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A B S T R A C T   

Vascular aging contributes to adverse changes in organ function and is a significant indicator of major cardiac 
events. Endothelial cells (ECs) participate in aging-provoked coronary vascular pathology. Regular exercise is 
associated with preservation of arterial function with aging in humans. However, the molecular basis is not well 
understood. The present study was aimed to determine the effects of exercise on coronary endothelial senescence 
and whether mitochondrial clearance regulator FUN14 domain containing 1 (FUNDC1)-related mitophagy and 
mitochondrial homeostasis were involved. In mouse coronary arteries, FUNDC1 levels showed gradually 
decrease with age. Both FUNDC1 and mitophagy levels in cardiac microvascular endothelial cells (CMECs) were 
significantly reduced in aged mice and were rescued by exercise training. Exercise also alleviated CMECs 
senescence as evidenced by senescence associated β-galactosidase activity and aging markers, prevented endo
thelial abnormal cell migration, proliferation, and eNOS activation in CMECs from aged mice, and improved 
endothelium-dependent vasodilation of coronary artery, reduced myocardial neutrophil infiltration and in
flammatory cytokines evoked by MI/R, restored angiogenesis and consequently alleviated MI/R injury in aging. 
Importantly, FUNDC1 deletion abolished the protective roles of exercise and FUNDC1 overexpression in ECs with 
adeno-associated virus (AAV) reversed endothelial senescence and prevented MI/R injury. Mechanistically, 
PPARγ played an important role in regulating FUNDC1 expressions in endothelium under exercise-induced 
laminar shear stress. In conclusion, exercise prevents endothelial senescence in coronary arteries via 
increasing FUNDC1 in a PPARγ-dependent manner, and subsequently protects aged mice against MI/R injury. 
These findings highlight FUNDC1-mediated mitophagy as potential therapeutic target that prevents endothelial 
senescence and myocardial vulnerability.   

1. Introduction 

Cardiovascular disease is responsible for the highest mortality rates 
in older individuals, accounting for approximately 40% of all deaths [1]. 
Aging causes dysfunction in conducting arteries, arterioles and 

microcirculation, including coronary arteries [2]. Recent research has 
provided evidence for the Vascular Theory of Aging, which states that 
vascular aging is a driver of organismal aging at large [3,4], leading to a 
progressive decline in organ function and generating increased adverse 
changes and susceptibility to cardiovascular disease in the elderly. 
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Endothelial cells (ECs) are the most abundant cell type in the heart [5] 
and perform many diverse but specialized functions. Considering that 
the age-related decline in endothelial function is associated with 
microvasculature pathologic remodeling and contributes to enhanced 
cardiovascular vulnerability to stress in elderly [6,7], prevention stra
tegies to optimize cardiovascular health with age are urgently needed 
[8]. Lifestyle modifications, especially regular exercise, are associated 
with a reduced risk of cardiovascular damage [9] and preserve large 
elastic arterial function concomitant with aging [10,11]. However, the 
underlying pathophysiological mechanisms of coronary vascular aging 
and effects of physical exercise on coronary arteries during aging re
mains to be elucidate. 

Mitochondria are sensors and integrators of environmental cues in 
ECs [12]. Senescence heralds an indisputable decline in mitochondrial 
function [13] and mediated several interrelated cellular processes such 
as calcium handling, apoptosis, and redox signaling. Mitochondrial 
reactive oxygen species (ROS) accumulation primarily caused EC dam
age [14]. Additionally, decreased mitochondrial membrane potential is 
associated with increased mitochondrial membrane hyperpermeability, 
resulting in the apoptosis activation and ultimately ECs dysfunction. 
Thus, failures in mitochondrial signaling in the endothelium may be an 
initial alteration observed at an early stage and constitute causative 
events in the development of cardiovascular disease [15,16]. In 
mammalian cells, mitophagy is a vital mitochondrial quality control 
mechanism; it centrally regulates cardiovascular homeostasis by gov
erning and fine-controlling cellular metabolism, redox equilibrium, and 
ATP generation. Mitophagy controls various factors that may drive pa
thologies such as aging-related disorders [17]. On the other hand, aging 
is also a key determinant that alters mitophagic homeostasis in cardio
vascular systems [18]. A recent study has demonstrated that acute ex
ercise provokes the removal of damaged mitochondria via mitophagy, 
regulating through the AMPK-ULK1 signaling axis in skeletal muscle 
[19]. The above evidence strongly supports that targeting mitophagy 
may be a promising approach for cardiac and coronary vascular pro
tection against myocardial ischemia/reperfusion (MI/R) injury in aging. 

FUN14 domain containing 1 (FUNDC1) is an integral mitochondrial 
outer-membrane protein that plays a key role as a receptor for hypoxia- 
induced mitophagy. A number of studies support the view that FUNDC1 
levels are closely related to the occurrence, progression, and prognosis 
of various diseases, including heart diseases, metabolic disorders and 
cancer [20–22], suggesting that FUNDC1 may be a promising biomarker 
and potential therapeutic target. It has been proven that 
FUNDC1-mediated mitophagy is linked with inflammatory responses 
[23], metabolic state [24], function of mitochondria-associated endo
plasmic reticulum membranes [22]. It was reported that casein kinase 
2α (CK2α) suppresses FUNDC1-mediated mitophagy and aggravates 
MI/R injury [25,26]. However, the role of FUNDC1 in endothelium, 
especially whether disturbance of FUNDC1-mediated mitophagy is 
responsible for endothelial cellular senescence remains to be elucidate. 
Therefore, the present study was aimed to investigate the roles of ex
ercise in coronary endothelial senescence and explore the potential 
underlying effects of FUNDC1-related mitophagy on EC processes. 

2. Materials and methods 

2.1. Study animals 

This study was adhered to the National Institutes of Health Guide
lines for the Use of Laboratory Animals and approved by the Fourth 
Military Medical University Committee on Animal Care. Male C57BL6J 
mice 8 weeks old (young animal cohort) and 18 months old (aged animal 
cohort) were supplied by the Experimental Animal Center of the Uni
versity. EC specific FUNDC1 knockout mice (Fundc1fl/Y/Tek-Cre) were 
established using CRISPR/Cas9 system driven by TEK promoter (Gem
bio Co. Ltd., Chengdu, China). The sgRNA target sequences included: 
sgRNA1 (5′-CTCTAAGCAAGTAATATCCC-3′) and sgRNA2 (5′- 

TATAGTCCTATTTCCGCAAC-3′). Fundc1fl/Y and Fundc1fl/Y/Tek-Cre with 
6-month-old age were used in this study. Animals had ad libitum access 
to food and water and were housed under a 12:12 h light-dark cycle at 
22–24 ◦C. 

Mice were anesthetized by isoflurane inhalation (5% for induction 
and 1–2% for maintenance) for surgeries or functional detections. The 
adequacy of anesthesia was verified by the lack of a toe-pinch with
drawal response. To obtain tissues, CO2 inhalation were used for mice 
euthanasia. All experimental procedures were performed in accordance 
with ethical guidelines from the European Parliament on the protection 
of animals used for scientific purposes. 

2.2. Exercise training 

Mice in exercise groups underwent endurance swim training 5 days/ 
week for 4 weeks followed previously described protocol [27,28], with 
minor modifications. On the first day, swimming training lasted 15 min. 
Then, exercise time progressively increased to 90 min/day in the first 
week and were maintained at this level for the rest of the days. Constant 
monitoring ensured the safety of the mice and prevented them from 
floating or holding their breath under water. Caged sedentary mice 
served as controls. 

2.3. Functional assessment of coronary arteries 

Left anterior descending (LAD) coronary artery was removed and 
sectioned into ring segments as described [29]. To assess arterial func
tion, arteriolar segments (approximately 1 mm) were mounted on wires 
connected to isometric force transducers in a temperature-regulated 
myograph multichamber (620 M, Danish Myo Technology). Arteriolar 
segments were continuously perfused with aerated (95% O2/5% CO2) 
physiological saline solution (118.99 mM NaCl, 4.69 mM KCl, 2.50 mM 
CaCl2⋅2H2O, 1.18 mM KH2PO4, 1.17 mM MgSO4⋅7H2O, 25.0 mM 
NaHCO3, 0.03 mM EDTA, and 5.50 mM glucose, pH 7.4). After equi
librium for 1 h, ET-1 of 10− 7 M were used for preconstriction. We 
examined the responses of small coronary arteries to sodium nitro
prusside (SNP) and acetylcholine (ACh). A dose-response curve was 
obtained by cumulative addition of ACh (10− 10 M to 10− 5 M) and SNP 
(10− 10 to 10− 6 M). Relaxation at each concentration was measured and 
expressed as the percentage of force generated in response to ET-1. The 
endothelium-dependent vasodilation was defined as the percentage of 
ACh induced relaxation when endothelium was intact. 

2.4. The MI/R model 

As described previously, MI was induced around the LAD coronary 
artery [30]. Briefly, mice were anesthetized and a left thoracotomy was 
performed in the fourth intercostal space. The LAD artery was ligated 
with a 7-0 silk suture slipknot at 1–2 mm distal to its emergence from 
under the left atrium. MI was confirmed by the presence of myocardial 
blanching in the ischemic area and ST segment elevation on the elec
trocardiogram. The thoracotomy was closed with 5–0 silk sutures. After 
30 min MI, the slipknot was released and the heart was reperfused for 
180 min (for biochemical and apoptosis studies) or 24 h [for cardiac 
function studies and protein analysis]. Cardiac caspase-3 activity and 
creatine kinase-MB (CK-MB) levels were measured using caspase-3 
colorimetric assay kit (Sigma, USA) and CK-MB kit (Nanjing Jiancheng 
Bioengineering Institute, China) respectively, according to manufac
turer’s instructions. Cardiac function of isoflurane anesthetized mice 
was evaluated using transthoracic echocardiography at the end of the 
24 h reperfusion session. 

2.5. Echocardiography 

Transthoracic echocardiography was performed in anesthetized mice 
using a Vevo 3100 high resolution ultrasound device (Visualsonics, 

L. Ma et al.                                                                                                                                                                                                                                       



Redox Biology 62 (2023) 102693

3

Toronto, Canada). Echocardiographic images were recorded along par
asternal short axis to measure LV end-diastolic dimension (LVEDD) and 
LV end-systolic dimension (LVESD). The ejection fraction was calculated 
with the formula: [(LVEDV− LVESV)/LVEDV] × 100, where EDV is end- 
diastolic volume and ESV is end-systolic volume. 

2.6. Angiogenesis assay 

Angiogenesis was detected by immunofluorescence co-labelling Ki67 
with CD31 7 days after MI/R with the primary antibodies anti-CD31 
(ab281583, 1:100) and anti-Ki67 (ab279653, 1:100, Abcam, UK). 
Then, the sections were incubated with the Alexa-Fluor-coupled sec
ondary antibodies for 1 h at room temperature, and nuclei were stained 
with DAPI. 

2.7. Mouse cardiac microvascular endothelial cells (CMECs) isolation 

We isolated CMECs from hearts as previously reported [31]. Briefly, 
to prevent blood coagulation, mice were intraperitoneally injected with 
0.1 ml heparin. The heart was then excised, dissected, minced, digested 
using 1 mg/ml collagenase II and 0.6 U/ml dispase II, and filtered 
through a sterile 40 μm nylon mesh. After this, cells were incubated with 
magnetic beads which are conjugated to an anti-CD31 antibody. The 
beads with endothelial cells were washed and were ready for assays. 
CMECs were verified by the fluorescent dye Dil-Ac-LDL and cultured in 
EC medium. 

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

SA-β-gal staining was performed using a commercial kit (Abcam, UK) 
per instructions. Firstly, cells were fixed for 10 min in fixative at room 
temperature. Then cells were washed in phosphate buffered saline 
(PBS), and incubated at 37 ◦C overnight in staining solution containing 
X-gal. The reaction was stopped by rinsing several times in PBS for 5 
min, after which cells were microscopically assessed for blue color 
development. 

2.9. In vitro 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium 
bromide (MTT), migration, and tube formation assays 

MTT assays were performed on primary CMECs (5 × 103) which 
were seeded into 96-wells plates and incubated for 24 h. Then, 10 μl 
MTT (5 mg/ml) per well was added to wells (after changing the me
dium) and followed by a 4 h incubation. Supernatants were then 
removed and replaced by 200 μl DMSO. The absorbance was read at 492 
nm using a spectrophotometer (Thermo Fisher Scientific, Inc.). To 
evaluate CMEC migration, 1 × 104 primary CMECs (in approximately 
150 μl medium) were seeded into the upper chambers of transwell plates 
(8 μm pore; Corning, NY, USA) and incubated at 37 ◦C for 12 h. Migrated 
CMECs in lower chambers were stained with 1% crystal violet for 5 min 
and cell numbers counted in five fields for each chamber. For the in vitro 
tube formation assay, a 96-well plate was pre-coated with Matrigel 
(Corning, NY, USA). Then, primary CMECs (0.7 × 104 cells) were seeded 
into wells and images captured after 6 h. 

2.10. In vitro measurement of mitophagy with mt-Keima 

Primary CMECs were seeded into glass-bottomed dishes and infected 
with a lentivirus overexpressing the pH-dependent fluorescent mt- 
Keima (MBL Medical & Biological Laboratories Co., JP) following 
manufacturer’s instructions. This was followed by carbonyl cyanide p- 
(trifluoromethoxy)phenyl-hydrazone (FCCP, 10 μM) treatment for 6 h 
prior to imaging. Fluorescent images were captured using a Leica TCS 
SP8 confocal spectral microscope. Ratio (534/458 nm) of mt-Keima 
emission light were calculated to reflect mitophagy [32]. 

2.11. Mitochondrial membrane permeability and mitochondrial ROS 
measurements 

A JC-1 assay kit (Beyotime Institute of Biotechnology, Jiangsu, 
China) and MitoSOX indicator (Yeasen Biotechnology, Shanghai, China) 
to evaluate mitochondrial membrane potential and ROS generation, 
respectively, in primary CMECs. After washing three times in PBS, cells 
were photographed using an inverted fluorescence microscope 
(DMI6000B, Leica, Germany). 

2.12. Adeno-associated virus (AAV) infection 

GeneChem Biotechnology (China) generated serotype 9 AAV vectors 
(AAV9) with TIE promoters encoding FUNDC1 to overexpress FUNDC1. 
Aged sedentary animals had either AAV9 encoding FUNDC1 or negative 
control (NC) at 5 × 1011 viral genomes/mouse and animals were sub
jected to MI/R surgery 2 weeks after the AAV injection. 

2.13. Extraction of mRNA and real-time quantitative polymerase chain 
reaction 

Total RNA was extracted using Trizol reagent according to manu
facturer’s instructions. RNA concentration and purity were measured 
using absorbance at 260 and 280 nm on a NanoDrop 2000 spectro
photometer (Thermo Fisher Scientific, Waltham, USA). Total RNA was 
then reverse transcribed by a PrimeScript RT regent Kit (TaKaRa). We 
next measured levels of individual genes by qPCR in a Bio-Rad CFX-96 
System (Bio-Rad, USA) using a SYBR Premix (TaKaRa, Japan). Reactions 
were performed over three technical replications. The levels of mouse 
Fundc1 was determined using primers (forward 5′-TATCATGG
CATCCCGGAACC-3’; and reverse 5′-AGTCACGCCACCCATTACAA-3′). 
Relative gene expression was calculated using the relative standard 
curve method (2− ΔΔCt) and β-actin used as a housekeeping control for 
internal normalization. 

2.14. Mitochondrial fraction isolation 

Mitochondrial fractionation was performed using the Mitochondrial 
Fractionation kit (Thermo Fisher Scientific) according to the manufac
turer’s instructions. Briefly, cells were collected and lysed in mito
chondria isolation reagent supplemented with protease inhibitors on ice. 
Unlysed cells and nuclei were pelleted by spinning for 10 min at 700×g. 
The supernatants were centrifuged at 12,000×g for 15 min at 4 ◦C to 
obtain mitochondrial pellets. The remaining supernatant was taken as 
the cytosol fraction. The mitochondrial and cytosolic fraction was 
collected for immunoblot analysis. 

2.15. Western blotting 

Proteins were subjected to sodium dodecyl sulfate-polyacrylamide 
electrophoresis, transferred to polyvinylidene difluoride membranes, 
blocked in 5% bovine serum albumen, and incubated overnight with 
primary antibodies: anti-FUNDC1 (ab224722, 1:1000, from Abcam, 
UK), anti-p-eNOS (#9571, 1:1000), anti-LC3 (#12741, 1:1000), and 
anti-p62 (#8025, 1:1000, from Cell Signaling Technology, MA, USA), 
and anti-eNOS (27120-1-AP, 1:1000), anti-ET-1 (12191-1-AP, 1:1000), 
anti-VEGF (19003-1-AP, 1:1000), anti-p16 (10883-1-AP, 1:2000), anti- 
p21 (10355-1-AP, 1:2000), anti-p53 (10442-1-AP, 1:5000), VDAC 
(10866-1-AP, 1:1000, from Proteintech, China) and β-actin (AB0035, 
1:5000, from Abways, China). Blots were then washed, incubated with 
secondary antibodies, and proteins visualized using enhanced 
chemiluminescent-plus reagent. VDAC and β-actin proteins were used as 
internal loading controls for the mitochondrial fraction and cytosolic 
lysates, respectively. 
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2.16. Chromatin immunoprecipitation (ChIP) assay 

For this assay, we used 1% formaldehyde to cross link CMECs for 15 
min at room temperature. Chromatin was sheared by sonication using 
the Bioruptor Plus (30” on and 30” off for 10 cycles) and immunopre
cipitated using an anti-PPARγ (ab226183, Abcam, UK) or an isotype 
control IgG. Eluted DNA was used for quantitative PCR. 

2.17. PPARγ activity assay 

PPARγ DNA-binding activity were measured from the CMECs or 
nuclear extracts of vascular tissue using the PPARγ Transcription Factor 
Assay Kit (ab133101, Abcam, UK) according to the manufacturer’s 
protocol. 

2.18. Laminar shear stress 

Laminar flow studies were conducted using a parallel-plate flow 
system at 37 ◦C [33]. Briefly, a constant shear stress was applied by 
perfusing CMECs with a continuous culture medium flow circulating at 
20 dyn/cm2. CMECs at static condition were used as controls. 

2.19. Statistical analyses 

Data were represented as the mean ± standard error of the mean 
(SEM). Gaussian distribution and the homogeneity of variance have 
been tested. Comparisons between two data groups were analyzed with 
Student’s unpaired t-test was used to indicate significance for normally 
distributed data or Mann-Whitney U test for non-normally distributed 
data. Multiple groups were compared using One-way ANOVA analysis of 
variance followed by Tukey’s post hoc test for normally distributed data 
or Mann-Whitney test for non-normally distributed data. Concentration- 
response curves were evaluated by Two-way ANOVA and subsequent 
Bonferroni post-test. Significance was accepted at P < 0.05. 

3. Results 

3.1. Low FUNDC1 caused coronary arterial dysfunction and 
deterioration of MI/R injury 

We first examined age-related coronary arterial functions. Coronary 
arteries were isolated from young and aged mice. The functional state of 
the coronary arteries was investigated by assaying endothelium- 
dependent vascular responses. We observed that ACh-induced, but not 
SNP-induced coronary arterial dilation was much lower in 18-month-old 
aged mice when compared with that in 8-week-old young mice, sug
gesting impaired endothelium-dependent vasodilation in aging coro
nary arteries (Figs. S1A and B). Coronary microcirculation is associated 
with myocardial perfusion and energy metabolism, myocardial glucose 
uptake was determined by 18F-FDG microPET/CT which showed 
impaired in aged mice when compared with that in young mice 
(Fig. S1C). 

We next assessed the change in FUNDC1 expression under natural 
aging and senescence conditions. Compared with 8-week-old young 
mice, FUNDC1 protein levels in coronary arterial tissues were gradually 
reduced with age. Eighteen-month-old aged mice showed markedly 
decrease FUNDC1 in coronary arteries (Fig. 1A and B). The mRNA levels 
of interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α), two 
important inflammatory factors that promote senescence, were signifi
cantly enhanced in the coronary arteries of aged mice (Fig. 1C). 
Consistently, FUNDC1 expression in replicative-senescent human um
bilical vein endothelial cells (HUVECs, passage number 40) was much 
lower than that in non-senescent HUVECs (passage number 5) (Fig. 1D 
and E). In the cultured senescent cells, the IL-6 and TNF-α levels were 
higher (Fig. 1F). 

Since coronary vascular dysfunction is associated with exacerbation 

of MI/R injury, we observed the myocardial inflammatory responses by 
assessing accumulation of Gr-1+ neutrophils. After undergoing MI/R, 
accumulated Gr-1+ neutrophils were markedly increased in aged mice 
compared with those in young mice (Fig. S1D), indicating that aggra
vative microvascular hyperpermeability in aging condition. Moreover, 
reduced endothelial nitric oxide synthase (eNOS) phosphorylation and 
upregulated endothelial vasoconstrictor endothelin-1 (ET-1) (Fig. S1E) 
levels in the infarct border zone, confirmed the observation of endo
thelium dysfunction in aged mice. Furthermore, angiogenesis in the 
infarct border zone was markedly reduced as shown by CD31 and Ki67 
positive cells by immunofluorescence staining and VEGF levels by WB 
analysis in aged hearts (Figs. S1E and F). In accordance with these data, 
aged MI/R hearts exhibited deteriorated contractile functions when 
compared with young mice as indicated by decreased LV ejection frac
tion (EF) (Fig. S1G). Aging also exacerbated cardiac damage after MI/R 
as shown by more CK-MB release and elevated caspase-3 activity 
(Figs. S1H and I). These data suggested aging caused coronary arterial 
dysfunction and deterioration of MI/R injury. 

To further elucidate the direct role of FUNDC1 in coronary vascular 
function, we generated EC-specific FUNDC1 knockout (Fundc1fl/Y/Tek- 
Cre) mice and FUNDC1 levels were significantly reduced in both endo
thelium of aorta and isolated CMECs (Figs. S2A and B). As FUNDC1 is 
mitophagy-related protein, we measured mitophagy using mt-Keima 
fluorescence. CMECs from FUNDC1 knockout mice exhibited marked 
reduction in overall red mt-Keima fluorescence when treated with FCCP 
(a mitophagy inducer), indicating impaired mitophagy (Fig. S2C). 
FUNDC1 deficiency in ECs impaired vasodilation induced by ACh but 
not SNP, suggesting FUNDC1 was responsible for maintaining normal 
endothelium-dependent vasodilated function in coronary arteries 
(Fig. 1G). After MI/R, accumulated Gr-1+ neutrophils were markedly 
augmented in FUNDC1 knockout mice compared with those in floxed 
(Fundc1fl/Y) mice (Fig. 1H), indicating more neutrophils migration and 
endothelial permeability followed by MI/R injury. Reduced eNOS 
phosphorylation and VEGF expression, and upregulated ET-1 also sug
gested the endothelium dysfunction in FUNDC1 knockout mice (Fig. 1I 
and J). Importantly, the EC-specific FUNDC1 deletion aggravated car
diac injury following MI/R as evidenced by reduced cardiac contractile 
function (Fig. 1K), enhanced CK-MB releases and caspase-3 activity 
(Figs. S2D and E) when compared with those in the floxed mice. 

3.2. Exercise prevented FUNDC1 downregulation and coronary arterial 
dysfunction with age and reduced the deterioration of MI/R injury in the 
aging heart 

To elucidate the effects of exercise on age-related FUNDC1 down
regulation and coronary arterial function, mice underwent regular ex
ercise for 4 weeks. We then isolated coronary arteries from aged mice 
undergone regular exercise or their sedentary control. We noted that 
FUNDC1 protein were significantly upregulated in coronary arterial 
tissues and ACh-induced coronary arterial dilation was significantly 
enhanced in aged mice with exercise training when compared with those 
in sedentary mice (Fig. 2A and B), indicating improved endothelial- 
dependent vasodilation induced by exercise. Endothelium-independent 
vasodilation in coronary arteries did not show changes between 
groups (Fig. S3A). Next, we examined myocardial glucose uptake using 
microPET/CT. Myocardial glucose uptake was significantly enhanced in 
aged exercise mice compared with that in sedentary ones (Fig. S3B). 
After undergoing MI/R, Gr-1+ neutrophils migration was reduced in 
aged mice with exercise compared with those without exercise (Fig. 2C). 
In line with the observations, inflammation markers such as cytokines 
(IL-6, IL-8 and TNF-α) and adhesion molecule (VCAM-1, E-selectin and 
ICAM-1) were showed significant reduction in the infarct border zone of 
left ventricular tissue in aged MI/R mice with exercise training 
(Fig. S3C), indicating that exercise protected MI/R evoked microvas
cular hyperpermeability in aging. In addition, Western blot showed 
restored eNOS phosphorylation and decreased ET-1 levels in aged 
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Fig. 1. FUNDC1 levels are reduced under aging. (A) Representative Western Blotting of FUNDC1 in coronary arteries tissues isolated from mice with different ages 
from 8 weeks to 18 months. (B) Quantification of FUNDC1 protein levels in coronary arteries isolated from mice with different ages. (C) Inflammatory cytokines IL-6 
and TNF-α were determined in mouse coronary arteries with different ages. (D) and (E) Representative and quantification of Western Blotting analysis of FUNDC1 
protein levels in non-senescent and replicative-senescent of HUVECs. (F) IL-6 and TNF-α mRNA levels in non-senescent and replicative-senescent HUVECs. (G) ACh 
induced coronary arteries dilation in floxed (Fundc1fl/Y) and endothelial-specific FUNDC1 knockout mice (Fundc1fl/Y/Tek-Cre). (H) Immunofluorescence staining of 
Gr1+ neutrophils and TnT+ cardiomyocytes in floxed and endothelial-specific FUNDC1 knockout mice after subjected to myocardial ischemia/reperfusion (MI/R). (I) 
and (J) Western blotting analysis of eNOS expression and phosphorylation at Ser1177, ET-1 and VEGF expressions in the infarct border zone of myocardial tissue. (K) 
Echocardiographic assessment of LV ejection fraction (EF) in floxed and endothelial-specific FUNDC1 knockout mice after MI/R. *P < 0.05, **P < 0.01, ***P < 0.001 
versus 8 w-old mice or non-senescent cells. &P < 0.05, &&P < 0.01 versus Fundc1fl/Y mice. 
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Fig. 2. Exercise restored FUNDC1 expression and coronary artery dilation, contributing to prevention of MI/R injury. (A) Western blotting analysis of FUNDC1 
expression in coronary arteries. (B) ACh-mediated coronary arteries dilation in aged mice with or without exercise training. (C) Immunofluorescence staining of Gr1+

neutrophils and TnT+ cardiomyocytes in aged mice with or without exercise training after MI/R. (D) Western blotting analysis of eNOS expression and phos
phorylation at Ser1177, ET-1 and VEGF expression in the infarct border zone. (E) Representative angiogenesis images and quantification of CD31 and Ki67 positive 
cells in risk areas in aged mice with or without exercise after 7 days of MI/R. Scale bar, 25 μm. (F) Echocardiography of LV EF in aged mice with or without exercise 
after MI/R. (G) Myocardial injury was determined using serum CK-MB level after MI/R. (H) Myocardial apoptosis was assessed using the caspase-3 activity assay. 
Data were shown as mean ± SEM or median (25th, 75th). #P < 0.05, ##P < 0.01 versus aged mice. 
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exercised mice (Fig. 2D). Angiogenesis in the infarct border zone was 
markedly restored as showed by CD31 and Ki67 positive cells by 
immunofluorescence staining and VEGF levels by WB analysis in aged 
exercised hearts (Fig. 2D and E). When measuring cardiac function and 
injury, MI/R hearts displayed alleviated contractile dysfunction in aged 
exercise mice compared with the sedentary control as evidenced by 

enhanced LV EF (Fig. 2F). Exercise also mitigated cardiac injury after 
MI/R as indicated by reduced CK-MB levels and less caspase 3 activity 
(Fig. 2G and H). 

Fig. 3. Exercise alleviated CMECs senescence and dysfunction. (A) and (B) Representative images and quantification of cellular senescence associated with 
β-galactosidase (SA-β-Gal) staining in isolated CMECs. (C) and (D) Western blotting and quantification showing levels of the senescence markers p16, p21, and p53 in 
CMECs. (E) to (H) Representative images and quantification of migration and tube formation assays on CMECs from different mouse groups. (I) Cell proliferation 
assay and (J) eNOS phosphorylation in CMECs from different mouse groups. Data represented the mean ± SEM. n = 4 independent experiments. *P < 0.05, **P <
0.01, ***P < 0.001 versus young mice. #P < 0.05, ##P < 0.01, ###P < 0.001 versus aged mice. 
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3.3. Exercise alleviated endothelial senescence and dysfunction 

To examine the role of exercise on endothelial senescence and 
function, SA-β-gal staining was performed on primary CMECs from 
exercised or sedentary aged mice. SA-β-gal activity (at pH 6.0) permits 

senescent cell identification as cells lose proliferation abilities. As ex
pected, primary CMECs from aged mice exhibited an obvious rise in SA- 
β-gal activity, with exercise dramatically reducing these levels (Fig. 3A 
and B). This observation was supported by the protein expressions of 
senescence markers p21 and p53 which were significantly increased in 

Fig. 4. Exercise reduced mitochondrial injury and restores mitophagy in senescent CMECs. (A) Mitochondrial O2
•− was detected by MitoSOX staining (Top). 

Fluorescence images of JC-1 monomers (Green) showing hyperpolarized mitochondria and JC-1 aggregates (red) showing normal mitochondria in CMECs from 
different groups (Bottom). Scale bar, 50 μm. (B) Quantification of relative levels of mitochondrial ROS and potential (Red/Green fluorescence ratio). (C) and (D) 
CMECs transfected with mt-Keima followed by FCCP (10 μM) treatment showing the mitochondrial network in green and mitophagic vesicles in red. Scale bar, 25 
μm. (E) and (F) Western blotting showing levels of LC3 and p62 in mitochondrial fraction and cytosolic fraction of CMECs. (G) and (H) Western blotting showing the 
mitophagy receptor FUNDC1 level in whole cell lysates of CMECs. n = 4 independent cell isolations per group. **P < 0.01 versus young mice. #P < 0.05, ##P < 0.01 
versus aged mice. 

L. Ma et al.                                                                                                                                                                                                                                       



Redox Biology 62 (2023) 102693

9

aged CMECs, and were restored in cells from exercised aged animals 
(Fig. 3C and D). p16 was also increased in sedentary aged mice but was 
slightly reduced in exercised aged mice. Thus, we observed considerable 
senescence in aged CMECs, and importantly, exercise significantly 
reversed CMECs senescence. Furthermore, angiogenic function was 
impaired in CMECs from aged hearts when assessed by tube formation 
assay, migration and proliferation assay, but were restored by exercise 
(Fig. 3E–I). eNOS phosphorylation in CMECs was markedly reduced in 
aged mice and restored by exercise (Fig. 3J). 

3.4. Exercise reduced mitochondrial injury and restored mitophagy in 
senescent CMECs 

As endothelial mitochondria are required for EC functional integrity, 
we investigated whether mitochondrial damage was involved in age- 
related endothelial dysfunction. Mitochondrial ROS levels and mem
brane potential in mitochondria were examined in primary CMECs. 
Accumulated mitochondrial ROS and aberrant mitochondrial membrane 
potential were observed in aged CMECs, which were mitigated in CMECs 
from aged mice with exercise training when compared with sedentary 
animals (Fig. 4A and B). 

As mitophagy selectively targets and removes damaged or dysfunc
tional mitochondria thereby ensuring normal homeostatic functions. 
FUNDC1 has essential roles in mitochondrial quality control system to 
maintain cellular functions during stress. We monitored mitophagy 
using mt-Keima fluorescence, and assaying LC3 and p62 levels by 
Western blot. As expected, CMECs from aged mice exhibited an impaired 
mitophagy when treated with FCCP (a mitophagy inducer). Senescence 
caused a marked reduction in overall red mt-Keima fluorescence (Fig. 4C 
and D), reduced LC3-II levels and accumulation of p62 in the mito
chondrial fraction, as well as in cytosolic fraction of CMECs, and these 
conditions were reversed by exercise (Fig. 4E and F). Importantly, the 
impaired mitophagy in senescent CMECs were reserved by exercise 
(Fig. 4C–F). Levels of mitophagy receptor FUNDC1 in CMECs were also 
verified lower in aged mice and its expression were restored in exercised 
aged mice (Fig. 4G and H). 

3.5. Endothelial-specific FUNDC1 deletion blocked the role of exercise in 
coronary vascular protection 

To verified the role of FUNDC1 in exercise-induced coronary arterial 
protection, Fundc1fl/Y and Fundc1fl/Y/Tek-Cre mice were performed 
regular exercise training for 4 weeks. In the Fundc1fl/Y mice, exercise 
protected against MI/R-evoked endothelial hyperpermeability as shown 
by reduced Gr-1+ neutrophils migration. Angiogenesis in the infarct 
border zone was markedly restored in exercised Fundc1fl/Y mice as evi
denced by CD31 and Ki67 positive cells by immunofluorescence stain
ing. However, even trained with regular exercise, Gr-1+ neutrophils 
migration following MI/R were still significant increase in FUNDC1 
deleted mice compared with that in floxed mice (Fig. 5A), indicating 
impairment of endothelial integrity. Co-staining with CD31 and Ki67 
showed comparable level of angiogenesis in the infarct border zone of 
MI/R in exercise and sedentary Fundc1fl/Y/Tek-Cre mice (Fig. 5B and C). 
Consistently, FUNDC1 knockout abrogated the exercise’s effect of the 
improvement of cardiac contractile function as evidenced by compara
ble EF (Fig. 5D and E). Furthermore, the effects of exercise on alleviated 
MI/R injury were abolished by FUNDC1 knockout as indicated by 
comparable CK-MB releases and caspase-3 activity (Fig. 5F and G). 
These data suggested that FUNDC1 deletion blocked the improvement of 
coronary arteries function and reduction of MI/R injury induced by 
exercise. 

3.6. FUNDC1 overexpression reversed endothelial senescence and 
dysfunction 

To evaluate the therapeutic potential of FUNDC1 for EC senescence, 

we next engineered a AAV9-FUNDC1 under the control of the TIE pro
moter. Aged mice were injected with this AAV intravenously to over
express FUNDC1 in endothelium. Using immunofluorescence and qPCR 
assays respectively, FUNDC1 levels in aorta endothelium and primary 
CMECs were found increased in AAV9-FUNDC1 injected mice (Figs. S4A 
and B). Importantly, FUNDC1 overexpression markedly decreased SA- 
β-gal activity in CMECs (Fig. 6A and B), suggesting overexpressed 
mitophagy receptor FUNDC1 reversed endothelial senescence. Accord
ingly, FUNDC1 overexpression improved EC function as indicated by 
tube formation, migration and proliferation (Fig. 6C–E). eNOS phos
phorylation in CMECs was markedly upregulated in aged mice after 
FUNDC1 overexpression (Fig. 6F). 

Furthermore, consistent with the protective effects of exercise, 
FUNDC1 overexpression enhanced ACh-stimulated coronary arteriole 
dilation (Fig. 6G), integrity of endothelial barrier (Fig. 6H), restored 
eNOS phosphorylation and VEGF expression and decreased ET-1 levels 
in aged mice (Fig. 6I). Importantly, AAV-FUNDC1 treatment signifi
cantly improved cardiac contractile function following MI/R (Fig. 6J). 

3.7. PPARγ was responsible for the laminar flow regulation of FUNDC1 
expression in CMECs 

Laminar flow-induced increases in laminar shear stress (LSS) are 
vital mechanisms underpinning exercise-induced endothelial adaptation 
during exercise. Thus, we used laminar flow studies to assess the regu
latory mechanisms of FUNDC1 gene expression during exercise. We also 
potentially identified the transcription factor initiating transcription of 
FUNDC1. Bioinformatics predictions suggested that FUNDC1 contained 
a PPARγ response element (PPRE) (Fig. 7A). Previous studies also 
showed that laminar flow activated PPARγ in ECs. Therefore, we 
assessed whether laminar flow-enhanced FUNDC1 gene expression in a 
PPARγ-dependent manner in CMECs. Our ChIP assays showed that 
PPARγ interacted with the FUNDC1 promoter region in CMECs (Fig. 7B). 
To reinforce this finding, cultured CMECs were pretreated with a PPARγ- 
specific antagonist, GW9662 (10 μM for 30 min) and exposed to laminar 
flow at 20 dyne/cm2 for 6 h. Laminar flow-induced LSS increased PPARγ 
DNA-binding activity CMECs and flow-induced PPARγ activation was 
depressed under GW9662 treatment (Fig. 7C). In addition, GW9662 
significantly attenuated FUNDC1 expression, but not under static con
ditions, suggesting PPARγ contributed to shear-induced FUNDC1 gene 
expression (Fig. 7D). In addition, PPARγ expression and activity were 
enhanced in vascular tissue of aged mice with exercise training 
compared with those in sedentary animals (Fig. 7E and F). 

4. Discussion 

In the present study, we demonstrated a pivotal role of FUNDC1 in 
endothelial homeostasis. Firstly, loss of FUNDC1 directly contributed to 
coronary endothelial senescence and dysfunction, and subsequent 
deterioration of MI/R injury. Secondly, exercise protected against age- 
related coronary arterial dysfunction and the exacerbated MI/R injury; 
upregulation of FUNDC1 was responsible for coronary arterial protec
tive roles of exercise. Thirdly, exercise-induced laminar flow regulated 
Fundc1 gene expression in a PPARγ-dependent manner in CMECs. To the 
best of our knowledge, these findings are the first demonstration that 
exercise protected against coronary endothelial senescence and 
dysfunction via FUNDC1-dependent mitophagy, and identified a key 
function for PPARγ in mediating FUNDC1 expression induced by shear 
stress. 

The rapidly changing composition of the human population neces
sitates a deeper understanding of cardiovascular senescence. Aging is a 
central risk factor for vascular disorders, with vascular aging per se 
possibly contributing to organ dysfunction, disease development and 
worse prognosis [34,35]. Adverse changes mediated by arterial aging 
include large elastic artery stiffness and microvascular susceptibility to 
injury. Therefore, it is critical to consider the effects of aging on the 
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Fig. 5. Endothelial-specific FUNDC1 deletion blocked the role of exercise in coronary arteries protection. (A) Immunofluorescence staining of Gr1+ neutrophils and 
TnT+ cardiomyocytes in sedentary or exercised Fundc1fl/Y and Fundc1fl/Y/Tek-Cre mice subjected to MI/R. (B) and (C) Representative angiogenesis images and 
quantification of CD31 and Ki67 positive cells in risk areas Fundc1fl/Y and Fundc1fl/Y/Tek-Cre mice with or without exercise after 7 days of MI/R. Scale bar, 25 μm. (D) 
and (E) Echocardiography of LV EF in Fundc1fl/Y and Fundc1fl/Y/Tek-Cre mice with or without exercise training after MI/R. (F) Myocardial injury was determined 
using serum CK-MB level after MI/R. (G) Myocardial apoptosis was assessed using the caspase-3 activity assay. Data were shown as mean ± SEM or median (25th, 
75th). *P < 0.05, **P < 0.01. 
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postischemic heart, particularly on the blood vessels of the heart. Among 
these, endothelial disorders are the central mechanisms by which aging 
promotes vascular pathology [36]. Exercise is widely considered a car
diovascular protective factor and data from rodent models have sug
gested that exercise effectively modulates cardiac aging processes. 

Current guidelines recommend at least 150 min of moderate exercise or 
75 min of vigorous exercise per week [37]. However, impact of exercise 
training on vascular aging phenotypes and its significance remains 
ill-defined. In this study, the mitophagy-receptor FUNDC1 expressions 
in coronary arteries were gradually reduced with age. FUNDC1 levels, as 

Fig. 6. Overexpressing FUNDC1 by AAV reversed endothelial senescence and dysfunction. (A) and (B) Images and quantification of SA-β-Gal staining in primary 
CMECs after EC-specific FUNDC1 overexpression. (C) and (D) Migration and tube formation assays in CMECs upon FUNDC1 overexpression. (E) Cell proliferation 
assay in CMECs from FUNDC1 overexpressed mice. (F) eNOS phosphorylation at Ser1177 in CMECs. (G) ACh-induced coronary arteriole dilation in aged mice 
injected with AAV-NC or AAV-FUNDC1. (H) Immunofluorescence staining of Gr1+ neutrophils and TnT+ cardiomyocytes in aged animals injected with AAV-NC or 
AAV-FUNDC1 after MI/R. (I) Western blotting analysis of eNOS expression and phosphorylation at Ser1177, ET-1 and VEGF expression in the infarct border area. (J) 
Echocardiography of LV EF after MI/R in aged mice injected with AAV-NC or AAV-FUNDC1. Data represented the mean ± SEM. *P < 0.05, **P < 0.01 versus aged 
mice with AAV-NC treatment. 
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well as mitophagy levels, were significantly lowered in CMECs of aged 
mice and preserved in aged mice with exercise training. 

Endothelial mitochondria act as signal transduction mediators for 
proliferation, mobilization, paracrine signaling and cell death. Mito
chondrial functionality depends on dynamic networks and continuous 
surveillance. Several mitophagy mediators such as PINK1/Parkin, 
FUNDC1 and NIX/BNIP3 selectively target and remove dysfunctional 
mitochondria [38,39]. Emerging evidence has shown controlled 
mitophagy in cardiomyocytes during healthy aging. Thus, systems that 
downregulate mitophagy could induce cardiac dysfunction [40,41]. 
Although the protective effects of mitophagy on cardiovascular disor
ders have been carefully investigated, the roles of mitophagy in ECs 
senescence are not fully recognized. Different from the cardiomyocytes 
neighbors, ECs primarily rely on glycolysis rather than mitochondria 
oxidative phosphorylation for ATP production, thus the potential role of 
ECs mitochondria has been neglected, to some degree [42]. Intriguingly 
and importantly, EC-specific FUNDC1 deletion using CRISPR/Cas9 sys
tem exhibited impaired mitophagy, synchronized with significant ECs 
senescence and reduced functional integrity. Recent work have 
increasingly recognized the critical role of endothelial mitochondria to 
serve as biosynthetic organelles for ECs proliferation, differentiation and 
pathological sensor [12,43,44], supporting our findings that restored 
mitophagy in ECs protects endothelial and myocardial function under 

stress. In addition, liver specific knockout of FUNDC1 facilitates the 
cytosolic release of mtDNA, resulting in elevated release of proin
flammatory cytokine IL-1β in hepatocytes [23], suggesting that mito
chondria quality control participates in cellular damage. FUNDC1 also 
interacts with the chaperone HSC70, promoting the mitochondrial 
translocation and degradation of unfolded cytosolic proteins. Excessive 
accumulation of unfolded proteins impairs mitochondrial integrity, 
leading to cellular senescence [45]. Together with our findings, distur
bance of FUNDC1-mediated mitophagy with age is responsible for 
endothelial function disorders and impairment of coronary vascular 
function. These data further verified that FUNDC1 is responsible for 
microvascular protection of exercise. 

Mitochondrial homeostasis, including free radical generation in 
modulating aging and senescence, has received considerable attention in 
recent studies [46]. Mitochondrial quality control mechanisms degrade 
dysfunctional mitochondria via mitophagy. Mitophagy may function 
more broadly to limit the deleterious effects of ROS on cellular function 
[47]. In the present study, mitochondrial ROS were accumulated and 
mitochondrial inner membrane potential (ΔΨm), which directly relate 
to the opening of mPTP and mitochondrial damage [48], was dissipated 
in CMECs of aged mice. Exercise training also decreased mitochondrial 
damage in aged mice. Recently, it was reported that FUNDC1 silencing 
reduced mitochondria-associated endoplasmic reticulum membrane 

Fig. 7. PPARγ was responsible for laminar flow- 
enhanced FUNDC1 gene expression in CMECs. (A) 
Schematic diagram showing the predicted PPRE in 
the transcription initiation region of FUNDC1. (B) 
ChIP assays in CMECs using an antibody against 
PPARγ or IgG as control. (C) PPARγ activity assay in 
CMECs exposed to laminar flow, treated with or 
without the GW9662. (D) FUNDC1 expression levels 
in CMECs exposed to laminar flow, with or without 
the PPARγ-specific antagonist GW9662 treatment. (E) 
and (F) PPARγ expression and activity in coronary 
arteries from aged mice with or without exercise 
training. (G) Model of FUNDC1 function in protective 
role of exercise on endothelial senescence. Data rep
resented the mean ± SEM. n = 4 independent ex
periments. &P < 0.05 versus IgG; **P < 0.01 versus 
control; P < 0.05, ##P < 0.01 versus laminar flow; δP 
< 0.05 versus aged mice.   
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formation and inhibited angiogenesis by decreasing VEGFR2 expression 
[49]. ROS-mediated oxidative stress promotes endothelial senescence 
[50], leading to impaired angiogenesis. Inhibition of mitochondrial ROS 
regulated by mitochondrial Ca2+ attenuated skeletal muscle disorders 
associated with aging [51]. Protection against oxidative stress mediates 
longevity and human healthful aging [52]. These observations are 
consistent with our data showing accumulated mitochondrial ROS and 
defective endothelial function upon FUNDC1 downregulation during 
aging. Thus, impairment of FUNDC1-dependent mitochondrial quality 
control in the endothelium triggers cellular senescence and dysfunction. 
Our results provide evidence, for the first time, that endothelial FUNDC1 
profoundly and adversely affects myocardial outcomes. 

Furthermore, we identified that coronary vessels in aged mice un
derwent a series of functional changes reflecting impaired endothelium- 
dependent vasodilation, endothelial integrity and angiogenesis after 
stress. In the present study, we also demonstrated that exercise restored 
endothelial-dependent coronary vasodilation. As a hallmark of age- 
related vascular endothelial dysfunction is impaired endothelial- 
dependent dilation and/or a reduction in the critical endothelium- 
derived vasodilator, nitric oxide (NO), which is predictive of future 
cardiovascular events [60], our data suggest the important endothelial 
protective role of exercise against aging. Exercise also rejuvenated ECs 
in the coronary circulation and affected EC functional integrity in aged 
mice. eNOS activity which is related to activating telomerase and 
delaying EC senescence [61], was markedly decreased in aging and 
reserved by exercise in our observation. Insufficient 
moderate-to-vigorous intensity physical activity has been associated 
with increased risk of cardiovascular diseases [62]. While some studies 
find that exercise’s effects on some aspect wanes with advancing age 
[63]. Although the effects of exercise training on elders are still 
controversial that cardiovascular risk profile in older adults undergoing 
supervised exercise for 5 years was not shown significant changed in a 
very recent randomized clinical trial [64], out data intriguingly suggest 
that regular exercise, as a therapeutic intervention, can potentially 
mitigate coronary endothelial senescence, which is consistent with 
previous observations on vasculature [65–69]. 

Endothelial dysfunction is increasingly recognized as being involved 
in early and late pathogenic events during myocardial ischemia and the 
severity of endothelial dysfunction is correlated with the risk of primary 
or recurrent cardiovascular events [70]. Additionally, slow- or no-reflow 
after percutaneous coronary intervention would discount the benefits of 
coronary reperfusion after infarction in patients. The present study 
provides valuable insights into a functional association between 
exercise-mediated alleviations of coronary vascular disorder and cardiac 
damage in aged mice. In this study, impaired endothelium-dependent 
vasodilation was observed in aging coronary arteries, which may lead 
to reduced perfusion, especially coronary blood flow reserves under 
stress conditions [71]. Regular exercise training improved 
endothelium-dependent vasodilation, resulting in restoration blood 
glucose perfusion and uptake and alleviation of MI/R injury. Moreover, 
exercise training preserved endothelial integrity, suppressed inflam
matory responses and adhesive protein expressions, which may play an 
important role in reducing injury and improving microvascular perfu
sion during MI/R. The eNOS activation in ECs plays an obligatory role in 
regulating local vascular tone and cardiac blood supply, which was 
improved in mice undergoing exercise. Angiogenesis is also vital for 
cardiomyocytes perfusion and metabolism after MI/R [72]. We observed 
that endothelial senescence was correlated with reduced microvessel 
density in the infarct border zone after MI/R, which was preserved in 
mice undergoing exercise, indicating that elevated microvascular den
sity was induced by exercise. Importantly, FUNDC1 deficiency impaired 
endothelium-dependent vasodilation and increased endothelial perme
ability in coronary arteries, and further aggravated cardiac dysfunction 
and injury after MI/R. Meanwhile, endothelium specific deletion of 
FUNDC1 abolished protective roles of exercise in coronary arteries and 
MI/R hearts. FUNDC1 overexpression reversed age-related coronary 

dysfunction and prevented aged hearts from aggravated I/R injury, 
which were consistent with the protective effects of exercise. Taken 
together, FUNDC-mediated mitophagy and ECs function participated in 
the beneficial effects of exercise on MI/R hearts during aging. 

Exercise-induced LSS is a primary driving force underpinning EC 
adaptation. Substantial evidence has shown that local hemodynamic 
forces are key determinants of EC phenotypes [53,54]. Exercise-induced 
LSS reportedly increased mitochondrial biogenesis in ECs by upregu
lating PGC-1α and TFAM [55]. Different from the disturbed blood flow 
in atherosclerosis, which contributes to mitochondrial impairment and 
endothelial dysfunction [56,57], the unidirectional laminar flow 
induced by exercise upregulates regulators of mitochondrial remodeling 
[58]. However, the regulation of FUNDC1 expression and activity in 
ECs, particularly in response to exercise-induced LSS, were largely un
known. In our study, bioinformatics predictions indicated that FUNDC1 
contained a PPRE, suggesting FUNDC1 expression may be mediated by 
PPARγ. As a previous laminar flow study showed that PPARγ was acti
vated in ECs in a ligand-dependent manner [59], we assessed whether 
laminar flow mediated FUNDC1 expression, with or without PPARγ 
inhibition. The selective PPARγ antagonist GW9662 treatment signifi
cantly reduced laminar flow-induced PPARγ activation and FUNDC1 
expression. Consistently, PPARγ expression and activation were signif
icantly increased in coronary vascular tissue of aged mice after exercise. 
Our data provided the first evidence that enhanced laminar flow 
improved FUNDC1 gene expressions, with PPARγ potentially respon
sible for LSS-induced FUNDC1 upregulation in ECs. 

In conclusion, upregulated FUNDC1 and restored mitophagy 
contribute to decreased endothelial senescence and MI/R injury induced 
by exercise training in aging. PPARγ plays an important role in regu
lating FUNDC1 expression during exercise. Suppressing FUNDC1 per se 
leads to endothelial senescence and abolished the protective effects of 
exercise against endothelium and MI/R injury. In light of these findings, 
FUNDC1 may be a promising target for maintaining endothelial mito
chondrial homeostasis, preventing endothelial senescence and reducing 
MI/R injury via vascular endothelium “cross-talk” with heart tissue 
mechanisms (Fig. 7G). 
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