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Abstract Aging increases the risk of atheroscle-
rotic cardiovascular disease which is associated
with arterial senescence; however, the mecha-
nisms responsible for the development of cellular
senescence in endothelial cells (ECs) and vascu-
lar smooth muscle cells (VSMCs) remain elusive.
Here, we study the effect of aging on arterial DNA
damage and telomere dysfunction. Aging resulted
in greater DNA damage in ECs than VSMCs. Fur-
ther, telomere dysfunction—associated DNA damage
foci (TAF: DNA damage signaling at telomeres)
were elevated with aging in ECs but not VMSCs.
Telomere length was modestly reduced in ECs with
aging and not sufficient to induce telomere dysfunc-
tion. DNA damage and telomere dysfunction were
greatest in atheroprone regions (aortic minor arch)
versus non-atheroprone regions (thoracic aorta).
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Collectively, these data demonstrate that aging
results in DNA damage and telomere dysfunction
that is greater in ECs than VSMCs and elevated in
atheroprone aortic regions.
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Introduction

Aging is the greatest risk factor for developing car-
diovascular disease (CVD), which is the leading
cause of death in elderly individuals [1]. Therefore,
it is of critical importance to understand how aging
increases the risk of CVD as the elderly population
continues to grow. Advancing age results in arterial
dysfunction that precedes the development of most
age-related CVDs and predicts future CVD morbidity
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and mortality [2]. Aged arteries display elevated produc-
tion of reactive oxygen species (ROS) and inflammation
that contributes to arterial dysfunction and CVD pro-
gression [3—5]. Although the origin of this aged arterial
phenotype remains incompletely understood, emerging
evidence suggests that an increase in the number of resi-
dent senescent cells within arteries contributes to elevated
burden of ROS and inflammation with advancing age [6].
Cellular senescence is defined as permanent cell
cycle arrest and occurs due to a variety of stressors [7].
Aging increases senescence burden in whole arteries [8]
and in endothelial cells (ECs) which is associated with
impaired endothelial function [9]. Likewise, senescent
ECs [10] and vascular smooth muscle cells (VSMCs)
[11] have been identified at sites of atherosclerosis.
However, evidence identifying the senescence-inducing
stimuli that occurs in arteries with aging is lacking.
Two senescence inducing stimuli that likely con-
tribute to arterial senescence and ultimately athero-
sclerotic CVD include total nuclear DNA damage [12]
and telomere dysfunction [6, 13, 14]. Persistent DNA
damage activates tumor suppressor pathways resulting
in senescence, [15] and DNA damage contributes to
vascular aging phenotypes and age-related CVD [12].
Telomeres are the ends of chromosomes comprised of
repeated DNA sequences which are folded into a tel-
omere (T)-loop by a protein complex known as shel-
terin, effectively capping the telomere [16]. Telomere
capping protects chromosome ends, preventing rec-
ognition as damaged DNA and subsequent activation
of the DNA damage response (DDR) [16, 17]. Loss
of shelterin [18] or excessive telomere shortening
which occurs with each cell division [19, 20] result
in telomere uncapping. The telomere sequence con-
tains many guanine triplets which are highly sensitive
to oxidative modifications [21]. Oxidative damage at
telomeres can lead to shortening or damage independ-
ent of telomere length [22-26]. Ultimately, telomere
uncapping or damage to telomeres independent of
length results in persistent DDR signaling at telom-
eres, known as telomere dysfunction-associated DDR
foci (TAF) [26-28]. The susceptibility of telomeres
to damage is important because TAF are highly pre-
dictive of senescence induction and thus are used as
markers of senescence [8, 26, 27, 29, 30]. Based on
these characteristics of telomere dynamics, telomeres
likely act as cellular stress sensors, tracking lifetime
replicative demands, and exposure to oxidative stress,
ultimately signaling for senescence when cells have
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experienced excessive stress [18]. Importantly, the
prevalence of DNA damage and telomere dysfunction
with aging in ECs versus VSMCs and at sites prone to
atherosclerotic CVD development is unknown.
Atherosclerosis preferentially develops at sites
that experience low and oscillatory wall shear stress
(WSS) in comparison to sites that experience high
laminar WSS [31]. The predisposition of certain
vascular regions to atherosclerosis likely stems from
the cellular consequences of exposure to differing
hemodynamic environments [32]. For example, ECs
exposed to low and oscillatory WSS display elevated
cell turnover and a pro-oxidant, pro-inflammatory
phenotype akin to the canonical SASP [32, 33]. Evi-
dence suggests that this cell turnover results in tel-
omere attrition that is associated with atherosclerosis
[34]. However, it is unclear whether this telomere
attrition is sufficient to result in telomere dysfunction.
Here, we sought to determine if aging results in
DNA damage and telomere dysfunction in ECs and
VSMCs. We found that with aging, ECs have a greater
DNA damage burden than VSMCs and that ECs but
not VSMCs have dysfunctional telomeres that are not
a result of telomere attrition. Furthermore, we evalu-
ated atheroprone and non-atheroprone vascular regions.
With aging, both DNA damage and telomere dysfunc-
tion were greatest in regions that are prone to athero-
sclerosis. These findings represent important insights
into effects of aging on DNA damage and telomere dys-
function between vascular cell type and arterial regions.

Methods
Ethical approval and animals

All animal studies were in compliance with the Guide
and Use of Laboratory Animals and were approved
by the University of Utah, Veteran’s Affairs Medical
Center-Salt Lake City (VAMC-SLC). Young 5.5+0.5
mo C57BL/6 male mice were obtained from Charles
River Inc. Old 25.6+0.4 mo C57BL/6 mice were
obtained from the National Institute of Aging colony
maintained by Charles River Inc.

Aorta preparation

For aorta preparation, immunofluorescence-fluores-
cent in situ hybridization (IF-FISH), and imaging,
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samples were batched into groups of >3 young and >3
old animals (3 batches total). Mice were anesthetized
with 2% isoflurane and the portal vein was cut. Mice
were perfused through the left ventricle with saline
for ~5 min until saline ran clear, followed by perfusion
with 60 mL of paraformaldehyde (pH 7.4). The heart
and connected aorta were carefully dissected down to
the abdominal aorta and placed in cold physiological
saline solution and pinned under a dissecting scope.
Perivascular adipose tissue was gently removed from
the thoracic aorta working towards the heart. The aorta
was removed from the heart at the base and branches
were gently cut off. The arch was then cut from the
thoracic descending aorta and placed in 1 XPBS (pH
7.4, calcium and magnesium free, used for all steps
where 1 XPBS was required) at 4 °C overnight.

Immunofluorescence—fluorescent in situ hybridization

Whole thoracic aorta and aortic arch sections were
left intact during IF-FISH, which was performed in
0.2 mL PCR tubes. Subsequent steps were performed
by transferring samples between tubes containing
solutions. Samples were placed in 100% methanol
at— 15 °C for 15 min and then rehydrated in 1 XPBS
for 5 min at room temperature. Samples were placed in
blocking solution containing 1 mg/mL bovine serum
albumin, 3% goat serum, 0.1% Triton X-100, 1 mM
EDTA, and all in 1xPBS for 30 min at room tem-
perature. Next, samples were placed in 1:500 53BP1
(Novus Biologicals, NB100-0304, Rabbit) antibody
in blocking solution for 1 h at room temperature.
Samples were washed 3 x5 min in 1 XPBS, followed
by incubation in 1:500 Alexa Fluor 555 (Invitro-
gen, A-21429, Goat anti-Rabbit) in blocking solution
for 1 h at room temperature. Samples were washed
35 min in 1 XPBS, followed by dehydration in 70%,
95%, and 100% ethanol at room temperature for 5 min
each. Samples were allowed to dry very briefly and
placed in hybridization solution containing 2% Tris
HCL, 60% formamide, and 5% blocking reagent from
a 10% Roche stock (blocking reagent for nucleic acid
hybridization, stock dissolved in maleic acid buffer
containing 100 mM maleic acid, 150 mM NaCl, pH
7.4, Millipore Sigma), 1:200 Tel Probe (Integrated
DNA Technologies, 5Alex488N/CC CTA ACC CTA
ACC CTA A, purification: HPLC) all in diH,O. The
PCR tubes were placed in a thermocycler and warmed
to 60° for 10 min, followed by 10-min denaturation at

85 °C, and 2 h hybridization at 37 °C. Samples were
placed in a washing solution containing 2 X saline-
sodium citrate (SSC) buffer and 0.1% Tween 20 in
diH,0 for 2x10 min at 60 °C followed by a brief
incubation in room temperature washing solution to
bring the samples down to room temperature. Finally,
samples were washed in 2 X SSC followed by 1 xSSC
followed by diH,O for 10 min at room temperature.
Under a dissecting scope, the aortic arch was cut later-
ally to separate the major arch from the minor arch.
Thoracic aortas were cut open longitudinally. Samples
were placed onto a cover slip containing DAPI Fluo-
romount G (VWR-Catalog #102,092-102) with the
endothelial side facing down and gently slid into the
DAPI using forceps. A glass slide was placed onto the
smooth muscle side of the artery and mounted. Sam-
ples were weighed down by 1 kg weight for 5 min and
stored in a dark container at 4 °C until imaging.

Imaging and analysis

Samples were imaged on an Olympus Fluoview
FV1000 Confocal microscope at 100X zoom, and
the same settings were used for all samples. 1 uM
Z-slices were taken through each nucleus. Images
were converted to 16-bit images and analyzed using
the Telometer Plugin for Image J (https://demarzolab.
pathology.jhmi.edu/telometer/index.html). Telomere
length was ascertained from mean telomere fluores-
cence intensity, which is calculated by the Telometer
as the sum of all fluorescent intensity values for all
pixels of the object divided by the object’s area. DNA
damage was identified as distinct 53BP1 foci, and
TAF were identified as 53BP1 foci which colocalized
with telomere signal. Telomere length for each batch
was normalized to the mean value of all telomere sig-
nals from the thoracic aorta of young animals from
the respective batch.

Statistical analysis

Statistical analysis was performed in GraphPad
Prism version 9.2.0 except for cell frequency distri-
butions which were analyzed using Stata / BE 17.0.
For comparisons between young and old ECs and
VSMCs, two-way analysis of variance (ANOVA)
models that included an interaction term were per-
formed with least significant difference post-hoc
tests to assess differences in age groups, cell types
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and vascular region. In the ANOVA models, we
used one observation per mouse, which represented
the mean of multiple cells. For outcomes related
to vascular region, we fit a two-way ANOVA for
each of the three vascular region subgroups. Our
planned sample size of N=11 mice/group pro-
vided 80% power to detect differences in main
effect terms of the model, but no attempt was made
to adequately power for interaction terms. Pearson
correlation analysis was performed to assess cor-
relations between ECs and VSMCs. Cell frequency
distributions were analyzed using a multilevel lin-
ear regression to account for clustering of cells
within animals. Data are presented as mean + SEM.
Significance was set as p < 0.05.

Results

Aging increases arterial DNA damage to a greater
extent in ECs than VSMCs

To examine whether aging results in arterial DNA
damage and in which cell types, we quantified
53BP1 foci in ECs and VSMCs from aortas of young
(5.5+0.5 mo, N=11, 1658 ECs, 1453 VSMCs)
and old (25.6+0.4 mo, N=12, 1506 ECs, 1061
VSMCs) male mice. Aging increased the percent-
age of cells containing one or more 53BP1 in both
ECs (p<0.0001) and VSMCs (p<0.05; Fig. 1A).
The number of 53BP1 foci per cell was elevated with
aging in ECs (p <0.0001) but not VSMCs (p>0.05;
Fig. 1B). ECs from old mice displayed a higher
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Fig. 1 Effect of aging on double stranded DNA breaks and
telomere dysfunction in aortic endothelial cells (ECs) and
vascular smooth muscle cells (VSMCs). A Percentage of ECs
and VSMCs containing one or more 53BP1 foci. B Number
of 53BP1 foci per EC and VSMC. C Positive relation between
percentage of ECs and percentage of VSMCs containing one
or more 53BP1 foci. D Percentage of ECs and VSMCs con-
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taining one or more telomere-associated DDR foci (TAF). E
Number of telomere-associated DDR foci (TAFs) per EC and
VSMC. F Positive relation between percentage of ECs and per-
centage of VSMCs containing one or more telomere-associated
DDR foci (TAF) N=11/12 per group. Data are mean=+ SEM.
*p<0.05, ¥**¥p <0.0001
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percentage of cells with one or more 53BP1 foci
and a greater number of 53BP1 per cell compared to
VMSCs (both p<0.0001; Fig. 1A and B). The per-
centage of ECs and VSMCs containing one or more
53BP1 foci was positively correlated (R>*=0.650,
p<0.0001; Fig. 1C). These observations suggest that
aging results in DNA damage in ECs and VSMCs;
however, the DNA damage burden is greater in ECs
as compared with VSMCs. Furthermore, the amount
of DNA damage incurred is associated between the
two cell types.

Aging increases telomere dysfunction in ECs, but not
VSMCs

To examine whether aging results in arterial telomere
dysfunction and in which cell types it occurs, we
quantified the number of TAF in ECs and VSMCs
from aortas of young and old mice. The percentage
of ECs containing one or more TAF as well as the
number of TAF per cell was elevated in ECs from
old compared to young mice (both p <0.0001); how-
ever, aging did not result in increased TAF in VSMCs
(Fig. 1D and E). Both the percentage of ECs con-
taining one or more TAF and the number of TAF
per cell were greater in ECs than VMSCs from old
mice (both p<0.0001; Fig. 1D and E). The percent-
age of ECs and VSMCs containing one or more TAF
was positively correlated (R*=0.551, p<0.0001;
Fig. 1F). These observations suggest that aging
results in telomere damage in ECs, but not VSMCs,
yet the amount of TAF between the two cell types is
correlated.

Aging-induced endothelial cell telomere dysfunction
occurs independent of telomere length

To determine if aging induced EC telomere dys-
function occurs as a result of telomere attrition
and critically short telomeres, telomere length
was quantified. Aging resulted in shorter tel-
omere length in ECs (p<0.01) but not VSMCs
(»p>0.05; Fig. 2A). The frequency of ECs with
short telomeres was greater in old versus young
mice (p<0.x01; Fig. 2B). The frequency of
VSMCs with short telomeres tended to be greater
in old versus young mice but did not reach statis-
tical significance (p =0.08; Fig. 2C). There was no
correlation between EC telomere length and the

percentage of ECs containing one or more TAF
(p>0.05; Fig. 2D). Telomere length tended to be
reduced with aging in ECs that did not contain TAF
(p=0.06); however, aging reduced telomere length
in ECs that contained at least one TAF (p <0.05;
Fig. 2E). In old mice, telomere length in ECs and
VSMCs with and without TAF was not differ-
ent (Supplementary Fig. 1A). To examine if criti-
cally short telomeres were responsible for TAF, the
maximum and minimum telomere length for each
mouse in cells with and without TAF were quanti-
fied (Fig. 2F). Aging reduced maximal telomere
length in cells with and without TAF; however,
minimum telomere length was unaffected by aging
independent of TAF (Fig. 2F). In old mice, maxi-
mum and minimum telomere length did not differ in
ECs and VSMCs with and without TAF (Supplemen-
tary Fig. 1B and C). These data suggest that mean
telomere length is reduced with aging in ECs but not
VSMCs; however, telomere attrition is not responsi-
ble for age-related increases in telomere dysfunction
because aging leads attrition of the longest, rather
than the shortest telomeres.

Age-related increases in DNA damage are
exacerbated in atheroprone regions

To determine if arterial DNA damage burden dif-
fers between atheroprone and non-atheroprone aor-
tic regions, 53BP1 foci were compared at the minor
arch, the major arch, and the descending thoracic
aorta (Fig. 3A-M). Aging increased the percentage
of cells with one or more 53BP1 foci (p<0.0001;
Fig. 3M). Likewise, there was a main effect for
region (p <0.0001) and an interaction between age
and region (p <0.0001; Fig. 3M). Post hoc analy-
sis indicated that the percentage of cells with DNA
damage was elevated with aging in ECs (p <0.0001)
and VSMCs (p<0.05) at the minor arch; how-
ever, old ECs had more DNA damage than VSMCs
at the same region (p <0.0001; Fig. 3M). At the
minor arch, the number of 53BP1 foci per cell was
elevated with aging in ECs (p<0.0001) but not
VSMCs (p > 0.05;Supplementary Fig. 2A). Old ECs
had more 53BP1 foci per cell than VSMCs at the
minor arch (p <0.0001; Supplementary Fig. 2A). At
the major arch and the descending thoracic aorta,
aging increased the percentage of ECs with one or
more 53BP1 foci (p<0.001; Fig. 3M), as well as
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Fig. 2 Effect of aging on telomere length and influence of
telomere length on telomere dysfunction in aortic endothelial
cells (ECs) and vascular smooth muscle cells (VSMCs). A
Mean telomere length in ECs and VSMCs. B Frequency dis-
tribution of ECs based on mean telomere length. C Frequency
distribution of VSMCs based on mean telomere length. D
Relation between percentage of ECs containing one or more

the number of 53BP1 foci per EC (p <0.01; Sup-
plementary Fig. 2A). In old mice at the major arch
and descending thoracic aorta, there was more
cells with DNA damage and more DNA damage
per cell in ECs versus VSMCs (p <0.001; Fig. 3M;
p <0.01; Supplementary Fig. 2A). These data sug-
gest that aging increases DNA damage in both
ECs and VSMCs; however, DNA damage is more
common in ECs versus VSMCs and in atheroprone
regions versus non-atheroprone regions.

Aging results in endothelial cell telomere dysfunction
at atheroprone regions

To determine if age, vascular region, and cell type
affect telomere dysfunction, TAF were compared
at the minor arch, the major arch, and the descend-
ing thoracic aorta (Fig. 4A-M). Aging increased
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telomereassociated DDR foci (TAF) and telomere length.
E Mean telomere length in ECs and VSMCs with and with-
out (W/O) one or more telomere-associated DDR foci (TAF).
F Maximum and minimum telomere length in ECs and
VSMCs with and without (W/O) one or (TIF). A-D N=11/12
per group. E-F N=9/11 per group. Data are mean+SEM.
*p <0.05, **¥p <0.01 more uncapped telomere

the percentage of cells with one or more TAF
(p<0.0001; Fig. 4M). Likewise, there was an effect
for region (p<0.0001) and an interaction between
age and region (p <0.0001; Fig. 4M). Post hoc anal-
ysis indicated that the percentage of cells with one
or more TAF was elevated with aging in ECs at the
minor arch (p<0.0001), but was not different in
VSMCs (p> 0.05; Fig. 4M). Similarly, the number of
TAF per cell was elevated in ECs with aging at the
minor arch (p<0.0001) but not VSMCs (p>0.05),
and the number of TAF per cell in old ECs was
greater than old VSMCs (p<0.0001, Supplemen-
tary Fig. 3A). In the major arch, the percentage of
cells with one or more TAF was greater in old ECs
versus VSMCs; however, aging did not increase tel-
omere damage in either cell type in the major arch or
descending thoracic aorta (both p>0.05; Fig. 4M).
These data indicate that aging results in telomere
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Fig. 3 Effect of aging on double stranded DNA breaks in aor-
tic endothelial cells (ECs) and vascular smooth muscle cells
(VSMCs) at atheroprone and non-atheroprone regions. Rep-
resentative images of ECs (A-B) and VSMCs (C-D) from
minor arch. Representative images of ECs (E-F) and VSMCs
(G-H) from major arch. Representative images of ECs (I-J)

damage in ECs at atheroprone regions but not at non-
atheroprone regions or VSMC independent of region.

Aging results in endothelial cell telomere shortening
at atheroprone and non-atheroprone regions that does
not lead to telomere dysfunction

To examine whether aging results in telomere short-
ening in atheroprone versus non-atheroprone aortic

and VSMCs (K-L) from descending thoracic aorta. M Per-
centage of ECs and VSMCs containing one or more 53BP1
foci. N=11/12 per group. Data are mean+SEM. Dapi —
blue, 53BP1 — red (shown by white arrows). *p<0.05,
#kkp <0.001, **##p <0.0001

regions, telomere length was quantified at the minor
arch, the major arch, and the descending thoracic
aorta. There was an effect of age (p <0.01) and vas-
cular region (p<0.05) on telomere length, but no
interaction between the two (p > 0.05; Fig. 5A). Post
hoc analysis indicated that aging resulted in tel-
omere attrition in ECs at the minor arch (p <0.05)
and descending thoracic aorta (p <0.01; Fig. 5A).
Aging did not affect telomere length in ECs at the
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Fig. 4 Effect of aging on telomere dysfunction in aortic
endothelial cells (ECs) and vascular smooth muscle cells
(VSMCs) at atheroprone and non-atheroprone regions. Rep-
resentative images of ECs (A-B) and VSMCs (C-D) from
minor arch. Representative images of ECs (E-F) and VSMCs

major arch nor in VSMCs at any vascular region
(p>0.05; Fig. 5A).

To explore the relationship between age-related
EC telomere attrition and telomere dysfunction in
atheroprone versus non-atheroprone aortic regions,
we evaluated telomere length and its influence on
telomere dysfunction at the minor arch and the
descending thoracic aorta. In the minor arch, old
mice had a higher frequency of ECs with short telom-
eres (p<0.05; Fig. 6A). With aging, telomere length
tended to be reduced in ECs without TAF (p=0.11;
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(G-H) from major arch. Representative images of ECs (I-]J)
and VSMCs (K-L) from descending thoracic aorta. M Per-
centage of ECs and VSMCs containing one or more telomere-
associated DDR foci (TAF). N=11/12 per group. Data are
mean + SEM. *p <0.05, ****p <0.0001

Fig. 6B). In cells that contained one or more TAF,
aging resulted in shorter telomeres (p<0.001;
Fig. 6B), suggesting that telomere dysfunction may
be related to decreases in telomere length. However,
detailed analysis of how telomere attrition occurred
revealed that the maximum telomere length in each
mouse was reduced in both cells with and without
TAF (p<0.0001 vs. p<0.01, respectively), whereas
minimum telomere length was unaltered regardless
of TAF status (p>0.05; Fig. 6C). Furthermore, in old
mice at the minor arch, telomere length in ECs with
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and without TAF was not different (p > 0.05; Supple-
mentary Fig. 4A). In the descending thoracic aorta
where telomere damage did not increase with aging
(Fig. 4M), telomere length was still reduced, as old
animals had a greater percentage of ECs with short
telomeres (p <0.05; Fig. 6D). Telomere length was
reduced with aging in cells without TAF (p <0.05)
and increased with aging in cells with one or more
TAF (p <0.05; Fig. 6E). Decreases in mean telomere
length (Fig. SA) and cell telomere length frequency
(Fig. 6D) were driven by reductions in maximum
telomere length in cells without TAF (p<0.01), as
there were no differences in maximum or minimum
telomere length in cells with TAF (p > 0.05; Fig. 6F).
Additionally, in old mice at the descending thoracic
aorta, telomere length in ECs with and without TAF
was not different (p>0.05; Supplementary Fig. 4B).
In the major arch, there were no differences in EC tel-
omere length frequency, telomere length in cells with
and without TAF, or maximum or minimum telomere
length regardless of TAF status (p>0.05; Supple-
mentary Fig. SA-C). In total, these observations sug-
gest that telomere length is reduced in ECs with aging
at the minor arch and descending thoracic aorta; how-
ever, telomere attrition is not sufficient to result in tel-
omere dysfunction.

Discussion

The key novel findings of the present study are as
follows. First, aging results in DNA damage that
is more abundant in ECs than VSMCs. Second,
aging increases telomere dysfunction in ECs, but
not VSMCs. Third, aging induced EC telomere
dysfunction occurs independent of critically short
telomeres. Fourth, at atheroprone aortic regions
DNA damage is elevated in ECs and VSMCs, and
telomere dysfunction occurs independent of criti-
cally short telomeres exclusively in ECs. To our
knowledge, this is the first report of the effect of
aging on DNA damage and telomere dysfunction
in ECs versus VSMCs and at atheroprone versus
non-atheroprone vascular regions. Interestingly,
the findings of the present study suggest DNA
damage and abundance of telomere dysfunction
is greater in ECs than VSMCs and is elevated in
atheroprone regions suggesting this may be a
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foundational alteration that promotes arterial dys-
function, inflammation, and subsequent athero-
sclerosis in those regions.

Influence of aging on EC and VSMC DNA damage

DNA damage is thought to contribute directly to
age-related arterial dysfunction [12]. The present
study represents the first comprehensive examina-
tion of arterial DNA damage burden in the context
of healthy aging. We found that aging increases the
abundance of cells with DNA damage in both ECs
and VSMCs; however, the number of DNA damage
foci per cell is elevated in ECs from old mice but
not VSMCs. Interestingly, arterial DNA damage
burden appears to be unique to each mouse, as the
percent of cells containing DNA damage foci was
associated between ECs and VSMCs. Senescence, a
potential consequence of DNA damage, is increas-
ingly heterogeneous in old versus young animals
[35]. Despite significant heterogeneity amongst
individuals, our findings suggest that at least in the
aorta, DNA damage burden is comparable across
cell types. Whether this extends beyond cells in
large arteries is unknown but holds important
implications as it is technically challenging to sur-
vey DNA damage specifically in ECs as compared
with whole artery samples.

Understanding the effect of advancing age on
arterial DNA damage burden is important because
existing evidence suggests that it contributes to
arterial dysfunction and CVD. For example, mice
with reduced DNA damage repair capacity display
an accelerated vascular aging phenotype [36, 37].
Furthermore, in humans, accelerated aging syn-
dromes caused by mutations in genes involved in
DNA repair and maintenance often lead to CVD
[38]. Likewise, DNA damage is elevated in age-
related CVD such as atherosclerosis [11, 39], and
patients treated with genotoxic chemotherapies
have higher rates of CVD [40]. Taken together,
these findings suggest an important role for DNA
damage in age-related arterial dysfunction and
CVD. Thus, our study provides critical insight
into the frequency (% of cells) and quantity (no.
of foci per cell) of arterial DNA damage in the
context of healthy aging, and more specifically,
identifies which cell types and vascular regions it
is occurring in.
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Influence of aging on EC and VSMC telomere
dysfunction

DNA damage is an established mediators of senes-
cence [15]. However, in VSMCs and other cell types,
DNA damage may be repaired when DDR signaling
is intact [24, 26, 27, 30]. This is contrast to DNA
damage signaling at telomeres (i.e., TAF) which is
persistent and resists repair, likely due to the presence
of shelterin proteins that inhibit DDR to prevent chro-
mosome fusions [22—-24]. Due to the sustained nature
of DNA damage signaling at uncapped telomeres,
TAF are highly predictive of senescence induction in
as much as they are used as a marker of senescence
[8, 26, 27, 29]. Interestingly, in the present study, we
found that aging increases the percentage of cells
with TAF and the number of TAF per cell in ECs but
not VSMCs. Utilizing IF-FISH allowed us to deter-
mine the contribution of telomere shortening to tel-
omere uncapping with single-cell resolution. Aging
resulted in telomere attrition in ECs but not VSMCs
due to a greater frequency of ECs containing short
telomeres. However, in ECs, telomere length was not
associated with TAF status and reductions in length
were driven by changes in maximum rather than min-
imum telomere length (an important determinant of
telomere dysfunction [41]), supporting the idea that
aging does not result in critically short telomeres in
arteries [6, 8, 13].

Prior studies from our group demonstrated that
in older adults, arterial telomere dysfunction occurs
irrespective of telomere length and is associated with
senescence [8]. The present study builds upon this
work by demonstrating the contributions of various
arterial cell types. While mice have longer telom-
eres than humans, our data suggest that the rate of
shortening between ECs (6.7%) and VSMCs (3.0%)
from 5.5 to 25.6 months in mice equates to a similar
net loss of telomeric DNA as seen in human arter-
ies. In human arteries, telomere attrition equates to
an approximately 2.9 kb reduction in mean telomere
length in older adults (70.9 years old) compared with
younger adults (31.2 years old) [8]. Given a starting
length of 40 kb (a low estimate for C57BL/6 mice),
we found a 2.7 kb reduction in telomere length in
ECs from young mice compared with that in old ani-
mals. Importantly, this would result in an average
mean telomere length of 37.3 kb, whereas the reduc-
tion in telomere length required to induce endothelial

dysfunction and senescence is far greater (estimated
at~64.5% or 25.8 kb reduction in length) [42]. In
total, these data support findings in human arterial
tissue and indicate that aging results in EC telomere
dysfunction that occurs independent of telomere
length. Furthermore, aging does not impact telomere
dysfunction or telomere length in VSMCs.

Influence of aging on DNA damage and telomere
dysfunction at atheroprone versus non-atheroprone
aortic regions

Hemodynamics dictate preferential development of
atherosclerosis at certain vascular regions [32]. For
example, regions that experience low WSS such as
the minor arch of the aorta are more likely to develop
atherosclerosis [32]. In the present study, we demon-
strated for the first time that healthy aging increases
both DNA damage and telomere dysfunction at
atheroprone vascular regions. Additionally, we dem-
onstrated that telomere attrition at sites of disturbed
flow does not contribute to telomere dysfunction, as
maximum telomere length was reduced with aging
while minimum telomere lengths were not different.

Disease development in atheroprone regions
(e.g., minor arch) versus non-atheroprone regions
(e.g., thoracic aorta) likely stems from the cellular
consequences of exposure to differing hemodynam-
ics [32, 43]. In culture, exposing endothelial cells to
disturbed flow results in oxidation of DNA and tel-
omere attrition, likely due to increased cell turnover
[33]. In human tissue samples, both senescent ECs
and VSMCs have been identified in atherosclerotic
lesions at a higher proportion than in non-athero-
sclerotic regions from the same individuals [10, 44].
These studies implicated telomere attrition as a poten-
tial cause of senescence [10, 44], which is supported
by findings that telomere attrition in the intima and
medial layer is associated with atherosclerotic lesion
grade exclusively in regions that experience low and
oscillatory WSS [34]. However, when adjusted for
age, this association is no longer significant [34].
Importantly, these studies did not demonstrate that
telomere attrition results in critically short telomeres.
Therefore, it is possible that telomere attrition is a
byproduct of cellular replication.

Preclinical rodent models provide insight into
whether telomere attrition or dysfunction independent
of length contributes more to atherosclerosis. Mice
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bred to have critically short telomeres have reduced
atherosclerotic plaque size [45], whereas disruption of
the telomere capping protein TRF2 in either ECs [46]
or VSMCs [11] promotes atherosclerosis. Addition-
ally, non-telomeric DNA damage is found in human
atherosclerotic plaques, increases arterial senescence,
and accelerates the development of atherosclerosis
[39, 43, 47, 48]. These studies indicate that activation
of the DDR both at telomeres and in non-telomeric
regions, rather than telomere shortening, contributes to
the development of atherosclerotic CVD. In the present
study, we demonstrated that telomere attrition occurs at
atheroprone regions. Importantly, however, we found
that telomere attrition does not contribute to telomere
dysfunction. The increases in telomere dysfunction
independent of length may in part be explained by
recent evidence that suggests that dividing cells (as is
seen at sites of oscillatory but not laminar flow) are
susceptible to oxidation of telomeric DNA that induces
TAFs and senescence independent of telomere length
by impairing telomere replication [49]. Furthermore, in
the present study, we found that advancing age results
in DNA damage and telomere dysfunction that is ele-
vated at atheroprone vascular regions and therefore
may explain the increased senescence burden that is
seen in and contributes to atherosclerosis.

Experimental considerations

We recognize several limitations of our study that may
be addressed in future studies. In the present study,
we utilized a single marker for DNA damage (53BP1)
and assessment of telomere dysfunction (IF-FISH).
Future studies could include assessment of DNA
damage using YH2A.X to improve our understanding
of the DDR at telomeres in ECs and VSMCs. Addi-
tionally, there are inherent limitations to assessing tel-
omere dynamics with IF-FISH, including that it may
be possible for chromosomes to have an insufficient
number of telomere repeats for hybridization [50], and
additional methods should be utilized in future stud-
ies. However, at present, IF-FISH represents the best
available technique for use in inbred mouse strains
with long telomeres, and provides important infor-
mation about damage burden at telomeres that is not
acquired using other telomere length measurement
techniques. Furthermore, our understanding that criti-
cally short telomeres, rather than exclusively mean tel-
omere length, are important was uncovered using this
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technique [41]. Moreover, IF-FISH allows quantitation
of telomere length and damage within a population of
cells, including cells from fixed tissues that are diffi-
cult to study such as the endothelial monolayer. Other
techniques often require greater starting material that
may be hard to obtain when studying the endothelium
and therefore require culturing of cells, confound-
ing the ability to quantify the extent of DNA damage
and telomere dysfunction as they exist in vivo. Future
studies may utilize cell culture methods to expand
upon the findings of the current study. For example, it
will be of interest to determine if aging increases sus-
ceptibility to hemodynamic stress such as that expe-
rienced in atheroprone regions that may explain the
greater DNA damage and telomere dysfunction at the
aortic minor arch, or if persistent exposure to hemody-
namic stress across the lifespan is responsible. Addi-
tional studies may also examine if DNA damage and
TAF at atheroprone vs. non-atheroprone regions occur
in atherosclerotic regions. Finally, it will be important
to determine if the findings of the present study in
male mice are comparable to female mice.

Conclusions

Here, we demonstrate that aging results in a greater
abundance of DNA damage in ECs than in VSMCs.
Further, aging results in telomere dysfunction in ECs
but not VSMCs. Importantly, EC telomere dysfunc-
tion occurs independent of telomere length. Finally,
we found that cells at atheroprone sites experience
greater DNA damage and telomere dysfunction than
in regions not typically associated with the develop-
ment of atherosclerosis. It is possible that lifetime
exposure to hemodynamic stress at atheroprone aor-
tic regions is responsible for the greater burden of
DNA damage and telomere dysfunction in ECs ver-
sus VSMCs. In summary, we believe that these find-
ings represent important observations about the age-
related cellular and molecular processes within ECs
and VSMCs that lead to senescence and ultimately
atherosclerotic CVD.
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