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Aim The importance of endothelial cell (EC) autophagy to vascular homeostasis in the context of health and disease is evolving. 
Earlier, we reported that intact EC autophagy is requisite to maintain shear-stress-induced nitric oxide (NO) generation 
via glycolysis-dependent purinergic signalling to endothelial NO synthase (eNOS). Here, we illustrate the translational and 
functional significance of these findings.

Methods 
and results

First, we assessed translational relevance using older male humans and mice that exhibit blunted EC autophagy and im-
paired arterial function vs. adult controls. Active hyperaemia evoked by rhythmic handgrip exercise-elevated radial artery 
shear-rate similarly from baseline in adult and older subjects for 60 min. Compared with baseline, indexes of autophagy 
initiation, p-eNOSS1177 activation, and NO generation, occurred in radial artery ECs obtained from adult but not older 
volunteers. Regarding mice, indexes of autophagy and p-eNOSS1177 activation were robust in ECs from adult but not 
older animals that completed 60-min treadmill-running. Furthermore, 20 dyne • cm2 laminar shear stress× 45-min in-
creased autophagic flux, glycolysis, ATP production, and p-eNOSS1177 in primary arterial ECs obtained from adult but 
not older mice. Concerning functional relevance, we next questioned whether the inability to initiate EC autophagy, gly-
colysis, and p-eNOSS1177 in vitro precipitates arterial dysfunction ex vivo. Compromised intraluminal flow-mediated vaso-
dilation displayed by arteries from older vs. adult mice was recapitulated in vessels from adult mice by (i) NO synthase 
inhibition; (ii) acute autophagy impairment using 3-methyladenine (3-MA); (iii) EC Atg3 depletion (iecAtg3KO mice); (iv) 
purinergic 2Y1-receptor (P2Y1-R) blockade; and (v) germline depletion of P2Y1-Rs. Importantly, P2Y1-R activation using 
2-methylthio-ADP (2-Me-ADP) improved vasodilatory capacity in arteries from (i) adult mice treated with 3-MA; (ii) 
adult iecAtg3KO mice; and (iii) older animals with repressed EC autophagy.

Conclusions Arterial dysfunction concurrent with pharmacological, genetic, and age-associated EC autophagy compromise is im-
proved by activating P2Y1-Rs.
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1. Introduction
Autophagy is critical for maintaining quality control of the cell1 and integ-
rity of the cardiovascular system.2 Aging compromises the process of au-
tophagy in a number of cell types.3,4 With specific regard to endothelial 
cells (ECs), one report indicates a protein responsible for autophagy ini-
tiation was lower (i.e. beclin-1), and a marker of undegraded autophagy 
substrates was higher (i.e. p62/sequestosome-1), in primary brachial ar-
tery (BA) ECs from older vs. adult subjects under basal conditions.5

Because older participants in that study displayed BA nitric oxide 
(NO)-dependent endothelial dysfunction, the authors suggested a link 
exists between defective EC autophagy and compromised EC NO 
generation.

Since the circulating milieu and EC phenotype associated with aging is 
complex, we used a reductionist approach to determine whether EC au-
tophagy suppression per se is sufficient to impair shear-stress-induced 
NO generation in bovine aortic ECs (BAECs). Inhibiting EC autophagy via 
pharmacological and genetic approaches prevented shear stress-induced 
activating phosphorylation of endothelial NO synthase at serine 1177 
(p-eNOSS1177) and NO generation, and heightened shear stress-evoked re-
active oxygen species (ROS) production and pro-inflammatory gene ex-
pression.6 We concluded that EC autophagy plays a critical role in 
maintaining NO bioavailability, and contributes importantly to oxidant/anti-
oxidant and inflammatory/anti-inflammatory balance in ECs. After substan-
tiating these findings in human arterial endothelial cells (HAECs), we 
revealed that genetic repression of autophagy impairs EC glycolysis and sub-
sequent autocrine signalling via the purinergic 2Y1-receptor (P2Y1-R) to 
eNOS, to an extent that NO generation is compromised.7 By manipulating 
P2Y1-R signalling this phenotype was recapitulated in ECs with intact autop-
hagy, and rescued in ECs with genetic repression of autophagy.7 Here, we 

sought to determine the translational and functional relevance of these find-
ings by addressing three unanswered questions. First, is autophagy and NO 
generation impaired in arterial ECs from older vs. adult humans and mice in 
response to elevated shear-rate evoked by active hyperaemia? Second, 
does repressed shear-stress-induced NO generation after EC autophagy 
diminution in vitro translate to impaired intraluminal flow-mediated arterial 
vasodilation examined ex vivo? If so (i.e. third), can limited intraluminal flow- 
mediated arterial vasodilation in the context of pharmacological, genetic, 
and aging-associated EC autophagy compromise in mice be rejuvenated 
by targeting P2Y1-Rs?

Here, we report that elevated arterial shear-rate associated with ac-
tive hyperaemia evoked by RHE initiates autophagy, p-eNOSS1177 acti-
vation, and NO generation in primary arterial ECs obtained via j-wire 
from the radial artery of adult but not older male volunteers. In mice, 
robust activation of arterial EC autophagy and NO generation in re-
sponse to an acute bout of treadmill-running was observed in adult 
but not older animals. Furthermore, physiological shear-stress increased 
autophagic flux, the extracellular acidification rate (ECAR, an estimate of 
glycolysis), ATP generation, and p-eNOSS1177, in primary arterial ECs 
obtained from adult but not older mice. These results indicate our earl-
ier findings that shear-stress-induced NO generation is blunted by 
pharmacological and genetic autophagy repression in BAECs and 
HAECs can be translated to primary arterial ECs from older vs. adult hu-
mans and mice. Next, we demonstrated that P2Y1-R activation rejuve-
nates intraluminal flow-mediated vasodilation that is otherwise 
attenuated in femoral arteries from (i) adult mice (7-month) after 
pharmacological autophagy compromise; (ii) adult mice (4-month) 
with inducible depletion of Atg3 specifically in ECs; and older mice 
(24-month) that display indexes of repressed arterial EC autophagy 
and EC glycolysis in response to treadmill-running and shear-stress, 
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respectively. Collectively, solid evidence is provided that targeting puri-
nergic signalling to endothelial NO synthase in the context of compro-
mised EC autophagy mitigates arterial dysfunction.

2. Methods
Antibodies, primers, and other materials are shown in Supplementary 
material online, Tables S1–S4.

2.1 Human studies
Human subjects volunteered for our study. Protocol approval and writ-
ten informed consent were obtained according to the Declaration of 
Helsinki and was approved by the University of Utah (UU) and the 
Department of Veterans Affairs Salt Lake City Health Care System 
Institutional Review Boards. Adult and older male subjects visited the la-
boratory twice within 7 days. On Day 1, a flow-mediated dilation (FMD) 
test was completed and a maximal handgrip workload evaluation was 
performed.8 On Day 2, cells were obtained using a j-wire before and 
after rhythmic handgrip exercise (RHE) that elevated arterial shear-rate 
for 60 min.8 On the day of collection, one set of cells was stained with-
out fixation for NO and superoxide anion (O2

•–) generation using 
4-Amino-5-Methylamino-2′,7′-Difluorofluorescein Diacetate (DAF-FM 
Diacetate) and dihydroethidium (DHE), respectively.8 A second set of 
cells from the same subject was fixed with 4% paraformaldehyde and 
frozen at − 80°C until staining for protein expression using immuno-
fluorescent antibodies that recognize p-eNOSS1177, eNOS, Beclin1, au-
tophagy-related gene 3 (Atg3), microtubule-associated proteins 1A/1B 
light chain 3B (LC3B), p62, and lysosomal-associated membrane protein 
1 (LAMP1). Both sets of cells were co-stained with VE-cadherin and 
4′,6-diamidino-2-phenylindole (DAPI) to identify ECs and nuclei, re-
spectively, using confocal microscopy.8–10

2.2 Cell studies
HAECs: HAECs (Lonza Inc.) were maintained in endothelial basal 
medium-2 (Lonza Inc.) containing supplements (EGM-2 SingleQuots, 
Lonza Inc.) in a 5% CO2 atmosphere at 37°C.7 The Atg3 gene was de-
leted using CRISPR/Cas9. HAECs were transfected with single-guide 
RNA (sgAtg3) for the Atg3 gene (sequence: 5′-ACAAACGTGGC 
GAATAT-3′; Synthego) or a non-targeting sgRNA [wild type (WT)] by 
electroporation using the following conditions: 1400 V, 20 ms, 2 pulses. 
HAECs were treated with (i) 1 μmol/L 3-MA (to inhibit autophagy initi-
ation)7; (ii) 100 μmol/L 2-Me-ADP (to activate P2Y1-Rs)7; (iii) 5 μmol/L 
MRS2179 (to block P2Y1-Rs)7; or (iv) 50 μmol/L ADP (to activate 
P2Y1-Rs).7 In addition, sgAtg3 or WT HAECs were exposed to (v) 0 
or 20 dyne • cm2 shear stress for 45 min and prepared to assess NO gen-
eration, protein expression, and cell viability.7

Primary arterial ECs from mice (MAECs). MAECs from adult (7 months) 
and older (24 months) mice were obtained as we describe here and in 
the online supplement.7 MAECs were passaged at 70–80% confluency 
and Passages 4–6 were used to (i) measure autophagy indexes and 
mTOR signalling +100 μmol/L 2-Me-ADP; (ii) assess autophagic flux using 
10 nmol/L bafilomycin-A1 (Baf)11–13; or (iii) perform a glycolysis stress test.7

2.3 Animal studies
Procedures involving mice were approved by the Institutional Animal 
Care and Use Committee at the University of Utah. All procedures 
were performed according to the NIH Guide for the Care and Use of 
Laboratory Animals.

Older vs. adult mice. Male C57BL/6 mice were obtained from the 
Jackson Laboratories (C67BL/6J) at 5–6 months of age, or the National 
Institute on Aging (C67BL/6C) rodent colony at 21 months of age, and 
housed in AALAC-accredited facilities at the University of Utah. 
Animals were housed 4 per cage, maintained on a 12:12 h light: dark cycle 
in a temperature-controlled environment (22–23°C), and were provided 
standard rodent chow and water ad libitum. Mice were anaesthetized 
using 2–5% inhaled isoflurane (1-chloro-2,2,2-trifluoroethyl difluoro-
methyl ether) combined with 100% oxygen. Upon attaining an appropri-
ate plane of anaesthesia, the heart was removed. Separate cohorts of 
adult (7 months) and old (24 months) mice were used to assess the fol-
lowing: (i) EC and media+ adventitia (M+A) mRNA expression via 
qRT-PCR (carotid and iliac arteries); (ii) arterial admixture protein ex-
pression via immunoblotting (aorta, iliac, femoral arteries); (iii) arterial 
EC protein expression via en face immunofluorescent staining7,14–18

(aorta); (iv) vasoreactivity ex vivo via myography14–16 (femoral artery); 
and (v) vascular morphology by Masson’s Trichrome staining19 (aorta).

Inducible endothelial cell-specific Atg3 knockout (iecAtg3KO) mice. Atg3 
mediates lipidation of Atg8/LC3-I to form mature LC3-II and is required 
for the formation of autophagosomes.1 Flox-Atg3 mice were developed 
as described.7,20 Atg3flox/flox mice were crossed with Cdh5-CreERT2 

mice.21 Atg3flox/flox and Cdh5-CreERT2 mice were on a C57BL/6 back-
ground. Atg3flox/flox/Cdh5-CreERT2 and Atg3flox/flox littermates (WT) 
were used in this study. Floxed Atg3 and Cdh5-Cre was confirmed by 
PCR analysis of genomic DNA. To activate Cdh5-Cre in 4-month-old 
mice, 4 mg tamoxifen was administered via oral gavage to iecAtg3KO 
and WT mice for 4 consecutive days. Separate cohorts of WT and 
iecAtg3KO mice were used for mRNA expression, protein expression, 
function, and morphology as described.22

P2Y1-R knockout (KO) mice. Femoral arteries from 2-month-old 
P2Y1-R KO mice and their WT littermates23 were obtained to measure 
vascular function ex vivo via isobaric myography.14–16

2.4 Statistics
Data are presented as mean + standard deviation of the mean. 
Significance was accepted when P,0.05. Normality of distribution for 
each data set was performed by GraphPad Prism software version 
9. For comparison between two groups, unpaired or paired t-tests 
were performed. For comparison among three or more mean values, 
if the data were distributed normally, a one-way ANOVA was per-
formed. If significance was obtained, a Tukey’s post hoc test was used 
to identify the location of the differences. If the data were not distribu-
ted normally, a Kruskall–Wallis ANOVA was completed. If significance 
was obtained, a Dunn’s post hoc test was used to identify the location. 
Two-way ANOVA was used to determine significance concerning the 
following: (i) RHE-Pre and RHE-Post between adult and old subjects 
and (ii) intraluminal flow-mediated vasodilation in arteries. Two-way re-
peated measured ANOVA was used to determine significance concern-
ing haemodynamic variables during the RHE protocol. Information 
concerning statistical tests are included in each legend.

3. Results
3.1 Elevated arterial shear-rate heightens 
autophagy and NO generation in ECs from 
adult but not older males
Elevated arterial shear-rate associated with active hyperaemia evoked by 
RHE increases autophagy initiation, and NO and O2

•– production, in 

http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac061#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac061#supplementary-data
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radial artery ECs obtained from healthy adult males.8 Furthermore, 
pharmacologic and genetic repression of EC autophagy prevents 
shear-stress-induced NO generation in HAECs and BAECs.6,7 These 
findings prompted us to test the hypothesis that shear-induced autop-
hagy initiation and NO generation are blunted in ECs from older vs. adult 
volunteers. Subject characteristics are presented in Table 1.

FMD peak was lower in older vs. adult male subjects (Figure 1A). 
Comparing RHE-Pre between groups, i.e. the influence of aging, 
p-eNOSS1177 and NO generation were lower (Figure 1B–D) and O2

•- 

was higher (Figure 1B and E) in ECs from older vs. adult participants, 
whereas no differences existed between groups for total eNOS protein 
expression (Supplementary material online, Figure S1). Regarding autop-
hagy, while LC3B and LC3B-bound puncta were lower in ECs from old-
er vs. adult participants under baseline conditions (i.e. RHE-Pre; 
Figure 2A–D), no differences existed between groups regarding LC3B co-
localization with LAMP1, Beclin1, Atg3, or p62 (Figure 2C and F, 
Supplementary material online, Figure S2).

Relative to measures obtained at baseline, i.e. RHE-Pre, exercise ele-
vated BA blood flow velocity and arterial shear-rate ≏3-fold for 60 min 
to values that were not different between adult and older subjects 
(Supplementary material online, Figure S3), and systemic haemodynam-
ics were unaltered by this stimulus in both groups (Supplementary 
material online, Table S5). When compared with values obtained at 
RHE-Pre, RHE-Post ECs displayed increased p-eNOSS1177, NO gener-
ation, and O2

•- production, in adult but not older subjects (Figure 1). 
Regarding autophagy, compared with RHE-Pre, increased expression 
of Beclin-1, Atg3, LC3B, LC3B+LAMP1 colocalization, LC3B-bound 
puncta, and decreased expression (i.e. increased degradation) of p62, 
was displayed by ECs from adult but not older participants at 
RHE-Post (Figure 2, Supplementary material online, Figure S2). These 
findings provide translational relevance of our in vitro observations 
that pharmacologic and genetic repression of EC autophagy limits 
shear-stress-induced autophagy initiation and NO generation.6,7

3.2 Physiological shear-stress increases 
autophagic flux, indexes of glycolysis, ATP 
production, and eNOS activation in 
primary ECs from adult but not older mice
Next, we tested the hypothesis that shear-induced autophagy initiation 
and NO generation are blunted in ECs from older vs. adult mice. This 
was requisite because interventions completed later involve murine ar-
teries. LC3-II:GAPDH accrual and p62:GAPDH degradation in response 
to 20 vs. 0 dyne • cm2 shear stress was robust in ECs from adult vs. older 
mice (Figure 3A–C).

Because the process of autophagy is dynamic, we sought to distinguish 
trafficking of the autophagosome to the lysosome from lysosomal deg-
radation of the autophagosome.11 Adult and old MAECs exposed to 
shear stress were treated with vehicle or the V-ATPase inhibitor bafilo-
mycin (Baf). Baf prevents degradation of autophagolysosome contents. 
As such, increased accumulation of LC3-II:GAPDH and p62:GAPDH 
in the presence vs. the absence of Baf indicates heightened autophago-
some formation i.e. autophagic flux.11–13,22 Compared with the respect-
ive vehicle treatment, LC3-II:GAPDH increased to a greater extent 
(P,0.05) in adult (52%) vs. old (32%) MAECs upon treatment with 
Baf (Figure 3D and E). Likewise, compared with the respective vehicle 
treatment, p62:GAPDH increased 54% in adult MAECs vs. 37% in old 
MAECs upon treatment with Baf (Figure 3D and F). On balance, these 
findings are similar to those we observe in primary arterial ECs from old-
er humans (Figures 1 and 2).

ECs produce ATP primarily via glycolysis in response to shear 
stress.24,25 Earlier, we showed that EC glycolysis is repressed in 
BAECs under basal conditions and in response to shear-stress upon 
siRNA-mediated Atg3 knockdown.7 Here, we determined whether 
primary ECs from older mice exhibit compromised glycolysis vs. re-
sults obtained from adult animals. The ECAR was assessed in primary 
ECs from adult and old mice at 0 and 20 dyne • cm2 shear stress×
45 min under the following conditions: 0 mmol/L glucose; 5 mmol/L 
glucose (to stimulate glycolysis, lactate production, and increase 
ECAR); 1 µmol/L oligomycin (to inhibit mitochondrial ATP produc-
tion); and 50 mmol/L 2-deoxyglucose (2-DG, to inhibit glycolysis).26

Shear-stress increased ECAR to a greater extent in primary ECs 
from adult but not older mice (Figure 3G and H). As would be pre-
dicted, shear-stress-induced ATP production (Figure 3I) and 
p-eNOSS1177 (Figure 3J and K) also were more robust in ECs from 
adult vs. older mice.

3.3 Repressed EC autophagy in older vs. 
adult mice is associated with compromised 
intraluminal FMD
Next, we tested whether the age-associated reduction in shear-induced 
EC autophagy initiation and eNOS activation is translated to impaired 
intraluminal FMD. mRNA expression was assessed in ECs and media 
+ adventitia (M+A) obtained from iliac arteries of adult and older 
mice. Purity of the iliac EC and M+A fraction was verified by quantifying 
mRNA expression of platelet/endothelial cell adhesion molecule 1 
(Pecam1) and alpha-smooth muscle actin (α-Sma), respectively. 
Pecam1 mRNA was highly expressed in iliac ECs, but not in M+A, 
whereas α-Sma mRNA was highly expressed in M+A, but not in the 
EC fraction (Figure 4A). In the EC fraction, we demonstrate that 
mRNA expression of transcriptional factor EB (Tfeb), Atg3, Atg5, and 
Map1lc3b is lower in older vs. adult mice (Figure 4B). A similar pattern 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Characteristics of adult and old human subjects

Adult Old

Age, years 23+1 68+2*

Height, cm 181+3 180+2

Weight, kg 75+2 91+9
Body mass index, kg/m2 23+1 28+2*

Cholesterol, mg/dL 137+16 149+22

Triglycerides, mg/dL 50+5 111+31
HDL, mg/dL 45+3 41+6

LDL, mg/dL 83+13 94+21

Glucose, mg/dL 81+2 83+7
RBC, M/µL 5+0 5+0

Hb, g/dL 15+0 15+0

Hct, % 42+1 44+1
Maximal workload, kg 25+2 19+1

Values are mean scores + SE (n=6 per group). 
HDLs, high-density lipoproteins; LDLs, low-density lipoproteins; RBCs, red blood cells; 
Hb, haemoglobin; Hct, haematocrit. 
*P,0.05 vs. adult using an unpaired t-test.

http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac061#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac061#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac061#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac061#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac061#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac061#supplementary-data
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of findings was obtained in carotid arteries from the same mice 
(Supplementary material online, Figure S4).

Admixtures of aorta, iliac, and femoral artery from older mice exhib-
ited lower protein expression of Atg3:GAPDH, LC3-II:GAPDH, LC3-II: 
LC3-I, and p-eNOSS1177:eNOS, whereas expression of p62 trended 
higher (P=0.09), vs. lysates from adult mice (Figure 4C and D). These 
findings support that indexes of autophagy-related mRNA and protein 
expression are lower in ECs and arterial lysates from older vs. adult 
mice.

Next, we tested whether impaired NO-mediated vasodilation exists 
in femoral arteries from old mice with repressed EC autophagy vs. adult 
mice with intact EC autophagy. Animal and vessel characteristics are 
shown in Supplementary material online, Table S6 and Figure S5. First, 
we confirmed that (i) pressure gradients (ΔP) of 6, 18, and 30 mmHg 
evoke similar flow rates when separated by 30 min; (ii) ΔPs of 6, 18, 
and 30 mmHg cause vasodilatory responses that are not different 
when separated by 30 min; and (iii) phenylephrine (PE)-induced precon-
traction can be sustained for a duration that is sufficient to complete an 

Figure 1 ECs from older males with impaired arterial function are resistant to elevated radial artery shear-rate concerning nitric oxide generation and 
ROS. (A) FMD (%) peak was lower in older vs. adult male subjects. Representative images (B) and mean immunofluorescence staining intensity (C–E) is shown. 
Comparing RHE-Pre with RHE-Pre between groups, i.e. the influence of aging, p-eNOSS1177 and DAF are lower in ECs from older vs. adult participants, while 
DHE staining is elevated in ECs from older vs. adult subjects (i.e. Bar 1 vs. 3). Comparing RHE-Pre with RHE-Post between groups, i.e. the influence of elevated 
arterial shear rate, p-eNOSS1177, DAF, and DHE are elevated in ECs from adult (Bar 1 vs. 2) but not older (Bar 3 vs. 4) subjects. For C–E, ≏50 ECs from each 
time point and each subject were measure. Data are from the same 6 subjects in adult and per group as shown in A. *P,0.05 vs. RHE-Pre adult; #P,0.05 vs. 
RHE-Post adult. Scale bar: 10 μm. Magnification: 60×. Significance was assessed via unpaired t-test (A) and a two-way ANOVA (C–E).

http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac061#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac061#supplementary-data


Vascular autophagy and purinergic signalling                                                                                                                                                         257

intervention (Supplementary material online, Figure S6). Second, we 
showed that (i) blunted FMD exists in arteries from older vs. adult 
mice (Figure 4E); (ii) intraluminal incubation with 10− 3 mol/L 
NG-monomethyl-L-arginine (L-NMMA) represses FMD in arteries 
from adult but not older mice (Figure 4E); and (iii) vasodilation in re-
sponse to sodium nitroprusside is not different between groups 
(Figure 4F). These findings reveal that aging impairs intraluminal FMD 
in an NO-dependent manner in arteries wherein repressed EC and vas-
cular autophagy have been documented.

3.4 ECs from adult but not older mice 
display autophagy initiation and NO 
generation in response to active 
hyperaemia
Data shown in Figures 1, 2, and Supplementary material online, Figure S2
indicate autophagy initiation and NO generation are blunted in ECs from 
older vs. adult males that complete 60-min RHE. Results displayed in 
Figures 2B, D, 4B, and Supplementary material online, Figure S4 indicate 

Figure 2 ECs from older males are resistant to elevated radial artery shear-rate concerning autophagosome formation. Representative images (A and E) 
and mean immunofluorescence staining intensity (B–D and F) is shown. Comparing RHE-Pre with RHE-Pre between groups, LC3B expression and 
LC3B-bound puncta are lower in ECs from older vs. adult subjects. Comparing RHE-Pre with RHE-Post between groups LC3B, LC3B-bound puncta, 
LC3B colocalization with LAMP1, and degradation of p62, increased in ECs from adult (Bar 1 vs. 2) but not older (Bar 3 vs. 4) subjects. For B–D and F, 
≏50 ECs from each time point and each subject were measured. For B, D, and F, 6 subjects per group. For C, n=3 per group. *P,0.05 vs. RHE-Pre adult; 
#P,0.05 vs. RHE-Post adult. Scale bar: 10 μm. Magnification: 60×. Statistical significance was assessed via two-way ANOVA (B–D and F).

http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac061#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac061#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac061#supplementary-data


258                                                                                                                                                                                    J.M. Cho et al.                

Figure 3 ECs from older mice are resistant to shear stress-induced activation of autophagic flux, glycolysis, ATP production, and p-eNOSS1177. MAECs 
were exposed to 0 (–shear) or 20 dyne • cm2 shear stress (+shear) for 45-min. Representative images (A) and mean data indicate shear stress increases 
LC3-II/GAPDH accrual (B) and p62/GAPDH degradation (C ) in MAECs from adult but not older mice. Regarding autophagic flux, representative images (D) 
and mean data indicate that, compared with shear stress+ vehicle treatment, shear stress+ BAF caused greater accumulation of LC3-II/GAPDH (E) and 
p62/GAPDH (F) in MAECs from adult vs. old mice. For B,C,E,F, n=6 wells of a six-well plate; differences among groups concerning mean densitometry were 
identified via one-way ANOVA; *P,0.05 vs. Adult-Shear; *P,0.05 vs. Adult+Veh+Shear; #P,0.05 vs. Old+Veh+Shear. Regarding ECAR, treatment of 
MAECs with: 0 mmol/L glucose, 5 mmol/L glucose, 1 μmol/L oligomycin, and 50 mmol/L 2-deoxy D glucose (2-DG) indicate basal and shear-induced gly-
colysis is repressed in old vs. adult mice (G and H). For G and H, n=5 wells× 50 000 cells per well of a 24-well plate. For (H ), statistical significance was 
assessed via one-way ANOVA; *P,0.05 vs. adult. (I ) Shear stress increased ATP production to a greater extent in MAECs from adult vs. older mice. 
Representative image (J ) and mean densitometry (K ) indicate shear stress increases p-eNOSS1177/eNOS protein expression to a greater extent in 
MAECs from adult vs. older animals. For I and K, n=6 wells of a 6 well plate per treatment. Statistical significance was assessed via one-way ANOVA; 
*P,0.05 vs. static-adult.
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Figure 4 Repressed EC autophagy associates with compromised intraluminal flow-mediated vasodilation in arteries from old vs. adult mice. Pecam1 
mRNA expression is robust whereas α-Sma is minimal in the EC fraction from iliac (A) arteries of adult and old mice. α-Sma mRNA expression is robust 
whereas Pecam1 is minimal in the media+ adventitia (M+A) fraction from iliac (A) arteries of adult and old mice. Iliac artery ECs (B) of older mice display 
repressed mRNA expression of autophagy indices vs. adult mice. For A and B values are normalized by 18S; n=5 mice per group× 2 iliac arteries                                                                                                                                                                                                            

(continued) 
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an age-associated repression of arterial EC autophagy exists under basal 
conditions and in response to physiological shear-stress in vitro. Here, we 
determined whether autophagy initiation and eNOS activation are im-
paired in arterial ECs from older vs. adult mice in response to active 
hyperaemia evoked by 60-min treadmill-running. The mode, intensity, 
and duration of exercise was chosen based on its ability to heighten ar-
terial p-eNOSS1177 and eNOS enzyme activity in mice.17 Supporting our 
hypothesis, treadmill-running increased expression of Atg3, LC3B, and 
p-eNOSS1177 in aortic ECs from adult but not older mice (Figure 5A– 
D). These results are congruent with those observed in ECs from older 
vs. adult humans challenged with RHE (Figures 1 and 2) and ECs from 
older vs. adult mice exposed to shear-stress in vitro (Figure 3).

3.5 Autophagy inhibition mimics an aging 
vascular phenotype concerning 
intraluminal FMD
To this point our data indicate that the age-related suppression of EC 
autophagy (Figures 4B and 5A–D, and Supplementary material online, 
Figure S4) associates with (i) impaired glycolysis in ECs exposed to 
shear-stress (Figure 4G–I) and (ii) blunted intraluminal FMD in arteries 
(Figure 5E). However, the circulating environment accompanying aging 
contains myriad factors other than compromised autophagy that might 
limit intraluminal FMD. Here we assessed the contribution from re-
pressed autophagy per se to arterial function. To do so we used the class 
III PI3K inhibitor 3-methyladenine (3-MA) that impairs autophagy initi-
ation.7,27,28 Demonstrating efficacy, shear-stress-induced Atg3: 
GAPDH and LC3-II:GAPDH expression, and p62:GAPDH degradation, 
were prevented by 3-MA in HAECs (Supplementary material online, 
Figure S7A–D). Concurrent with these observations, 
shear-stress-induced p-eNOSS1177:eNOS and NO generation increased 
in the absence but not the presence of 3-MA (Supplementary material 
online, Figure S8). Importantly, neither cell death nor apoptosis was in-
creased by 3-MA vs. vehicle treatment (Supplementary material 
online, Figure S7E–G).

Next, we tested the hypothesis that arteries from adult mice treated 
with 3-MA exhibit an aging phenotype. Supporting this, intraluminal 
FMD displayed by femoral arteries from adult mice was blunted after au-
tophagy inhibition using 3-MA, to an extent that was not different from 
responses exhibited by arteries from old mice in the absence (i.e. first 
response) or presence (i.e. second response, 30-min later) of 3-MA 
(Figure 6A). Of note, shear-stress increased glycolysis in the absence 
but not the presence of 3-MA in MAECs (data not shown), substantiat-
ing results displayed in Figure 3G–I, and supporting the overall hypothesis 
that EC autophagy repression limits EC glycolysis to an extent that as-
sociates with compromised intraluminal FMD.

3.6 2-Me-ADP restores intraluminal FMD 
in arteries with physiological and 
pharmacological autophagy repression
Shear-stress stimulates the release of ATP in ECs and its hydrolysis 
product ADP is an important ligand of the P2Y1-R which mediates 
eNOS phosphorylation and NO generation.25 Earlier, we reported 
that genetic repression of autophagy impairs EC glycolysis, ATP/ADP 
production, and subsequent autocrine signalling via the P2Y1-R to 
eNOS, to an extent that NO generation is compromised.7

Importantly, shear-induced p-eNOSS1177 and NO generation was re-
stored in autophagy-deficient BAECs by concurrent treatment with 
the P2Y1-R agonist 2-Me-ADP. Findings shown in Supplementary 
material online, Figure S8 illustrate that 3-MA impairs 
shear-stress-induced autophagy and NO generation in HAECs. In agree-
ment with our previous findings in BAECs,7 repressed shear-induced 
p-eNOSS1177 and NO generation after 3-MA was normalized in 
HAECs by 2-Me-ADP (Supplementary material online, Figure S8).

Because 2-Me-ADP restored shear-stress-induced p-eNOSS1177 and 
NO generation in HAECs after inhibiting autophagy initiation using 
3-MA (Supplementary material online, Figure S8), we tested whether a 
similar pattern of results is translated to arteries that display an 
aging-associated reduction in vascular autophagy. Intraluminal FMD 
was impaired in arteries from old vs. adult mice, but 2-Me-ADP rejuve-
nated vasodilatory responses in arteries from aged animals to values that 
were not different from adult mice treated with 2-Me-ADP (Figure 6B). 
Importantly, 2-Me-ADP impacted neither EC autophagy, mTOR signal-
ling (Supplementary material online, Figure S9), cell death, nor apoptosis 
(Supplementary material online, Figure S10).

Next, we determined whether P2Y1-R activation reestablishes arter-
ial function in a manner that is independent from defective autophagy. 
Regarding pharmacological repression of autophagy, depressed intra-
luminal FMD observed in arteries from adult mice treated with 3-MA 
(Figure 6A) was recovered by incubation with 3-MA+ 2-Me-ADP 
(Figure 6C). Concerning physiological i.e. age-associated impairment of 
EC autophagy, blunted vasodilatory capacity in arteries from old mice 
was rejuvenated by concurrent treatment with 2-Me-ADP, even in 
the presence of 3-MA (Figure 6C). Neither 3-MA, 2-Me-ADP, nor their 
combination, influenced responses to sodium nitroprusside 
(Supplementary material online, Figure S11A–C), indicating vascular 
smooth muscle function was not affected by the respective treatments.

Next, we substantiated that 2-Me-ADP restores FMD in the context 
of repressed autophagy by reactivating purinergic signalling to eNOS and 
subsequent NO generation. In this regard, we show that L-NMMA ne-
gates 2-Me-ADP-induced FMD improvements in arteries from older 
mice (Figure 6D). Together, our findings indicate purinergic reactivation 
of autocrine signalling using 2-Me-ADP improves intraluminal FMD that 
is otherwise impaired in arteries with physiological (i.e. aging) or 

Figure 4 Continued 
per mouse. For A, *P,0.05 vs. Pecam1. For B and D, *P,0.05 vs. adult. Representative images (C ) and mean densitometry (D) from arterial admixtures 
indicate autophagy indexes (normalized to GAPDH) and p-eNOSS1177 (normalized to eNOS) are compromised in older vs. adult mice. For C and D, n=5 
per group; *P,0.05 vs. Adult. (E) Intraluminal flow-mediated vasodilation (%) was (i) greater in femoral arteries from adult vs. older mice and (ii) sensitive to 
L-NMMA in femoral arteries from adult but not older mice. Robust intraluminal flow-mediated vasodilation is displayed by arteries from adult but not older 
mice in the presence of vehicle (DMSO, F ). After a 30-min incubation with (i) 5 mmol/L 3-MA, intraluminal flow-mediated vasodilation is repressed in 
arteries from adult but not older mice (F ). For E and F, n=6 mice per group× 1 artery per mouse. *P,0.05 vs. adult. Statistical significance was assessed 
by unpaired t-test (A–D) and a two-way repeated measures ANOVA (E and F ).
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pharmacological (i.e. 3-MA) autophagy disruption. Animal and vessel 
characteristics are shown in Supplementary material online, Table S7.

3.7 2-Me-ADP restores intraluminal FMD 
in arteries from mice with inducible 
disruption of Atg3 specifically in ECs
Incorporating a genetic loss of function approach, we knocked down 
Atg3 in HAECs using CRISPR–Cas9. Twenty dyne • cm2 shear-stress in-
creased Atg3:GAPDH and LC3-II:GAPDH expression, and p62:GAPDH 
degradation, in WT but not sgAtg3KO HAECs (Supplementary material 
online, Figure S12A–D). As expected, genetic diminution of Atg3 in 
HAECs prevented shear-induced eNOS activation and NO generation, 
but both endpoints were rejuvenated by concurrent treatment with 
2-Me-ADP which had no impact on autophagy (Supplementary 
material online, Figure S12E–G). No treatments influenced cell death 
or apoptosis (Supplementary material online, Figure S13).

To determine translational relevance, we generated mice with 
tamoxifen-inducible depletion of Atg3 specifically in ECs i.e. 
iecAtg3KO mice. Genotyping results and the tamoxifen regimen to in-
duce depletion are shown in Supplementary material online, 

Figure S14A and B. en face immunofluorescent staining of abdominal aor-
ta segments indicate Atg3 and p-eNOSS1177 protein expression are low-
er in ECs from iecAtg3KO vs. WT mice (Figure 6F and G, Supplementary 
material online, Figure S14C and D). As a complementary procedure, 
mRNA expression was assessed in ECs and M+A obtained from iliac ar-
teries of both genotypes. Reduced Atg3 gene expression was observed 
in iliac artery ECs (Supplementary material online, Figure S14E) obtained 
from iecAtg3KO vs. WT mice. Substantiating specificity of knockdown, 
mRNA expression of Beclin1 was similar in iliac ECs and M+A regardless 
of genotype (Figure 6E).

Next, we determined whether our results in HAECs with genetic au-
tophagy compromise concerning shear-induced eNOS activation and 
NO generation can be translated to arteries from iecAtg3KO mice re-
garding intraluminal FMD. Animal and vessel characteristics are shown in 
Supplementary material online, Table S8 and Figure S15. Blunted vaso-
dilation in response to three different flow rates was observed in arter-
ies from iecAtg3KO vs. WT mice. Moreover, intraluminal incubation 
with 10− 3 mol/L L-NMMA repressed FMD in arteries from WT but 
not iecAtg3KO mice, suggesting strongly that EC-specific autophagy re-
pression impairs NO-dependent vasodilation (Figure 6H). Importantly, 
incubation with 2-Me-ADP improved vasodilatory capacity in arteries 

Figure 5 ECs from adult but not older mice display autophagy initiation and NO generation in response to 60-min treadmill-running. Representative 
images (A) and mean immunofluorescence data (B–D) from aortic ECs from mice that did not (No-EX) or did (EX) complete 60-min treadmill-running 
are shown. The four quadrants of each staining protocol represent VE-cadherin (bottom left); DAPI (blue, bottom right); protein of interest (top left), 
and merge (top right). Atg3, LC3B, and p-eNOSS1177 (B–D) increased in EX vs. No-EX-adult (Bar 1 vs. 2) but not older (Bar 3 vs. 4) mice. LC3B (C ) 
and p-eNOSS1177 (D) were lower in older vs. adult mice, whereas Atg3 was not different between groups (i.e. Bar 1 vs. 3). Four mice/aorta per group 
× 5 images per aorta× 20 ECs per image were quantified. For A–D, *P,0.05 vs. No-EX-Adult; #P,0.05 vs. EX-Adult. Scale bar: 10 μm. Magnification: 
60×. Statistical significance was assessed via one-way ANOVA.
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Figure 6 Impaired flow-mediated vasodilation evoked by pharmacological, physiological, or genetic autophagy repression is rejuvenated by 
2-Me-ADP. Robust intraluminal flow-mediated vasodilation is displayed by arteries from adult but not older mice in the presence of vehicle (DMSO; 
A–C). After a 30-min incubation with (i) 3-MA, intraluminal flow-mediated vasodilation is repressed in arteries from adult mice (A); (ii) 100 μmol/L 
2-Me-ADP, intraluminal flow-mediated vasodilation is re-established in arteries from older mice (B); (iii) 3-MA+ 2-Me-ADP, intraluminal flow-mediated 
vasodilation is improved in arteries from adult and older mice (C ); (iv) 2-Me-ADP+ L-NMMA, intraluminal flow-mediated vasodilation is prevented                                                                                                                                                                                                            

(continued) 
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from iecAtg3KO mice via NO generation (Figure 6I and J). Vascular 
smooth muscle responses were similar in arteries from both genotypes 
(Supplementary material online, Figure S11D). These findings illustrate 
that purinergic activation of autocrine signalling using 2-Me-ADP im-
proves FMD that is otherwise impaired in arteries from mice with 
EC-specific autophagy depletion.

3.8 P2Y1-R inhibition in adult mice mimics 
an aging vascular phenotype
Earlier, we documented that shear-stress-induced p-eNOSS1177 and NO 
generation is prevented in BAECs treated with the P2Y1-R blocker 
MRS2179.7 Using this loss of function approach, we sought to determine 
functional relevance. First, we validated in HAECs that ADP-induced 
p-eNOSS1177 activation is negated by concurrent treatment with 
MRS2179 (Figure 7A and B) in the absence of cell death or apoptosis 
(Supplementary material online, Figure S16). Supporting our hypothesis, in-
traluminal flow-mediated vasodilation displayed by arteries from adult mice 
in the presence of vehicle was markedly depressed during a second flow- 
response curve in the presence of MRS2179 (Figure 7C). Vascular smooth 
muscle function was not impacted (Supplementary material online, 
Figure S11E). Of interest, limited vasodilatory capacity displayed by arteries 
from adult mice treated with MRS2179 was similar to responses exhibited 
by vessels from old mice treated with vehicle or MRS2179.

Previously we reported that shear-stress-induced p-eNOS1177 and 
NO generation are prevented in BAECs transfected with P2Y1-R vs. 
scrambled siRNA.7 To determine functional relevance, we assessed in-
traluminal FMD in arteries from 2-month-old male P2Y1-R KO 
mice.23 Robust intraluminal FMD observed in femoral arteries from 
WT mice was absent in arteries from P2Y1-R KO animals, whereas vas-
cular smooth muscle function was similar between groups 
(Supplementary material online, Figure S11F). Notably, intraluminal 
FMD displayed by arteries from WT mice was sensitive to NOS inhib-
ition using L-NMMA, whereas vessels from P2Y1-R KO mice were resist-
ant to this intervention. Animal and vessel characteristics are shown in 
Supplementary material online, Table S9.

Our findings provide solid evidence that physiological (aging), pharma-
cological (3-MA), and genetic (sgAtg3; iecAtg3KO mice) autophagy re-
pression specifically in ECs compromises intraluminal FMD. 
Importantly, targeted activation of P2Y1-Rs via 2-Me-ADP in each con-
text is sufficient to improve shear-stress-induced eNOS activation, NO 
generation, and/or arterial vasodilatory capacity.

4. Discussion
The need is urgent to reveal new therapeutic targets for intervention in 
the context of age-associated vascular disease. Here we report for the 
first time that (i) older males with impaired vascular function display re-
pressed EC autophagy initiation and NO generation in response to active 
hyperaemia (Figures 1 and 2); (ii) shear-stress-induced autophagic flux, 
glycolysis, ATP generation, and eNOS activation is compromised in pri-
mary arterial ECs from older mice (Figure 3); (iii) older mice with limited 
intraluminal flow-mediated arterial vasodilation exhibit blunted EC au-
tophagy initiation and eNOS activation in response to active hyperaemia 
(Figure 4); (iv) inhibiting autophagy or disrupting P2Y1-Rs in the vascula-
ture of adult mice phenocopies age-related vascular dysfunction (Figures 
6 and 7); and (v) P2Y1-R activation rejuvenates intraluminal flow- 
mediated vasodilation that is otherwise attenuated in arteries from 
mice after pharmacological, genetic, and aging-associated EC autophagy 
compromise (Figure 6). These results provide solid evidence that 
age-associated arterial dysfunction concurrent with repressed EC autop-
hagy can be re-established by activating purinergic autocrine signalling.

4.1 Autophagy and NO generation is 
impaired in arterial ECs from older vs. adult 
humans and mice in response to elevated 
shear-rate
While dysregulated autophagic activity is associated with age-related 
pathologies including neurodegeneration, cancer, and immunosuppres-
sion, knowledge concerning the contribution from this process to 
aging-related cardiovascular complications in general29–31 and EC dys-
function in particular,2,6–8,32 is evolving. From our search of the available 
literature, the influence of aging on arterial EC autophagy has been re-
ported once in humans under basal conditions.5 In that study, lower pro-
tein expression of Beclin-1 together with p62 accumulation was 
observed in ECs obtained via BA j-wire from older (61–71 years) vs. 
adult (20–31 years) subjects.5 In contrast, we observed similar 
Beclin-1, Atg3, LC3B+ LAMP1 colocalization, and p62 protein expres-
sion in radial artery ECs at baseline (i.e. RHE-Pre) in older (68+2 years) 
vs. adult (23+1 years) participants. The discrepant findings concerning 
basal autophagy are curious because EC biopsy procedures and im-
munofluorescent staining protocols were similar between reports. Of 
greater importance is our novel finding that ECs from older subjects 
are unresponsive to physiological elevations of arterial shear-rate con-
cerning autophagy initiation and eNOS activation. Specifically, in addition 

Figure 6 Continued  
in arteries from older mice. For A–D, n=3–4 mice per group; one or two arteries per mouse was used. For A–C, *P,0.05 vs. adult; #P,0.05 vs. old. For (D), 
*P,0.05 vs. old+ 2-Me-ADP+ L-NMMA. Iliac EC Atg3 mRNA expression is minimal in iecAtg3KO vs. WT mice, whereas iliac M+A Atg3 mRNA expres-
sion is similar between groups (E). Beclin1 mRNA expression is not different between groups in iliac ECs or M+A. Data shown in E were normalized by 18S; 
n=5 mice per group× 2 iliac arteries per mouse. Representative en face images (F ) and mean immunofluorescent staining intensity (normalized by the 
number of cells; G) of ECs from aorta of WT and iecAtg3KO mice. ECs were identified by co-staining for DAPI and VE-cadherin. For each quadrant 
(F ): bottom right DAPI; bottom left, VE-cadherin; top left: Atg3; top right, merge. Atg3 was lower in ECs from iecAtg3KO vs. WT mice (G). For F and 
G, n=4 mice× 3 segments of aorta per mouse per group. For E, scale bar: 10 μm, magnification=60×. Robust intraluminal flow-mediated vasodilation 
is displayed by femoral arteries from WT but not iecAtg3KO mice (G and H ). After a 30-min incubation with (i) 10− 3 mol/L L-NMMA, intraluminal flow- 
mediated vasodilation is repressed in arteries from WT but not iecAtg3KO mice (H ); (ii) 100 μmol/L 2-Me-ADP, intraluminal flow-mediated vasodilation is 
improved in arteries from iecAtg3KO mice (I); (iii) 2-Me-ADP+ L-NMMA, intraluminal flow-mediated vasodilation is prevented in arteries from iecAtg3KO 
mice (J ). For H and I, n=5 mice per group× 1 artery per mouse. *P,0.05 vs. WT; #P,0.05 vs. iecAtg3KO. For J, n=3 mice per group× 2 arteries per 
mouse. *P,0.05 vs. 2-Me-ADP in iecAtg3KO mice. Statistical significance was assessed via two-way repeated measures ANOVA (A–D, H–J) and an un-
paired t-test (E and G).
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to a lack of shear-induced p-eNOSS1177 and NO generation, ECs from 
older vs. adult volunteers were refractory to phagophore initiation 
(Beclin-1), autophagosome formation and maturation (Atg3 and LC3B 
puncta), autophagosome fusion with the lysosome (LC3B+ LAMP1 co-
localization), and lysosomal degradation of autophagosome contents 
(p62), in response to active hyperaemia evoked by 60-min RHE 
(Figures 1, 2, and Supplementary material online, Figure S2). It is import-
ant to note that these results in ECs were obtained despite BA blood 
flow velocity, absolute shear-rate, and the fold-increase in shear-rate 
above baseline being similar between adult and older subjects. Based 
on these data, the lack of eNOS activation and NO generation we ob-
served previously in BAECs and HAECs exposed to shear stress after 

genetic and pharmacological autophagy compromise6,7 appears to 
translate to primary arterial ECs from older humans with physiological 
repression of EC autophagy.

Substantiating our earlier findings from HAECs after genetic autop-
hagy repression, primary ECs from mice with age-associated autophagy 
compromise displayed blunted autophagic flux, glycolysis, ATP produc-
tion, and eNOS activation in response to physiological shear stress in vi-
tro. Next, we determined that responses to shear stress in vitro could be 
recapitulated in ECs exposed to shear stress evoked by active hyper-
aemia. We report for the first time that aging mitigates the ability of ar-
terial ECs to respond to active hyperaemia concerning EC autophagy 
upregulation. Specifically, 60 min of submaximal treadmill-running 

Figure 7 P2Y1-R inhibition in adult mice mimics an aging phenotype. Representative images (A) and mean densitometry (B) are shown. Adenosine di-
phosphate (ADP; 50 μmol/L) increased p-eNOSS1177/eNOS protein expression in vehicle (PBS)-treated HAECs but not HAECs treated with MRS2179 
(5 μmol/L, 30 min). For B, n=6 wells of a six-well plate; differences among groups concerning mean densitometry were identified via one-way ANOVA; 
*P,0.05 vs. control (-ADP and -MRS2179). (C ) Robust intraluminal flow-mediated vasodilation displayed by femoral arteries from adult mice is impaired by 
30-min intraluminal incubation with 5 μmol/L MRS2179. Blunted vasodilatory capacity exhibited by arteries from older vs. adult mice is not repressed fur-
ther by MRS2179. For C, n=3 mice per group× 1 artery per mouse. *P,0.05 vs. adult. (D) Intact intraluminal flow-mediated vasodilation displayed by 
arteries from WT but not P2Y1-R KO mice is nullified by 30-min incubation with L-NMMA. For D, n=4 mice per group× 1 artery per mouse. 
*P,0.05 vs. WT. Statistical significance was assessed via one-way ANOVA (B) and two-way repeated measures ANOVA (C and D).
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elevated Atg3, LC3B, and p-eNOSS1177 in aortic ECs from adult but not 
older mice (Figure 5).

4.2. Repressed shear-stress-induced NO 
generation after EC autophagy diminution 
in vitro translates to impaired intraluminal 
flow-mediated arterial vasodilation 
examined ex vivo
We reasoned that a failure of shear-stress/active hyperaemia-induced 
EC autophagy, glycolysis, and ATP production might limit eNOS activa-
tion and precipitate impaired intraluminal flow-mediated vasodilation 
displayed by arteries from old vs. adult mice. In support of the contribu-
tion from NO to vasodilation, NOS inhibition abrogated vasodilatory 
capacity displayed by femoral arteries from adult mice with intact EC au-
tophagy, but not older mice with compromised EC autophagy. 
However, because the circulating milieu associated with aging is com-
plex, and factors other than depressed EC autophagy certainly contrib-
ute to endothelial dysfunction in this context, we tested and 
demonstrated that vascular autophagy inhibition per se (Figure 6A), and 
EC-specific autophagy depletion (Figure 6H), are sufficient to phenocopy 
age-associated endothelial dysfunction. These data are the first to dem-
onstrate that EC autophagy depletion is sufficient to attenuate endothe-
lial function. As such, age-associated reductions in arterial EC autophagy 
contribute importantly to limiting vasodilatory capacity exhibited by old-
er rodents and humans.

4.3 Impaired intraluminal flow-mediated 
vasodilation after pharmacological, 
genetic, or aging-associated EC autophagy 
compromise is rejuvenated by targeting 
P2Y1-Rs
In a previous study, we determined a molecular pathway that links re-
pressed EC autophagy to impaired NO generation in vitro. Specifically, 
ECs with genetic depletion of autophagy exhibit diminished EC glycolysis 
and attenuated intra and extracellular ATP accumulation when exposed 
to shear-stress.7 Since studies using cultured ECs24,25 and isolated cere-
bral arteries33 documented that ATP degradation products (e.g. ADP) 
activate P2Y1-Rs and trigger NO generation, we evaluated this pathway 
further. Gain of function maneuvers that restored purinergic signalling 
(e.g. GLUT1 overexpression; 2-Me-ADP) rescued shear-induced 
p-eNOSS1177 and NO production in BAECs with impaired autophagy.7

Here we determined whether key results from BAECs studied in vitro 
after genetic autophagy disruption can be translated to primary arterial 
ECs and arteries from older mice with physiological autophagy com-
promise. First, we confirmed that 2-Me-ADP rescues shear 
stress-induced p-eNOSS1177 and NO generation in HAECs that is other-
wise prevented by pharmacological (Supplementary material online, 
Figure S8) and genetic (Supplementary material online, Figure S12) autop-
hagy disruption. Demonstrating functional relevance, 2-Me-ADP im-
proved intraluminal flow-mediated vasodilation that was otherwise 
attenuated in (i) femoral arteries from aged mice with diminished basal 
EC autophagy and blunted hyperaemia-induced EC autophagy (Figure 6) 
and (ii) adult mice with EC-specific depletion of autophagy (i.e. 
iecAtg3KO mice; Figure 6). If P2Y1-R activation preserves arterial func-
tion in a manner that is independent from defective autophagy, we pre-
dict that 2-Me-ADP should improve vasodilatory capacity even in the 
presence of pharmacological, genetic, and physiological autophagy 

compromise. In support of this, otherwise blunted intraluminal flow- 
mediated vasodilation displayed by arteries from (i) older mice treated 
with 3-MA; (ii) adult mice treated with 3-MA; and (iii) adult 
iecAtg3KO mice, is improved by concurrent treatment with 
2-Me-ADP (Figure 6).

Loss of function approaches also were used in our previous study to 
confirm whether purinergic signalling serves as a link between repressed 
EC autophagy and impaired NO generation in vitro. For example, inhibit-
ing glucose-transport via GLUT1 siRNA, blocking purinergic signalling via 
ectonucleotidase-mediated ATP/ADP degradation (e.g. apyrase), or inhi-
biting P2Y1-Rs using pharmacological (e.g. MRS2179) or genetic (e.g. 
P2Y1-R siRNA) procedures, prevented shear-induced p-eNOSS1177 

and NO generation in ECs with intact autophagy.7 We sought to trans-
late these results from ECs studied in vitro to arteries evaluated ex vivo. 
For example, if purinergic signalling to eNOS is an important component 
of intraluminal flow-mediated vasodilation in arteries from adult mice 
with intact autophagy, then disrupting P2Y1-R activation should precipi-
tate a defect in the response. After validating that ADP-induced 
p-eNOSS1177 is negated by concurrent treatment with MRS2179 in 
HAECs, we demonstrated that robust intraluminal flow-mediated vaso-
dilation displayed by arteries from adult mice could be attenuated by lu-
minal incubation with this P2Y1-R blocker, to values not different from 
those exhibited by arteries from older mice (Figure 7). These results 
were substantiated using arteries from mice with germline P2Y1-R 
deficiency.

4.4 Experimental considerations
Several considerations should be addressed when integrating our find-
ings into what is currently known. First, because a relatively low yield 
of ECs/protein is obtained via j-wire biopsy of the radial artery endothe-
lium of male subjects, we used immunofluorescence to quantify protein 
expression vs. immunoblotting.8–10,34 Nevertheless, in an attempt to 
maximize accuracy of our measurements, 3–4 j-wires were used per 
time point per subject, and fluorescence intensity from ≏50 ECs per 
endpoint per subject were averaged. At present, procedures using 
ECs obtained via j-wire (healthy volunteers) and/or arterial catheter 
sheath (patients with suspected or confirmed cardiovascular disease) 
are being optimized for single-cell RNAseq in an attempt to enhance 
translational relevance of our future investigations. Second, we con-
firmed compromised EC autophagy (carotid arteries/iliac arteries) in 
older vs. adult mice in a perfusion territory different from where func-
tion was assessed (i.e. femoral arteries). However, several lines of evi-
dence give us confidence that a cause and effect relationship does 
exist between repressed EC autophagy and impaired intraluminal flow- 
mediated vasodilation. For example, the pattern of age-related autop-
hagy compromise is similar between the iliac artery (Figure 4) and the 
carotid artery (Supplementary material online, Figure S4), two perfusion 
territories that are relatively distant from one another. As such, it is not 
unreasonable to speculate that two vessel segments that are adjacent i.e. 
the iliac and femoral arteries, would be similar with regard to EC autop-
hagy status. Third, because our experiments were completed using male 
humans and mice, sex differences could not be investigated. This import-
ant issue will be addressed.

5. Conclusions
Evidence from our laboratory and others indicate aging is associated 
with repressed vascular autophagy and impaired NO-mediated arterial 
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function, but a confirmed link has not been established. eNOS is regu-
lated at multiple levels,35 including via nucleotide activation of purinergic 
receptors.25,36,37 Our earlier findings in vitro indicate that genetic repres-
sion of autophagy precipitates defects in purinergic signalling to eNOS 
that can be rescued. Here we provide solid evidence that dysfunction 
displayed by aged arteries with repressed EC autophagy can be re- 
established by pharmacological promotion of purinergic autocrine sig-
nalling. Further research concerning the G protein-coupled P2Y family 
of receptors is warranted in an effort to explore new therapeutic treat-
ment options for aging-related endothelial dysfunction that is secondary 
to or associated with defective EC autophagy.
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Supplementary material is available at Cardiovascular Research online.
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