Representative SA β-gal staining images and oil red O staining images of the same aorta 
in abovementioned mouse groups (n = 6). (E)–(F) Quantification of the SA β-gal staining and oil red O staining areas in (D). (G) Oil red O staining of aortic sinus 
sections in the abovementioned mouse groups (n = 6). Scale bar = 500 μm. SA β-gal, senescence-associated β-galactosidase. For all bar graphs, data are means ±
SEM, *p < 0.05 (determined by the 1-way ANOVA). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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Fig. 8. SAHH inhibition induces hypomethylation of the DRP promoter and upregulation of Drp1 via inhibition of DNMT1. 
(A) The methylation level of GpG sites over the promoter region of the DRP1 gene in HUVECs treated with ADA (30 μM) or transfected with SAHH siRNA for 48 h by 
BA-seq. (B) HUVECs transfected with unmethylated or methylated DRP1 promoter by the CpG methylase Sss1 were treated with ADA (30 μM) or transfected with 
SAHH siRNA for 48 h. DRP1 promoter activity in abovementioned HUVECs measured using a luciferase reporter kit (n = 3). (C) Western blot analysis of DNMT1, 
DNMT3A, and DNMT3B in HUVECs treated with ADA (30 μM) or transfected with SAHH siRNA for 48 h (n = 3). (D) Western blot analysis of DNMT1 and Drp1 in 
HUVECs overexpressing DNMT1 in the presence of ADA and SAHH-siRNA (n = 3). (E) HUVECs transfected with the DRP1 promoter or control plasmid were infected 
with Adv-CT or Adv-DNMT1 for 24 h and then treated with ADA (30 μM) or SAHH siRNA for another 24 h. DRP1 promoter activity measured by a luciferase reporter 
kit in abovementioned HUVECs groups (n = 3). TSS, transcription start site; BA-seq, amplicon bisulfite sequencing. For all bar graphs, data are means ± SEM, *p <
0.05 (determined by the t-test or 1-way ANOVA). 
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mechanism was not further investigated [48]. In addition, our data 
confirmed the critical role of DNMT1 in the regulation of Drp1. 
Intriguingly, DNMT1 deficiency has been reported to lead to hypo-
methylation of the DRP1 gene and promoted the aberrant binding of 
CTCF, inhibiting Drp1-mediated mitochondrial fission in adipocytes 
[49]. The discrepancy could be explained by the fact that although DNA 
methylation has been generally recognized as a repressor of transcrip-
tion by inhibiting the binding between transcription factors and pro-
moter regions, it can also participate in transcriptional activation [50]. 
Furthermore, the interplay between cis-transcription factors and the 
promoter region was not explored in that study and warrants further 
investigation, which was mentioned as a limitation by the authors [49]. 

However, our study is subject to several limitations that necessitate 
further investigation. Firstly, we only reported an association between 
vascular aging and SAHH inhibition at the population level, without 
further mechanistic confirmation. Secondly, we did not discuss the po-
tential effects of SAHH inhibition on other cell types within vasculature, 
such as smooth muscle cells and macrophages. Thirdly, the utilization of 
a whole-body knockout mouse model prevents us from completely 
excluding indirect effects of other tissues on the vasculature, high-
lighting the need for future research employing endothelium-specific 
knockout mouse models. Lastly, we have not conducted experiments 
involving further over-expression or upregulation of SAHH in the cur-
rent study. 

In summary, we demonstrate that inhibition of SAHH results in 
vascular senescence and accelerates atherosclerosis through epigenetic 
regulation of Drp1-mediated mitochondrial fission. Our findings suggest 
that SAHH inhibition and SAH elevation can serve as hallmark in-
dicators of vascular senescence and atherosclerosis, and may provide 
insights into prevention and therapies for these conditions. 
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