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a model of accelerated vascular aging
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Abstract

Cardiovascular diseases (CVD) are the leading cause of death worldwide, and age is by far the
greatest risk factor for developing CVD. Vascular dysfunction, including endothelial dysfunction
and arterial stiffening, is responsible for much of the increase in CVD risk with aging. A key
mechanism involved in vascular dysfunction with aging is oxidative stress, which reduces the
bioavailability of nitric oxide (NO) and induces adverse changes to the extracellular matrix of the
arterial wall (e.g., elastin fragmentation/degradation, collagen depaosition) and an increase in
advanced glycation end products, which form crosslinks in arterial wall structural proteins.
Although vascular dysfunction and CVD are most prevalent in older adults, several conditions can
“accelerate” these events at any age. One such factor is chemotherapy with anthracyclines, such as
doxorubicin (DOXO0), to combat common forms of cancer. Children, adolescents and young adults
treated with these chemotherapeutic agents demonstrate impaired vascular function and an
increased risk of future CVD development compared with healthy age-matched controls.
Anthracycline treatment also worsens vascular dysfunction in mid-life (50-64 years of age) and
older (65 and older) adults such that endothelial dysfunction and arterial stiffness are greater
compared to age-matched controls. Collectively, these observations indicate that use of
anthracycline chemotherapeutic agents induce a vascular aging-like phenotype and that the latter
contributes to premature CVD in cancer survivors exposed to these agents. Here, we review the
existing literature supporting these ideas, discuss potential mechanisms as well as interventions
that may protect arteries from these adverse effects, identify research gaps and make
recommendations for future research.
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1. INTRODUCTION

1.1 Cardiovascular disease risk following anthracycline chemotherapy.

Cardiovascular diseases (CVD) and cancer are the two leading causes of death in developed
and developing nations(1). In the year 2021, the National Cancer Institute estimates there
will be approximately 2 million new cancer cases and approximately 600,000 cancer-related
deaths in the United States(2). Of the new cancer cases, approximately 650,000 patients are
projected to undergo chemotherapy(3). Although chemotherapy is a highly effective
treatment for selective cancers, it comes with severe CV side effects(4). As a result, CVD
are the leading cause of later morbidity and early mortality among chemotherapy-treated
cancer survivors(5). Worsening cardiovascular risk factors also increase the risk of
developing cancer in the future(6), which may further influence increased morbidity and
mortality in this patient population. In particular, anthracyclines, which are first-line
chemotherapeutic agents for several common cancers (e.g., breast, prostate, lymphomas and
leukemias), have toxic effects on the CV system(7, 8). Anthracycline chemotherapeutic
agents include daunorubicin, doxorubicin (DOXO), epirubicin, idarubicin, mitoxantrone and
valrubicin(9).

1.2 DOXO - the most commonly administered anthracycline chemotherapeutic agent.

The mostly commonly administered anthracycline chemotherapeutic agent is DOXO or
alternatively referred to as Adriamycin. This compound, among other anthracyclines, is
thought to be the major culprit for inducing toxic effects on the CV system(9). As such, a
majority of the preclinical work in this field has used DOXO to understand the potential
mechanisms by which anthracycline chemotherapeutic agents cause cardiovascular
dysfunction, which is discussed later in this review.

A primary concern for patients exposed to chemotherapy with anthracyclines who survive
their cancer is so-called “cardiotoxicity” manifesting clinically as heart failure. The overall
incidence of heart failure in cancer patients treated with DOXO is exponentially increased
relative to age-matched healthy controls(10), with the risk being proportional to the
cumulative dose of DOXO received throughout chemotherapy. Such effects have led the
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National Cancer Institute to stated that “the cancer patient of today will likely be the cardiac
patient of tomorrow.”

Given this link to heart failure, much of the work to date in the emerging field of “cardio-
oncology” has understandably focused on anthracycline-induced cardiomyopathy. However,
anthracyclines are administered as a systemic therapy and the vasculature is the first tissue
exposed to the potentially toxic effect of these drugs(11). Vascular dysfunction is a key
antecedent for the development of future CVD(12), so it is entirely possible that DOXO-
induced damage to arteries plays an important role in the increased risk of CVD observed in
patients treated with these agents (Figure 1). Thus, understanding the impact of
anthracyclines on vascular function and the underlying mechanisms of action, is an
important biomedical research gap, as this research could lead to the development of novel
targeted therapeutics which could significantly reduce the risk of CVD in patients receiving
anthracycline chemotherapy. In this review, we synthesize what is known about the influence
of anthracycline chemotherapy on vascular function and health, the responsible
pathophysiological mechanisms, potential therapeutic targets for maintaining vascular health
with anthracycline treatment, and existing research gaps and future directions.

2. Overview of vascular function

2.1 Large elastic artery function and dysfunction.

Avrterial dysfunction can be defined in multiple ways, but two manifestations of this
dysfunction, which are highly associated with clinical CVD risk will be emphasized here.
The first is the stiffening of the large elastic arteries, i.e., the aorta and carotid arteries(13,
14). As the nomenclature suggests, these arteries are designed to expand as they accept the
left ventricular stroke volume with each contraction of the heart, and then recoil to create the
necessary kinetic energy to drive the blood distally to our tissues and cells(15). Moreover,
the elastic recoil of the aorta aids in maintaining perfusion of the heart during diastole(15).
The stiffening of these arteries leads to numerous pathophysiological effects that collectively
increase risk of CVD, including increases in arterial systolic and pulse pressures, left
ventricular hypertrophy (caused by repeatedly ejecting blood out into stiff arteries), and
tissue damage as a result of microvascular damage due to increases in pulsatile flow(12),
especially in high-flow vital organs such as the brain(16, 17) and kidneys(18).

Structural changes to arteries, functional influences (i.e., factors influencing vascular smooth
muscle tone) and the intrinsic stiffness of vascular smooth muscle cells may all contribute to
large elastic artery stiffening in any particular pathological setting(15). The primary
structural changes mediating arterial stiffening occur in the extracellular matrix and include
degradation/fragmentation of elastin, an increase in the deposition of collagen (fibrosis) and
formation of advanced glycated end products (AGESs), which cross-link collagen fibers,
further increasing their stiffness. Increased vascular smooth muscle tone is a consequence of
changes in the molecules produced by endothelial cells (e.g., reductions in nitric oxide [NO]
and increases in endothelin-1), increased sympathetic nervous system activity and release of
norepinephrine, and renin angiotensin aldosterone system activity(12, 19, 20). These factors
also influence the intrinsic stiffness of the vascular smooth muscle cells, which adds to the
stiffness of the arterial wall(21).
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2.2 Endothelial function and dysfunction.

A second clinically important expression of arterial dysfunction is impaired endothelium-
dependent dilation (EDD)(22, 23). The vascular endothelium is a single cell layer at the
interface between the flow of blood and the lumen of the artery and the walls of the
artery(24). Once believed to be primarily a physical barrier charged with filtering solutes
moving between the blood and arterial wall, the vascular endothelium is currently
understood to synthesize and release a wide array of biologically active molecules that act in
autocrine and/or paracrine fashion to influence the function and health (resistance to disease)
of arteries and their surrounding tissues. The most important of these endothelial derived
molecules is NO, which exerts a pro-vasodilatory and anti-coagulative, -proliferative, and -
inflammatory protective effect on arteries(24). Experimentally, NO-mediated EDD can be
evoked either a mechanical (i.e., increase blood flow) or a chemical (e.g., acetylcholine
[ACh]) stimulus, both which activate the enzyme NO synthase (eNOS). eNOS catalyzes the
generation of NO from L-arginine and oxygen, with NO subsequently diffusing to vascular
smooth muscle cells where it induces vascular smooth muscle relaxation and
vasodilation(24). Endothelial dysfunction is characterized by a decline in EDD, largely as a
consequence of reductions in NO, although changes in concentrations of vasoactive factors
such as prostaglandins, endothelin-1, norepinephrine and angiotensin Il also may
contribute(24).

3. Measuring vascular function

3.1 Large elastic artery stiffness.

In vivo, arterial stiffness can be assessed in preclinical settings and humans using pulse wave
velocity (PWV), which is a measure of the (regional) speed of the pulse wave generated by
the heart when blood is ejected into the arterial system(15). Aortic PWV, measured as the
PWV between the aortic arch and abdominal aorta, is the predominant measure used in
rodents and carotid-femoral PWV is the reference standard measure of aortic stiffness in
humans(15). The local distensibility of the carotid artery can also be determined in humans
by measuring carotid artery compliance (the change in artery diameter for a given change in
arterial pressure) and expressing inversely as carotid B stiffness(25). The intrinsic
mechanical wall stiffness of the large elastic arteries, most commonly the aorta, can be
determined ex vivoin preclinical models via stress-strain curves(26). These methods are
illustrated in Figure 2.

3.2 Endothelial function.

NO-mediated EDD is measured in pre-clinical models by assessing changes in artery
diameter in response to flow /n7 vivo or changes in diameter of isolated artery segments ex
vivo in response to mechanical or pharmacological stimuli, as mentioned above(27-30). In
humans, the gold-standard non-invasive assessment of NO-mediated EDD is brachial artery
flow-mediated dilation (FMD), in which the change in brachial artery diameter in response
to blood flow (shear rate)-induced increases in NO production is determined(31). Brachial
artery FMD primarily assesses macrovascular (conduit artery) function(31). Microvascular
(resistance vessels) function can be determined by measuring changes in blood flow in
response to intra-arterial infusions of ACh(32). Endothelial dysfunction is the major
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antecedent of atherosclerosis and both reduced brachial artery FMD and resistance artery
blood flow responses to ACh are independent predictors of CV events and CVD in large,
community-based cohorts free from clinical disease(33). These methods are illustrated in
Figure 3.

3.3 Influence of advancing age.

It is well established that aortic PWV and EDD increase and decrease, respectively, as a
result of advancing age(34). Indeed, old mice(28, 35, 36) and healthy older adults(37) have
~50% greater aortic PWV and ~50% lower EDD, relative to young controls. As such, any
form of pathophysiological stress (e.g., environmental pollution, hypertension and other
CVD risk factors, psycho-social stress) that causes aortic stiffening or reduced EDD in early
life can be viewed as a model of accelerated vascular aging. Below, we provide a description
of the published human/clinical studies, which establish anthracycline chemotherapy as a
model of accelerated vascular aging. Preclinical data on the topic will be described in
subsequent sections of this review.

4. Clinical changes in vascular function with anthracycline chemotherapy

4.1 Large elastic artery stiffening.

Children and adolescent/young adult patients receiving anthracycline
chemotherapy.—Most of the adverse long-term effects of anthracycline treatment on
arterial health have been reported in childhood cancer survivors. Children who were treated
with anthracycline chemotherapy demonstrate greater arterial stiffness when compared with
healthy age-matched controls (individuals who did not have cancer and were not treated with
anthracyclines) upon follow-up ranging from 1 to 20 years(38, 39). Herceg-Cavrak et al.(40)
showed that children and adolescents (6-20 years of age) treated with anthracycline
chemotherapy had an ~15% greater aortic PWV compared with healthy age- and sex-
matched controls 2 years following the completion of treatment. Conversely, Krystal et al.
(41) found no differences in carotid-femoral PWYV between age- and sex-matched controls
and adolescent childhood cancer survivors with an average follow-up time of 7 years
following the completion of treatment. However, in a subgroup analysis, patients >18 years
of age had 10% greater carotid-femoral PWV compared with age-matched controls, which
suggests that aortic stiffening may manifest 5-10 years following the completion of
treatment in some adolescent/young adult cancer survivors (41). With regard to more
localized large elastic artery stiffness, Jenei et al.(42) showed a 3-fold greater carotid artery
B stiffness within a 10-year follow-up period in adolescent childhood cancer survivors
treated with anthracyclines when compared with age- and sex-matched controls. Consistent
with this observation, Arnold et al.(43) demonstrated that participants (30-45 years of age)
from the CVSS (Cardiac and Vascular Late Sequalae in Long-Term Survivors of Childhood
Cancer) study that were treated with anthracyclines prior to 15 years of age had ~20%
higher B stiffness compared to age-matched healthy controls. Overall, these findings support
conclusion that anthracycline treatment induces stiffening of the large elastic arteries in
childhood and adolescent/young adult cancer survivors.
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Middle-aged adults receiving anthracycline chemotherapy.—Middle-aged patients
also appear to undergo arterial stiffening in response to treatment with anthracyclines. For
example, Frye et al.(44) recently demonstrated ~20% greater carotid artery p stiffness in
middle-aged (mean age: 56 years) patients receiving anthracycline chemotherapy relative to
age-matched controls. In another study, Chaosuwannakit et al.(45) showed that 4 months
following completion of anthracycline treatment in middle-aged patients, there was a 3-fold
increase in carotid-femoral PWV from baseline relative to controls. Likewise, Drafts et al.
(46) reported a rapid increase in arterial stiffness in the first month following the completion
of anthracycline treatment in middle-aged patients, with an ~50% increase 6 months
following treatment. In contrast, Mizia-Stec et al.(47) found no differences in carotid-
femoral PWYV in middle-aged patients from baseline to 6 months following the completion
of the treatment. However, ~50% of the individuals in that study were on CV-related
medications (e.g., beta blockers, angiotensin converting enzyme inhibitors, calcium channel
blockers) or were supplemented with tamoxifen (estrogen receptor agonist), all of which
have shown to promote favorable vascular effects that could have counteracted the
detrimental impact of anthracycline chemotherapy on arterial stiffness.

Summary.—In summary, cancer therapy with anthracyclines significantly increases arterial
stiffness in children, adolescents, young adults and middle-aged adults. The differences in
arterial stiffness between cancer survivors and age- and sex-matched non-patient controls are
similar to those reported between older (= 65 years of age) compared with young adults
without a history of cancer(25, 37), highlighting anthracycline chemotherapy as a model of
accelerated vascular aging. A recent systematic review and meta-analysis on the topic of
anthracycline chemotherapy and arterial stiffness suggests that regular assessment of large
elastic artery stiffness should be used as part of a targeted vascular health monitoring
strategy for the identification of early CV risk both during anthracycline chemotherapy and
in longer-term survivors(38). Importantly, arterial stiffness is an independent risk factor for
the development of cognitive impairment(16, 17) and kidney dysfunction(18), both of which
are common side effects of anthracycline chemotherapy. Thus, monitoring arterial stiffness
also might be useful in preventing the development of other comorbidities associated with
anthracycline chemotherapy.

4.2 Vascular endothelial dysfunction.

Children, adolescent and adult patients receiving anthracycline
chemotherapy.—Endothelial dysfunction appears to be another undesirable side effect of
anthracycline chemotherapy in younger individuals. Children (mean age: 10.3 years) who
received anthracycline chemotherapy for acute lymphoblastic leukemia were reported to
have an ~4-fold lower brachial artery FMD relative to age- and sex-matched controls when
assessed 2 months to 7 years following the final anthracycline treatment(48). The
impairments in FMD were independent of the time elapsed since the final anthracycline
treatment(48). Similarly, Chow et al.(49) demonstrated that brachial FMD was ~2-fold lower
in children (mean age: 14.5 years) 2 months to 5 years following the completion of
anthracycline chemotherapy for the treatment of T-cell acute lymphoblastic leukemia,
relative to age-, sex- and blood pressure-matched controls. In another investigation, FMD
was ~2-fold lower in older children (mean age: 14.9 years) who had been treated with
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anthracyclines for a variety of childhood cancers (mean treatment age: 4.8 years), relative to
age- and sex-matched controls(42). In agreement with these observations, brachial FMD was
~40% lower in young/early middle-aged adults (mean age: 30.2 years) who received
anthracycline chemotherapy for the treatment of childhood acute lymphoblastic leukemia
(average treatment age: 4.7 years), relative to age-, sex- and body weight-matched
controls(50).

Recently, Hader et al.(51) assessed the influence of DOXO on endothelial function in
isolated microvessels (small arteries — arterioles) from pediatric patients (mean age: 6.0
years), collected at the time of surgery to repair congenital heart defects. It was determined
that microvessels treated with DOXO had lower endothelial function (EDD) relative to
vessels treated with a standard culture medium control, assessed in response to both flow
and ACh. Similar results were observed in microvessels obtained from adult patients.

Summary.—Taken together, cancer patients who have undergone anthracycline
chemotherapy have lower endothelial function relative to age- and sex-matched controls. As
noted with arterial stiffening, the magnitude of endothelial dysfunction in anthracycline-
treated cancer survivors is similar if not greater than what is observed in older adults relative
to young, further supporting the idea of anthracycline chemotherapy as a model of
accelerated vascular aging.

4.3 Current gaps in clinical research.

Future work is needed to understand: 1) the influence of childhood anthracycline
chemotherapy on large elastic artery stiffness and EDD in mid to late life, assessed
longitudinally following treatment; 2) the effects of mid-life anthracycline chemotherapy on
age-related changes in large elastic artery stiffness and EDD; 3) the interaction between
baseline (before the onset of treatment) aortic stiffness and EDD (and other indices of CV
health) and anthracycline chemotherapy-mediated arterial stiffening and impaired EDD; and
4) the influence of sex on anthracycline-mediated arterial stiffening and endothelial function.

Although it is clear that anthracycline chemotherapy can induce an aging-like phenotype in
the vasculature, the underlying mechanisms for why this occurs are incompletely
understood. In the subsequent sections of this review, we will describe: 1) the underlying
mechanisms of vascular aging; 2) how vascular aging mechanisms relate to anthracycline
chemotherapy; 3) mechanistic insight gained from preclinical studies; and 4) how we might
be able to target common hallmarks of aging to improve vascular health with anthracycline
chemotherapy.

5. Commonalities between anthracycline chemotherapy and the

mechanisms underlying vascular aging: potential therapeutic targets

5.1 Oxidative stress and inflammation.

Two macro-mechanistic processes underlying vascular aging(24, 52, 53), which are also
present in the setting of anthracycline chemotherapy, are excessive reactive oxygen species
(ROS)-associated oxidative stress(27) and chronic, low grade inflammation(54) (Figure 4).
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As frequently observed with chronological aging, excessive production of ROS (primarily
superoxide) in combination with unchanged or decreased abundance/activity of antioxidant
enzymes (e.g., superoxide dismutase, SOD) results in the development of oxidative stress in
arteries with anthracycline chemotherapy(27). Excess superoxide rapidly reacts with NO to
form the secondary reactive species peroxynitrite (ONOQ™), decreasing the bioavailability
of NO(55), ultimately causing endothelial dysfunction(24). Peroxynitrite also reacts with
and oxidizes tetrahydrobiopterin (BH,), an essential co-factor for NO production by
eNOS(56). Excess ROS also can activate pro-inflammatory networks such as those regulated
by the transcription factor nuclear factor kappa B (NFxB), which upregulates the production
of pro-inflammatory cytokines that can impair vascular function and activate other ROS
producing systems and enzymes, creating a vicious feed-forward cycle of inflammation and
oxidative stress(57, 58).

This overall state of oxidative stress and inflammation also contributes to arterial stiffening
by inducing remodeling of the extracellular matrix, which alters structural properties of the
arterial wall(15). For example, production of collagen by fibroblasts is stimulated by
superoxide-related oxidative stress(59). Matrix metalloproteinases (MMPs) are also are
upregulated and elastin content is lower in aorta of SOD-deficient mice, consistent with the
concept that elastin degradation is induced by oxidative stress(60). Vascular oxidative stress
also promotes transforming growth factor f (TGF-B) signaling and this, in turn, stimulates
inflammation, which further reinforces arterial stiffness via activation of the pro-oxidant
enzyme, nicotinamide adenine dinucleotide phosphate oxidase(20). AGEs interact with the
receptor for AGEs to activate NFxB-regulated pro-inflammatory pathways and oxidative
stress, which ultimately perpetuates arterial stiffening and further production of AGEs(20).

The remaining sections of this article will focus on three hallmarks of aging(61) that could
be targeted to prevent excess oxidative stress and inflammation following anthracycline
chemotherapy: 1) mitochondrial dysfunction; 2) cellular senescence; and 3) reduced energy
sensing (e.g., sirtuins, AMP-activated protein kinase [AMPK] and the mammalian target of
rapamycin [MTORY]), as potential drivers of anthracycline-induced vascular dysfunction
(Figure 5). We then will review current evidence for prevention/treatment of anthracycline-
induced vascular dysfunction via lifestyle and pharmacological strategies that improve
vascular health through these pathways. We also discuss current research gaps and future
directions for the field.

6. Impaired vascular mitochondrial function

Mitochondria are cytoplasmic organelles that are present in the majority of cell types in the
human body, including vascular endothelial and smooth muscle cells. Mitochondria are
often referred to as the “powerhouse” of the cell for their role in ATP production. The latter
occurs via oxidative phosphorylation, which is a series of electron transfers through the
respiratory chain in the mitochondrial inner membrane. However, mitochondria are also vital
for a number of other cellular processes, including regulation of metabolism, calcium
homeostasis, immune function, and control of cell death pathways. Although mitochondrial
density in vascular tissues is considerably lower than other tissues such as skeletal muscle,
liver and heart(62, 63), increasing evidence indicates that these organelles are critical for
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maintenance of cellular and tissue homeostasis in the vasculature. This topic has been
reviewed in detail elsewhere(64-68), but below we briefly summarize some of the key roles
of mitochondria in the vasculature and how it is influenced by anthracycline chemotherapy.

An important distinction is to consider the vascular cell type in question, as the density and
subcelluar distribution of mitochondria vary between endothelial and vascular smooth
muscle cells, and among the same cell types in different vascular beds(64, 67). In general,
unlike in highly metabolically active tissues with greater ATP demand, the principal role of
mitochondria in the vasculature appears to be cellular signaling rather than energy
provision(64).

Cellular energy demand is relatively low in vascular endothelial cells, and ATP demand is
met primarily via glycolysis. However, endothelial mitochondria are critical in the regulation
of calcium homeostasis, apoptosis/necrosis, cellular response to stress, and immune and
inflammatory pathways. An essential feature of these roles is the regulated production of
signaling molecules (reactive oxygen, nitrogen, and other species), mitochondrial DNA,
mitochondria derived peptides and damage-associated molecular pattern molecules
(DAMPs)(69). Importantly, there is crosstalk between mitochondrial and nuclear signaling
pathways, such that mitochondria-derived signaling is influenced by and can influence
nuclear events including gene expression.

Mitochondria have a similarly important role in cellular signaling in vascular smooth muscle
cells. Mitochondria are involved in signaling pathways for regulation of vascular smooth
muscle cell growth and proliferation (e.g., TGF-p activity)(70), as well as maintenance of
the dynamic balance among synthesis and breakdown of extracellular structural proteins,
including collagen and elastin, e.g., via modulation of MMP enzyme expression and
activity(71). There is also emerging evidence demonstrating interplay between
mitochondrial ROS signaling and inflammatory pathways known to be important for
regulating vascular smooth muscle cell function, including those involved with NFxB and
the NLRP3-inflammasome(72-75), further highlighting the crucial role of mitochondrial
ROS in vascular homeostasis.

6.1 Mitochondria as a target of anthracycline chemotherapy.

The signaling functions of vascular mitochondria are thought to be mediated in large part by
the production of ROS at low, physiological levels. However, the dysregulation of this
mitochondrial ROS production may lead to pathophysiological sequelae that disrupt other
mitochondrial functions, cellular homeostasis, and ultimately vascular function. The anti-
oncogenic properties of anthracycline chemotherapeutic agents are primarily driven by their
ability to target mitochondria. Anthracyclines accumulate in mitochondria, resulting in
mitochondrial DNA damage and impaired electron transport system function(76).
Specifically, ROS producing enzymes in the mitochondria can convert anthracyclines to a
semiquinone radical through one electron reduction of the quinone moiety(77). This
semiquinone can readily react with oxygen to generate the anion superoxide (Oy").
Anthracyclines also reduce the abundance of key mitochondrial antioxidant defense
enzymes(27, 78, 79), which is thought to serve a functional role since the anthracycline-
induced ROS from the mitochondria serves to clear cancer cells by initiating apoptosis(76).
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Unfortunately, this excessive state of mitochondrial ROS coupled with reduced
mitochondrial antioxidant defenses also occurs in the vasculature, which has severe adverse
effects on vascular function(27).

6.2 Functional implications of vascular mitochondrial dysfunction and excessive
mitochondrial ROS.

Mitochondrial ROS and arterial stiffening.—Oxidative stress is a critical upstream
mechanism driving arterial stiffening with advancing age(80), and there is growing evidence
that excessive mitochondrial ROS production is a key source of this oxidative stress (36, 81,
82). Excessive mitochondrial ROS in vascular smooth muscle cells may induce aberrant
signaling in growth factor (e.g., TGF-B)(70) and proteolytic enzyme (e.g., MMP)(71)
pathways that leads to overproduction of collagen and accelerated elastin degradation.
Furthermore, mitochondrial ROS are now recognized as important activators of pro-
inflammatory signaling in vascular smooth muscle cells implicated in mediating adverse
structural changes in arteries(82, 83). Finally, excessive levels of mitochondrial ROS may
also contribute to oxidative stress-driven formation of AGEs and subsequent cross-linking of
collagen in the arterial wall(82).

Anthracycline-mediated increase in vascular mitochondrial ROS and arterial
stiffening.—Recently, we performed reverse translation experiments in young adult
C57BL6/J wild-type mice to determine the mechanism by which DOXO chemotherapy
causes arterial stiffening(54). We demonstrated that young adult mice administered DOXO
had higher aortic PWV (/n vivo aortic stiffness) relative to saline-treated controls, which was
mediated by greater intrinsic mechanical wall stiffness of the aortic wall. The latter was, at
least in part, due to the combination of elastin degradation and greater formation of AGEs,
inflammation and greater mitochondrial ROS production(27, 54). Therefore, we aimed to
determine whether mitochondrial-targeted antioxidant supplementation following DOXO
administration could prevent DOXO-mediated aortic stiffening. We found that DOXO-
treated mice that received 4 weeks of oral supplementation (in drinking water) with the
mitochondrial-targeted antioxidant MitoQ (also referred to as Mitoquinone or Mitoquinol
Mesylate) had lower aortic intrinsic mechanical wall stiffness relative to DOXO-treated mice
that received standard drinking water(84) (Figure 6). These observations suggest that
mitochondrial ROS may be a novel therapeutic target for prevention of DOXO-mediated
arterial stiffening. However, more work is needed to understand how MitoQ or other
mitochondrial-targeted therapies influence aortic PWV in DOXO-treated mice. Regarding
clinical translation, MitoQ is commercially available and safe for use in humans(85, 86) and
our laboratory recently showed that oral MitoQ supplementation can reduce carotid-femoral
PWV in healthy middle-aged/older adults free of overt CVD(81). Therefore, MitoQ
supplementation may be an effective therapeutic strategy for reducing arterial stiffness in
patients that have received anthracycline chemotherapy.

Mitochondrial ROS and vascular endothelial function.—Excessive production of
mitochondrial ROS may contribute to vascular oxidative stress and reduce the bioavailability
of NO, either directly via formation of peroxynitrite or indirectly by uncoupling of eNOS
and reducing NO production as a result of oxidation of the eNOS co-factor BH,. These
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events are further propagated by peroxynitrite inhibition of an appropriate upregulation of
the mitochondrial antioxidant enzyme manganese (Mn) SOD(60). Reduced NO
bioavailability leads to impairments in endothelial function (as described above) but may
also contribute to further mitochondrial dysregulation. NO has a key regulatory role in
PGC-1a signaling and mitochondrial biogenesis(87). Moreover, NO acts as a tonic inhibitor
of complex 1V of the mitochondrial electron transport system(88); as such, decreases in NO
bioavailability may also augment mitochondrial superoxide production by the electron
transport system as this tonic inhibition is removed. Mitochondria-derived hydrogen
peroxide is a key signaling molecule in the vasculature, as a compensatory vasodilatory
mechanism for reduced NO bioavailability in the microvasculature and coronary arterioles in
atherosclerotic heart disease(89). However, as with superoxide, excessive levels of hydrogen
peroxide production, either de novo or as a result of superoxide dismutation, can disrupt
vascular homeostasis, including activation of NFxB with resultant pro-thrombotic and pro-
inflammatory effects(89). Furthermore, reduced NO formation as a result of excess
mitochondrial ROS may initiate a pro-inflammatory response in the vasculature, as normal
physiological levels of NO can inhibit a variety of pro-inflammatory responses (i.e.,
adhesion molecule expression, cytokine and chemokine synthesis and leukocyte adhesion
and transmigration) known to cause endothelial dysfunction(90).

DOXO-mediated increase in vascular mitochondrial ROS and endothelial
dysfunction.—DOXO can directly increase the production of mitochondrial ROS from
vascular cells /n vitro and reduce the abundance of the mitochondrial isoform of SOD
(Manganese [Mn] SOD)(91, 92). However, until recently, there had been no systematic
investigations regarding the influence of mitochondrial ROS on vascular endothelial
dysfunction induced by DOXO. We showed that DOXO reduces vascular MnSOD and that
we can reverse endothelial dysfunction in carotid arteries from mice treated with DOXO via
ex vivo treatment of arteries with MitoQ(27). Furthermore, we demonstrated that chronic
oral supplementation (4 weeks in drinking water) with MitoQ could preserve NO
bioavailability and prevent mitochondrial ROS-related suppression of EDD following
DOXO treatment(27) (Figure 7). Collectively, these findings strongly suggest that
mitochondrial ROS is a promising therapeutic target for the prevention of DOXO-mediated
endothelial dysfunction. Importantly, our laboratory has shown that oral MitoQ
supplementation can increase brachial FMD in healthy middle-aged/older adults free of
overt CVD(81). Thus, MitoQ supplementation may be a treatment strategy for preserving
endothelial function in patients that have received anthracycline chemotherapy.

7. Cellular senescence

Cellular senescence is a multifaceted stress response that causes an essentially irreversible
arrest of the cell cycle(93); however, senescent cells remain metabolically active and secrete
a variety of inflammatory cytokines, chemokines, proteases and growth factors, which is
collectively referred to as the senescence-associated secretory phenotype (SASP). Therefore,
it is plausible that the SASP may be an upstream regulator of tonic oxidative stress and
chronic low-grade inflammation -- key mechanistic features of vascular dysfunction, as
described above. Cellular senescence is considered one of the hallmarks of aging(61) and is
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an emerging topic in the field aging-related CVD (reviewed in detail elsewhere(94)), as there
is an increase in senescent cells within the heart and vasculature of older adults (relative to
young adults)(94). Senescent cells are permanently arrested in the G1 stage of the cell cycle
in response to various stressors, such as telomere attrition, stem cell exhaustion, DNA
damage and genotoxic stress(93). It is important to note, however, that cellular senescence is
implicated in the physiological processes that can also be highly beneficial for the
organism(93), such as wound healing, fibrosis, tissue remodeling and embryonic
development. Similar to chronological aging, anthracycline chemotherapy promotes cellular
senescence in a variety of cell and tissue types, including cardiac tissue(95).

Cancer is defined in the simplest form as an uncontrolled division of abnormal cells.
Accordingly, the cellular senescence response (cell cycle arrest) induced by anthracycline
chemotherapy is thought to be a key mechanism by which anthracyclines elicits their
antitumorigenic effects(96). However, if we consider the role of cellular senescence in CVD
and the senescence-inducing property of anthracycline chemotherapy, it is possible that
cellular senescence also may serve as a therapeutic target for the prevention and/or treatment
of anthracycline chemotherapy-mediated vascular dysfunction.

7.1 Influence of cellular senescence on vascular health.

Vascular cells (endothelial and vascular smooth muscle cells) undergo cellular
senescence(97, 98). Considering a key component of the SASP is secretion of pro-
inflammatory cytokines, the SASP could directly remodel the vasculature. Thus, targeting
the pathophysiological increase in senescent cells and the associated SASP could mitigate
anthracycline-associated vascular dysfunction. Cellular senescence can be quantified in a
variety of ways, as there is a unique “signature” of up- and down-regulated genes and
proteins in senescent cells(99). A key aspect of this “signature” is the upregulation of the
tumor suppressor proteins p16 and p21(93, 99).

We have shown that primary arterial endothelial cells isolated from healthy sedentary
middle-aged/older adults have greater p16 and p21 abundance relative to young sedentary
adults, which was inversely related to brachial artery FMD(100). The results of the same
study demonstrated that habitually exercising middle-aged/older adults have lower
endothelial cell p16 and p21 abundance as well as higher FMD, relative to their sedentary
counterparts(100). Together, these findings suggest that lowering vascular cell senescence
may hold promise for improving vascular endothelial function in a wide variety of
pathological settings.

To explore this possibility, we recently used a reverse translation approach to determine the
role of cellular senescence in regulating age-related arterial dysfunction in mice. Our
preliminary results indicate that treatment of old mice with the senolytic ABT-263 (aka
Navitoclax) reverses the age-related increase in aortic PWV and increases vascular
endothelial function to levels observed in young adult mice(101). Our observations are
consistent with previous findings that treatment of old mice with the senolytic cocktail
Dasatanib plus Quercetin can increase vascular endothelial function in old mice(102).
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As previously mentioned, DOXO increases cellular senescence in a variety of cell and tissue
types, including cardiac tissue, but the role of cellular senescence in mediating DOXO-
induced vascular dysfunction remains to be determined. Although senolytic-based
therapeutic strategies have been used to determine the influence of cellular senescence on
chronological aging-related vascular dysfunction, it has yet to be determined whether
clearance of senescent cells following DOXO chemotherapy can prevent arterial stiffening
and vascular endothelial dysfunction. By using a mouse model in which p16+ cells can be
readily cleared (p16-3MR mouse), Demaria et al.(95) showed that clearance of p16+ cells
following DOXO administration could prevent DOXO-mediated cardiac dysfunction. Given
that vascular dysfunction is a key antecedent to cardiac dysfunction, we hypothesized that
clearance of senescent cells following DOXO administration would prevent DOXO-
mediated arterial stiffness and vascular endothelial dysfunction. Our preliminary results
support this concept. Specifically, using the p16-3MR mouse model, we found that clearing
senescent cells following DOXO in young adult mice prevented arterial stiffening and
vascular endothelial dysfunction induced by DOXO treatment(103). This effect appeared to
be mediated in part by the preservation of NO bioavailability and prevention of increased
aortic intrinsic mechanical wall stiffness. Together, these preliminary data suggest that
cellular senescence may be a novel therapeutic target for preventing and/or treating DOXO-
driven vascular dysfunction. Unfortunately, there are currently no approved therapeutic
strategies for reducing cellular senescence-associated vascular dysfunction in the setting of
DOXO chemotherapy. Thus, a logical next step will be to develop safe and effective
translational interventions that can reduce cellular senescence-associated vascular
dysfunction in patients treated with anthracycline chemotherapeutic agents. This topic will
be discussed further in the “Research Gaps” section.

8.1 Linking mitochondrial dysfunction to reduced NAD™ bioavailability.

Nicotinamide adenine dinucleotide (NAD) is an essential cofactor for the maintenance of
cellular homeostasis. NAD" is produced via oxidation of nicotinamide adenine dinucleotide
+ hydrogen (NADH; reduced form of NAD™) in the mitochondrial electron transport
system(104). Reduced bioavailability of NAD* is a common manifestation of advancing
age(105) and impaired NAD* bioavailability in vascular cells has been linked to age-related
vascular dysfunction(106) (reviewed in detail elsewhere(107)). This observation has led
many to consider boosting NAD™* bioavailability as a viable therapeutic strategy to prevent
and/or treat common age-related diseases, including vascular disorders. Reduced NAD*
bioavailability is a key component of the aging hallmark “reduced energy sensing”(61) and
there is evidence to suggest that this mechanism interacts with other hallmarks such as
mitochondrial dysfunction and cellular senescence. Interestingly, like aging, anthracycline
chemotherapy has shown to reduce NAD™ levels in a variety of cell types. Accordingly, we
will discuss: 1) how NAD™ interacts with mitochondrial dysfunction and cellular
senescence; 2) results of NAD*-targeted interventions for improving age-related vascular
function; and 3) targeting NAD™ bioavailability for preventing and/or treating anthracycline-
induced vascular dysfunction.
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8.2 Mitochondrial dysfunction and cellular senescence: interactive effects of reduced

NAD™.

It is well established that dysfunctional mitochondria can drive cellular senescence(108). As
previously stated, mitochondria oxidize NADH to NAD™; therefore, mitochondrial
dysfunction can directly decrease the bioavailability of NAD™. Furthermore, reduced NAD*
bioavailability has been shown to directly evoke mitochondrial dysfunction and cellular
senescence in fibroblasts /n7 vitro(108). As such, there seems to be an interactive effect
within the common aging hallmarks of mitochondrial dysfunction, cellular senescence and
impaired energy sensing.

Much of the focus on NAD™ bioavailability is due to the ability of the molecule to activate a
family of NAD™-dependent energy sensing enzymes called sirtuins(109). In the mammalian
genome, there are seven sirtuins (SIRT 1-7), and SIRT1 is the most highly studied among
them(110). The abundance and activity of SIRT1 is reduced in many tissue types in the
setting of chronological aging, including the vasculature(111). Most importantly, SIRT1
activity is reduced in a variety of cell and tissue types following administration of
DOXO0(112-115). As it relates to mitochondria, loss of mitochondrial sirtuin activity directly
causes mitochondrial dysfunction and cellular senescence(108). Accordingly, targeting NAD
* bioavailability and/or sirtuin activity may represent a viable alternative approach to
circumvent reduced mitochondrial function and prevent cellular senescence. However, the
interaction between these processes and anthracycline chemotherapy, and how that
interaction influences vascular function are incompletely understood.

8.3 Targeting NAD* and sirtuins: potential therapeutic opportunities to improve vascular
function in anthracycline-treated cancer survivors.

Caloric restriction (CR) is a lifestyle intervention used to increase bioavailability of NAD*.
Our laboratory has shown that short-term CR initiated in late life reverses vascular
dysfunction with aging(116) and that lifelong CR prevents the development of age-related
vascular dysfunction(117). However, due to the increased risks of sarcopenia and frailty
associated with CR in the setting of aging, this approach is not suitable for translation to
older adults, which is likely also the case with anthracycline-treated cancer survivors, given
the potential (relative to age-matched healthy controls) for cachexia and frailty in this patient
population(118-120). Alternatively, CR-mimetics (NAD™ precursors/ NAD* boosting
compounds) such as nicotinamide mononucleotide (NMN) and nicotinamide riboside (NR)
can be used to increase NAD™ bioavailability with aging(121). We have shown that short-
term NMN supplementation in late life can reverse age-related vascular dysfunction(122).
We also have demonstrated that NR supplementation in middle-aged and older adults, free
of overt CVD, is well tolerated, increases circulating NAD™ levels, and may reduce arterial
stiffness(123). Activation of SIRT1 via the SIRT-specific activator SRT1720(124) and the
non-specific activator resveratrol(125) also have shown to improve vascular function with
aging. Of note, DOXO exposure to cardiomyocytes reduces SIRT1 activity, which is
prevented by co-exposure of DOXO with resveratrol(126), and resveratrol supplementation
prevents the DOXO-induced reduction in aortic EDD of young adult rats(127). Therefore,
NAD™ boosting compounds may represent still another intriguing therapeutic strategy for
improving vascular dysfunction following anthracycline chemotherapy.

Aging Cancer. Author manuscript; available in PMC 2022 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Clayton et al. Page 15

8.4 NAD+ bioavailability: the balance between salvage and consumption.

NAD* bioavailability is driven by a balance between the NAD* salvage pathway (e.g., NMN
and NR) and NAD* consuming enzymes, such as poly(ADP-ribose) polymerase 1 (PARP1)
and CD38(105). With advancing age, CD38 is increased in a variety of tissue types, and old
CD38 knockout mice are void of a variety of age-related physical dysfunctions(128);
however, the effect of CD38 on vascular function with aging is unknown. Via increased ROS
production, DOXO can activate PARP1 in cardiomyocytes, ultimately reducing NAD™*
bioavailability(129). Furthermore, treatment of macrophages with DOXO /n vitro increases
CD38 activity(130). Yet, it has not been established how anthracyclines influence vascular
PARP1 or CD38.

Currently, there are natural and pharmaceutical inhibitors of PARP1 (e.g., nicotinamide(131)
and Rucaparib(132)) and CD38 (e.g., apigenin(133, 134) and daratumumab(135)), which
may show promise for preventing and/or treating anthracycline-related vascular dysfunction.
Preliminary results from our laboratory suggest that short-term oral supplementation (in
drinking water) with apigenin can reverse age-related vascular dysfunction and reduce foam
cell formation (initiating step in the progression of atherosclerosis) /n vitro(136). Given that
DOXO reduces NAD™* bioavailability via a reduction in NMN/NR(137) and an increase in
CD38 activity in cell types outside of the vasculature, a viable therapeutic option may be to
simultaneously supplement a NAD* boosting compound combined with a CD38 inhibitor.
However, more work is needed to establish efficacy of dose, timing and potential toxicity of
this approach.

9. AMPK and mTOR

Other key components of the aging hallmark “deregulated nutrient sensing” include reduced
adenosine monophosphate protein-activated kinase (AMPK) and an increase in the
mammalian target of rapamycin (MTOR)(61). During low states of cellular energy
availability (high ADP: AMP ratio), AMPK is activated, which serves to increase glucose
and lipid oxidation and stimulates mitochondrial oxidative metabolism(138). Contrary to
AMPK, mTOR is activated during times of energy surplus to activate protein translation/
synthesis and stimulate cellular growth pathways(139). With advanced age, there is reduced
AMPK(140-142) and increased mTOR(143, 144) across a variety of cell and tissue types,
which have been associated with a myriad of age-related diseases. Importantly, the age-
related reduction in AMPK(145) and increase in mTOR(146) have been associated with
vascular dysfunction.

In endothelial cells in vitro, pharmacological stimulation of AMPK induces antioxidant
effects and activates endothelial NO synthase (enzyme responsible for NO production)(147).
Our laboratory has shown that old mice have reduced vascular AMPK, which was associated
with impaired vascular endothelial function(145). Furthermore, we have shown that short-
term (2 weeks) activation of AMPK by aminoimidazole carboxamide ribonucleotide
(AICAR) increases vascular AMPK and improves vascular endothelial function of old mice
via suppression of tonic superoxide production(145). Furthermore, AICAR increases
resistance artery vasodilation in a spontaneously hypertensive rat model(148). AMPK also is
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a direct inhibitor of mMTOR(61), so it is plausible that activation of AMPK by AICAR could
be improving vascular function via suppression of mTOR.

Inhibition of mTOR by dietary rapamycin has shown to delay age-associated diseases and
extend lifespan in mice(149-151). There also is evidence to suggest mTOR inhibition can
reduce oxidative stress in a variety of tissues and cell types(152, 153), including the
heart(154). However, until recently, it was unknown how mTOR inhibition influenced the
aging vasculature. Our laboratory demonstrated that feeding old mice a rapamycin (MTOR
inhibitor)-enriched diet enhanced vascular AMPK activation, reversed age-related arterial
stiffness, and increased vascular endothelial function via suppression of tonic oxidative
stress (146).

As mentioned throughout this review, the hallmarks of aging do not occur in a vacuum and
are remarkably interactive. A study by Laberge et al.(155) demonstrated that activation of
the SASP was dependent upon mTOR activation. As such, an additional mechanism by
which rapamycin improves vascular function could be via suppression of the SASP. As
previously mentioned, we have shown that DOXO-mediated arterial dysfunction occurs via
cellular senescence(103). Additionally, we have recently demonstrated that suppression of
cellular senescence following DOXO prevents arterial stiffness via suppression of
mMTOR(103). However, the role of AMPK activation and mTOR inhibition as potential
therapeutic targets for the prevention and/or treatment of anthracycline-mediated arterial
dysfunction are not currently understood. Considering AMPK activation (via AICAR) and
mTOR inhibition (via rapamycin) improve natural vascular aging, a reasonable next step
could be to determine whether these therapeutic approaches can improve vascular function
in the setting of anthracycline chemotherapy.

10. Aerobic exercise as an “all-inclusive” therapeutic approach for

enhancing mitochondrial function, reducing cellular senescence and

improving energy sensing pathways.

Aerobic exercise has remarkable positive effects on the aging vasculature (reviewed in detail
elsewhere(57)), whether that is in the setting of chronological aging or accelerated aging via
consumption of a Western-style diet(28, 156). Specifically, we have shown that voluntary
aerobic exercise improves vascular function with aging via suppression of tonic oxidative
stress and a reduction in vascular inflammation(28). However, as described throughout this
review, other mechanisms such as reduced mitochondrial function, increased cellular
senescence and impaired energy sensing may be key upstream mechanisms by which
oxidative stress and inflammation are regulated. (Figure 8).

10.1 Aerobic exercise and mitochondrial function.

Data from our laboratory suggest that late-life voluntary aerobic exercise in mice improves
vascular endothelial function via suppression of excess vascular mitochondrial ROS
production (oxidative stress) and enhanced vascular mitochondrial “fitness”, including
increased stress resistance and mitochondrial biogenesis(157). We also recently
demonstrated that lifelong aerobic exercise in mice can prevent vascular dysfunction in the
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settings of chronological aging and accelerated aging (via a Western-style diet) via
suppression of tonic vascular mitochondrial oxidative stress(28). Taken together these
observations strongly suggest that aerobic exercise may be a valuable therapeutic approach
for targeting vascular mitochondrial oxidative stress with aging.

10.2 Aerobic exercise and vascular senescence.

Our laboratory has shown in a cross-sectional study in humans that sedentary healthy
middle-aged and older adults have greater endothelial cell senescence relative to young
sedentary adults, which was associated with impaired vascular endothelial function(100). In
this study, there was an absence of age-related increases in endothelial cell senescence in
older adults who had habitually participated in aerobic exercise, which was associated with
preserved vascular endothelial function(100). Furthermore, a recent systematic review and
meta-analysis on the topic suggests that aerobic exercise may be used as a senolytic
therapy(158). However, to date, there has been no comprehensive investigation of the role of
cellular senescence in regulating the protective effects of aerobic exercise on the aging
vasculature.

10.3 Aerobic exercise and energy sensing.

Aerobic exercise increases NAD* bioavailability, in part due to enhanced mitochondrial
function, which in turn enhances SIRT activity (reviewed in detail elsewhere(159)).
Furthermore, old mice administered with the CD38 inhibitor thiazologuin(az)olin(on)e have
enhanced NAD™ bioavailability and aerobic exercise capacity relative to sham-treated old
controls, suggesting there is an interactive effect of aging, NAD™ bioavailability and aerobic
exercise(160). In terms of the influence of aerobic exercise on AMPK and mTOR, AICAR is
commonly referred to as an “exercise mimetic”, as aerobic exercise is well known for
activating AMPK and suppressing mTOR. As such, enhanced energy sensing may be a
mechanism by which aerobic exercise maintains vascular function, but more work is needed
to establish that possibility.

10.4 Therapeutic effect of aerobic exercise on vascular function with anthracycline
chemotherapy.

Considering that aerobic exercise enhances cellular resilience/stress resistance of arteries,
such that vascular function is preserved upon exposure to a stressor that would otherwise
cause dysfunction(157), Gibson et al.(161) hypothesized that voluntary aerobic exercise pre-
conditioning in rats would prevent the DOXO-induced impairment in aortic EDD. Contrary
to their hypothesis, aortas from exercise trained rats had similar EDD to sedentary controls.
In contrast, Lee et al.(162) demonstrated that 8 weeks of high-intensity interval training on a
cycle ergometer (7x: 1 minute at 90% peak power output, followed by 2 minutes at 10%
peak power output; 3 sessions/week), performed throughout anthracycline chemotherapy
preserved vascular endothelial function in patients undergoing treatment for breast cancer.
Consistent with these findings, Long et al.(163) have shown that 24 weeks of exercise,
following the guidelines for exercise in cancer survivors put forth by the American College
of Sports Medicine, could increase vascular endothelial function in young adult childhood
cancer survivors.
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Taken together, exercise training may be a favorable lifestyle intervention/strategy for
preserving and improving vascular function during or following anthracycline
chemotherapy, respectively. However, the mechanisms by which exercise training improves
vascular function in anthracycline-treated cancer survivors remain to be elucidated.
Furthermore, the influence of exercise training on arterial stiffness during or following
anthracycline chemotherapy remains to be determined.

11. Anthracycline chemotherapy in older adults — a “double-hit” to the
vasculature.

The total number of older adults is projected to increase significantly over the next 50 years
worldwide(164, 165). Advancing age is the primary risk factor for the development of both
cancer(166) and vascular dysfunction(167). Thus, as a result, there will be an increased
number of older adults undergoing chemotherapy in the coming years. Unfortunately,
elderly patients have a reduced ability to tolerate treatment and are more vulnerable (relative
to children and young adults) to the toxic effects of chemotherapy(168) (Figure 9).

Anthracyclines are also first-line chemotherapeutic agents to treat multiple cancers most
commonly observed in older adults — breast and prostate cancer and Non-Hodgkin’s
lymphoma(169, 170). Furthermore, The American Society of Clinical Oncology estimates
~2- to 7-fold increased risk of CVD in older adults (= 60 years of age) undergoing
anthracycline chemotherapy when compared to young adults undergoing similar
treatment(171). Accordingly, the combination of advancing age and chemotherapy treatment
may be a “double-hit” to the vasculature. Moreover, the overall dose of chemotherapy is
often reduced in older adults (relative to children and young adults), especially those with
pre-existing CVD, so as to not place undue stress on the cardiovascular system(169). This all
points to the biomedical importance of developing therapeutic strategies for preventing
and/or treating anthracycline-mediated vascular dysfunction to mitigate the accelerated rate
of CVD progression in young and older adults. not just in young adults.

12. Research gaps and potential future directions.

Vascular dysfunction is a key antecedent to CVD, in particular large elastic artery stiffening
and endothelial dysfunction. In this review we have discussed the central roles impaired
mitochondrial function, cellular senescence and reduced energy sensing as key
pathophysiological mechanisms mediating anthracycline-induced vascular dysfunction. We
have also reviewed established therapies that could target these pathways (Table 1).

There remain several important knowledge gaps in the field; the following represent some
potential future, biomedically significant directions for research related to anthracycline-
mediated vascular dysfunction (Figure 10).

12.1 Mitochondrial-targeted therapies.

MitoQ.—As described above, mitochondrial dysfunction may be a therapeutic target for
preventing and/or treating anthracycline-mediated vascular dysfunction. In our preclinical
study, 4 weeks of MitoQ supplementation (in drinking water) following DOXO
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administration prevented DOXO-mediated vascular dysfunction(27). Importantly regarding
clinical translation, MitoQ has shown to be safe(85, 86) and effective for improving vascular
function in middle-aged/older adults(81). As such, MitoQ supplementation trials in
anthracycline-treated cancer survivors are warranted.

Dexrazoxane.—Dexrazoxane, a compound which is commonly administered with
anthracyclines to mitigate excess mitochondrial oxidative stress (via reduced mitochondrial
DNA damage), is proven to reduce the cardiac toxicity associated with anthracyclines(172,
173). However, the effect of Dexrazoxane on vascular function in the setting of
anthracycline chemotherapy is currently unknown. Considering vascular dysfunction is a
common antecedent to cardiac dysfunction, it is plausible that the protective effect of
Dexrazoxane on the heart could be a result of improved vascular function.

SS-31.—There are also other emerging mitochondrial-targeted therapies that could be
considered. Specifically, Szeto-Schiller peptide (SS-31; aka Elamipretide), a mitochondrial-
targeted peptide, improves physiological function in a variety of pre-clinical
settings(174-176). Regarding vascular aging, SS-31 treatment improved cerebrovascular
EDD by increasing NO bioavailability in old mice(176). SS-31 also normalized
mitochondrial ROS production and restored basal mitochondrial respiration in
cerebrovascular endothelial cells from old rats to levels observed in cells from young
animals(176). Early phase clinical trials in humans have shown mixed results on various
physiological functions, but SS-31 has yet to be assessed for improving vascular function in
older adults or in patients receiving or who have received anthracycline chemotherapy.

Urolithin A.—Another mitochondrial-targeted therapy that has recently gained significant
attention is ellagitannin-derived Urolithin A, a gut microbiome-derived metabolite that
activates mitophagy(177). Urolithin A treatment preserves mitochondrial function with
aging and extends lifespan of Caenorhabditis elegans and improves skeletal muscle function
in rodents(177). Moreover, acute and chronic administration of the compound appears to be
safe and well-tolerated in sedentary older adults(178). However, it is currently unknown
whether Urolithin A can improve vascular function. Considering it is safe and well-tolerated,
Urolithin A may be an effective therapeutic approach for preventing and/or treating
anthracycline-induced vascular dysfunction.

12.2 Senolytics.

Future work is needed to determine how senolytic therapies affect vascular function in
anthracycline-treated cancer survivors. Given the many interactions described above, future
studies should investigate how senolytic therapies influence other hallmarks of aging(61).
Below, we discuss the various senolytic strategies that could be used to help address current
research gaps.

Food-derived compounds.—There are a variety of naturally derived compounds that
have gained attention as potential senolytic therapies. A study by Yousefzadeh et al.(179)
screened a variety of flavonoid compounds that have senolytic properties. Results of the
screening demonstrated that fisetin (found primarily in strawberries and cucumbers) had the
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greatest senolytic effect in mouse primary embryonic fibroblasts and IMR90 cells. To
translate these findings, the same study demonstrated that fisetin supplementation could
reduce senescent cell burden in a variety of tissues in progeroid mice (a model of accelerated
aging) and chronologically aged wild-type mice, as well as extend lifespan in wild-type
mice. Currently, there is an ongoing open-label clinical trial (NCT04733534) assessing the
effect of fisetin on reducing senescence and frailty in childhood cancer survivors Presently,
however, the influence of fisetin on vascular function in cancer survivors has not been
investigated.

Dasatanib + Quercetin.—Numerous preclinical studies have assessed the combination of
Dasatanib + Quercetin for reducing cellular senescence in the setting of advanced age in a
variety of cell and tissue types (reviewed elsewhere(180)). Specifically, one study has shown
that Dasatanib + Quercetin can improve aortic EDD in old mice, which was associated with
reduced senescent cell burden in the aorta(102); however, the influence of D+Q on arterial
stiffness remains to be determined. Furthermore, nothing is known regarding D+Q as a
potential therapeutic approach to improve vascular function with anthracycline
chemotherapy. Importantly, D+Q has shown to be safe for human use(181) and is being
administered to childhood cancer survivors to determine its influence on peripheral T-cell
senescence and frailty (NCT04733534).

ABT-263 (Navitoclax).—ABT-263 is a senolytic compound designed to inhibit the anti-
apoptotic BCL-2 pathway in senescent cells(182). Administration of ABT-263 rejuvenates
the hematopoetic stem cell niche in old mice(183) and preserves cognitive function
following whole brain irradiation in young adult mice(184). Our preliminary results suggest
that ABT-263 administration to old mice reverses aortic stiffening and improves EDD with
aging in mice(101). However, the influence of ABT-263 on vascular senescence and
function in the setting of anthracycline chemotherapy has yet to be determined.

Galactosidase-conjugated senolytics.—As described above, senolytics are designed
to have preferential cytotoxic activity for senescent cells, yet translation of senolytic
therapies to human disease is hindered by their suboptimal specificity for senescent cells and
notable toxicities. It is well established that senescent cells highly express the senescence
marker B-galactosidase (SA-p-gal)(185), which can be used to specifically release tracers
and cytotoxic cargoes from galactose-encapsulated nanoparticles within these cells.
Recently, Gonzalez-Gualda et al.(186) demonstrated that galacto-conjugated ABT-263 can
be preferentially activated by SA-B-gal activity in a variety of cell types. This approach
revealed greater senolytic activity relative to standard ABT-263 administration, as a result of
reduced activation in nonsenescent cells, and resulted in lower platelet toxicity relative to
standard ABT-263. Accordingly, future studies aimed at targeting senescent cells to improve
vascular function, without off-target toxic effects, should consider using galacto-conjugated
senolytics.

Boosting Compounds/CR mimetics/SIRT activators.

As described previously, several therapeutic strategies aimed at mimicking the effects of CR
(e.g., NMN, NR, SIRT activators, resveratrol, CD38ases) are effective for reversing
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chronological aging-related vascular dysfunction and/or other diseases of aging. However,
the influence of these therapies on vascular function in the setting of anthracycline
chemotherapy are not well understood. DOXO reduces NAD* bioavailability and SIRT
activity, both of which are associated with vascular dysfunction; as such, future studies are
warranted to better understand the interaction of NAD™ bioavailability and SIRT activity
with anthracycline chemotherapy and vascular dysfunction.

12.4 Lifestyle interventions and interaction with aging hallmarks.

Above we described the potential efficacy of regular aerobic exercise for improving EDD
with anthracycline chemotherapy. But it should be noted that long-term adherence to aerobic
exercise is generally poor, particularly in groups of lower education and/or income
status(187). Future studies are warranted to determine the extent to which healthy lifestyle
interventions, including novel modes of more time-efficient exercise training (188), may
interact with the hallmarks of aging to improve vascular function in settings of both natural
aging and anthracycline chemotherapy.

12.5 Sex differences.

Estrogen has demonstrated to be protective against DOXO-mediated cardiac dysfunction in
preclinical studies, such that cardiac function is worse in male mice relative to female mice
following an equivalent dose of DOXO(189-191). Furthermore, female anthracycline-treated
cancer survivors have greater endothelial function relative to their male counterparts(50).
However, the mechanisms by which estrogen protects against anthracycline-induced
vascular dysfunction are incompletely understood and deserving of additional investigation,
including in estrogen-deficient postmenopausal cancer survivors. Novel preclinical models
that better recapitulate sex hormone regulation throughout the lifespan represent a
potentially useful experimental mechanistic approach in this regard(192-195).

12.6 Interactions between different prevention and treatment strategies.

It remains to be determined whether there are interactions among the aforementioned
therapeutic strategies. Future work should consider experimental opportunities for
determining the independent and interactive effects of therapies targeting the so-called
hallmark of aging cellular processes for preventing/treating vascular dysfunction induced by
anthracycline-based chemotherapies.
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Vascular
Dysfunction
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Figure 1. Vascular dysfunction may be an antecedent to the development of cardiovascular
diseases (CVD) with anthracycline chemotherapeutic agents.

Treatment with anthracycline chemotherapeutic agents increases the risk of developing
CVD. Vascular dysfunction is a well-established risk factor for the development of CVD and
the vasculature is the first point of contact for anthracyclines. As such, vascular dysfunction
may precede CVD with anthracyclines.
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Figure 2. Methods for assessing large elastic artery stiffness.
Aortic pulse wave velocity in mice measured between the aortic arch and the abdominal

aorta (left) and in humans between the carotid and femoral arteries (middle). Intrinsic
mechanical wall stiffness of isolated aorta rings can be accessed via stress-strain testing

(right).
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Acetylicholine
—————

Figure 3. Methods for assessing vascular endothelial function.
Endothelial function in mice can be assessed using ex vivo carotid artery endothelium-

dependent dilation in response to acetylcholine (left), whereas endothelial function is most
commonly assessed in humans using brachial artery flow-mediated dilation (right).
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Figure 4. Mechanisms of anthracycline chemotherapy-mediated vascular dysfunction and
related clinical disorders.

Anthracycline chemotherapy is associated with vascular inflammation (pro-inflammatory
cytokine signaling) and excessive mitochondrial reactive oxygen species (ROS)-derived
oxidative stress. In the vasculature, oxidative stress and inflammation are largely induced by
higher nuclear factor kappa-B (NFxB), transforming growth factor beta (TGF-g), matrix
metalloproteinases (MMPSs), ROS, peroxynitrite and nicotinamide adenine dinucleotide
phosphate oxidase (NADPH oxidase). Together, these processes induce vascular
dysfunction, featuring: (top) vascular endothelial dysfunction characterized by reduced nitric
oxide (NO) bioavailability and endothelium-dependent dilation; and (bottom) large elastic
artery stiffening mediated by degradation of elastin fibers (blue) and greater cross-linking of
collagen (brown) by advanced glycation end products (dashed connecting lines). These and
other changes in arteries, in turn, increase risk of developing cardiovascular diseases,
chronic kidney disease, and Alzheimer’s disease and related dementias.
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Figure 5. The interaction of aging hallmarks (mitochondrial dysfunction, cellular senescence and
dysregulated energy sensing) and how they may influence vascular function.

Anthracycline chemotherapy is associated with mitochondrial dysfunction, cellular
senescence and dysregulated energy sensing, all of which are key hallmarks of aging.
Independently and/or interactively, these hallmarks can influence cellular mechanisms
associated with vascular dysfunction including stimulation of the mammalian target of
rapamycin (MTOR), reactive oxygen species (ROS)-mediated oxidative stress and the
senescence associated secretory phenotype (SASP). These hallmark processes also inhibit
AMP-activated protein kinase (AMPK), sirtuin-1 (SIRT-1), endothelial nitric oxide synthase
(eNOS), nicotinamide adenine dinucleotide (NAD+), and nitric oxide (NO) bioavailability.
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Figure 6. Anthracycline chemotherapy (doxorubicin [DOXO])-mediated aortic stiffening and
mitochondrial ROS production.

A) Aortic pulse wave velocity in young mice increases following DOXO administration to
levels observed in old mice, which is associated with B) greater aortic mitochondrial ROS
production and C) aortic intrinsic mechanical wall stiffness (elastic modulus). D) Chronic
oral supplementation with the mitochondrial targeted antioxidant MitoQ prevented the
DOXO-mediated increase in aortic elastic modulus. *£ < 0.05 vs. Young Control; *£< 0.05
vs Old Control. Data from(27, 28, 54).
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Figure 7. Anthracycline chemotherapy treatment (doxorubicin [DOXO])-mediated vascular
endothelial dysfunction occurs as a result of excess vascular mitochondria-derived reactive
oxygen species (ROS) and a reduction in mitochondrial antioxidant defenses.

A) Vascular endothelium-dependent dilation is lower in young DOXO-treated mice
compared to young (Young Control) and chronologically aged controls (Old Control). B)
Vascular manganese (Mn) SOD (mitochondrial isoform) is lower in young DOXO-treated
mice relative to young controls and to levels similar to old controls. C) Peak endothelium-
dependent in young DOXO-treated mice is rescued (back to young control levels) when
exposed to an acute dose of the mitochondrial-targeted antioxidant, MitoQ. Additionally,
chronic (4 weeks) oral supplementation (in the drinking water) with MitoQ prevents DOXO-
mediated vascular endothelial dysfunction by suppressing tonic mitochondria-derived ROS
(last bar; no further dilation when exposed to acute MitoQ). *£ < 0.05 vs. Young Control; *P
< 0.05 vs. Old Control. Data from(27, 28, 157).
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Figure 8. The influence of aerobic exercise on mitochondrial dysfunction, cellular senescence and
dysregulated energy sensing.

Chronological aging leads to mitochondrial dysfunction, cellular senescence and
dysregulated energy sensing, all of which are key hallmarks of aging. Aerobic exercise is an
effective therapeutic strategy for preventing and treating these hallmarks in the setting of
chronological aging. Anthracycline chemotherapies (e.g., doxorubicin [DOXO]) induce
similar effects to aging. Thus, aerobic exercise may improve vascular function in
anthracycline-treated cancer survivors by targeting these key mechanistic pathways.
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Figure 9. Aging and cancer —a “double hit” to vascular dysfunction and cardiovascular disease
(CVD) risk.
Chronological aging is the primary risk factor for both cancer and vascular dysfunction.

Cancer is most commonly treated with chemotherapeutic agents (e.g., anthracyclines like
doxorubicin [DOXO]) that can independently drive vascular dysfunction. Vascular
dysfunction is a key antecedent to CVD and elevated CVD risk places an individual at
increased risk for developing future cancers. Thus, cancer treatment in the setting of
advanced age markedly increases the risk for developing CVD (relative to aging alone) due
to being a “second-hit” to the vasculature.
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Figure 10. Research gaps and future directions.
MitoQ, mitoquinone; Szeto-Schiller peptide, SS-31; Nicotinamide adenine dinucleotide,

NAD+; Nicotinamide mononucleotide, NMN; Nicotinamide riboside, NR; Sirtuins, SIRT;
Inspiratory muscle strength training, IMST.
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Table 1.

Potential therapeutic targets and treatment options for anthracycline-mediated vascular dysfunction.

Therapeutics

Description

Mitochondria-targeted compounds

MitoQ Mitochondria-targeted antioxidant
SS-31 Mitochondria-targeted peptide
Urolithin-A Gut microbiome-derived mitophagy activator
Dexrazoxane Mitochondria DNA damage inhibitor
Senolytics

ABT-263 (Navitoclax)

BCL pathway (anti-apoptosis) inhibitor

Dasatanib + Quercetin

BCL (anti-apoptosis) pathway inhibitor

Natural compounds

Food-derived compounds (e.g., flavonoids)

Galacto-conjugated compounds

Target only cells expressing p-Galactosidase

NAD+ boosting compounds

Nicotinamide Mononucleotide

NAD+ salvage pathway activator

Nicotinamide Riboside

NAD+ salvage pathway activator

CD-38 inhibitors
Apigenin Food-derived (flavonoid) CD-38 inhibitor
Daratumumab Synthetic CD-38 inhibitor

Thiazologuin(az)olin(on)e

Synthetic CD-38 inhibitor

Sirtuin activators

Resveratrol Food-derived (plant polyphenol) surtuin activator
SRT1720 Synthetic sirtuin activator

PARRP inhibitors

Nicotinamide Inhibits PARP and increases NAD+ bioavailability
Rucaparib Inhibits PARP and increases NAD+ bioavailability
AMPK activator

AICAR AMP analog (increases circulating AMP)
mTOR inhibitor

Rapamycin Immunosuppressive compounds which inhibits mTOR

MitoQ, Mitoquinol mesylate; SS-31, Szeto-Schiller peptide; BCL, B-cell lymphoma; NAD+, nicotinamide adenine dinucleotide; PARP, Poly
(ADP-ribose) polymerase; AMPK, adenine monophosphate protein kinase; AICAR, 5-Aminoimidazole-4-carboxamide ribonucleotide; mTOR,

mammalian target of rapamycin
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