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Abstract

My dissertation project belongs to the newly emerging field of cavdamlogy,
whichis an interdisciplinary field that integrates both cardiology and oncology with the
end goal tanitigate cardiovascular complications inducecchyicer treatmenCancer
survivorship has remarkably improved over the past decades; nevertheless, cancer
survivors are burdened with multiple health complications primarily caused by their
cancer therapy. &cer treatment has been associated with accelerated aging that can
lead to earlyonset health complications typically experienced by older populations. In
particular, cancer survivors have an increased risk of developing premature
cardiovascular complicans. These cardiovascular complications are the second
leading cause of ddatin cancer survivors after cancer itself. One of the most
cardiotoxic cancer treatments istlaracyclines e.g. doxorubicin (DOX)hich isone
of the most widely used chetheragutic agents in pediatric oncologjth nearly 50%
of pediatric cancer patients redeig anthracycliness part of their treatment regimen.

Over the pst two decades, cellular senescence has been proposed as an
important mechanism of premature cardiovémcdiseasedDOX hasbeen shown to
induce senescence in different types of cardiovascular Taksnain objective of my
dissertationis to characterize the mechanisms @DX-induced senescence aell
cultures and in clinicallyelevantmurinemodels ad determingherole of senescence
in DOX-induced cardiotoxicity. Additionallyni recent years, a novel group of drugs

called senotherapeutitesbeen developetb mitigate the adverse effects of cellular



senescencé&enotherapeutics can be divided i@ broad categories: senolytiaad
senomorphic®ach targeting senescence via distinct mechaniBraslinical research

has demonstrated the potential of several approaches to mitigate cancer-therapy
induced senescence. However, strategies to prevefotr arght cancer therapgduced
cardiovascular senescence have not yet been translated to th& bimefore, another
objective of my dissertation is tdetermine the protective effects efmerging
senotheragutics against DOXinduced cardiovasculartwity. Ultimately, my long-

term goaisto prevent cardiovascular complicatiaghsreby improving botthe quality
andquantityof survivorsodo | ives.

In Chapter 1, | will establish the foundatidor my dissertationl will begin by
elucidating how therapyinduced senescence can contribute to cardiovascular
complications. Thereatfter, | will summarize the curr@ntitro, in vivo, and clinical
evidence regarding cancer therapgtuced cardiovascular senescendg. emphasis
will be on endothelial cell senesace since it has been shown to be a key player in
numerous cardiovascular complicatioRmally, | will discuss interventional strategies
that have the potential to protect against theagdyced cardiovascular senescence.

In Chapter 2, | first establshed a comparative characterization dDXo
induced senescence phenotypenmortalized EA.hy926 endotheliderived cells and
primary human umbilical vein endothelial cells (HUVEC8)hile past researchas
highlighted differences between immortalized apdmary Endothelial Cell (EC)

models in some characteristidhe response of DOX¥iduced senescent ECs to
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senolytics has not been determined across these two models. Following{pa3ire
both EA.hy926 and HUVECSs shared similar senescence phengotizpescterized by
upregulated senescence markers, increase®-&# activity, cell cycle arrest, and
elevated expression of the senesceassocited secretory phenotype (SASP).
Thereatfter, | utilized the establishedodel to assesshe senolytic activity of four
senolytictherapiesdasatinib, quercetin, fisetin, @ABT-263 favitoclay across both
EC types Dasatinib, quercetin, and fisetin demonstrated a lack of selectivity against
DOX-induced senescent EA.hy926 cells and HUVEG®s. contrast ABT-263
selectively induced the apoptosis of D@Xluced senescent HUVECbut not
EA.hy926 cells. Mechanistically, DOXeated EA.hy926 cells and HUVECs
demonstrated differential expression levels of the BClfamily proteins. In
conclusion, the results this chaptesuggest that both EA.hy926 cells and HUVECs
demonstrate miilar DOX-induced senescence phenotypes but they respond differently
to ABT-263, presumably due to the different expression levels of-BGamily
proteins.

In Chapter 3, | determinedthe effect of metformin on DOX-induced
endothelial senescence. Metforrsimwedsenomorphipropertiesn different models
of senescengehowever the effects of metformin on DOkduced endothelial
senescence have not been reported before. For this objective, | used the established
DOX-induced endothelial senescence modehapter 2ECswere treated with DOX

+ metformin for 24 h followed by 72 h incubation without DOX to establish senescence.
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Effects of metformin on senescence markers expressioifo;@A activity, and SASP
secretion were assessed. To delineate the motecwdghanisms, the effects of
metformin on major signaling pathways were determined. Results demah¢iiate
metformin effectively corrected DOXinduced upregulation of senescence martkers
exhibiting similar effectin HUVECs and EA.hy926 cellfor subsguent experiments,

we primarily utilized HUVECS, as they offer a more clinically relevant mddehese
experiments, metformirdecreased the secretion of SASP factors and adhesion
moleculesin DOX-treated cells These effects were associated with a $icpmt
inhibition of the INKand N6 B pat hway.

Another important feature ofenescenteCs is that they exhibit a hyper
inflammatory response to lipopolysharide (LPS). Therefore, in thitudy, | also
identified the effects of metformin on DOGXducedendothelial senescence and EPS
induced hypeinflammation in senescent ECs. The effect of LPS + metformin was
determined by stimulating both senescent andsemescent ECs with LPS for an
additional 24 h. A significant hypénflammatory response to LPSa# observed in
DOX-induced senescent ECs compared tosmmescent ECémportantly, netformin
blunted LPSnduced upregulation of pamflammatory SASP factors. In conclusion,
the results ofChapter 3 showed that metformin mitigates D@Xduced endothelia
senescence phenotype and ameliorates the-yjlEmnmatory response to LPS. These
findings suggest that metformin may protect against BM@Xiced vascular aging and

endothelial dysfunction and ameliorate infectinduced hypeinflammation in DOX

Vi



treakd cancer survivors.

In Chapter 4, my objective wago developa murine model tadentify the
effects of DOX on senescence and seneseasseciated inflammation in young
tumorfree and tumoebearing miceDOX-induced cardiotoxicity rebeen extensively
studied in tumoifree mouse models. However, it is more clinically relevant to use a
tumorbearing mouse model as this can optimize our understanding of the interplay
between tumor and DOMduced cardiotoxicityAdditionally, cancer itself activates
inflammation and senescence leading to multiple pathologic conditMoreover,
potential cardioprotective senotherapeutics should be tested in-b@aong animal
models to confirm that they do not interfere with the chemotherapeutic benefits of
chemotherapyTo establish a model of DOKduced cardiotoxicity in young tumor
bearing mice, dur-weekold maleimmunocompetent C57BL/6N mice were injected
subcutaneously witmurineEL4 lymphoma cellsn the flank region, while tumeiree
mice were injected with vetle. Lymphoma was chosen as my tumor model since
lymphoma is one of the most common types of pediatric cafbeze days following
tumor implantation, both tumdree and tumcbearing mice were injected
intraperitoneally with either DOX (4 mg/kg/week) saline for 3 weeks. One week
after the last DOX injection, the mice were euthanized and the hearts, livers, kidneys,
and serum were harvested. Gene expression and serum concentration of inflammatory
and senescence markers were quantified usingire@lFCR and ELISA, respectively.

DOX treatment significantly suppressed tumor growth in tubearing mice and
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caused significant cardiac atrophy in both twfree and tumobearing mice. EL4
tumors elicited a strong inflammatory response in the heart, levad, kidney.
Strikingly, DOX treatment ameliorated tumimiduced inflammation paradoxical to the
effect of DOX in tumoifree mice, demonstrating a widely divergent effect of DOX
treatment against inflammation in turrioee versus tumeobearing miceBoth DOX
andthe tumor inducel organspecificmarkers ofsenescencéNo significant changes
were observed in the heart, while the liver showed the most pronounced induction of
markers of senescend@ptimizing our approach and dosage reginvea developed a

new umorbearing model that captures both the chemotherapeutic benefit of DOX and
DOX-induced cardiac dysfunctionhis model will be optimal foevaluatingfuture
cardioprotective strategies, ensuring that ghreyectthe heart without undermining the
chemoherapeutic efficacy of DOX.

In Chapter 5, | sought to determine the contribution of D@Xluced
senescence to delayed D@Xluced cardiotoxicity. Another objective of this chapter
was to identify sex differences in delayed D@Xuced cardiotoxicity sinceex has
been demonstrated to be an important risk factor for Bxaced cardiotoxicity and
to determine the underlying molecular determinants of the observed sexual
dimorphism.Five-weekold male and female mice were administered intraperitoneal
injections of DOX (4 mg/kg/week) or saline for 6 weeks. Echocardiography was
performeds weeks after the last dose of DOX to evaluate cardiac function. One week

later, all mice were sacrificednd hearts, livergndkidneys were collected for further
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analysis. @ne expression of markers of apoptosis, senescence, and inflammation was
measured by PCR. Proteomic profiling of the heart from both sexes was conducted to
determine differentially expressed proteins (DEPs). Results demonstrated that only
DOX-treated malebut not female, mice showed cardiac dysfunction with decreased
cardiac output, ejection fraction, fractional shortening, and stroke volume.
Additionally, cardiac atrophy, lower left ventricular mass, and upregulated cardiac
expression oNppb and Myh7 were observed in DOXreated male mice. No sex
specific effects were observed in D&xduced expression of apoptotic, senescence,
and preinflammatory markers. However, the ammtflammatory markerl-10 was
significantly reduced in the hearts of D@b¢atedmale but not female mice. Proteomic
analysis identified several proteins that were differentially expressed after DOX
treatment in a segpecific manner, including acute phase proteins such as haptoglobin,
orosomucoid 1, and hemopexin. Tielingsof this chapter reveal that male mice are
more susceptible to delayed Déxduced cardiotoxicity. Additionally, no sespecific
changes in senescence markers were observed int@bed mice, suggesting that
mechanisms other than senescence are associatechavitibserved sedifferences.

This work was the firsto assess sespecific proteomic changes in a mouse model of
delayed DOXinduced cardiotoxicity. Proteomic analysis identified several sexually
dimorphic DEPs, many of whiclrelinked to acute phase pgeins and are associated

with the antiinflammatory marker HL0.

To conclude the thesis, | highligitt the conclusionsand future research
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directions to mitigate therappduced cardiovascular senescence in cancer survivors

(Chapter 6).
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Introduction

Thanks tothe continued advece of diagnosis, therapy, and care moadls
cancer, here are more than 15 million cancer survivors in the United States and this
number is expected to incregd4@. Nearly 85% of cancer survivors have a high risk of
developing chronic adverse health conditions;r@fgted disorders, and frailty, mainly
due to canae and/or cancer treatmerf2). Cancer treatment is associated with
accelerated aging and declining body reserves in relatively young cancer survivors,
which in turn lead to premature onset of frailty, disease aridtdge syndromeg3).

Indeed, cancer survivors appear to be older than their stated age after the completion of
chemotherapy by as much as 20 years, with the intensity of treatment correlated with
the aging proces$¢4). In particular, cancer survivors have an increased risk of
developing premature cardiovascular complicati@eadiconcology has emerged as

a novel clinical/scientific discipline with a goal to prevent and/or treat carstoler
diseases in cancer patients, particularly those arising as adverse effects of cancer
treatment5). While cardieoncology has recently been acknowledgea eical sub
specialty(6), the cardiovascular adverse effects of cancer treatment were recognized
more than 40 yearago. For instance, the cardiotoxicity of anthracyclines was reported

in cancer patients in the early 1970s 8). Despite the known cdiotoxic effects of

these antiancer agents, they are still commonly usedréat a wide variety of
malignancies in pediatric and adult cancer patients, due to their effectivemess

anticancer agents. Although every effort hagrexerted to design safer @aticer
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agents, it seems that the occurrence of cardiovascular ad¥ists euring cancer
treatments inevitable, since newer acdéincer drugs have also demonstrated significant
cardiovascular adverse effector instance,rastuzumab has been shown to cause
cardiac dysfunction in breast cangeatients, whichwas exacerited if used in
combination with anthracyclisg9, 10) The proteasome inhibitocarfilzomib, has

been reported to cause cardiovascular adverse events in more than 18% of(pajients
Similarly, cardiovascular adverse effects have been reported in caatent®
receiving tyrosine kinase inhibitors e.g. sunitinjb2) and immune checkpoint
inhibitors e.g. nivolumab and ipilimumgh3). In addition to chemotherapy, radiation,
particularly chest radiation, has been shown to be detrimental to the cardiovascular
system(14). Therefore, there is an urgent need to identify new therapeutic agents that
can prevent and/or reverse cancer treatramehiced cardiovascular adverse effects
without compromising their anticancer therapeutic effects.

Anthracyclines (e.g. doxorubicin (DOX) and daunorubicin) are a group of
chemotherapeutic agents used to treat a wide variety of human malignancies. However,
the clinical use of these highly effective agents is limited by significant cardiotoxicity
that can progess to engtage heart failurél5, 16) DOX hasdemonstrated acute,
chronig and delayetbxic effects on the cardiovascular system. The acute effects occur
in approximately 11% of patients during or soon aftedxCddministration and include
various arrhythmias, hypotension, and acute heart failtfel8) On the other hand,

chronic DOX cardiotoxicity is dosdependent and results in irreversible
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cardiomyopathic changesataffectd% of patients treated with DOK the first year

after therapy and 30% of adult survivors of childhood carides exact mechanism of
anthracyclinenduced cardiotoxicity and its progression to heart failure has not been
fully elucidated yet; hwever, several mechanisms have been proposed. These
mechanisms include increased oxidative stress, mitochondrial dysfuragioptotic

cell death, altered molecular signaling, perturbed myocardial energy metgkeomidm
recentlycardiovascular cellular sescencél?7, 19, 20, 21)

DOX tends to generate reactive oxygen species (ROS) during its metabolism
(22), largely because it is converted to an unstable semiquinone intermediate that favors
ROS generatior§23). In addition, mitochondrial DNA damga induced directly by
DOX or indirectly by DOXgenerated ROS leads to respiratory chain failure and
generation of more RO%24). DOX-induced oxidative stress is evident through
increased levels of ROS, lipid peroxidation, and reductions in endogenous antioxidants
and sulfhydryl group level®5, 26, 27)

DOX-induced cardiotoxicity has also been associated with cardiomyocyte
apoptosis(18). DOX-generated ROS promotes the release of calcium from the
sarcoplasmic reticulum, leading to an increase in intracellular calcium |E@&ls
Mitochordria can capture a large quantity of the released calcium, eventually leading
to the release of cytochrome ¢ and apoptosis inducing {@&080) In addition, DNA
lesions induced directly by DOX or indirectly HyOX-generated ROS result in

increased expression and activation of p53, whichegplates genes such as the-pro
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apoptotic BAX (31). Necrotic cell death is also implicated in D@xtuced
cardiotoxicity. Several stuels have demonstrated that cardiac expression of pro
inflammatory cytokines, inflammatory cell infiltration, and necrotic cells are increased
in the hearts of DOXreated animal§18, 32) Mechanistically, DOXgeneated ROS
can lead to mitochondrial calcium overloading and opening of mitochondrial
permeability transition pores which result in mitochondrial swelling, ATP depletion,
and eventually necrotic cell deaiB3). Autophagy has also been shown to contribute
to DOX-induced cell deatt§34). Numerous studies have shown that DOX reduces
cardiac energy reserves, particularly ATP and phosphocreatine, in different animal
models of cardiotoxicity as well as in patients recgDOX treatmen{35, 36, 37)
This energetic deficit caused by DOX has been firstly attributed to the compromised
mitochondrial function(22). More recently, DOXnduced cardiotoxicity has been
shown to affect the phosphotransfer network of creatine kinase and the AMPK
signaling pathway38).

Over the past decade, numerous studies talireatederroptosis as another
key mechanism involved in doxorubicin (DOXiduced cardiotoxicity(39, 40, 41)
Ferropbsis is a form of regulated cell death characterized by andependent
accumulation of lethal lipid peroxideshe accumulation of iron within mitochondria
impairs cellular antioxidant defenses, resulting in oxidative damage and subsequent
mitochondrialdysfunction, which ultimately leads to cell ded®nevious studies have

demonstrated th&OX preferentiallytargets mitochondrial DNAtherebypromoting
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mitochondrialiron accumulatiorvia several mechanisms includimgterfering with
heme synthesigl0) and disruption of iron transpget1). Corroborating these findings,
elevated mitochondrial iron levels have been demonstrated in the hearts af&xdei
patients with cardiomyopati@l). Importantly, targeting these mechanisms through
administration otheme precursors like-&minolevulinic acid (5ALA) (40) or over
expression of iron transport protein ABCB&L) have shown efficacy in ameliorating
DOX-induced cardiotoxic effectslemonstrating the potential of targeting ferroptosis
as a therapeutic strategy to mitigate D@yuced cardiotoxicity.

Finally, strongevidence suggesthatcardiovascular senescence glayole in
DOX-induced cardiotoxicity.Cellular senescence, a state of permanentcygele
arrest, has been identified in the past two decades as an essanpahent of cell
response to cancer treatment, including chemotherapy and radiation, as reviewed
previously by several authorg42, 43, 44) Additionally, accumulating evidence
implicates senescent cardiovasculdisce the onset and/or exacerbation of multiple
cardiovascular diseases (CVD@Eb, 46, 47) In particular,vascular senescence has
been identified as a significant contributor to multiple CVDs including atherosde
(48), hypertensior§49), and strok€50). Multiple types of cells are involved in vascular
senescence including endothelialle€ECs)(51), vascular smooth muscle ce{B2),
and endothelial progenitor ce(|s3).

The objective of thighaptelis to summade and critically evaluate the current

knowledge abouanthracylineinduced cardiovascular senescenaeill first delineate
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the role of cardiovascular cellular senescence in CWilsmore focus on endothelial

cells senescenc@hereafter,| will discussthe mechanisms by which anthracyclines
induce senescence in cardiovascular cells. Finhlhj]l discuss potential protective
strategies that can mitigate senescence in cardiovascular cells and hence prevent

premature cardiovascular complications in epatients angurvivors.



Cellular senescence and cardiovascular diseases (CVDs)

Senescence is a signaling event that occurs in response to a myriad of cellular
stressors resulting in irreversible cell cycle arrest, i.e. the cells lose their replicative
potential. Senescence was first described in 1961 when Hayflick and his team observed
that human fibroblasts cease division after a certain number of passages, which was
named t her eaf t er(bdalaterfithhecsnielcleactkat denesoént cells
accumulate with aging in many tissues of most verteb(afe$6, 57) Senescent cells
also have characteristic changes in structure, morphology, gene expression, and
metaolism (58). Senescent cells are metabolically active, have a morenigattand
irregular shape, and have enlarged nuclei, that are sometimes multinu¢Egted
Other featuresof senescenceclude increased activity of senesceassociated 43
galactosidase (S-gal), upregulation of cell cycle inhibitors, e jp168"**andp21°*?,
and accumulation of DNA damage foci and senesceasseciated heterochromatin
foci (SAHF) (55, 60) Another hallmark feature is the expression of the senescence
associated secretory phenotype (SA@?). SASP encompasses multiple soluble and
insoluble compongs, including inflammatory cytokine interleukins fiL U , | L1b,
6, IL-8, IL-18, CCL-2, tumor necrosis factalpha (TNFU) ] , chemoki nes
factors, matrix metalloproteinases (MMP-2, -3,-7,-8,-9,-10), serine proteases, and
extracellular matk components. Physiologically, SASP allows senescent cells to
interact with the microenvironment to recruit immune cells, macrophages and

lymphocytes, to clear senescent cells and restore normal tissue fuf@&potably,
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SASP components can vary dependinghe cell type and causes of senescésge
Importantly, there is © single marker of senescence that is specific. Thus, multiple
endpoints must be measured to identify senescent(68)ls

Cellular senescence has esseptmsiologicalrolesin embryonic development
(64) and wound healin¢p5). Senescence also represents a primary Hsmopression
mechanism in response to oncogenic activaf@f), a process known as oncogene
induced senescence (OI®7) and to prevent the replication of a damaged genome
leading to mutagenesis and potentially carcinogenesis. Thusceroesvolved as a
protective mechanism necessary of organism health and homeostasis. However, there
is now abundant genetic and pharmacologic data making it clear that too many
persistent senescent cells disrupt tissue homeostasis and drive aging-asldtade
diseasd68, 69, 70)Indeed, cellular senescence is one of the hallmarks of agithg
accumulation osenescent cells contribute to pathophysiolofgeveral ageelated
diseases includingchronic kidney @ease(71), type 2 diabeteq72), diabetic
nephropathy(73), Al z hei mé¢rd, 5 ostboaghetia(#e77) osteoporosis
(78,79), multiple sclerosig80), and chronic lung diseases, e.g. chronic obstructive lung
disease$81) and asthm#82).

Senescencean also contribute to the loss of organ function through -cell
autonomous events such as impaired intercellular communication, loss of contractility
or cell function for example in immune cell83). However, cell norautonomous

effects of the SASP seems to dominate in disease processes, as clearing senescent cells
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can improve stem cell functiai®4) and reverse frank tissue dageq85). SASP can
induce senescence in neighboring 1senescent cells by paracrine signaling, which is
descri bed as aThéblysiasderefiedt eacurseddtiviteo¢86)@andin
vivo (87, 88) Intriguingly, even a small number of senescent cells (10%) is enough to
spread senescenitevitro (89) and shorten Fadth and lifespaim vivo (70). Co-culture
of late passage senescent fibroblasts with early passage fibroblastsarauszease
in DNA damage markers in the young bystander cells via gap junttaaiiated cell
to-cell communication(86). SASP also promotes chronic lovgrade inflammation,
known as fi (90) Additromadlyg semegcent cells may inde senescence
in immune cells, known as imumosenescenc&ja SASP, leading to persistent and
excessive accumulation of senescent ¢éll3.

Cellular senescence driven loyfferent types of cancer therapy, including
chemotherapy and radiation, is calledrépsrinduced senescence (TI®R, 93) TIS
is extensively studied in tumor cells and is a desirable outcome since senescence
impedes tumor growtl®4, 95) However, recenttgdies show that TIS can provide
alternative ways for cancer cells to escape the lethality by entering a transient dormant
state, which can later lead to a more aggressive cancer ré3&p$&) Unfortunately,
carcer therapy can also induce senescence in healthyunmor cells, leading to
multiple adverse effeci{g4). Different types of cellsan beaffected byTIS including
stem cells, bone marrow, and cardiovascular (@83

Cardiovascular aging is associated with celltdesnd structural remodeling,
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such as fibrosis, stiffness, circulatory impairment, and hypertrophy, which ultimately
leads to heart failur@9). These changes occur withthchronological and accelerated
aging. Ndably, cardiovascular senescence is linked to tissue remodeling and the
predisposition to many CVDs, including coronary heart diseases (CHD), atrial
fibrillation, congestive heart failure, atherosclerosis, and arterial dis@@5€90, 101,

102) Recent studies demonstrate a significant accumulation of senescent vascular
smooth muscle cells (VSMCs) and endothelial cells (ECs) in the walls of
atherosclerotic vessel@01) Using transgenic mice, Childst al. found that in
atherosclerosis, senescent foamy macrophages initially accumulate in the sub
endothelial space, then drive atherosclerosis pathology by overexpression of
atherogenic and inflammatory cytokis and chemoking403). SASP inflammatory
components, such as-& and TNFU also contribute to the development of CVDs
(104) Additionally, senescenemediated inflammagig boosts the risk of endothelial
dysfunction, insulin resistance, and atherosclerd€l5) Moreover, excessive matrix
metalloproteinases (MMPsanother SASP component, in cardiomyocytes induce
sarcoplasmic mteins proteolysis, which eventually impairs cardiac contractile
function (106). Cellular senescence may also contribute to thrombbsia. recent
study, @ministration of DOX in pl63MR transgenic mice indudeserescence
markers in the liver and the secretion of multiple homeostakited factors regulated

by SASP, which potentiaieblood clottingand resulted irshorter bleeding times

relative to controlg107). Interestngly, the activated clotting induced by DOXas
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mitigated byclearance of senescent c€ll97).

Since senescence occurs at the cellular level, it is important to discuss how
senescence idifferent populations of ardiovascular cells contribigeto the
pathogenesis of CVDs. By understanding tthie,role ofsenescendea inducingcancer

therapyinduced cardiovascular adverse effexda be predicted

Senescent Cardiomyocytes

It is hard to define the senescenceafdiomyocytes as cell cycle arrestce
adult cardiomyocytes are generally considered terminally differentiateehkosic
cells. Instead, senescent cardiomyocytes exhibit other functional changes that are
characteristic of senescent cells, includid® secretion, mitochondrial dysfunction,
and DNA damage respongd6). Additionally, senescent cardiomyocyteghibit
alterations in the cellular functiotisatcan increase the risk of heart failure, including
a decr e a-adeenergc respbnse, nharked prolonged relaxation, and impaired
contractility (108). Moreover, the flattened and enlarged morphological senescence
changes in cardiomyocytes contrilatie agerelated diastolic dysfunctiofi08). Aged
cardiomyocyteslsodemonstrate decreased levels of cardiac troponin | and telomerase
activity (109) Shorter telomerds cardiomyocytesre observed in a number of CVDs,
including heart failure and hypertrophic cardiomyopdtt0) Interestingly, growing
evidence suggests that udid cardiomyocytes retain proliferative capacity with a

turnover rate of less than 1% per yéht1) however, the role of cellular senescence
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in halting this proliferative capacity is still not completely defined.
Senescent Vascular Smooth Muscle Cells (VSMCs)

Senescence of vascular smooth muscle cells (VSMCs) has been shown to
contribute to arterial stiffness by promoting vascular inflammation and matrix
remodeling(112) Senescent VSMCs have higher calcification lebelsaus®f trans
differentiation into osteoblastfl13) Indeed, several osteogenic pathways were shown
to be activated in senescent VSMCs, including bone morphogenetic protein 2 (BMP
2), alkaline phosphatase (ALP), osteopontin (OPN), and osteoprotegerin (OPG), which
contribute to plaque calcification. Almost offith of the VSMCs in human carotid
artery plaque stagpositively for senescence markers, suchpa§™*2 p21°?1 and
SA-b-gal (114), increased It6 (115), and reduced levelsf telomeric repeat binding
factors (TRF2). Interestingly, activation of senescence in VSMGgmentedascular
inflammation ancabdominal aortic aneurysmhich was effectively inhibited bgnd

inhibition of senescence using SIRT1 activa(@rks).
Senescent Cardiac Progenitor Cells (CPCs)

Adult cardiac progenitor cells (CPCkave the stem cell properties of being
self-renewing and multipotengeneratind=Cs and VSMCs. Senescence of CPCs plays
an essential role in the onset and progression of heart félluive 118) Endothelial
proganitor cells isolated from CHD patients show telomere shortening and decreased
telomerase activity119). A recent studyevealed that endothelial progenitor cells are
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more sensitive to DOXnduced senescence thanajooptosis compared to other cell
types, which results in doskependent upregulation of SASP markers, increased

plenk4a p21°Pt p53, and SAR-gal activity(120).
Senescent Cardiac fibroblasts (CFs)

Cardiac fibrdlasts (CFs) are a major cell population within the heart and play
an essential role in maintaining mechanical, structural, and electrical homeostasis. The
contribution of senescent CFs to heart disease is still unclear. On one hand, transient
senescencaiparticular of myofibroblasts appears important for preventing fibrosis in
a mechanical model of myocardial fibrogi21) Conversely, accumulation of
senescent cells is positively correlated with fibrotic lesioragrial fibrillation patients
(122). In this study, the majority of senescent celisecardiac fibroblasts with minor

contribution of cardiomyocytes and endothelial c¢l@2)
Senescent Endothelial Cells (ECs)

Vascular endothelium coats the inner surface of blood vessels and plays an
essatial role in maintaining vascular tone and homeostasis. A recent screening of
different tissues in aged wiiype mice and accelerated aged mice demonstrated that
the aorta had the highest expression of the senescence nt8EfE and p21°F!
comparedo other tissue¢57). Interestingly, SASP displays dynamic characteristics
wherein both the composition and the level of expression of SASP components can
vary based on cell type, inducers of senescence, andsitite senescence induction
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(58, 123) A recent comparison of multiple cell subtypasvitro demonstrates that
senescentendothelial cells (ECspre associated with elevated SASP expression
compared to other cellpgs(124) Consequently, senescent ECs play a more important
role in chronic inflammation. Considering all this, premature aging of the endothelium
is expected to significantly contribute tardiovascular complicains in cancer
survivors.

SenescenECs exhibit lower activity of endothelial nitric oxide synthase
(eNOS)(125), nitric oxide (NO) productior§126), and prostacyclin (PGlZ&ecretion
(127) Additionally, significantly higher levels of L U andU ThNaFv e been
demonstrated in senescent EC28) These changes contribute to endotieli
dysfunction, including impairment of vascular homeostasis, altered angiogenic
response, and decreased endotheli@mendent dilation(129) Consequently,
senescent ECs play an important role in the developmeatherfosclerosis. Indeed, the
overproduction of SASP activates the initial invasion of monocytes into the vessel wall,
the first step in plaque formatidi08). Additionally, chemoattractant factors in the
SASP maytrigger plaque formation since it has gatherosclerotic properties.
Furthermore, senescent ECs demonstrated higher levels of CD9, a tetraspanin
membrane protein associated with cell adhesion regulation and contributing to
atherosclerosig130) Senescent human aortic endothelial cells (HAECs) express
increased levels of the arathgiogenic vascular endothelial growth factor 165b isoform

(VEGFAwe) (131) Interestingly, higher leveld ¥ EGFA165h are reported in patients
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with CHD, which can suggest that EC senescence can contribute to CHD by this
mechanisn{131) Moreover, senescent ECs have changes in the microRNAs (miRNA),
which regulates mulple processes, including inflammation, apoptosis, and eNOS
production (132) This may lead to oxidative stress, which contributes to the
development of mitochondrial dysfuncti@33). Interestingly, a recent transcriptomic
metaanalysis reports 38 genes with a similar trend of expression in both senescent ECs

and coronary artery diseases, suggesting an association betwegi8dpth

Anthracycline-induced cardiovascular senescence

Therapyinduced senescend@|S) is a consequence of exposure to cancer
treatment, whichtriggerscellsto express senescence phenot{§®. Anthracyclines
and radiation therapy are the most studied cancer treatments with regard to their effects
on cellular senesmce in cardiovascular cells and tissuether chemdterapeutic
agents have been shown in a few studies to induce senesceacdiavasculacells
as reviewed in(135). In this section, | will only discuss the relevant literature of
anthracyclinesnduced senescence in cardiovascular cellth more focus on
endothelial cells

Anthracyclines (e.g., DOX and daunorubicin) are among the most calym
used chemotherapeutic agents in a wide variety of human cancers, including leukemia,
lymphoma, and multiple solid tumors such as breast cancer. Despite its broad spectrum

of therapeutic efficacy, the clinical utility of DOX is hindered by dbseting and
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often life-threatening cardiovascular toxici(¥36) Indeed, DOX treatment increases
the risk of developing characteristic cardiomyopathygcluding tachycardia,
arrhythmia, and eventually congestive heart failure. The risk of D@Xced
cardiotoxicity increases with the cumulative dose. DiBduced heart failure can affect
approximately 26% of the patients with cumulative doses exceedingng§0& (7).
Vascular toxicities are also associated with DOX, including induction of endothelial
cell death, endothelial dysfunction, and premature vascular g@®g 138) A
previous clinical study reported endothelial dysfunction in children treated with
anthracycline139). DOX-induced apoptosis is hypothesized to be the primary driver
of DOX-induced carditoxicity. However, low and moderate doses of DOX are
associated with subclinical cardiovascular toxidityt0) without the induction of
significant apoptosis in cardiomyocytes, which suggests that other mechasusims,
as cellular senescence, may contribute to cardiovascular dysfunction, especially after
chronic administration of low DOX doses.

Studies that demonstrate D@Xduced senescence in cardiovascular
cells/tissues are summarizedlable 1-1. DOX-induced senesceneas demonstrated
in different types of cardiovascular cells, including ventricular myocytes, ECs, VSMCs,
endothelial progenitor cells, and cardiac progenitor cells. Importantly, the majority of
these sidies weren vitro studies with only a fewn vivo or clinical studies. Based on
these studies, | ow concentrations of DOX

of cardiovascular cellsyith no induction of apoptosi€urrently, low doses of DOX
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are commonly used to induce senesceimmtevitro. Importantly, alandmark study
demonstrates that following DOX administration in {8MR mice, the majority of
cardiac senescent cells were positive for CD31, which is a marker for endothelial cells,
and to a leser extent in fibrobladike cells(98). Intriguingly, in this studytreatment
with DOX did not induce senescence in cardiomyoc{@83 Elimination of senescent
cells byganciclovir in DOXtreated p1&8MR mice abrogated DOXduced cardiac
dysfunction (98). Together with previous studies demonstrating Di@duced
endothelial senescence and dysregulation of the vascularthaeyidencestrongly
suggests that senescent endothelial cells are key playatelayed DOXnduced
cardiovascular toxicityin agreement with this recent study demonstrates that SASP
released from senescent ECs following treatment with DOX stimulatesleplat
activation, adhesion, and aggregatiqii4l) which increase the risk of

atherothrombotic events.

Mechanisms of athracycline-induced cardiovascular senescence

Fourmain mechanisms weproposed to mediaf@OX-inducel senescence in

cardiovascular cells:

DOX-induced DNA damage
DOX-inducedDNA damagethrough DNAadduct formatioror doublestrand

breaks (DSBs)activatesthe DNA damage response (DDR), which in turn causes
stabilization/upregulation of the p53/ppathway. Activation of p53 through ATM

dependent phosphorylation leads to increased expression of many effector genes, in
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particularp21°?, a cyclindependent kinase (CDK) inhibitor, and thereby growth arrest
(142) Additionally, DNA damage increaspd 8NK4@ expression, which blocks cychin
dependent kinase activity throutite retinoblastoma (Rb) pathwéy43). The increase

of CDK inhibitors,p18N4@andp21°"?, is both dose and tirmependent, withp21°P?
usually being induced first followed by a delayed upregulatiquil‘“*. Prolonged
activation of the FAK/AKT/mTORCL1 results in p58nediated cellular senescence
(144) While most studies link mMTORCL1 to senescence, a recent study demonstrates
increased MTORC2 in#2-induced senescence in human umbilical vein endathel
cells (HUVECSs)(145) In addition, DOX increases the expression of promyelocytic
leukemia protein (PML), which induces acetylation of p53 by forming Ridétylated
p53 complex, leading to activation pR1°P{(109) Otherstudies demonstrate that

DOX-induced activation of p53 is IN#ependen(146).

DOX-induced oxidative stress

DOX causes an increased abundance of reactive oxygeiresgROS) through
a variety of mechanisms. First, ROS is increased by the metabolism of DOX, mostly
because of the unstable intermediate fornf@2) (Figure 1-1). Moreover, DOX
induced mitochondrial damage can lead to increased ROS, which is mediated by
mitochondrial NADPH oxidas€147) This can lead to increased lipmeroxidation,
depletion of antixidants, and aeedforward cycle of ROS production contributing to
the overall DOXinduced oxidative stress. Similar to genotoxic stress, oxidative stress

can lead to p53 activation and triggering of senesce®ioalar to DOX, tydrogen

19



peroxide (HO) is alsoused to iduce senescengevitro. The transcriptio
aB plays an i mportant role in regulating
stress(148). Additionally, it plays an important role in regulating SASP and can
increase the expression of grflammatory cytokines, such as TNF  a n-1(149)L

A number of studies have shown that DOX significantly activatts N B i n cul t u
cardiomyocyte$150, 151) which leads to the generation of free radicals and activation

of the DDR, which ultimately induces senescen(Es2) Similarly, DOX
administration to Wistar rats induces NI
upregulated p53 and Skkgal expression in heart tissu€$53) In endothelial

progenitor cells, DOX treatment induces the activityNA\DPH oxidase isoform 2

(Nox2), which leads to superoxide generation resulting in oxidative $tdssed
senescenc@54) Low doses of DOX induce activation of AKT by phosphorylation at

Ser473 in cardiac muscleells (155) AKT activation induces phosphorylation of

FOXO transcription factors, which leads to a decrease in superoxide distAutase

(SOD2) levels, a key antioxidant, eventually leading to increased oxidatee($66)
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Figure 1-1 Metabolism pathways of Doxorubicin.
DOX-induced telomere dysfunction

Telomeres are repeated sequences at the ends of chromosomes and are essential for
genome stability. Many cell stress stimuli, such as oxidative stress and mitochondria
dysfunction, can induce telomere damage, and repeated replication drives telomere
attrition. When telomeres become critically short, this activates the DDR, and
phosphorylation of histone variant H2AX (
including in telomeric DNA(157) Telomere shortening is prewed by telomerase,
which replaces telomeric repeat DNA lost during cell division. Telomere dysfunction
contributes to senescence via activation of either p53 diffisignaling pathways in
human cells or via p53 only in mouse cegllb8) DOX decreases telomerase in
different cardiovascular cel(209, 159, £0).

Telomeric repeat binding factors 1 and 2 (FRFTRF2) are important sheltén

complex proteins, which prevent telomeric DNA from becoming damaged or eroding.
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Upregulation of TRR is associated with suppression of senescence. Downregulation
of TRF-2 is implicated in the progression of CHD61) The knockout of TR in

mice accelerates the progression of atheroscler¢s®. Low doses of DOX
downregulate the levelsf both TRF1 and TRF2 via increased p3BIAPK and p53
phosphorylatior{146, 155) which contributes to DOXnduced senescence in neonatal
cardiomyocytes and endothelial progenitor c€l82) DOX also induces senescence

in VSMCs via TRF2 downregulation(163) However, TRF2 downregulation is
induced by a different mechanism that is dependent on the urokinase receptor (UPAR)
upregulaion, which drives ubiquitination and proteasomal degradation ofZ@B3).
Interestingly, pretreatment of cardiomyocytes with testosterone protects against DOX
induced senescen¢&64) The protective effect of testosterone is mediated through
TRF2 modulation via a pathway involving the PI3K/AKT/nitric oxide synthase 3
(NOS3)/ androgen recept(i64)

DOX-induced epigenetic alteratims

In addition to cellular senescence, epigenetic alterations are considered one of

the key hallmarks o&ging, whichcan contribute to cardiovascular agifig5, 166)

DNA methylation, histone modifications, andmooding RNA (ncRNA) are considered

the significant marks of epigenetics alteratiqd$7) These epigenetic alterations
interfere with many cellular processes as cell cycle progression, DNA replication and
repair, and gene transcription regulat{@7). Another recent epigenetic mechanism

is the activation of retrotransposable elements that occurs during &HH®y
Specifically,long interspersed elemeht(LINE-1, or L1) has been shown to be de

repressed during replicative senescence and can contribute to the inflammaging
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responsé€169). Accumulating evidence implicates that epigenetic alterations can affect
the senescence phenotype and the SASP is cedioyl epigenetic regulatiqii70)
For example, significant association was observed between upregulatioi'tfphé
SASP in senescent cells and loss of the repressisociated Lys27 trimethylation on
histoneH3 (H3K27me3)171). Other relevant histone modifications that occur during
senescence and aging were recently reviewédi7i) Additionally, changes in DNA
methylation that occur during replicative senescence can alter multiples gen
expression and lead to further establishment of senestEfite

The effects of DOX on epigenetic alterations were recently reviewgd’#).
Previous studies showed that DOX treatment downregulates DNMT1 (DNA
Methyltransferase 1) and induces DNA hypomethylation lpothitro in H9C2 cells
(275)andin vivoin hearts of raf21). Additionally, DOX caused fluctuation in DNMT1
level in a model of DOXnduced senescence in VSMAS6) Recently, DNMT1 was
demonstrated to be sumgsed before initiation of senescence in human fibroblasts
(177). Additionally, DOX treatment upregulates histone deacetylases (HDACS) levels
in cardiomyocyteg178) and theheart of DOXtreated micg179). Interestingly, the
past few yea have withessed significant interest in HDAC inhibitors asamtig
drugs to increase lifespdh80). To conclude, DOX induces dysregulation of multiple
epigenetics pillars in cardiac cells bathvivo andin vitro. These alterations can play
an important role in DO»@nduced premature cardiovascular aging. Taking into

consideration that epigenetic alterations can be revét8ag epigenetic reprograming
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can be an important therapeustrategy to mitigate cancer therapguced aging.

Clinical Evidence for Premature Aging in Cancer Survivors

Cellular Senescence

Numerousin vitro and animal studies provide evidence for senescence in
cardiac and nowgardiac cells after exposure tbemotherapy or radiatiorCancer
treatment effectively damages malignant cells but also causes unintended injury to
nonmalignant cells. Treatmemduced DNA damage causes cell cycle arrest resulting
in cellular senescence, telomere shortening, and isciatst with a sterile pro
inflammatory state.Table 1-2 summarizes the clinical studies that demonstrate
increased senescence in cancer survivors.

In humansp16NK42is a measurable biomarker of cellular seneseartilized
in many clinical studies. Among survivors of childhood acute lymphoblastic leukemia
(ALL) treated with cranial radiation, a significantly higher levepaB8NK4?is detected
in skin biopsies of radiatieaxposed tissue from the scalp compa@dinexposed
tissue from the buttockd82) Women who had undergone chemotherapy for breast
cancer express higher levelspdfdN<4@ than those without cancér83) Breasicancer
survivors treated with anthracycliimsed regimens demonstrated significant increases
in p18Nk4@ expression, equivalent to a-28 26- year acceleration in aging, compared
to a more modest increase equivalent to 17 years of accelerated adjioggrtreated

with non anthracyclinebased treatmentfl84) Likewise, cardiac progenitor cells
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procured from heart biopsies taken during autopsies of D€ated cancer patients
who died from cardiomyopathy have eged levels ofp16NK4 compared to age
matched unexposed contr@l885) RNA sequencing of T cells in breast cancer patients
demonstrates higher expressions of genes associated with cellular senescence. e.g.,
plekN4a L8 HMGA2, and CCL4following chemotherapy with DOX and
cyclophosphamid€l86).

Telomere length is another surrogate marker for cellular aging. Ariffin et al. did
a casecontrol study examining telomere length in 87 long term young adult childhood
ALL survivors compared to 87 age and swatched cancdree controls(187)
Telomere length amongst survivors was shorter than the controls and similar to that
predicted of healthy individuals 20 years ol{ie887). Shortened telomere length is also
asseiated with increased risk for agelated diseases that are characterized by chronic
inflammation (188), such as insulin resistance and metabolic syndr(@@, 190)
Multiple studies show elevated inflammatory markers in survivors compared to their
age and sexnatched controls without a history of can¢e83, 187, 191)

DNA methylation is a method used to measure the cellular apikdcytes
(192). In a study examining 26 survivors of allogeneic hematopoietic stem cell
transplant for hematologic malignancies, peripheral blood was collected from the
recipients and their matched sibling donors. DNA methylation predicted a cellular age
that wassignificantly higher in 62% of the transplanted recipients compared to the

predicted cellular age in the dondm@3). Another study demonstrated an increase in
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the epigenetic age acceleration following breast cancer treatment. Interestingly, those
treated with radiation alone had more significant increases in age acceleration than
those treated with chemotherapy and radrel 94). Taken together, these biomark

are evidence for accelerated aging in survivors after exposure to cancer treatments.

Frailty

In addition to evidence for accelerated aging in cardiac anetahac cells,
cancer survivors display clinical signs of premature aging that manifesiltgys Fiaed
et al. were the first to describe a frailty or aging phenotype, defined as individuals who
are vulnerable to adverse health outcomes, which often precedes the onset of chronic
disease, and is a predictor of early mortdlit95). Fried developed clinical criteria for
frailty, consisting of 5 components: 1) low muscle mass, 2¥xeptirted exhaustion, 3)
low energy expenditure, 4) slow walking speed, and 5) weakness. Individuals who
fulfill two of thefive cri teri a afeacbasbaddr ettoBpr eho
criter i aTahle 13 sdimimariaes litarature examining premature functional
aging in cancer survivors measured by #fAfr
Several stdies examined the prevalence of the -foadty and frailty
phenotypes in childhood cancer survivors (CCSs). In an analysis from the St. Jude
Lifetime Cohort Study, 1,922 adult CCSs were assessed fdraptg and frailty and

compared them to 341 indiwdls without a history of canc€t96). The mean age of

the survivors was 33.6 years, yet fhrevalence of frailty was similar to that of persons
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aged 65 or oldgi197). Prefrailty was identified in 31.5% of female and 12.9% of male
survivors compared to 7.8% of female and 4.6% of male controls. Additionally, frailty
was observed in 13.1% of female and 2.7% of male survivongppamed to no
individuals in the agenatched control group fulfilling this criterion. Importantly,
frailty was associated with an increased risk of chronic health conditions (RR 2.2, 95%
Cl 1.24.2) and a heightened risk for death (HR 2.6, 95% Cb122 In another large
study comprised of 10,899 survivors in the Childhood Cancer Survivorship Study
(CCSS), 6.4% of survivors were frail at a mean age of 37.6 years, compared to 2.2% in
the sibling controls with a higher prevalence for frailty among femalegpaced to
males (198) Others examined smaller cohorts of survivors of disepseific
childhood cancers and also reported higher rates of frailty in those treated for brain
tumors(199), ALL (200), and highrisk neuroblastom#201) Frailty and comorbid
conditions were found to be more prevalent in survivors of adolescent/young adult
onset cancers as w¢i02)

In a study examining frailty in lonterm survivors of adulbnset cancers in
women, a gedtric domain assessment tool was utilized to distinguish functional age
from chronological age. This assessed physical function, comorbidities, nutritional
status, mental health, and cognition. Cancer survivors with greater deficits had a higher
risk of 10year altcause mortality. Cancer survivors without deficits still had a 1.3 to
1.4-fold excess risk of death compared to caticeg controls(203) Additionally,

Hayek et al . demonstrated that crani al
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surgery, all cancedirected therapies, were associated with a higher prevalence of
frailty even after adjustintpr chronic diseases and modifiable lifestyle factors such as
physical activity, smoking, and obesi{$98). This evidence suggests that cancer
survivors experience premature functional aging in excess of thematbgical age
primarily due to exposures to cancer therapies, and this is associated with accelerated
morbidity and mortality. Thus, there is a need for interventions to delay the onset of
chronic disease and to promote healthy lifestyle behaviors inrcamaévors.

Prevention/Treatment  Strategies  Against Cancer  Therapynduced

Cardiovascular Senescence

Cardiovascular complications are the second leading cause of death in cancer
survivors. Therefore, mitigation of cancer therapguced cardiovascular
cooplications wil/| i mprove the quality and
earlier, cardiovascular senescengarticularly endothelial senesceneeerges as an
important mechanism in mediating these cardiovascular complicakmus€ 1-2 and
Figure 1-3). Therefore, it is pivotal to develop effective protective strategies that can
prevent or treat cancer therajpygluced cardiovascular senesceride past decadeas
witnessed the advancement of our knowledge about senescence at a staggering speed.
This led to the development of multiple nowdtategiedo modulate senescence and
prevent adverse effects of cell ulegies senes
can be divided into two broad categories: senomorphics and senolytics. While

senomorphics modulate function and morphology of senescent cells without induction
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of death of senescent cells, senolytics can selectively induce death of senescent cells as

illustrated inFigure 1-4 (204, 205)
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Figure 1-2 Cancer therapy-induced senescence in cardiovascular cells.

Cancer thapy induces senescence in different cardiovascular cells through a number of molecular
mechanisms. Accumulation of senescent cells contributes to premature cardiovascular diseases in cancer
survivors. Multiple interventions are proposed to mitigate canberapyinduced cardiovascular
senescence. D+Q, Dasatinib and querceting,lUnterleukin6; MMP, Matrix metalloproteinase
inhibitor; NAC, N-acetyl cysteine; S#-gal, Senescence associafedalactosidase assay; SAHF,
Senescencassociated heterochromatin foci; SASP, Seneseass@cated secretory phenotype; TNF

U, T uveorosisfactoralpha. Figure was created with BioRender.com.
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Figure 1-3 Cancer therapy-induced senescence in endothelial cells.

Exposure of the vasculature to candeeatments including radiation and anthracyclines induces
senescence in endothelial cells. Multiple mechanisms contribute to the senescence phenotype in
endothelial cells, which demonstrate characteristic alterations. Accumulation of senescent ehdothelia

cells leads to endothelial dysfunction which contributes to cardiovascular diseases in cancer survivors.
Senotherapeutics are novel drugs that target cancer thedymed endothelial senescence either by

targeting SASP (senomorphics) or inducing apsigtin senescent endothelial cells (senolytics). The

figure is created with BioRender.com. eNOS, endothelial nitric oxide synthase; ET1, Endbthelin

NAC, N-acetyl cysteine; NO, Nitric oxide; PAll, Plasminogen activator inhibitdr, PGI2, prostacyclin;

SA-b-gal, Senescence associated al act osi das e a s-asaogiated Befetb¢hromaBre ne s c e

foci; SASP, Senescenessociated secretory phenotype.
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Figure 1-4 Senotherapeutics as a strategy to countact cancer therapyinduced
cardiovascular senescence.

Several senotherapeuticave been developed to target and modulate the senescence phenotype.
Senotherapeutics can be divided into senolytics (shown in light green rectangles) and senomorphics
(shown inlight blue rectangles). Senolytics target signaling pathways leading to apoptosis of senescent
cells. Senomorphics modulate the senescence phenotype e.g. SASP without inducing death in senescent
cells. SASP, Senescenassociated secretory phenotype; RR&ceptor tyrosine kinase. Figure was

created with BioRender.com.
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The evolving understanding of cellular senescence mechanisms has paved the
way for the development of multiple novel strategies that target senescence through
distinct mechanisms. Theseategies offer promise in preventing and mitigating the
associated adverse effects of senescence, thereby improving outcomes in cancer

treatmeninduced senescence.

AMPK/MTOR/SIRT1 Pathway

Several longevity studies have suggested interventions targetiag th
AMPK/MTOR pathway to mitigate senescence and-rafgged diseases. These
strategies include calorie restrictig®06), and calorie restriction mimetics such as
rapamycin, metformin, and resverat(@07) The mechanisms of these treatments
converge in autophagy induction mediated by AMPK and SIRT1 activation or mTOR
inhibition (208). Autophagy can facilitate the removal of senescent cells and hence
decrease the spread of senescence to othefZ@sUnfortunately, cardiac autophagy
levels are reduced with aging, which can precipitate cardiac diggd€gasRapamycin
is an FDA approved drug that inhibits mMTORC1 and extends lifespan in(24itg A
recent study demonstrates that rapamycin supplementation in diet decreases arterial
senescence markers and improves endothelial dysfunction in old (G2
Rapamycin also activatesciaar factor erythroid-2elated factor 2 (NRF2) a regulator
of the response to oxidative stress and suppresses SASP production via an NRF2

independent mechanisfg12) Other mTOR inhibitors, such as Torin 1 and #Bare
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more potent than rapamyc{@13), and newer rapalogs are currently being studied in
clinical trials to improve ageelated immunosenescen(®l4) Metformin, an FDA
approved drugised to treat Type |l diabetes, appears to attenuate multiplelaged
diseases including CVD, and is thought to inhibit complex 1 of the mitochondria, while
activatingAMPK andSIRT1(215) Interestinglylike rapamycinmetforminattenuates
SASP by suppressing N&B  a c t (R18)aMetfolonm abrogates the inflammaging
state in Fcells isolated from old subjec{217) The protetive effect of metformin is
mediated via autophagy activation, suppressing STAT3 (regulator edeggadent
alterations in mitochondrial function), and improving mitochondrial funct&irr) A
large clinical study Targeting Aging with Metformin (TAME) trial, is designed to
determine if metformin suppresses-roorbidities associated with old ad218).
Having a good safety profile with some studies demonstrating anticdfexds €19,
220), would be key points for successful repurposing of metformin as an adjunct
therapy to ameliorate TIS in cancer survivors, in case of demonstrating significant anti
aging effects in clinical trialsVildagliptin, another antidiabetic drug, reduces
senescence markers in the aortas of E@4dted rats in a recent stu@21). This
protective effect is mediated through the upregulation of its effector gludikgon
peptide 1(GLPL) (221).

SIRT1 can be activated using sirttantivating compounds (STACs) or by
increasing NAD+ by using NAD+ precursors or inhibition of NAD+ hydrolagasing

inhibitors(222). Resveratrol, a SIRT1 agonist, has-aging effect4223). Resveratrol
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abrogates oxidative streggluced senescence in keratinocytes through ANFEEKO
activation (224). Recently, we demonstrate that the combined treatment of DOX
followed by angiotensin Il (Angl) increases the expression of multiple senescence
associated genes, includipg1°*!, growth arresand DNA damagénducible gamma
(Gadd459, and insulirlike growth factofbinding protein 3 Igfbp3d (225)
Interestingly, ceadministration of resveratrol with DOX corrects this upregulation and
protects from the delayed DOXduced detrimental cardiovascular effe(285) In
another study, ctreatment of neonatal cardiomyocytes with D@Kd resveratrol
suppresses the acetylation of p53 and decreasé®p2tels (109) Additionally, a
recent study shows that a novel polyphenolic mix, including resveratrol and curcumin,
has an artBASP effect in DOXreated HUVECg$226) Despite promising anfaging
effects, theclinical utility of resveratrol is limited because of its poor bioavailability
due to its firstpass intestinal/hepatic metaboli$d27) Spermidine, a natural product,

has been shown to have cargimtection and increase the lifespan of mice, which is
thought to be mediated by autophagy activa{@2B8) Spermidine also increases the
lifespan in yeastthrough epigenetic modulation by inhibition of histone
acetyltransferases (HATS) in aging yeast which results in hypoacetylation of chromatin
and inhibition of oxidative stress and necrd&i29). IGF1-PI3k-AKT/mTOR pathway
activation was shown to be involved in radiatioduced endothelial cell senescence
(230) Insulinlike growth factorbinding proteir7 (IGFBP7) inhibits cell proliferation

via cell cycle arrest in the G1 phase. Overexpression of IGFBP7 is associated with
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tissue aging and poor prognosis in heart fail@tgepts with preserved ejection fraction
(231) Specific inhibitors of this pathway, including the &R inhibitor (AG1024);
the PI3K inhibitor (LY294002); and mTOR inhibitor (rapamycin), inhibit senescence

of human pulmonary artery endothelial cells (HPAECS) following radia{R30).

Anti -oxidants

Since oxidative stress plays a crucial role in the induction of senescence,
antioxidants have been proposed as a promisingegire¢ strategy against
cardiovascular senescen@32) Pretreatment of endothdljrogenitor cells with N
acetyl cysteine (NAC) attenuates Déntluced senescence and decrease-§4al
activity (162) In addition, pretreatment of cardiomyocytes with the antioxidant NAC
abrogates ROS and inhibitadiatiorinduced senescend®IS) (233) Similarly,
chronic treatment of microvascular endothelial cells with NAC significantly decreases
RIS (234) In the same study, pesidiation treatment of microvascular endothelial
cells with a superoxide dismutase (SOD) mimetitanganese metalloporphyrin
(MnTBAP), decreases SB-gal positive cells. Transfection of HUVECs with KU86, a
protein critical for DSB repair, inhibits low dogdS via SIRT1 and SOD2 activation
(235). Supplementatio of L-citrulline and Larginine, in high glucoseduced
senescence model in HUVECs, reduces pl6 expression aifidg8lAactivity, and
enhances telomerase functi¢®36). This protective effect against high glucese

induced senescence is suggested to be mediated through inhibition of ROS production.
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It is noteworthy that protection against cancer theragyced senescence can
be challenging as both the anticancer and senesaaheeng effects of cancer therapy
may share the same mechanistic pathways. For example, antioxidants interfere with
ROS homestasis which can affect the effectiveness of some cancer treatments that
depend on oxidative stress in their mechanism of a¢#8i). Multiple pro-oxidant
cancer treatments, including some tyrosine kinase ing#nd monoclonal antibodies
(238), procarbazin€239), and cisplatir{240), require activation of oxidative stress and
accumulation of ROS in tumors at higher levels that overwhelm the antioxidant
capacity, ultimately inducing death of cancer cells vidtiple mechanisms. These
mechanisms include DNA damage, disrupting cell membrane, calcium channels
activity, protein functions and signaling pathways, and epigenetic altergfida¥
However, elevated ROS levels in tumors can also contribute to cancer treatment
resistance(242, 243) Therefore, maintaining an optimal balance between ROS
production and scavenging is required to optimize the efficdcgancer therapy.
Previous stdies using combinations of aoidants and cancer therapy reported
conflicting results about their effects on cancer therafficacy. The effects of
antioxidants on chemotherapeutic efficacy were systematically reviewéa4i).
Multiple studies demonstrate amtidants can augment the anticancer effects through
multiple mechanisms including reduction of-gB expression and increase
chemol/radiosensitivity of cancer ce(45, 246, 247, 248)0On the other hand, other

studies report the reduction of anticancer effectsodolg the combination with
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antioxidants (249, 250) Therefore, it is necessary tovaduate the potential of
antioxidants to prevent cancer therapguced senescence without undermining their

anticancer effects.

Anti -inflammatory agents

Using antiinflammatory agents can be anotls&nrategyto antagonize the pro
inflammatory SASP. Nf® Bis a critical regulator of ageelated gene expression and
SASP (251) Accordingly, inhibtion of NFe B suppresses senescen
model of lymphom#149) This can be a valid approach since DOX is a potent activator
ofNFe B. -aMBF Essenti al Modul ator (NEMO)x has b
of senescence. Inhibition of these pathways using specific inhibitors or using knockout
in vitro model has been shown to abrogat8 in endothelial cells and DNAamage
induced senescence in murine dermal fibroblé&52, 253) Likewise, inhibition of
NFFeB activation in mice with premature on
stress prevents senescence and slows &§Mdl52, 254)Finally, inhibition of p38
MAPK antagonizes S8P effects(255) and ameliorates low doses Déxduced

senescence of ventricular myocy(&46).

Senolytics

Senolytics are promising pharmacological compounds that selgctndkice
apoptotic cell death in senescent cells, which normally demonstrate resistance to
apoptosighrough a variety of anapoptotic pathways that can differ with different cell

37



types(123)(84, 256, 257, 258 Numerous studies show that senolytics have beneficial
effects in ageelated disease models. One advantage of the seaalfytics is that they
have the potential to reverse premature aging following cancer treatment. Unlike other
strategies that should be administered before or concurrently with cancer treatment
exposure, senolytics can be used in cancer survivors maomtgears following
exposure. Up to ten compounds have been identified to have senolytic properties with
dasatinib and quercetin (D+Q) and ABT263 (navitoclax) being the most studied
senolytics.

The protective effectof D+Q have beemeportedin diabetic kdney disease
(259) idiopathic pulmonary fibrosi€260), hepatic steatosik61) among severah
vivo aging models. Indeed, D+Q treatment improves vasomotor function in aged mice
with hypercholesterolemi&262) Moreover, D+Q administration mitigates systolic
cardiac dysfunction and abrogated -@ydtolic left ventricle dilation in 24nonth-old
mice (257). ABT263 is a selective inhibitor of the aaipoptotic proteins BCI2 and
BCL-xL, which can selectively induce apoptotic cell death in senescent cells. ABT263
clears p18<*apositive senescent cells in bone marrow following irradiation of mice
(84). Additionally, ABT263 administratin in an aged murine model of myocardial
infarction improves cardiac remodeling and overall suri26B) Notably, senescent
HUVECs demonstrated higher expression of-aptptotic BcixL (257), making them
more sensitive to the effects of senolytics that target this pathndged, ABF263

(navitoclax) and two specific BeiL inhibitors, A1331852 and A1155463, are selective
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in inducing apoptosis in senescent E@56, 264) ABT-263 improves endothelial
function in old mice in recent finding&65), which suggests that it has the potential to
improve vasculafunction in cancer survivors:isetin, a quercetinelated flavonoid,
increases théfespanof mice and ameliorates tissue damage after administration in
aged animal model¢85). Interestingly, fisetin demonstrates both senolytic and
senomorphic properties depending on the cell {3%6) Fisetin selectively targets
senescent HUVECs to increase caspase 3/7 activity and trigger apqgt)s
However, the effects of fisetin against cancer treatimehiced endothelial
dysfuncton have not been reportadvivo. Recently, targeted inhibition of ubiquitin
specific peptidase 7 (USP7) is proposed as a novel senolytic st(aé&yinhibition

of USP7 is associated with an increase in the degradation of MDM2, which increases
p53 and selectively induces apoptosis of senescent cells. In some cell types, the levels
of p53 are bserved to decrease after senescence initiation to maintain senescence, so
the hypothesis is the sustained increase in p53 level induces apoptosis and selectively
eliminate senescent cells. Interestingly, vivo administration of USP7 inhibitor,
P5091, sacessfully removes senescent cells and abrogated SASP production in DOX
treated p18<*2-3MR mice (266) A recent screening of small library of compounds
identified heat shock protein (HSP90) as a novel target for send®€&3 Inhibition

of HSP90 using DMAG extends the healthspan and decreases senescence markers
expression in progeroid mid@67) Additionally, blocking p530X0O4 interaction

using cellpermeable peptide induces apoptosis of senescent cells leading to
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improvement of fithess and renal function in both progeroid and naturally aged mice
(268). Curcumin,another flavonoid recognized as a senolytic a§269) has been
demonstrated to haveardioprotective effects against ionizing radiati®@v0) A
curcumin analog, EF24, has senolytic activity against senescent HUVECs through
increased proteasomal degradation of the-aptiptotic BCL2 proteins expressed by
senescent EQR71). The same study demonstrates tt@icomitaniuse of ABF263

and EF24 has synergistic senolytic effects, as botizeutdlifferent mechanisms of
senolysis (271) Chlorogenic acid, another polyphenol compound, attenuates
senescence botim vitro andin vivo in a murine model of angiotensin-iiduced
vascular senescen(®72). This effect was mediated by activation of SIRT1 and eNOS
with involvement of Nuclear factor erythroidfactor 2 (Nrf2)/ Heme Oxygenade
(HO-1) pathway272).

Senolytics are also demonstrated to protect against radiatdoned
cardiovascular senesaere . Bot h f i siahibitors setecticely Bdtice cell
death in senescent HUVECSs following exposure to radig#b@) Additionally, recent
studies demonstrate the protective effects of senolytics agtiestoodels of RIS. For
instance, ABT263 decreases senescent cells and reverses raddumed pulmonary
fibrosis in C57BL/6 mice(273) In another study, genetic or pharmacologic (using
ABT263) depletion of serseent astrocytes improves cognitive function in mice
following wholebrain irradiation (WBIYX274) Similarly, ABT263 oral administration

in C57BL/6 mice mitigates total body irradiattomduced premature aging olfie
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hematopoietic system and depletes senescent hematopoietic stem cells (HSCs) and
muscle stem cells (MuSCg4).

Despite the effectiveness of senolytics, potential toxicity is considered the most
critical limitation and a major concern for their utility. This can be explained by the fact
that some of these repurposed senolytics drugs, such as dasatinib and ABT263, were
initially developedasanticancer drugs, which usually come with a risk of toxicity, such
as nausa, vomiting, diarrhea, and thrombocytopenia, especially with ABT263 because
it can induce apoptosis of n@@nescent cells including platelé235) Therefore|ocal
administration of senolytics can provide arealative approach to mitigate these side
effects.In agreement with thigntramyocardial administration of ABZ63 to the hearts
of ischemic reperfusion (IRhjured rats preferentially eliminated senescent cells,
decreased the expression of SA8Ritedgenes, and restored impaired cardiac function
without demonstrating any systemic toxici®76) Formulation of ABT263 as a
prodrug is another strategy to increase its specificity and limit its hematologicatytoxici
(277). Another challenging aspect is to identify the optimum time during the post
cancer treatment period to administer senolytic drugs. Based on this evidence,
senolytics administration should be considerednaat@active protective approach for
the elimination of senescent cardiovascular cells following cancer therapy treatment.
Additionally, senolytics should not interrupt cell cycle pathways as this can exaggerate
cancer or hinder the anticancer effects leéraotherapy278) Furtherin vitro andin

vivo studies are warranted to identify the efficacy of senolytics against cancer therapy
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induced senescence.
Other potential strategies to protect from therapyinduced senescence (TIS)

Oral matrix metalloproteinases (MMPs) inhibitors, such as doxycycline (sub
antimicrobial dosing) or ON@81, attenuate DOXduced cardiotoxicity and improve
diastolic and systolic function and extedlular matrix remodeling in C57BL/6J mice
(206) Improving chromosomal segregation delays cellular senescence and decreases
the SASP in human dermal fibroblasts cultuf@y9) Pioglitazone mitigates
endothelial cell senescence through telomerase activaigaiiated mechanis280).
Rivaroxaban inhibits signaling cascades between factor Xa and Hikaligrowth
factor binding protein 5 (IGFBP5), and hence decreases Factorddeed VSMCs
senescenc€281) The ATM-TRAF6-TAK1 axis plays an important role in SASP.
Furthermore, ATM signaling drives NEkB-dependent senescence, stem cell
dysfunction and premature aging in response to genotoxic stress and ATM inhibitors
block that(282) Interestingly, highthroughput screening identified ATM inhibitor,
KU-60019, to have antienescence effed®83) Inhibition of the JAK/STAT pathway
using JAK inhibitor 1 alleviates senescence in endothelial cellpreatiipocytes by
targeting SASR284) Cardiomyocyteso-treated with DOX angpifithrin-U | a pb53
inhibitor, exhibit a marked reduction of p53 and P?protein expression arldwer
number of SAR-gal positive cells(109) Moreover, downregulation of -Knked

inhibitor of apoptosis (XIARps®ciated factor 1 (XAF1) attenuates D&xduced

42



endothelial cell senescen(285) Pretreatment with peroxisome proliferatmtivated
receptor del t a -(6B0BIA Brieyents alagyvo doses DEduced
senescerein ventricular myocytes and H9c2 cdll$5) PPARUO i s t he mos
subtype in the heart. It plays an important role in cardiomyocytes survival through the
regulation of cell cycle progression via B@®L-medated mechanism. In the same
manner, another PPARU agdlandwed,sendstbcd df5 1 6
VSMCs (286) Vitamin D3 is another natural supplement shown to mitigate DOX
induced endothelial senescen(87) This protective effect is ediated through

increasing the expressionoflLO vi a t he AMPKU/ SI RT1/ FOXO03:

Conclusions and Future Directions

It has become increasingly clear that most if not all cancer survivors experience
some form of accelerated aging. Every dian caring for cancer survivors has heard
repeatedly from patients, Al just feel [
me it's all just in my headéo when refere
aging. The ultimate proof of this notibg the case lies in identifying interventions and
designing clinical trials to halt or reverse the chronic consequences of cancer-therapy
induced senescence. Indeed, interventions are desperately needed to arm clinicians with
the tools necessary to helgncer survivors attain the highest quality of life possible.

Several challenges may hinder the development of the interventions that target

senescence. First, a comprehensive understanding of the complicated interplay between
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senescence and other cell dlemiechanisms is necessary, so we can have a clearer view
of the role of senescence in mediating cancer tharapyced cardiotoxicity. Second,

the lack of specific markers of senescence can impede the detection of senescence and
proof of efficacy in prechical and clinical studies. Additionally, developing more
guantitative tools to estimate senescent cell burden will enable selective treatment of
cancer survivors with high senescence burden following cancer treatment. Detection of
local senescence, for @xple, in specific cell types, can provide a better tool to target
these particular cells since the efficacysehotherapeuticstrategies has been shown

to be celitype dependenf288). Although eadication of senescent cells either by
senolytic therapy or by genetic approaches has demonstrated protective effects against
therapyinduced cardiovascular dysfunctiai®8, 135) these approaches lead to
systemic eradication of senescent cells and they do not fully delineate which population
of senescent cells is implicated in the cardiovascular detrimental effects of cancer
treatments.

Addressing these challenges will ultimately open the door to a new era of
interventional research and clinical care that improves the lives of cancer survivors
across the lifespan. Moreover, this can be a fundamental first step toward precision
medicine apprach following cancer treatment. Rigorous clinical research steeped in
team science with expertise in the biology of aging will be needed to properly vet such
interventions, but the reward will be exponential for cancer survivors in desperate need

for waysto combat accelerated agit@improve thegquantity and quality otheir life.
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Table 1-1 Studies demonstrating doxorubicirinduced cardiovascular senescence.

Study Cell type D((():z;ll'cre/a};irrr;eer;t Detection of Senescence Finding MPer((:)rF]);rSlies?n
y S-A-gal activity
y y Acet ylpalt’e d Low concentrationsof  Oxidative stress
Maejima, et al., Neonatal rat . el .
2008(109) cardiomyocytes 0.1 uM for 7 days g p 7 DOX induce senescenc Telomere
y ZTelomere length in cardiomyocytes dysfunction
ZcTnl phosphorylation
Low doses of DOX
0.01, 0.05, or 0.1 pM for & Cell cycle alterations induce a senescentike
Neonatal rat . .
Spallarossa, et al. cardiomyocytes h Morphological changes phenotype in Telomere
P 2009(1 4é) ' anﬁ Different experiments at 6 y  DAal activity cardiomyocytes, which dysfunction through
Hoc2 cells h, 24, or 48 h following ZChk2 undergo late cardiac ~ p53 and MAPKs
treatment ZTRF2, TRF1 death by mitotic
catastrophe
Cell cycle arrest at G2/M
0.01, 0.05, 0.25, 0.05, 0.: phase Low concentrations of Oxidative stress
Endothelial pM for 3 h (further Morphological changes with  DOX induce senescenc Telomere
Spallarossa, et al. . : . : . .
2010(162) progenitor cells experiments with 0.25 uM  cytoskeleton remodeling in EPCs dysfunction through
(EPCs) at 24 or 48 h following ¥y SA-b-gal activity Higher concentrations p38&MAPK
treatment) g Cyt opl ™S mi induce apoptosis activation

ZTRF2
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0.1 uMfor 3 h

Neonatal rat . .
eonata ra Different experiments at

Altieri, et al., 2012

Cell cycle arrest at S phase
Morphological changes with
cytoskeleton remodeling

Pretreatrent with the
agol

PPARU

DOX activates

PPARUO, w
sequesters the anti
senescence proteir

BCL6. PPA

(155) ventricular 6h, 24, or 48 h following g SAal activity 165041, protected it 11165041
myocytes treatment y g6 against DOXinduced releases BCI6 in
ZTRF2 senescence MAPK/AKT
dependent
mechanism
Telomere
dysfunction
(DOX upregulates
. - - uPAR-mediated
. Human primary 0.25, 0.5, and 1 uM for 3 y . SAal aclt“l”ty .LOW doses of DOX. TRF2 ubiquitination
Hodjat, et al., vascular smooth h, experiments were doni gy p537" p21 induce senescence in and proteasomal
2013(163) muscle cells '3 days after treatment No ch’ange p1BKe VSMC that may initiate degradation)
(VSMCs) ZTRF2 vascular damage
No oxidative stress
was observed at
these concentration
Mcgrphologmal c.hz_anges DOX exposure induces
Human cardiac y Sal activity senescence in hCPCs
Piegari, et al., . 0.1, 0.5, and 1.0 uM for 2 gy  piee . .
2013(185) progenitor cells or 48 h No change ip21SP! which may mediate DNA Damage
(CPCs) § B3 DOX-induced
§ -HRAX cardiomyopathy
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Z Cyclin

Z phosphos%¥lI

Bielak-
Zmijewska, et al.,
2014(176)

Human VSMCs 0.1 uM for 1, 3, or 7 days

~

y

Morphological changes
Cell cycle arrest at G2/M

y  SAal activity
Yy pS3 p
y Py 21

S A S-8, IL{8,IVEGF)
ySuperoxi de

DOX-induced
senescence in VSMCs
with sone differences to
replicative senescence

DNA Damage

Human pulmonary

Heo, et al., 2016 microvascular 1 M for 4

Morphological changes
y  DAal adivity

XAF1 may contribute to Activation of XAF1
inducing senescence ir via a p53dependent

(285) endothelial cells incubated for 6, 24, or 48 . .
HMVE h
(HMVECS) y p53 Cs mechanism
0.1 uM for 3 h +
ith 0.01 uM .
pretreament with 0.01 p y  DAal activity Testosterone, but not
testosterone or 0.001 pM A . Testosterone
. H9c2 cells and . y SAHF 1 7-éstradiol, protects .
Altieri, et al., 2016 neonatal mouse 1 7-éstradiol for 15 s a0ainsDOX-induced modulates TRF2 vie
(164) _ minutes. . y ., X ! PI3K/AKT/NOS3
cardiomyocytes Different experiments Yy p53 phospHto senescence in mechanism
P ZTRF2 Cardiomyocytes

were carried out at 24 or
48 h
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. Cell cycle arrest
Human umbilical . y

Bent, Gilbert, & vein endothelial y  SAal activity

Oxidative stress
induces ASAP

DOX induces through p38

endothelial cell

Hemann, 2016 0.225 uM for 24 or 120 h g P21 . signaling and
(289) cells g s senacence without the downregulation of
(HUVECS) § Ac u@peduttbn  YPICl SASP butrather o o T/mTOR

ASAP
pathway
N . DOX induces
De Falco. et al Endothelial y ?ﬂaé,{;: t|1V|ty senescence in EPC. Oxidative stress via
’ " progenitor cells 0.25uM for 3 h yA Nox2 Inhibition may Nox2-dependent
2016(154) y -BL ) .
(EPCs) 5 NO protect against DOX mechanism

induced senescence

Morphological changes

1 eM for g SAal activity
Przggigéagoit Al Human VSMCs  Experiments were done ¢ Y p 533 p
days after g 71

y S AS-B IL{B,|VEGF)

DOX induces DOX-induced DSB

senescence in VSMCs and RCS activates

Both increased and p53/p21 pathway
diminished ROS levels  NOX4 silencing
can lead to senescenc activates p27

gy p5 3gend 6
expression
Z Telomere length
ZTelomerase activity

H9c?2
Rat BM-MSCs

Xia & Hou, 2018

(159) 0.5uMfor 24 h

Co-culture with MSCs  MSCs induce ari
attenuated DOXnduced senescence effect b
senescence and upregulating Sirtl
increased cells expression via miR
proliferation 34a Inhibition
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Z. Xie, et al., 2018
(160)

HL-1 murine

cardiomyocytes 5 pM for 24 h

g p5 3faggnd 6
expression
ZTelomere length
ZTelomerase activity
Z Proliferation
SOD activation

lincRNA-p21 silencing
attenuated DO»nduced
senesence in
cardiomyocytes

DOX induces
lincRNA-p21 which
regulates oxidative
stress vi
catenin signaling
pathway (Decrease
b-catenin)

DOX: 0.75, 0.5, 0.1 w/kg
Liposomal DOX: 0.1,
0.025, 0.05 mg/kg.
Both daily for 6 weeks

Fallah, et al., 201¢
(153)

Wistar rats
(Heart tissues)

y  SAalactivity
y p53

Both DOX and
liposomal DOX induce
senescence and mild
inflammation

Oxidative stress

ASAP, Acute stresassociated phenotype; Akt, Protein Kinase B-&dB celllymphoma6; Chk2, checkpoint kinase 2; CPCs, Cardiac progenitor ¢
CTn, Cardiac troponin; DSRloublestrand breaks; HUVECs, Human umbilical vein endothelial cells; IL, Interleukin; linc, Long intergenadiom;
MAPK, Mitogen-activated protein kiree; MSCs, Mesenchymal stem cells; NOX, NADPH oxidases; PI3K, Phosphatidylindsitaisg; ROS, Reactiv
oxygen species; SA-gal, Senescence associatedalactosidase assay; SAHF, Senescasseciated heterochromatin foci; SASP, Seneseassariatec
secretory phenotype; TRF, Telomeric repeat binding factor; VSMCs, Vascular smooth muscle cells; VEGF, Vascular endettiefatigmo
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Table 1-2 Clinical studies demonstrating elevation of cellular senegnce biomarkers in cancer survivors

Cellular Population of
Study Study type Senescence . Study groups Methods Findings
: interest
Biomarkers
Piegari, et al., Case control plghKkaa Heart autopsies Cases: 6 heart autopsie p16V<@|evels were p16NK*2 levels were higher
2013 to examire from DOX-treated cance collected fran cardiac in cardiac progenitor cells
(185) cardiac patients who died from progenitor cells from individuals who were
progenitor cells  cardiomyopathy, 2 who obtained from autops'  exposed to DOX and
among cancer  died from other causes samples deceased from
patients Controls: 6 heart cardiomyopathy
autopsies from cancer
free individuals
Marcoux, et Case control plghKaa Survivors of Cases: 10 survivors of  p18Nkajevels were  p18N%42|evels were higher
al., 2013182) childhood ALL childhood ALL who collectedfrom skin in skin biopsies from the
who received received chemotherapy biopsies of the scalp  scalp compared to skin
chemotherapy and cranial radiation (exposed) and biopsies from the buttocks
and cranial Controls: 11 sibling buttocks (unexposed in ALL survivors at a mear
radiation controls without cancer in the cases, and fror of 12 years poafiagnosis.

the buttocks only in ~ There was no difference
the controls between p18X42 levels
from biopsies of the
buttocks in the cases
compared to the controls
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Sanoff, etal.,  Cohort plehkaa p1 4RF Women treated Prospective cohort = 33 Blood samples were Women who received

2014 Telomere length  for stagelll women who were treate drawn prior to chemotherapy had elevate
(183) Serescence breast cancer with adjuvant chemotherapy p1eN4a ARF mRNA, and
associated chemotherapy exposure, VEGFA and MCP1
cytokines Crosssectional cohort = immediately after expression immediately
(VEGFA and 176 women, 39% exposure, 3 months, after and at 12 months aft
MCP1) received adjuvant and 12 months later it  chemotherapy exposure.
chemotherapy, 61% did the prospective Telomere length was not
not cohort. A single affected

sample obtained in
crosssectional cohort

Ariffin, et al.,, Case control Inflammatory Sunivors of Cases: 87 young adult  Serum biomarkers Survivors have
2017 cytokines (IL=2, childhood ALL  childhood ALL survivors measured significantly higher levels
(187) IL-10, IL-17a) with a median of 18 year of inflammatory cytokines

Telomere length off therapy and shorter leukocyte
High-sensitivity telomere lengths compare
CRP Controls: 87 age and se: to controls. Telomere
matched volunteers lengths in survivors were
without history of cancer similar to that of healthy
individuals aged 20 years
older
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Alfano, et al., Cohort Inflamméory Women treated Survivor cohort: 209 Baseline Breast cancer survivors he

2017 cytokines (TNFU ,  for stage 4l women treated with guestionnaire, significantly elevated
(191) IL-6) breast cancer = multimodal therapy for interview, andblood inflammatory cytokines

breast cancer draw at workup for and higher burder of

Controls = 106 women  both groups. Post comorbid conditions

worked up and found to treatment assessmen  compared to contts
not have breast cancer were performed at 6
and 12 months off
therapy for cases

Uziel, etal., Case control DNA methylation HSCT survivors  Cases: 26 survivors of Blood samples WBC methylation and
2020 status allogenicHSCT for a collected from buccal cells predicted
(193) Telomere length hematologic malignancy survivors and their accelerated aging in

Controls: matched sibling matched sibling survivors compared to
donors donors. Buccal swab: controls.
collected in survivors No difference in telomere
length

Sehl, etal., Prospective DNA methylation Stage AIIA 72 women treated for  Blood samples with Epigenetic markers of
2020 cohort study  and epigenetic breast cancer breast cancer with epigenetic analysis  accelerated aging were
(194) biomarkers patients surgery followed by collected preand most significant in patients

adjuvant radiation alone posttreatment treated with radiation
(n=37) or compared to those treate
chemoradhtion (n= 35) with chemotherapy and
radiation.
Shachar,  Prospective pP1gNKka Stage {lll breast 146 women treated for Blood drawn prior b P16N<4a expression was
al., 2020 cohort study cancer patients breast cancer; 47.9% chemotherapy significantly elevated to
(184) treated with initiation andO60 levels equivalent to 23 to

anthracyclines, 34.9% days after completior 26 years of accelerated
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treated without of chemotherapgand aging in patients treated
anthracyclines plaNk4elevelswas with anthracydhe
measured in PBTL

ALL, Acute lymphoblastic leukemia; CRE:reactive protein; DOX, Doxorubicin; HSCT, Hematopoietic stem cell transplas; Iiterlukin-6; MCP1,
Monocyte chemoattractant proteinPBTL, Peripheral Bood T-lymphocytes TNF-U Tumor Necrosis Factoiha; VEGFA, Vascular endothelial growt
factor A; WBC, White blood cell
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Table 1-3 Clinical studies demonstrating increased frailty in cancer survivors

Study Study Frailty Populatlon of Study groups Methods Findings
type Measurement interest
(199) Case Muscle strength  Survivors of Cases: 78 In-home Survivors with a median age
control Fitness childhood brain survivors of evaluations for of 22 demonstrated muscle
Physical tumors treated a  childhood brain muscle strength, strength anditness similar to
performance St. Jude or tumors fitness, physical that expected of an individua
Participation University of Controls: 78 age, performance, and in their 60's.
Minnesota sex, and zip code an interview
matched
populationbased
controls
(200) Cohort  Neuromuscular  Survivors of Participants: 415 Chart abstraction Survivors in their 30's
impairment childhood ALL survivors of and tests for demonstrated neuromuscule
enrolled in the childhood ALL neuromuscular impairments that limit physice
St. Jude Lifetime Non-participants: function performance similar to what i
Cohort Study 285 controls observed in individuals in the

60's. This effet correlated
with higher cumulative doses
of vincristine and/or
intrathecal methotrexate.
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Ness Ketal. Cohort Prefrailty Survivors of Survivors: 1922  Chart extradgon Prevalence of pr&ailty and
2013(196) Frailty childhood cancer adult childhood for medical frailty were higher in survivor:
Morbidity from the St. Jude cancer survivors records, compared to controls,
Mortality Lifetime Cohort Controls: 341 guestionnaires for particularly in women. Frailty
Study individuals without  frailty, and i was also associated with
history of cancer clinic assessments higher risk of @rronic
at follow up visits  condition onset and with risk
of death.
Vatanen Aet Case Frailty Survivors of Cases: 19 Assessed frailty  Survivors were more likely tc
al. 2017 control Cardiovascula high-risk survivors of high using tests for be Afrail o ¢
(201) function neuroblastoma risk neuroblastomé  muscle mass, physical health limitations in
Inflammatory ~ who underwent  Controls: 20 age energy vigorous activities comparec
markers high dose and sexmatched expenditure, to controls. Survivors also ha
Telomere length  chemotherapy volunteers running, and higher CRP and shorter
followed by weakness telomere length than controls
autologous stem
cell rescue
(202) Cross Prefrailty Adolescent 271 survivors who Frailty Prevalence of prérailty and
sectional Frailty young adult were diagnosed  questionnaire to frailty were high in AYA
Comorbid cancer survivors betweerages 15 assess frailty statu survivors. Frailty was
conditions treated at 39 and comorbid associated with higher

University of
North Carolina

conditions

prevalence of comorbidities.
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(203) Case Deficiencies in Female survivors  Cases = 1723 Questionnaire to  Cancer survivors were more

control geriatric of any cancer in female survivors assess for Geriatric  likely than controls to have
assessment participants from of cancer assessment deficits n multiple geriatric
domains the lowa Controls = 11,145 domains and for ~ domains. Predicted igear
All -cause Women's Health age matched  all-cause mortality mortality was higher in
mortality Study cancer free womet survivors than in controls.
(198) Cohort  Prefrailty Survivors of Survivors: 10899 Baseline and Demonstrated that pifeailty
Frailty childhood cance! survivors follow up and frailty are higher in
in the Childhood Controls: 2,097 guestionnaire survivors compared to
Cancer Survivor sibling controls controls, and higher among
Study females than in males.

Exposure to cranial,
abdominal/pelvic radison,
lung surgery, and
comorbidities were also with
risk of frailty. Findings
suggest cancer therapies are
risk factor for the premature

aging.

ALL, Acute lymphoblastic leukemia; AYA, Adolescent and young adult
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Chapter 2. Establishing in vitro Models for Doxorubicin-Induced
Endothelial Senescence

The contents of this chapter have been published ijotinealof Cells

Abdelgawad 1Y, Agostinucci K, Ismail SG, Grant MKO, and Zordoky BN. EA.hy926 cells
and HUVECSs share similar senescence phenotypes boheedgferently to the senolytic
drug ABT-263.Cells.2022.11 (13), 1992https://doi.org/10.3390/cells11131992
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Introduction

The population of cancer survivors has remarkably increased in rezstdue to
significant advances in the diagnosis and treatment of cancer pdf6djs With the
increase in survival rate, the lotgym adverse effects of cancezdtments become more
evident. Accelerated aging and premature frailty are among thetdomgadverse
complications induced by chemotherdf@5, 292) Additionally, many cancer treatments
can adversely affect theardiovascular system and increase the susceptibility of cancer
survivors to develop premature cardiovascular complicat{@08) Although several
molecular mechanisms have been proposed to explain edecapyinduced
cardiovascular complications, the role of theramuced premature aging in mediating
these cardiovascular complications has recently been recogiiizzs). Cellular
senescence, one pillar of aging, is a state of stable cell cycle arrest in which cells
demonstrate morphological and functional alteratig@94) The accumulation of
senescent cells contributes to the development ofrelgted disease@95). Multiple
cancer treatments induce senescence idi@aascular cells via different mechanisms,
suggesting a role of cellular senescence in cahezapyinduced cardiovascular
complicationg135). Doxorubicin (DOX) is one of the most widely used chemotherapeutic
agents in both pediatric and adult clinical oncology. Despite its effectiveness in a wide
range of cancersgheclinical utility of DOX is limited due to cardiotoxicity. In addition to
cardiotoxicity, DOX also induces vascular toxicity, characterized by endothelial
dysfunction and vascular agiri@j37, 138, 139)Interestingly, low doses of DOXduce
endothelial senescence and premature vascular aging rather than a2p10s86, 287,

296).
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The elimination of senescent cells can be a promising strategy to mitigate-cancer
therapyinduced endothelial sescence(297) The last decade has witnessed the
development of senolytics, which are a novel class of drugs that selectidaleithe
apoptosis of senescent cells by interfering with thespiwival pathways expressed by
senescent cells. Several senolytics including quercetin, fisetin, ane2BB {navitoclax)
have been shown to exert senolytic effects in human umbilical ergilothelial cells
(HUVECSs)(256, 257, 264)HUVEC is a primary cell line that is a referemc@itro model
for studying the senescence of endothelial cells (ECs). However, no previous studies have
reported the semytic effects of these compounds in immortalized EC cell lines such as
EA.hy926 cell line, which is a hybrid cell line that results from the fusion of HUVECs and
A549 lung carcinoma cell298) Primary HUVECSs are characterized by their limited life
span, difficulty to maintain, and battb-batch variation, which can affect the
reproducibility of the result€99) On the other hand, immortalized EA.hy926 cells grow
faster, are easier to handle, and yield reproducible r298. However, due to their
hybrid nature, EA.hy926 cells may have some different characteristics compared to
primary ECs. Indeed, a recent study demonstrated that EA.hy926 cells are deficem in s
endothelial properties and have a transcriptomic profile that differs from primary ECs
(300). In the currenstudy, we first established a comparative characterization of DOX
induced senescence phenotypes across EA.hy926 cells and HUVECs and then compared
the senolyit effects of multiple senolytics in both cell lines. We demonstrate that
EA.hy926 cells and HUVECs show similar molecular and phenotypic characteristics of
DOX-induced senescence. Only ABB3 exerted selective senolytic activity in DOX

induced senesceRtUVECS, but not in EA.hy926 cells.
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Methods

Materials

Dul beccods modi fied Eaglebds medi um ( DME

inhibitor, 3-(4,5-dimethylthiazoi2-yl)-2,5-diphenyt2H-tetrazolium bromide (MTT),
doxorubicin (DOX), dasatinib, and quercetirene purchased from MilliporeSigma (St.
Louis, MO, USA). Vascular cell basal medium and endothelial cell growtWEGF were

purchased from the American Type Culture Collection (ATCC) (Manassas, FL, USA). A

PierceE Dbicinchoninic taci®i erBcCeAD) ECQLot i Mms t

Capacity cDNA Reverse Transcription Kit, penicillsmt r e pt omyci n, SYBRE

Master Mix, RNase A, and propidium iodide were purchased from ThermoFisher
(Waltham, MA, USA). ABF263 favitoclay, ABT-199 {enetocla) and fis¢éin were
purchased from MedChemExpress (Monmouth Junction, NJ, USA); a protease inhibitor
cocktail was purchased from Sigma (St Louis, MO, USA); PCR primers were obtained
from I DT (I ntegrated DNA Technol ogi-es)
galactoglase (SAb-gal) staining kit was purchased from Cell Signaling (Danvers, MA,
USA); and nitrocellulose membranes were purchased from BioRad (Hercules, CA, USA).
Primary mouse antibodies against p53 (catalog #2524) and primary rabbit
antibodies against p21' (catalog #2947), cyclin D1 (catalog #2978), cleaved caspase
(catalog #9664), caspa8dcatalog #9662), cleaved PARP (catalog #5625), PARP (catalog
#9542), BCL:2 (catalog #4223), BCKL (catalog #2764), BCIW (catalog #2724), BAK
(catalog #12105), BX (catalog #2774), and alphabulin (catalog #2144) were purchased

from Cell Signaling. HRRonjugated horse anathouse secondary antibodies (catalog
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#7076) were purchased from Cell Signaling and HRRjugated goat antabbit
secondary antibodies (catgl #111035144) were purchased from Jackson

ImmunoResearch (West Grove, PA, USA).

Cell Culture

The EA.hy926 humaendothelialderived cell line and human umbilical vein
endothelial cells (HUVECS) were purchased from ATCC. EA.hy926 cells were cultured in
DMEM supplemented with fetal bovine serum (184%), penicillin (100 U/mL), and
streptomycin (100 e€g/ mL) . HUVECs were cul
supplemented with endothelial cell growthi MEGF, including rh VEGF (5 ng/mL), rh
EGF (5 ng/mL), rh FGF basic (5 ng/mL), rh IGF(15 ng/ml-glutarnine (10 mM), heparin
sulfate (0.75 U/mL), hydrocortisone (1 pg/mL), ascorbic acid (50 pg/mL), fetal bovine
serum (2%), penicillin (10 U/mL), and streptomycin (10 pg/mL). Both cell lines were
maintained in 75 chtissueculturetreated flasks in a 5% CG@umidified incubator at 37
°C. Media were changed every other day and cells were subcultured when they became

80% confluent.
Cell Treatments

All stock solutions were prepared before starting cell treatments. DOX stock
solutions were prepared by dissolving R the DMEM or vascular cell basal media. To
characterize the senescence phenotifigsire 2-1A), EA.hy926 cells and HUVECs were
seeded into Bvell plates and incubated with increasing concentrations of DAX (0 M,

0.2 €M, and 0.5 €M) for 24 h. Thereafter,
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phosphatéuffered saline (PBS), then incubated in DO®&e growth media for another 72

h . The 0.5 &M concentration

of

was associated with the highest induction of senescence markers.

D O Xusewta s

For the assessment of senolytic activity experimérigure 2-1B), senescence

was first induced by treating cells with 0.5 uM DOX for 2fbllowed by 72 h incubation

in DOX-free growth media. Then, cells were treated with increasing concentrations of each

senolytic for an additional 24 h followed by measuring the cell viability. To assess the role

of apoptotic cell death in mediating the ebsed senolytic activity of ABR63, senescence

was first induced by treating cells with 0.5 uM DOX for 24 h followed by 72 h incubation

in DOX-free growth media. Then, cells were treated with 0.1 uM AB3B for 6 h

followed by the assessment of apoptatiarkers. Stock solutions of all senolytics were

prepared by dissolving in 100% dimethylsulfoxide (DMSO). Control wells were treated

with an equal volume of DMSO, which did not exceed a volume of 1% of the medium.

A) Charachteriation of DOX-induced endothelial senescence phenotype

ki o
DOX
(0.1,0.2, 0r 0.5 pM)
I > o =]
{ - celicycleanalysis
4

Cell treatment with ‘;m’i‘:ﬂe ceﬁ: .

A il Dbox 120h

EA hy926 cells with D;lx'free | » (o
ediu ! /'

HUVECs

) SA-R-gal assay

-+ SASP gene expression

Media cytokines analysis

B) Assessment of ABT-263 senolytic activity

HUVECs — ———  72h N

———————  24h =
— e —Pp b —P &
24h
Cell treatment with Remove DOX and Cell treatment with
DOX incubate cells with ABT-263

EAhy926 cells DOX-free medium

Western blot analysis

DOX (0.5 M) ‘ 2 o
6h y
'_’ Apoptotic and Anti-apoptotic
d markers

MTT assay

Figure 2-1 Schematic diagram of the experimental design.
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Protein Extraction and Western Blotting

EA.hy926 cells and HUVECs were grown inll plates and subjected to the
treatments described above. Cells were washed with PBS and harvestgsisrbaffer
containing 20 mM Tris, 100 mM sodium fluoride, 10 mM sodium pyrophosphate, 5 mM
EDTA, and 1% NP0 in the presence of protease and phosphatase inhibitors. Cells were
lysed by passing through a 28 gauge needle 10 times and the lysate wasgeen#i
2000xg for 10 min at 4 °C. Thereafter, the supernatant was collected for Western blotting.
The protein concentration was measured usi
protein assay kit according togeharegewemanuf a
denatured by boiling at 100 °C for 5 min in sodium dodecyl sulfate (§id8pcrylamide
gel electrophoresis (PAGE) loading buffer. Thereafteii320 € g homogenat e:
separated on 12% SEFFAGE gels and transferred to nitrocellulose membranes. The blots
were then blocked at room temperature for 1 h with 5% skim milk powder ffisred
saline (20 mM Tris, 150 mM NacCl, pH 7.4) with 0.05%] Tween20 (TBST). Following
blocking, blots were incubated overnight at 4 °C with primary antibodies dilut@0@ in
1% milk solution in TBST. Blots were then washed in TBST and incubated for 1 h at room
temperature with horseradish peroxidase (HBdjugated secondary antibodies diluted
in blocking buffer, then washed with TBST. Blots were visualized using RiedE E C L
substrate according to the manufacturerods
Marlborough, MA, USA) was used to visualize the chemiluminescence. For blot stripping,
blots were incubated for 30 min in stripping buffer (62.5 mM Tris, 2% ,SIB&M 2
mercaptoethanol, pH 6.7) at 50 °C, washed, blocked, and probed as previously described.

ImageJ software (National Institutes of Health, Bethesda, MD, USA) was used to quantify
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band intensities using alpftabulin protein levels as normalizing load controls.
Phospheprotein band intensities were measured relative to the respective total protein
level. In some experiments, the blots were cut at separate molecular weight marks, thereby
allowing the same blot to be incubated with more than one priamibody, reducing the

need for blot strippinglhe uncropped Western blot images with molecular weights can be

downloaded alttps://www.mdpi.com/article/10.3390/cells11131992/s1

SenescenceéA s s 0 ¢ i-galactosidade (SA-gal) Assay

The SAb-gal staining kit was used to stain senescent cells according to the
manufactur er 6s p #pasitive staning in Nbtweatadvealls, the stamihgs e
incubation time and pH were optimed for EA.hy926 cells and HUVECs in pilot
experiments. We found that the optimal conditions differed in each cell line. EA.hy926
cells were incubated with the stain for 16 h at pH 6.5, and HUVECs were stained for 6 h
at pH 6. The percentage of $Agalpositive cells was then calculated by counting the
number of stained cells relative to total cell number in random fields (at least 100 cells)

following capture using a brigtiteld microscope (4% objective lens).
Cell Cycle Analysis

A cell cycle analysiswas performed using propidium iodide (Pl) staining.
Following the specified treatments, cells were harvested using trypsin and washed twice
with cold PBS. Cells were suspended in PBS at a concentratié2 of 1¢ cells/mL and
fixed in 70% ethanol for4thi n on i ce foll owed by incubati
were centrifuged at 300g for 10 min at 4 °C and the pellet was suspended in 1 mL Pl

master mix (40 pL PI, 10 puL RNase A, and 950 pL PBS). Tubes were wrapped in
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aluminum foil and incubated at 3 for 30 min. The cell cycle was analyzed by measuring
the DNA content using the FACSCanto system (BD Biosciences, Franklin Lakes, NJ,
USA). At least 30,000 events were collected in each analysis at a low event rate. Data were

further analyzed using FAG®a software (BD Biosciences).
RNA Extraction and Realktime PCR

Following the treatments described above for the specified periods, the total cellular
RNA was isolated using TRIZblreagent (Life Technologies, Carlsbad, CA, USA)
according to the manufaectee r 6 s i nstructi ons. The tot al f
Nanodrop 8000 spectrophotometer (Thermo Fisher Scientific). Thereafter, tistréirat
c DNA was synthesized fr om IcapacityscONAaeverse ot a |
transcription kitaccoidng t o t he manufacturerés instruc
expression levels, a reiine polymerase chain reaction (PCR) was carried out in&84
optical plates in a final vol ume of 20 €L
eM forwaenrd @®ri025 L 30 €M reverse primer,
8. 95 €L drée watercubirg a QeantStudio 5 instrument (Applied Biosystems,
Foster City, CA, USA). The following thermocycling amplification conditions were used:
95 °C for 10 nm, 40 PCR cycles of denaturation at 95 °C for 15 s, then anrieattegsion
at 60 °C for 1 min. At the end of each cycle, a melting curve analysis was implemented to
ensure the specificity of the primers used. The sequences of the primer pairs aie listed
Table 2-1. The primers selected in the curretudywere checked with the Prim&LAST
online tool. The @®pCt miadudedgeneexpressionchampest o 1 o

Data were normalized to endogenous {#&taicroglobulin (B2M) and expressed relative
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to control cells.

Table 2-1 Primer sequences used in thistudy.

Gene Forward iBMNjymer (5Reverse iBNj) mer (3N Ref

IL-6 CCGGGAACGAAAGAGAAGCT GCGCTTGTGGAGAAGGAGTT (301)
CXCL1 GAAAGCTTGCCTCAATCCTG CACCAGTGAGCTTCCTCCTC (301)
CXCL8 CTTTCCACCCCAAATTTATCAAAG CAGCAGAGCTCTCTTCCATCAGA (301)
B2M CACCCCCACTGAAAAAGATGAG  CCTCCATGATGCTGCTTACATG (302)

Assessment of Senestee-Associated Secretory Phenotype (SASP) Factors in Cell

Culture Media

Cell culture media were collected from both EA.hy926 cells and HUVECs
following the specified treatments. Ther ec
Supernatants were analyzed by the Cytokine Reference Laboratory (University of
Minnesota, Minneapd, MN, USA) for humarspecific interleukin 6 (IL6), interleukin 8
(IL-8), tumor necrosis factor alpha (TNF) , i nt betal(lelb)k anch mohocyte
chemoattractant proteih (MCP-1) using the Luminex platform and conducted as a
multiplex. Cytokines wr e anal yzed according to the ma
personnel, who were blinded to the experimental design. Briefly, fluorescentcodied
beads coated with a particular capture antibody were used to treat each sample. Following
incubation andwashing, a biotinylated detection antibody was added followed by
phycoerythrinconjugated streptavidin. A Luminex instrument (Bioplex 200,-Béaul
Laboratories, Inc., Hercules, CA, USA) was used to read the beads. Samples were run in

duplicate and valuesvere interpolated from -parameter equipped standard curves.
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Cytokine values were normalized to the protein content (determined by BCA) and reported

as fold changes vs. control cells.
Cell Viability Assay

The cell viability was measured by MTT assay, whicbasures the capacity of
viable cells to convert MTT to formazan crystals using reducing enzymes. EA.hy926 cells
and HUVECs were seeded in-@&ll cell culture plates and treated as described above in
cell treatments for senolytic experiments. Followirgatments, the media were removed,
then 90 L of media containing MTT (5 mg/ ml
37 AC for 2 h. Thereafter, the MTT solutio
was added to each well, followed by shaking foh at room temperature. The color
intensity in each well was measured at a wavelength of 550 nm using a Biotek 800TS
microplate reader (Agilent, Santa Clara, CA, USA). The cell viability of velacld DOX
treated groups was calculated as a percenedadve to the control wells of each treatment

groupwhichis considered as 100% viable cells.
Statistical Analysis

A data analysis was performed using GraphPad Prism softwar¢he data are
presented as the mean * standard error of the mean (SEM). @xmnpabetween two
groups were analyzed using an unpairegbst. For comparisons of three or more groups, a
oneway analysis of wvariance (ANOVA) was per
comparison test. The cell cycle analysis was analyzed viaveycANOVA followed by
Si dako6s ppwlue <lD.05cwad censidered statistically significainie number

(n) in each figure represents technical replications from three independent experiments.
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Results

Doxorubicin Induced the Expression of Senescencedvkers in EA.hy926 Cells and

HUVECs

To assess the senescence phenotype in EA.hy926 cells and HUVECS, both cell lines
were treated with increasing concentrations i(@.3 pM) of doxorubicin (DOX).
Following 24 h treatment with DOX, cells were washed andbated in DOXfree media
for an additional 72 h. Thereafter, the protein expression of the senescence markers p53,
p21, and cyclin D1 was assessed. The p53/p21 pathway is activated by the DNA damage
response and is involved in cell cycle regulat{883) Cyclin D1 is another cell cycle
regulator and a downstream target of (8B34). In EA.hy926 cells, DOX treatment resulted
in a concentratiowependent upregulan of the expression of p5Figure 2-2A), p21
(Figure 2-2B), and cyclin D1 Figure 2-2C). The highest concentration of DOX (0.5 uM)
caused a remarkable-1@ld increase in p53 expression and significadtfold increases
in p21 and cyclin D1. A similar concentratidlependent upregulation of senescence
markers was elicited by DOX in HUVECSs. The highest concentration of DOX (0.5 uM)
caused a significant 6/@ld increase in p53Higure 2-2D), a 3.7#fold increase in p21

(Figure 2-2E), and a 1.7fold increase in cyclin D1Higure 2-2F).
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Figure 2-2 Doxorubicin induces the expression of senescence markers in a

concentration-dependent manner in EA.hy926 cells and HUVECs.

EA.hy926 humarendothelialderived cells and HUVECs were treated with increasing concentrations of

DOX (0.1 pM, 0.2 uM, and 0.5 uM) for 2. Thereafter, DOX was removed and cells were incubated in

DOX-free media for 72 h. Then, cells were harvested and the total protein was extracted. Expression levels

of senescence markers including p53, p21, and cyclin D1 in EA.hy926 A&I3, fespectiely) and

HUVECs Qi F, respectively) were measured via Western blot{img- 4i 6). Representative images of
Western blots ar e s ho wiubulinaadlexpessednetativeto comntrol pelsl Malmes d t o
are presented as means + SEM. Data \weasdyzed byonsvay ANOVA foll owed by Dunr
comparisons test. Note:p*< 0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001.
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Both EA.hy926 Cells and HUVECs Demonstrated Increased SB-gal Activity and

Cell Cycle Arrest

The senescence phenotyfe characterized by cellular alterations, including
enhanced senescerassociated betgalactosidase (S#-gal) activity and cell cycle
arrest. We evaluated these changes in EA.hy926 and HUVEC cell lines following treatment
with 0.5 uM DOX as described e methods section. As illustratedrigure 2-3A, the
percentage of SMA-galpositive cells was markedly increased in EA.hy926 cells treated
with DOX compared with control cells (75% vs. 9%, respectively). UWWHCs (Figure
2-3B), a more modest increase in-®Ayal activity was observed following DOX treatment
compared to control cells (47.3% vs. 7.3%, respectively). The cell cycle analysis following
the treatment of EAy926 cells with 0.5 uM DOX demonstrated a remarkable increase in
the G2/M arrested population from 4.1% in the control cells to 60.9% in thetbEaxed
cells Figure 2-3C). A less remarkable, but still signiéiat, increase in the percentage of
cells in the G2/M phase was demonstrated in HUVECs, where the G2/M population

increased from 31.6% in control cells to 41.9% in D@eated cellsKigure 2-3D).
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Figure 2-3 Doxorubicin triggers senescence in EA.hy926 cells and HUVECs, as

demonstrated by the increased SA-gal activity and cell cycle arrest.

EA.hy926 humarendothelialderived cells and HUVECs were treated with D@X5 puM) for 24 h.

Thereafter, DOX was removed and cells were incubated with-#&Xmedia for 120 h then stained for-SA

b-gal. Images of SA&-gal staining of EA.hy926 cell®\) and HUVECs(B) are shown. The percentage of

SA-b-gal positive cells were caltated. Data were analyzed via unpaired-taited ttest. In another set of

experiments, cells were incubated with D@¥e media for 72 h and the cell cycle was analyzed by
measuring the DNA content using the FACSCanto system. Percentages of eactieghage in control

and DOXtreated cells (n =i%) are shown for EA.hy926 (C) and HUVECSs (D). Data are presented as means

+ SEM. Data were analyzed viatwoay ANOVA f ol |l owed by Sp<dC0kd&ds post h

p < 0.001, *»** p < 0.0001.
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Doxorubicin Induced the Expression of Senescenagkssociated Secretory Phenotype

(SASP) Factors in EA.hy926 Cells and HUVECSs in a Similar Manner

The expression of SASP factors is another important feature of cellular senescence.
The expression levels of SASRctors have previously been shown to differ between
different cell typeq58, 123) Therefore, we measured changes in the gene expression
levels of several SASP factors, including8l.G-X-C chemokine ligand 1 (CX), and
C-X-C chemokine ligand 8 (CXCL8), induced by 0.5 uM DOX treatment in both EC lines.
In EA.hy926 cells, the DOX treatment was associated with significaBt,2and 1.8fold
increases in It6, CXCL1, and CXCLS, respectivelfigure 2-4A). Similarly, the DOX
treatment in HUVECSs resulted in a significant-6ll increase in Ik6 and a 3.50ld
increase in CXCL1Rigure 2-4B). However, the CXCL8 expression was not significantly
changed in HWECs Figure 2-4B). Since SASP includes soluble factors that can be
secreted and can affect neighboring cells, we measured the concentratiofs BRIEU |
IL-8, IL-13, and MCPL in the culture media of both téhes following DOX treatment.
In agreement with the observed increase in the gene expression of SASP factors, the DOX
treatment also resulted in the increased secretion of SASP factors in the culture media. In
EA.hy926 cells, significant 2-51.8, and1.7-fold increases in 6, TNFU , a®®d | L
respectively, were identified in the culture medtag(re 2-5A). Moreover, an increasing
but not significant trend was observed irlIR and MCPL (Figure 2-5A). DOX-treated
HUVECs demonstrated a similar upregulation of SASP factors in the culture media. This
included significant 3 2.1-, 1.5, and 1.5fold increases in t6, TNFU , -1®, hnd MCP
1, respectivelyKigure 2-5B). The IL-8 expression was increased bfoll, although this

was not found to be significarfigure 2-5B).
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Figure 2-4 DOX induces the gene expression of SASP factors in both EA.hy926 cells
and HUVECs.
EA.hy926 humarendothelialderived cells and HUVECs were treated with DOX (0.5 pM) for 24 h.

Thereafter, DOX was removed and cells were incubated with¥€xXmedia for 7h. The total RNA was

then extracted and the mRNA expression of SASP factors includig @XCL1, and CXCL8 in(A)
EA.hy926 cellsif = 6) and(B) HUVECs ( = 4) was determined by retiine PCR. Values were normalized

to B2M and expressed relative to aamhtcells. Values are shown as means + SEM. Data were analyzed by
unpaired twetailed ttest. Note: p < 0.05, **** p < 0.0001.
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Figure 2-5 DOX induces the protein expression of SASP factors in conditionededia
of EA.hy926 cells and HUVECSs.
EA.hy926 humarendothelialderived cells and HUVECs were treated with DOX (0.5 uM) for 24 h.

Thereafter, DOX was removed and cells were incubated withf€@xXmedia for 72 h. Conditioned media
were collected and the engssion of SASP factors including-8, TNFU , -8) Ill-:1B, and MCPL in (A)
EA.hy926 cells if = 6) and(B) HUVECs ( = 5) was determined by Luminex. Values were normalized to
the protein (ptn) content of the cells determined by BCA and the results aessegbas the fold expression
relative to control cells. Values are shown as means + SEM. Data were analyzed by unpaiadddwo
test. Note: *p < 0.05, *p < 0.01, *** p< 0.001.
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ABT-263 Demonstrated Differential Senolytic Activity in EA.hy926 Cellsand

HUVECs

An increasing number of drugs have been demonstrated to exhibit senolytic
activity. Importantly, previous studies have demonstrated that the activity of senolytics
depends on the cell ty§85, 256, 264)For example, quercetin, fisetin, and AR®3 have
been shown to exert senolytic effects in senescent HUVECs but not in preadipocytes.
However, dasatinib was more effective in eliminating senescent preadipocytes than
HUVECs (256, 257, 264)Therefore, we sought to screen the senolytic activity of these
senolytics in both EA.hy926 cells and HUVECSs by evaluating their effects on cell viability.
In agreement with the previous study, dasatinib failed to induce senabyiigty and
decreased the viability of untreated and D@&ated senescent cells to similar degrees in
both EA.hy926 cells and HUVECS$-ifure 2-6A). Quercetin has demonstrated a very
modest senolytic effect inAzhy926 cells but not in HUVECd={gure 2-6B). Fisetindid
not exert senolytic activity in both EA.hy926 cells and HUVEEg(re 2-6C). Only
ABT-263 exhibited a remarkbdifferential activity in these cell lines-{gure 2-6D). In
EA.hy926 cells, ABT263 did not selectively target senescent cells and decreased the
viability of both DOXinduced senescent cells and rsemescentantrol cells in a similar
manner Figure 2-6D). In contrast, ABT263 showed high senolytic activity against DOX
induced senescent HUVECs and remarkably decreased the viability ofifRiDXed

senescent cells compdl to norsenescent cell$-{gure 2-6D).
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Figure 2-6 Assessment of the activity of multiple senolytics in EA.hy926 cells and

HUVECs.

Both EA.hy926 humaendothekl-derived cells and HUVECs were treated with DOX (0.5 uM) for 24 h to
establish the senescence phenotype or left untreated. Three days post DOX exposueaie@>and
untreated cells were incubated with increasing concentrations of different seniolgtiriing(A) dasatinib,

(B) quercetin{(C) fisetin, and(D) ABT-263 for 24 h. Thereafter, the cell viability was measured using MTT
assays in both cell lines. The cell viability was calculated relative to control wells and expressed as a

percentage. Vaks are presented as means + SEM.
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Since apoptosis is the main driver of the senolytic activity of B3, we assessed
the effects of ABT263 on the cleavage of two apoptotic markers in EA.hy926 cells and
HUVECSs. In EA.hy926 cells, ABR63 significantly imluced the cleavage of casp&se
both control and DOXtreated cellsKigure 2-7A). CleavedPARP was also increased by
ABT-263 in control and DOXtreated cells Kigure 2-7B), although this was not
statistically significant. In HUVECs, AB'R63 selectively triggered the apoptosis of DOX
induced senescent cells, as demonstrated by the significant upregulation of chesgppaesk
3 (Figure 2-7C) and cleavedPARP §igure 2-7D) only in the DOXtreated cells, Wich

was in agreement with the cell viability results.
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Figure 2-7 EA.hy926 and HUVEC cell lines respond differently to the senolytic drug
ABT-263.

Both EA.hy926 cells and HUVECs were treated with DOX (M for 24 h or left untreated (control cells).
Three days post DOX exposure, D@¢ated and control cells were treated with ABG3 (0.1 uM) for 6 h.

Thereafter, expression levels of the apoptotic markers cleaved c&spadecleaved PARP in EA.hy926
cells (A,B, respectively) and HUVECs (C,D, respectively) were measured via Western blottirgj §).
Values are presented as means + SEM. Data were analyzed-byaoyge ANOVA f ol | owed
multiple comparisons test. Notep* 0.05, **p < 0.01, ** p < 0.001, **** p < 0.0001.
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EA.hy926 Cells and HUVECs Demonstrated Differential Expression of the BGR2

Family Following DOX Treatment

ABT-263 is a norselective inhibitor of the BGI2 family (BCL-2, BCL-xL, and
BCL-W) (305) To elucidate the underlying mechanisms of the differential selectivity of
ABT-263, we analyzed the protein expression levels of the-B@&mily across both cell
lines. In EA.hy926 cells, the ardpoptotic proteins BCixL and BCL-W were not
upregulated following DOXreatment Figure 2-8A). Additionally, the expression of the
antiapoptotic BCL2 protein was undetectable in EA.hy926 celsggre 2-8A). In
contrast, DOX significantly upregulated the protein expression levels of thagoytotic
members BCE2, BCL-xL, and BCL-W in HUVECs figure 2-8B). The same trend was
also observed for apoptotic members of the BCflamily, namely BAX and BAK. There
were no changes in their expression following DOX treatment in EA.hy926 cells, while

they were significantly upregulated in D@keated HUVECsKigure 2-8A& B).
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Figure 2-8 EA.hy926 and HUVECs demonstrate differential protein expression of the

BCL-2 family following DOX treatment.

Both EA.hy926 cells and HUVECs were treated with 0.5 uM DOX for 24 h. Three days post DOX exposure,

cells were harvested and total protein was extracted. Thereafter, protein expression levels of-?he BCL

family including antiapoptotic members (BGR, BCL-xL, and BCL-W) and preapoptotic members (BAK

and BAX) in (A) EA.hy926 cells andB) HUVECs were masured via Western blottingh (= 4i 6).

Repreent ati ve i mages of Western bl ot-sbullae expressedn . Val
relative to control cells. Values are presented as means + SEM. Data were analyzed by unpéaited two

t-test. Note: < 0.05, *p < 0.01, ** p< 0.001, *** p< 0.0001.
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To further confirm our findings that EA.hy926 cells do not express-B@totein,
we treated both EA.hy926 cells and HUVECSs with venetoclax, aB&&lective inhibitor
with lower affinity to BCL-xL and BCL-W. We found that in EA.hy296 cellgsenetoclax
had a modest effect on the viability of both untreated and D@a&fed senescent cells,
with a slightly more lethal effect on DOGXduced senescent cells (65% vs. 55% viability,
respectively) Figure 2-9). However, venetoclax remarkably reduced the viability of both
untreated and DOXreated cells (<5% viability in both nesenescent and DOXduced
senescent HUVECS), confirming that B@Lprotein is differentially expressed in these

two cell lines Figure 2-9).
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Figure 2-9 EA.hy926 cells and HUVECSs respond differently to the BCE2-selective

inhibitor venetoclax.

Both EA.hy926 cells and HUVECs were treatedmitOX (0.5 uM) for 24 h to establish the senescence
phenotype or left untreated. Three days post DOX exposure;iEa¥ed and untreated cells were incubated
with 10 uM venetoclax for 24 h. Thereafter, the cell viability was measured using MTT assays aelbo
lines. The cell viability was calculated relative to control wells and expressed as a percentagepMote: *
0.05, compared to untreated treatment of the same cell |me;3£05, compared to EA.hy926 cells of same

treatment by twevay ANOVAwith Tukey 6s post hoc analysis. Values &
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Discussion

Cardiovascular senescence induced by doxorubicin (DOX) has recently been
proposed as an important mechanism that can mediate the delayed cardiovascular
complications in cancer stvors(98). A plethora oin vitro studies demonstrate that DOX
induces senescence in different types of cardiovascular cells, including endothelial cells
(ECs), ventricular myocytes, vascular smooth muscle aslidothelial progenitor cells,
and cardiac progenitor cel$35) Interestingly, a previgsin vivostudy demonstrated that
endothelial cells comprised the majority of the cardiac senescent cell population in DOX
treated mice and genetic elimination of senescent cells abrogatedrid@eéed cardiac
dysfunction(98). This strongly suggests that senescent endothelial cells are key players in
delayed DOXinduced cardiac dysfunction. Importantly, senescent ECs exhibit functional
alterations that lead to endothelial dysfunction, including a decrease in atisodil
response and diminished angiogenic activ{®97) Additionally, senescent ECs
demonstrated higher SASP expression coepbéw other cell type€l24). These lines of
evidence suggest that endothelial senescence can contribute to cardiovascular
complications in DOXreated patients. Thus, characterization of EC senescence is the first
step to identify therapeutic approaches that may attenuateibfdXed senescence and
prevent premature cardiovascular complications. Although several studies described DOX
induced senescence in HUVECs, D@¥uced senescence in EA.hy926 cells has not been
fully characterized. In thistudy we performed an extensive comparative characterization
of DOX-induced senescence phenotype in both HUVECs and EA.hy926 cell lines
including expression of senescence markers:3&¥al activity, cell cycle arrest,

expres®on of SASP factors, and their response to the senolytics.
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We found that DOX induced the senescence markers p53 and p21 in HUVECS, in
agreement with previous studig89, 306) This was also consistent with another study of
DOX-induced seescence in human aortic endothelial cells, another type of primary ECs
(287). Interestingly, EA.hy926 cells showed a similar pattern of induction of both p53 and
p21, in agreement with a study by Ghosh et al (2@36Y) We also demonstrated an
increase in another senescence marker, cyclin D1, in both cell lines. DOX has been shown
to upregulate cyclin D1 in several cell tyg@88, 309) although, to our knowledge, this
is the first time it has been repaitén endothelial cells. Cellular senescence is also
characterized by upregulation of S$gal activity and cell cycle arrest. Both EA.hy926
cells and HUVECs displayed increased -&fal activity following DOX treatment.
Notably, EA.hy926 cells demonstratbdjher SAM-gal activity than HUVECSs following
DOX treatment. DOX has been demonstrated to induce G2/M arrest in different types of
cardiovascular cells including endothelial progenitor c€ll§2) and vascular snuth
muscle cell{176) Consistent with these observations, our results showed G2/M arrest in
DOX-treated HUVECs and EA.hy926 cells.

Senesceneassociated secretory phenotype (SASP) is another important
characterigc of senescent cells and encompasses multiple factors including inflammatory
cytokines, chemokines, growth factors, and extracellular matrix pr@@ihdmportantly,
accumulation of SASP contributes to the pathysiological effects of senescence and
activatesalowgyr ade i nfl ammatory state, called din
agerelated diseases. In the curretidy DOX upregulated multiple SASP factors in ECs
including IL-6, IL-8, CXCL1, and TNFU . -6larld 1L-8 are among the most studied {ro

inflammatory SASP factors that increase in senescent (B03) and contibute to
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cardiovascular complication(297) The increased expression of SASP factors activates
the immune response which lsatb invasion of monocytes into the vessel wall and
initiates plaque formatio(L08). IL-6 has been shown to increase the secretion of adhesion
molecules in ECs and exacerbate atherosclerosis in(B81id¢¢ Additionally, MCR1 and

IL-8 facilitates the attachment of monocytes on the surface of ECs during atherosclerosis
(312) Beyond the cardiovascular system, ECs are an essential cembporthe tumor
microenvironment. Therefore, SASP components secreted by senescent ECs can also affect
the tumor microenvironment and increase cancer progression and aggresgR88agess
Indeed, a recent study demonstrates that adding culture media from senescent HUVECs to
cancer cells increased cell proliferation, migna, and invasion mainly through CXCL11

(313)

Senolytics are a recently developed class of drugs that can specifically eliminate
senescent cells, which can be a promising strategy to attenuate vascular agmgem ¢
survivors previously treated with DOKL35) Following the characterization of DGX
induced senescence, we determined the effects of several reported senolytics including
guercetin, dasatinib, fisetin, and ABB3 across both cell lines. These senolytics disrupt
different prosurvival pathways which are overexpressed by senescent cdllseace
induce their apoptosis. Interestingly, the-gtovival mechanisms have been shown to vary
across different senescent cell types. Consequently, senolytics that target these pathways
can have distinct effects in different cell lin€23, 256) Dasatinib, a smalinolecule
inhibitor of tyrosine kinase, and quercetin, an inhibitor of PI3K/AKT signaling pathway,
were the earliest drugs that showed senolytic aciivitytro (257). Interestingly, dasatinib

was more effective in eliminating senescent preadipocytes than HUZEGs257, 264)
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while quercetin exerted senolytic effects in senescent HUVECSs but not in preadipocytes.
Fisetn, a quercetirrelated flavonoid, has also been shown to have senolytics activity in
HUVECSs but not preadipocytes by inhibiting PI3K/ AKT pathway6) ABT-263, a non
selective inhibitor of BCE2 family, targetshie overexpressed atd@poptotic pathways that
allow senescent cells to resist apoptosis and maintain their vigBildy Similarly, ABT-
26306s senolytic activity w268)Inthe cumwentstudy, b e
dasatinib, quercetin, and fisetin demonstrated lack of selective senolytic activity against
DOX-induced senescent EA.hy926 cells and HUVECSs. Since senolytic effects has been
shown to be dependent dhe mechanism of senescence induci{®h5), the lack of
senolytic activity of these drugs may be due to thexBi@duced senescence model that
we used in our study compared to irradiatioduced senescence in previous stufeg,
264). Only ABT-263 selectively induced apoptosis of D@¥luced senescent HUVECs
but not EA.ly926 cells. The demonstrated effectiveness of different senolytics was in
agreement with a recent study evaluating the sensitivity of radimtiiced senescent
glioblastoma cells to different senolyti¢316). Similar to our findings in HUVECS, only
the inhibition of BCLxL, but not BCL-2 nor other senolytic targets, was able to
demonstrate senolytic activity.

To elucidate the underlying mechanisms of this differential effect, we measured
the expression of the BCR family, the main targets of ABZ63, across both cell lines.
We demonstrated differential expression of BEantiapoptotic and apoptotic markers in
EA.hy926 cells and HUVECs. While, these markers were upregulated inibd{dxed
senescent vs control neenescent HUVECS, no alterations were observed in senescent vs

nonsenescent EA.hy926 cells following DOX treatment. These upregulations 62BCL
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protein explains the observed senolytic effects of ABB in HUVECs. Of note, BCR2
protein expression wasot detected in either control or D@keated EA.hy926 cells.
Interestingly, previous studies demonstrated lack of expression o2B€IA549 human
lung carcinomecells (317, 318, 319)the parent cells of EA.hy92@his suggests that
EA.hy926 endothelial cells may have retained some characteristics of the A549 cancer
cells and therefore do not express BEZLThis was confirmed by the diminished response
of EA.hy926 cells to the selective BE&L inhibitor venetoclaxcompared to HUVECSs.
These findings also demonstrate that BZis dispensable fahe apoptotic effect of ABT
263 and its activity is primary through inhibition of B&tL and BCL-W. This is in
agreement with a previous RNA interference reports demonstrétiat BCL-XL is
necessary for the survival of senescent HUVEZSY). This is also consistent with a
previous study that demonstrated senescent@afed cancer cells depend on BLlL,

but not BCL:2 for survival(320)

Conclusions

In conclusion, our present study demonstrates that low concentrations of DOX
induced a relatively similar senescence phenotype in immortalized EA.hy926 cells and
primary HUVECs. However, the twalt lines responded differently emt-BCL-2 family
drugs such a#&BT-263 and venetoclaxHence, the effects of senolytics that tariipes
antiapoptotic pathways should be interpreted with caution in EA.hy926 ke#sldition
to HUVECSs, different mods of primary ECs has been used previously to study senescence
including human nicrovasculéure endothelial cells (HMVECSs[285), human aortic

endothelial cells (HAECs}287,321, 322) and human coronary artery endotheliall
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(HCAECs) (323). Therefore, titure studies are needed to determine if our results
HUVECsare generalizable wtherprimary ECs
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Chapter 3. Metformin Mitigates SASP Secretion and LPS-triggered
Hyper-inflammation in Doxorubicin-induced Senescent
Endothelial Cells
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Introduction

Doxorubicin (DOX) is a chemotherapeutic drug used for #atitnent of solid and
blood cancer$324) Although DOX has contributed to improved survival rates in cancer
patients, these sumors experience premature aging and fra{®@2) DOX induces
premature aging primarily by accumulated DNA damage due to inhibition of
topoisomerase 1(325) and increased reactive oxygen species (ROS) resulting from
mitochondrial dysfunctiorf147). Both mechanisms can initiate a signaling cascaate th
prevents cells from undergoing replication, termed senescence.

DOX induces senescence in different cardiovascular cells, including
cardiomyocytes, endothelial cells (ECs), cardiac fibroblasts, and cardiac progenitor cells
(135) However, a landmark study demonstrated that, following DOX administration in
p1l6-3MR male mice, the majority okesescent cardiac cells were EO8). Moreover, a
recent study by Yousefzadeh et al. used an accelerated aging mouse model and screened
the expression of the senescence markers p21 and pl6 in different 1S3hes
Interestingly, the aorta demonstrated the highest expression of p16 and the second highest
expression of p21 compared to other organs, with no significant increase in the expression
of these markers in the he@ft). Collectively, these results suggest that ECs are a salient
target for the induction of senescence, and that endothelial senescence plays a major role
in DOX-induced cardiovascular complications.

Endothelial seescence is associated with multiple cellular and functional
alterations that contribute to endothelial dysfunction, including impairment of vascular
permeability, altered angiogenic response, and decreased endottiependent dilation

(129) Importantly, senescent ECs secrete -ipflammatory cytokines and
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metalloproteases known as senescerss®ciated secretory phenotype (SA$EI5)
Accumulation of SASP promotes chronic lgrade inflammation, known as

Ai nf | am@a)gwhichgaan affect endothelial functiofi05) Indeed, vascular
senescence has been identified as a significant contributor to multiple cardiovascular
diseases (reviewed in166, 326). Furthermore, cancer survivors treated with
anthracyclinegexhibit endothelial dysfunction and vascular damg@#¥), which can be
partially attributed to endothelial senescence as we recently revie&ei7inTherefore,

there is a compelling need for pharmacological strategies that target endothelial senescence
to preserve endothelial function and potentially mitigate the related adverse effects
cancer survivors.

The hypothesis that senescent cells contribute to the pathogenesisrelasay
diseases has led to the development of a new class of drugs called senothe(8@8utics
Senotherapeutics rde divided into two categories: senolytics and senomorphics, both of
which mitigate senescence. Senolytics induce apoptosis and selectively eliminate senescent
cells (305), whereas senomorphics modulate the sieeretf SASP from senescent cells,
thereby improving cellular functior(829, 330)

Metformin, a widely used drug for the treatment of type 2 diabetes, was recently
demonstrated to exert senomorphic and-agiing dfects (331, 332) These effects are
mediated by the ability of metformin to reduce ROS le(@38)and prevent DNA doubie
strand break£334) Metformin has also been shown to have-arftammatory effects as
evidenced by its ability to suppress SASP secretion in IMR90 fibrolf&&@§ bronchial
alveolar epithelial cell§335, 336) and lens epithelial cel(837). Additionally, metformin

has been shown to protect against endothelial senescence in different models of senescence
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including radiation (334), Lipopolysaccharide (LPS)(338), and high glucosenduced
senescenc€339, 340) However, the effects of metformin on D@xduced endothelial
senescence have not been reported. Therefore, the current stidyoaidentify the
senomorphic effects of metformin against D@uced endothelial senescence.

In recent years, there has been growing interest in the role of senescent ECs in LPS
induced inflammation, as ECs are of the major cellular targets of-indv@el
inflammation. Newly arising evidence show that radiafimduced and replicative
senescent ECs are more vulnerable to-lffaced inflammation than nesenescent ECs
(341, 342) Given that a significant percentagiecancer survivors received DOX during
their treatment, we determined the effect of LPS stimulation oni@dXced senescent

ECs and identified the effects of metformin on LiR8uced hypeinflammation.
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Methods

Cell Culture

Human umbilical vein endbelial cells (HUVECs) and EA.hy926 human
endothelialderived cell lines were purchased from American Type Culture Collection
(ATCC, Manassas, FL, USA). HUVECs were cultured in vascular cell basal medium
(ATCC) supplemented with endothelial cell growthi MEGF, including 5 ng/mL rh
VEGF, 5 ng/mL rh EGF, 5 ng/mL rh FGF basic, 15 ng/mL rh IGF, 10 m§utamine,

0.75 U/mL heparin sulfate, hydrocortisone 1 ug/mL, ascorbic acid 50 pg/mL, fetal bovine
serum 2%, 10 U/mL penicillin, and 10 pg/mL streptomycin. §A26 cells were cultured

in Dulbeccobés modified Eaglebébs medium ( DMI
bovine serum, 100 U/ mL penicillin, and 10
Louis, MO, USA). Both cell lines were incubated at 37°C in 75 cns2¢isulturereated

flasks in a 5% CO2 humidified incubator. Every other day, the media were replaced and

the cells were subcultured at 80% confluence.

Cell Treatments

Both EA.hy926 cells and HUVECs were pretreated for 24 h with increasing
concentration®f metformin (0.5 mM, 1 mM, 2 mM, and 5 mM for EA.hy926 cells or 2
mM and 5 mM for HUVECS). Then, cells were-treated with DOX and metformin for an
additional 24 h. Based on our previous st(843), theclinically relevantconcentration
(0.5 €M) of DOX was selected to induce sen
associated with highest induction of senescence markers. Thereafter, cells were washed

with PBS to remove DOX, metformin was added back to thdiume and cells were
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incubated for a further 72 h for protein extraction or 120 h foibSyal staining.

For LPS experiments, HUVECs were either treated with DOX for 24 h, followed
by 72 h incubation without DOX to establish senescence, or left untresatetisenescent
cells. The effect of LPS was then determined by stimulating both senescent and non
senescent HUVECs with LPS (30 ng/mL) for an additional 24 h. Notably, the media were
changed before adding LPS so that the assessed SASP factors in theefleadimainly
the response of control and senescent ECs to LPS. Metformin was added as described
above to determine its effect on LPS stimulation.

DOX, metformin, and LPS were purchased from Sigma (St. Louis, MO, USA) and
stock solutions were preparey thissolving them in the corresponding media of each cell
line. All the cell treatments were performed between passages 5 and 10 in EA.hy926 cells

and between passages 3 and 6 in HUVECs.
Protein Extraction and Western Blotting

Following the treatments desiwed above, EA.hy926 cells and HUVECs were
washed twice with PBS and harvested in lysis buffer containing 20 mM Tris, 10 mM
sodium pyrophosphate, 100 mM sodium fluoride, 5 mM EDTA, and 1%4MNP
supplemented with protease and phosphatase inhibitors.v@akspassed through a 28
gauge needle 10 times to further lyse the cells. Thereafter, the cell lysate was centrifuged
at 2,000 x g for 10 min at 4 °C and the supernatant was collected for western blotting.
Protein concentrati on \ciachonimceagid (BCA grotains i n g
assay kit according to manufacturero6s 1inst

MA, USA). Cell homogenates were denatured by boiling at 100°C for 5 min in sodium
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dodecyl sulfate (SDS)olyacrylamide gel electrophores{PAGE) loading buffer (G

Bi osciences, St . Loui s, MO, USA) containit
homogenates were separated on 8%, 12%, or 15%PH0E gels and electrophoretically
transferred to nitrocellulose membranes. The blots wereblbeked at room temperature

for 1 h using a blocking buffer consisting of 5% skim milk powder in-Buffered saline

(20 mM Tris, 150 mM NacCl, pH 7.4) with 0.05% (v/v) Twe2d (TBST). Following

blocking, blots were incubated overnight at 4°C with prinzarybodies diluted in 1% milk

solution in TBST. Blots were then washed in TBST and incubated for 1 h at room
temperature with horseradish peroxidase (H
in blocking buffer, then washed with TBST. Blots were visuale d usi ng Pi erc
substrate (Thermo Fisher Scientific) according to the manufacturer's instructions. Primary
mouse antibodies against p53 (catalog 2524, 1:1000 dilution) and primary rabbit antibodies
against phosphp53 (Serl5) (catalog 9284, 1:100iution), p21 (catalog 2947, 1:1000

dilution), MMP-3 (catalog 14351, 1:1000 dilution), ICAM (catalog 4915, 1:1000

dilution), phospheSAPK/IJNK (Thrl83/Tyrl85) (catalog 4668, 1:1000 dilution),
SAPK/JNK (catalog 9252, 1:1000 dilution), phosgd®8 (Thr180/¥r182) (catalog 4511,

1:1000 dilution), p38 (catalog 8690, 1:1000 dilution), AMPK alpha (catalog 2532, 1:1000
dilution), phospheNF-e B p65 (cat al og 30 3 3 ;tubdlin(daaleg® di | u
2144, 1:1000 dilution) were purchased from Cell Signalieghnology (Danvers, MA,

USA). Primary rabbit antibodies against phosgtMPK alpha (Thr172) (catalog 6681,

1:1000 dilution) were purchased from MilliporeSigma (Burlington, MA, USA). HRP
conjugated horse anthouse secondary antibodies were purchasaa €ell Signaling

(catalog 7076; 1:1000 dilution) and HRBnjugated goat antabbit secondary antibodies
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were purchased from Jackson ImmunoResearch (catale@3B1144, West Grove, PA,
USA,; 1:10,000 dilution). ImageJ software (National Institutes ofitHe8ethesda, MD,
USA) was used to quantify band intensities using atpbalin protein levels as
normalizing loading controls. Phosppeotein band intensities were measured relative to
the respective total protein level.

In some experiments, the blotgere cut at separate molecular weight marks,
thereby allowing the same blot to be incubated with more than one primary antibody at the
same timeThe uncropped Western blot images with molecular weights can be downloaded

at https://www.frontiersin.org/articles/10.3389/fragi.2023.1170434/full#supplementary

material
Senescence Associatdgtgalactosidase (SA-gal) Assay

For the detection of seseence, the S#A-gal staining kit (Cell Signaling
Technol ogy) was used to stain senescent <ce
Incubation time and pH were optimized as previously desciiBé48). To calcuate the
percentage of cells that were positive for-B8al, the number of stained cells was counted
relative to the total number of cells (at least 100 cells) using a Hirgdthimicroscope with

a 4x objective lens.

Assessment of SenescenéasociatedSecretory Phenotype (SASP) Factors in Cell

Culture Media

After the specified treatments, the media from HUVECs was collected and stored
at-80°C until use. The supernatants were analyzed by the Cytokine Reference Laboratory

at the University of Minnesotaf the detection of humagpecific interleukin 6 (IL6),
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tumor necrosis facteslpha (TNFU) , macr ophage #lalpha@MBmEY or vy
monocyte chemoattractant protdr{MCP-3) monocyte chemoattractant protdifMCP-

1), GX-C motif chemokine lignd 1 (CXCL1), €X-C motif chemokine ligand 2
(CXCL2), interleukinl beta (I-1 b ) , i nt e +8), matrix imatalloroteinask
(MMP-3), intracellular adhesion molectle(ICAM-1), and Eselectin using the Luminex
multiplex platform. The cytokines weranalyzed according to the manufacturer's
guidelines by lab personnel who were unaware of the experimental design. Samples were
run in duplicate and the values were interpolated freparameterequipped standard
curves. Cytokine concentrations were repdriafter being normalized to the protein

content of the cells, which was determined by BCA.
Statistical Analysis

Data analysis was performed using GraphPad Prism software (version 8.3.0, La
Jolla, CA,www.graphpd.comn) and the data are presented as mean + standard error of the
mean (SEM). Normality was checked using the Shayli test. Comparisons between
control, DOX, and metformin treatments were performed using avageanalysis of

variance (ANOVA) followe by pairwise comparisons relative to DOX treatment using

Dunnetds multiple comparison t esparametiict t he

KruskatWal | i s tests followed by Dunnés post

For LPS experimentscomparisons were performed by ordinary tway analysis of

s

variance (ANOVA), foll owed by Tukeeyaus mul t i

of < 0.05 was chosen to indicate statistical significaiit® number (n) in each figure

represents technicegplications from three independent experiments.
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Results

Metformin Inhibits DOX -upregulated Expression of Senescence Markers in ECs

In Chapter 2we characterized DOMiduced senescence phenotype in two types
of endothelial cells: immortalized EA.hy926 erldeliatderived cells and primary human
umbilical vein endothelial cells (HUVEC$343) However, the effect of metformin on
DOX-induced endothelial senescence phenotype has not been reported yet. In this study,
we first evaluated the effects of metformin in EA.hy926 endothelaived cells. Cells
were treated with 0.5 uM DOX with or without metformin in a concentration range -of 0.5
5 mM as illustrated inFigure 3-1 A. The senescence phenotype was evaluated by
measuring the protein expression of senescence mark&3, p53, and p21. DOX alone
upregulated all the assessed senescence markers inclugb®) @igure 3-1B), p53
(Figure 3-1C), and p21 Figure 3-1D) by 11.5, 5.9, and 2fold, respectively. These
markers were expected to be upregulated by DOX since the p53/p21 pathwasatecc
in response to DNA damag€343) Importantly, pretreatment with the highest
concentration of metformin (5 mM) downregulated the phosphorylation of p53 compared
to cells treated with DOX aloné-igure 3-1B). Additionally, pretreatment with 2 and 5
mM metformin resulted in significant concentratid@pendent inhibition of the expression
of p53 compared to cells treated with DOX aloRig(re 3-1C). The same awentrations
of metformin, inaddition to the 1 mM concentration, significantly inhibited the expression
of downstream target p21 compared to cells treated with DOX @ioguare 3-1D).

We demonstrateth Chapter2 that immortalized EA.hy926 cells and primary

HUVECs have a differential response to the senolytic 288 (343) Therefore, we
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repeated similar experiments in HUVECs to determine whether metformin has similar
effects in both endothelial cell lines. Only higher concentrations of metformin (2 and 5
mM) were used because they were associated with the largest reduction in senescence
markers in EA.hy926 cells. Pretreatment of HUVECs with 5 mM metformin significantly
inhibited DOXinduced upregulation of-p53 compared to cells treated with DOX alone
(Figure 3-1E). Similarly, only 5 mM metformin significantly downregulated p53
compared to cells treated with DOX aldiégure 3-1F). Both 2 mM and 5 mM metformin
significantly decreased the expression of p2l in a concentd@dgjp@ndent manner
compared to cells treated with DOX algiirégure 3-1G). Since there is no single specific
marker for senescence, the activity of senescasseciated betgalactosidase (Sh-

gal), which is upregulated in senescent cells, was also evaluated. As slroguré-1H,

the percentage of SB-galpositive cells significantly increased in HUVECSs treated with
DOX alone compared to control cells (15.6% vs 4.1%, respectively). Additionally- DOX
treated cells demonstrated enlarged morphgladych is another marker of senesce.
Importantly, pretreatment with 5 mM metformin ameliorated the increase ib-&#
activity (Figure 3-1H). However, no statistical difference was observed between-DOX
treated HUVECs with and without metformi@onsidering that metformin had similar
effects in HUVECs and EA.hy926 cells, we chose to use HUVECSs as our main endothelial

model for subsequent experiments, as they are a more clinically relevant model.
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Figure 3-1 Metformin inhibited DOX -induced upregulation of senescence markers

and SA-b-gal activity in endothelial cells.

(A) Schematic diagram of the experimental design. Both EA.hy926 endothelial derived cells and HUVECs
were treated for 24 h with 0JgiM DOX = metformin (0.5 5 mM, added 24 h before DOX). Thereafter,
DOX was removed and the cells were incubated in Eif@¥ media with or without metformin for an
additional 72 h for protein expression experiments or 120 h for measuremenbed&Ataning. Expression

levels of senescence markers including53, p53, and p21 in EA.hy926 celB-D, respectively) and
HUVECSs E-G, respectively) were measured using western blet418). Representative images of western
blots are shown. Values were narrh i z etubulih and edpressed relative to cells treated with DOX alone.
(H) Images of SAb-gal staining in control, DOXreated, and DOX + metformin gceated cells are shown

in HUVECSs. Images were analyzed and the percentage @i &# positive cell were calculated (n 6-8).

Values are presented as means = SEM. Data were analyzed-byeoyge ANOVA f ol |l owed by
multiple comparisons tesFigure3-1B, D, F-H) or nonparametric KruskalVallis tests éllowed by Duni@s

post hoc testRigure 3-1C&E); * p <0.05, ** p <0.01, *** p <0.001, **** p < 0.0001.Schematic diagram

created with BioRender.com.
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Metformin Inhibits DOX -induced Secretion of SASP Factors and=Endothelial

Adhesion Molecules in Senescent ECs

Endothelial senescence is also characterized by overexpression of SASP factors
which contribute to inflammaging and endothelial dysfunction. We measured the levels of
secreted SASP factors in the media of HEB4 following treatment with DOX in the
absence or presence of metformin. Treatment of HUVECs with DOX alone induced a
significant increase in the concentrations of6ll(Figure 3-2A), TNFU (Figure 3-2B),

MIP-1 UFig@re 3-2C), and MCR3 (Figure 3-2D). The same trend was observed in the
expression of ther SASP factors including MCP, CXCL1, CXCL2,I.-k1 b, -&nd |
although the observed increases were not statistically signifigaguré 3-2E-I).
Importantly, pretreatment with 2 mM and 5 mM metformin noreeli the levels of
cytokines including L6 (Figure 3-2A), TNF-U (Figure 3-2B), MIP-1U (Figure 3-2C),

MCP-3 (Figure 3-2D), and CXCL2 Figure 3-2G) in a concentrationlependent manner.
Treatment with 5 mM metformin, but not 2 mM, significantly reduced the levels of-MCP

1 (Figure 3-2E) and CXCL1 Figure 3-2F) in DOX-treated cells. Both H1b (Figure

3-2H) and IL-8 (Figure 3-2I) were reduced by metformin, although the observed

reductions did not reach statistical significance.
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HUVECs.
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HUVECs were treatefbr 24 h with 0.5 uM DOX + metformin (2 and 5 mM, added 24 h before DOX).

Thereafter, DOX was removed and the cells were incubated in-fB&@Xmedia with or without metformin
for an additional 72 h. Conditioned media were collected and the protein éxpre$sSASP factors

including IL-6, TNFU ,

5-8)) was determined by Luminex multiplex platform. Values were normalized to the protein concentration

of the cells determined by BCA/alues are shown as means + SEM. Data were analyzed bwayne
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In addition to determining changes in the expression of SAShffanmatory
cytokines and chemokines, we assessed the effect tkbrman on the SASP protease
MMP-3. MMP-3 plays an important role in promoting inflammation, not only in the
cardiovascular system, but also in different organs (recently revie@44j). DOX alone
significantly increased MMB concentration in the culture medidure 3-3A) and its
protein expression in cell lysat&igure 3-3B). In agreement with the previous SASP
results, metformin normalized DGMduced increase of MMB (Figure 3-3A, B).
Moreover, the expression of endothelial adhesion molecules, including
intercellularadhesion molecuié (ICAM-1) and Eselectin, was determined since these
endothelial markers were previously shown to be highly expressed in senescent HUVECs
in mocels of radiatioAnduced senescen¢845) and replicative senescen(&6) The
expression of ICAML, in both the culture medi#&igure 3-3C) and cell lysateKigure
3-3D), and Eselectin in the culture medi&igure 3-3E) were increased in DOXduced
senescent cells, although the observed increases wat statistically significant.
Metformin significantly decreased the expression of both ICGANMINd Eselectin

compared to cells treated with DOX alofégire 3-3C-E).
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Figure 3-3 Metformin decreased the protein expression of SASP protease, MMB,

and endothelial adhesion molecules in HUVECSs.

HUVECs were treated for 24 h with 0.5 uM DOX * metformin (2 and 5 mM, added 24 h before DOX).
Thereafter, DOX was remed and the cells were incubated in D@¥e media with or without metformin

for an additional 72 h. The protein expression of the SASP protease MM determined i(A) culture

media by Luminex an@B) cell lysate by western blottingn & 8-9). Expressin of the endothelial adhesion
molecules ICAML1 in (C) culture mediarf =8) and(D) cell lysate fi =4), and(E) E-selectin i =8) in the

culture media were determined. Representative images of western blots are shown. Expression values in the
media werenormalized to the protein concentration of the cells determined by BCA. Values are shown as
means + SEM. Data were analyzed by-onay ANOVA f ol |l owed by a Dunnet 6s
(Figure 3-3A-B &D-E) or nonparametric KruskaWallis tests followed by Dur@is post hoc testHigure

3-3C); * p<0.05 ** p<0.01, *** p<0.00], **** p<0.0001
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Signaling Changes Associated with the Protective Effeadf Metformin against

Endothelial Senescence

Metformin has pleiotropic properties and can modulate multiple pathways. As a
result, many aspects of the mechanisms by which metformin exerts its senomorphic effects
are still not fully understood. To gain ighits into the mechanistic pathways associated
with the modulatory effect of metformin on endothelial senescence, we sought to measure
the expression of mitogearctivated protein kinase (MAPK) signaling pathways including
c-Jun Nterminal kinase (JNK) and38 MAPK (p38). MAPKs are activated by stress
stimuli, such as the DNA damage response induced by DOX and have been shown to be
involved in senescendd62, 347) JNK was previously demonstrated to be activated in
senescent irradiated fibroblas{848). Importantly, inhibition of JNK ameliorated the
induction of SASP genes without affecting the expression of senescence njadi&rs
Our results show that DOX alone resulted in a robustfol® increase in JNK
phosphorylationKigure 3-4A), which is in agreement with previous findings reporting the
activation of JINK by DOX in neonatal rat cardiootytes(146)and endothelial progenitor
cells (162) Importantly, pretreatment with metformin significantly abrogated BOX
induced JNK activationHigure 3-4A). This inhibitory effect of metformin on JNK
activation was previously demonstrated in hypoxia/reoxygenation injury model in
cardiomyocyte$349).

On the other hand, inhibition of p38 was previously reported to suppress both
senescence markers and SASP in different models of sene§84nc850) In contrast to
JNK, no significant changes in the phosphorylation of p38 were observed following

treatment with DOX alond=gure 3-4B). Surprisingly, 5 mM metformin caused a modest
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1.5fold increase in p38 phosphdagion when compared to DOX alongidure 3-4B). In
agreement with our results, no inhibitory effect of metformin was observed on p38
phosphorylation in RASnduced senescent fibroblagsl6), further suggesting that the
protective effect of metformin is independent of p38.

The nucl ear-aBacsognaBi 6dFpat hway can be
DNA damage and was shown to be the major inducer of SBSB. Therefore, it was
important to determine the effect of metforminondB acti vity. As expec
induced NFe B act i v afold comparkedyto contr8l cells, as shown by higher
phosphorylation of N/ B p lEidure 8-4C). Pretreatment with 5 mM metformin
abrogated DOXnduced NFe B a c t Figuee 8-4C). m agreement with this finding,
it has been reported that metformin inhibits-8IBB a ct i v a t entdfinroblasts s e n e
(216)

Conflicting results have been reported regarding the involvement of AMPK in the
senomorphic effects of metformin. While some studies have reported that metformin
inhibits senescence phenotyjmelependently of AMPK(216, 334) other studies have
reported that AMPK activation is necessar
inflammatory effect$337, 352) Therefoe, we evaluated the effect of DOX + metformin
on AMPK activation. No significant changes were observed in AMPK phosphorylation
following DOX treatment with or without metformirrigure 3-4D). The lack of AMPK
activation by metformin may be attributed to the culture conditions, higher activation of
AMPK by metformin was previously shown to be achieved in normoglycemic media than
hyperglycemic condition$219) Another explan@on is that AMPK activation is time

dependen{353) Consideringhat the ECs were incubated with metformin for five days,
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we speculate that activation may have occurred at an earlier time point. Collectively, our
results demonstrated that the protective effects of metformin againstimxDxed
endothelial senescencesaassociated with inhibition of DOKduced JNK and N B

activation.
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Figure 3-4 Signaling pathways associated with the protective effect of metformin on

endothelial senescence in HUVECS.

HUVECSs were trated for 24 h with 0.5 pM DOX £ metformin (2 and 5 mM, added 24 h before DOX).
Thereafter, DOX was removed and the cells were incubated in-IB&&Xmedia with or without metformin

for an additional 72 h. Protein expressions of phosphpJNK, (B) p38,(C) NF-a B p 6 D) AMPK d

(n =4-7) were quantified using western blot. Representative images of western blots are shown. Values were

nor mal i zed t o-tububintamdlexpessed tretaiive to cells tréhted with DOX alone. Expressed

values are pres¢ed as mean = SEM. Data were analyzed byvoeey ANOVA f ol |l owed by a
multiple comparisons teskigure 4A&C) or nonparametric KruskaWa |l | i s tests foll owed |

hoc test Figure 4B&D); * p <0.05, *** p <0.001, **** p < 0.0001.
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Metformin Protects against LPSinduced Hyper-Inflammation and Exacerbated

SASP Factors Expression in DOXnduced Senescent ECs

Lipopolysaccharide (LPS) is a bacterial toxin found on the outer membrane of
gramnegative bacteria. When LPS enters the body, it daruksite the immune system
and cause a severe, systemic inflammatory response. Notably, ECs express specific
receptors such as tdlke receptor 4 (TLR4) that interact with LPS, making them
susceptible to LP$duced inflammation. Recent studies demonsttiaat senescent ECs
are even more vulnerable to Lit®luced inflammation compared to reanescent cells
(341, 342, 354)Importantly, these studies used other models of senescence than DOX
induced senescence. Thfare, we sought to characterize the effect of -iiribiced
inflammation in DOXinduced senescent HUVECs. We exposedsemescent and DOX
induced senescent HUVECs to LPS for 24 h following establishment of senescence and
removing the culture medium thatntain alreadysecreted SASP factors as illustrated in
Figure 3-5A. A significant hypeistimulatory response to LPS was observed in senescent
HUVECs compared to nesenescent cells, demonstrated by remarkable increase of the
secretion of SASP factors in the media including|ICXCL2, and MMP3FKigure 3-5B-
D). Importantly, 5mM metformin significantly inhibited LH8duced hypeinflammation
and almost normalized the level of these cytokines in the media. Other SASP factors
including TNFU Figure 3-5E) and MCPR3 (Figure 3-5F) demonstrated the same trend,
however they were not significant.

The same trend was observed in the protein expression of the adhesion molecule
ICAM-1. LPS triggered &-fold upregulation in the expression of ICAMin DOX-

induced senescent HUVECs compared tof@l®& increase in nossenescent HUVECs
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(Figure 3-6A and B). Metformin significantly reversed this upregulatigngure 3-6B).

To confirm the senescence phenotype, the expression of p21 was measured as a
surrogate marker of senescence. Consistent with our previous regyli® 3-1G), cells
treated with DOX alonelemonstrated higher expression of p&hich was maintained
after LPS stimulation Higure 3-6C). Pretreatment with metformin significantly
downregulated the expression of pZigure 3-6C). Mechanistically, exposure to LPS
increased the phosphorylation of dFB p 6 5 bot h i n -senestents c e nt
HUVECs Figure 3-6D). Metformin significantly inhitied NFaB activation as shown by
decreased phosphorylation of dFB  pFigbre X6D). Together these findings suggest
that metformin maintains its senomorphic properties even in the presence of hyper
inflammationin senescent ECs. Of note, since metformin was added before DOX and
throughout all steps, these observed effects may either be due to its senomorphic effects
against DOXinduced senescence, direct a@nflammatory effects against LPS, or a

combination oboth.
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Figure 3-5 Metformin ameliorated LPS-triggered hyper-inflammation in DOX -

induced senescent HUVECs.

(A) Schematic diagram of the experimental design. HUVECs were treated for 24 h with 0.5 uM DOX £5
mM metformin (added 24 h before Dor left untreated. Thereafter, DOX was removed and the cells were
incubated in DOXfree media with or without metformin for an additional 72 h. The media were changed so
that the assessed SASP factors in the media reflect only the effect of LPS.éllsenere stimulated with

LPS (30 ng/mL) for an additional 24 h. Thereafter, conditioned media were collected and the protein
expression of SASP factors including)(IL-6, (C) CXCL2, (D) MMP-3, (E) TNF-U, &)NMVICP-3 was
determined by Luminex(=4). Values were normalized to the protein concentration of the cells determined
by BCA. Expressed values are presented as mean + SEM. Data were analyzedhy At¢OVA followed

by a Tukey multiple cormgrisons test. * compared to different treatment within the same grqug05,

** p<0.01, **** p< 0.0001. # compared to n@enescent cells with the same treatmept<f.05, ####

< 0.0001.
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Figure 3-6 Metformin suppressed the expression of ICAML and prevented NFaB

activation following LPS stimulation.

HUVECs were treated for 24 h with 0.5 uM DOX = 5 mM metformin (added 24 h before DOX) or left
untreated. Thereafter DOX was removed and the cale wcubated in DOXree media with or without
metformin for an additional 72 h. Then, cells were stimulated with LPS (30 ng/mL) for an additional 24 h.

(A) Representative images of western blot are shown and the expression I€BgI<aiM -1, (C) p21,and

(D) phospheNF-a B p 6 5

to DOX+LPS treated cells. Expressed values are presented as mean + SEM. Data were analyzedyby two
ANOVA followed by a Tukey multiple comparisons testdmpared to different treatment within the same
group; *p<0.01, *** p<0.001, *** p< 0.0001. # compared to n@@nescent cells with the same treatment;

#p <0.05, ##H#p <0.001, ####p < 0.0001.
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Discussion

Doxorubicin (DOX) is a widely used chemothpy drug that has been in use since
the 1960s. Despite its effectivenesg clinical utility of DOX is limited due to its adverse
cardiovascular effects. Others and we have previously demonstrated that DOX induces
senescence in endothelial cells (EG2)1, 226, 287, 296, 343Which may contribute to
the deleterious outcomes associated with DOX. ECs play several important roles such as
maintaining vascular tone, initiating angiogenesis, and acting as a barmaidoules
circulating in the blood, all of which are impaired when ECs become senéz@énds5)

One characteristic feature of senescent cells is the secretion of SASP, which consists of
multiple components inating preinflammatory cytokines, chemokines, and proteases
(61). A recent study showed that senescent ECs have higher levels of SASP expression
compared to other senescent cell tyfde®}). Importantly, the accumulation of SASP can

have deleterious effects on the cardiovascular system. Of note, these deleterious effects
extend beyond the cardiovascular system, as overexpression of SASP has been shown to
promote cancer progreien (356) and trigger a hypenflammatory response to
inflammatory stimuli such as infectio341, 354)

Targeting senescent ECs could be a promising strategy to mitigate the
complications of DOXnduced edothelial senescence. Recent findings have
demonstrated that the removal of senescent cells using a genetic approach following DOX
administration in mice restored endothelidiependent dilation, suggesting the important
role of senescence in mediating D@Xluced vascular dysfunctiqB57) Others and we
have shown that pharmacologicgpaoaches such as senolytics can selectively induce

apoptosis in EC£343, 358) However, senolytics have limitations, including the potential
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to kill non-senescent cells and the risk of some senolytics to triggenbocytopenié359,

360) As a result, senomorphics may be another pharmacological alternative because they
modulate the senescence phenotype by downregulating the detrimental effects of SASP
without eliminating enescent cells.

Accumulating evidence has previously shown metformin to demonstrate
senomorphic and artiging actions in different models of senescence including radiation
(334, 336) hyperglycemia (361) and oxidativestressinduced senescen¢862) Two
clinical trials, including MILES (Metformin In Longéty Study), and TAME (Targeting
Aging with Metformin), have been designed to further identify the-agitig effects of
metformin (218, 363) However, the effect of metformin on DGKduced endothelial
senescenceds not been established. Recent evidence suggests that the signature of
senescence displayed by cells can vary greatly depending on the cell type and the inducer
of senescencE55, 364) Moreover, we have recentihown that the effect of senolytics
can also differ, as demonstrated by the differential response te28BTin different
senescent endothelial cell ling3) Therefore, we evaluated for the first time the effect
of metformin on modulating DOXhduced senescence in ECs. Our results demonstrate
that metformin abrogates DOMduced endothelial senescence, as evidenced by the
suppressed expression of senescence markers and decreabaghlS#ctivity. These
findings were validated using two different endothelial cell lines: primary HUVECs and
immortalized EA.hy926 endotheliderived cells, and demonstrated that metformin
suppressed DOhduced senescence markers to the same extent in both cell lines.

The present styddemonstrates for the first time that treatment of Di@duced

senescent ECs with metformin inhibits the secretion of SASP factors including pro
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inflammatory cytokines (It6, TNFU) , chemoki nes (CXCL1, CXCL:
MIP-1 U) , and p r-9.t ExeessieessecretdM & SASP promotes vascular
inflammation and can contribute to D@Xduced cardiovascular complications. Venturini

et al. recently demonstrated throughimawvitro model that SASP factors released due to
DOX-induced endothelial senesme stimulate platelet activation and aggregaticiL),

which can contribute to atherothrombotic events. In agreement with the observed anti
inflammatory effect, metformin was previously showsuppress the exmsion of SASP

factors in RASIinduced senescent fibroblag#sl6) and angiotenskhl-induced senescent

vascular smooth muscle ce(l365) Moreover, a recent clinical studyrdenstrated that

treatment with metformin was associated with a lower expression of SASP factérs (IL

and TNFU) in B cells i sol a@®66\durffimdings alslsibwed| vy p o
that metformin markedly decreased the expoessf adhesion molecules ICAY and E

selectin in DOXinduced senescent ECs. Higher expression of adhesion molecules can
increase the risk of vascular complications by facilitating the recruitment and aggregation

of leukocytes on the endothelial surfasjch triggers vascular inflammation. Together,

these findings suggest that metformin can be a promising senomorphic approach to protect
against DOXinduced vascular aging and vascular inflammation.

Recent evidence suggests that the effects of SASP d¢aygod the cardiovascular
system. Indeed, SASiRduced inflammaging was recently shown to induce a hyper
inflammatory response upon exposure to further inflammatory insults, such as the cytokine
storm induced by COVIEL9 (341) The same study showed that treating aged mice with
the pathogerassociated molecular pattern factor LPS increased the serum levels of

inflammatory SASP factors compared to young m({@él) The same amept was
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demonstratedh vitro, where the stimulation of radiationduced senescent ECs with LPS
resulted in a higher induction of inflammation compared tosemescent cell841, 354)
Together, these resultsiggest that the higher vulnerability of the aged population to
COVID-19 related mortality may be attributed, at least in part, to the accumulation of
senescent cells and the resulting hyipiammatory response. The same explanation may
also be applicabléo other conditions with a high burden of senescence, such as cancer
survivors. In agreement with this hypothesis, a recent retrospective observational study
demonstrated that childhood cancer survivors are at a higher risk of developing severe
infectionsthat require hospitalizatiof867). Furthermore, a recent populatibased study

in Italy showed that cancer survivors are at the same risk of infection with GO38/1But

have an increased risk of mortality onotected(368). The current study showed that LPS
induced a hypeinflammatory response in DOXduced senescent ECs compared to non
senescent cells. To our knowledge, this is the first study to report the effect of LPS on
DOX-induced senescent cells. These results can provide a mechanistic explanation for the
clinical findings in cancer survivors.

Consequently, decreasing the burderasfescence can be a promising strategy for
mitigating the severity of bacterial infections in these vulnerable populations. Recently,
senolytics were demonstrated to decrease the mortality of aged mice exposed to a mouse
b-coronavirus, further supportirige detrimental role of senescence in infecti@d) In
the current work, we showed that metformin significantly abolishesih&&ed hyper
inflammation and normalizes the level of SASP factors in B@¥Xiced seescent ECs.

The demonstrated ariiflammatory effects support, at least in part, recent data from the

COVID-OUT trial demonstrating a 42% relative decrease in the incidence of Long Covid
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in patients treated with metform{869). Moreover, a recent review highlighted the anti
inflammatory effect of metformin on the microvasculatas a major contributor to better

outcomes in COVIBL9 patientg370).

Conclusions

The current study showed that tieemin protected against DOMNduced
endothelial senescence as evidenced by the abrogation of senescence markers and
downregulation of SASP factors and adhesion molecules. This protective effect was
associated with inhibiti oditonall, wed Mivedatmd NF
DOX-induced senescent ECs exhibited a hyp#ammatory response to LPS compared
to nonsenescent cells. Importantly, metformin ameliorated this hylemmation.
Together, these findings suggest that metformin may serve menaising drug for
mitigating DOX-induced endothelial senescence and the resulting complications.
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Chapter 4. Doxorubicin Paradoxically Ameliorates Tumor-Induced
Inflammation in Young Mice
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Introduction

Doxorubicin (DOX), also known as Adriamycin, is one of the most widely used
chemotherapeutic agents in pediatric clinical oncpl@gspite its effectiveness in a wide
range of cancers including lymphoma, leukemia, and other pediatric cancers, DOX clinical
utility is limited due to its multiple organ toxicities. In addition to its marked cardiotoxicity
(324) DOX has been demonstrated to cause nephrotoxXi@iy, 372, 373, 374and
hepatotoxicity(375). Nearly 50% of pediatric cancer patients receive DOX as part of their
treatment protoco376) Due to effective cancer treatments, including DOX,3hear
survival rate of children diagpsed with cancer has increased from less than 60% in the
1970s to more than 80% no{®77, 378) This leads to a large population of childhood
cancer survivors (CCSs), estimated to be around 400,000. Unfortua@&g, are at high
risk of developing londerm adverse effects due to cancer treatment and/or cancer itself.

DOX has been shown to trigger systemic inflammaf®@n9, 380, 381pand an
inflammatory response in multgbrgans including the he4882), kidney(383), and liver
(384). This inflanmatory response has been shown to promote @dXced adverse
effects (385, 386) The majority of these studies reporting D@Xuced inflammation
have been conducted in turdioee animaimodels thatlo not mimic be clinical scenario
in which pediatric cancer patients receive DOX treatment after diagnosis with cancer.
Cancer per se has also been shown to cause inflammation contributing to multiple
pathologic conditions that may exacerbate Didduced toxicitie387, 388) Therefore,
there is a critical need to establish clinically relevant animal models to investigate the
mechanisms of DOXnduced multiple organ toxicities in young, turmaring mice to

study the interplapetween DOX treatment and cancer itself to cause such toxicities.
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In the current study, we investigated the inflammatory response to DOX and tumors
in a clinically relevant syngeneic Eymphoma, immunocompetent, juvenile mouse
model. This model is wellstablished in cancer reseaf@89)and is clinically relevant to
pediatric cancer patients since lymphoma is one of the most common types of pediatric
cancern(390) The use of syngeneic mice is critical for studying the inflammatory response
to both DOX and the tumor due to the critical role of the immune system in the
pathogenesis of inflammatigB91) The mice age was 5 weeks upon DOX administration,
which is equivalent to the adolescence age 0fl20/ears in human892). Additionally,
the administered DOX doses are clinically relevant to the doses received by pediatric
cancer patient&893). We first determined the effects of DOX on cardiac function in tumor
free and tumaobearing mice, since DOMduced cardiotoxicity is considerg¢de most
clinically relevant adverse effect of DOX among other multiple organ toxicities.
Thereafter, we determined the effect of DOX, the tumor, and their combination on several
inflammatory markers in the heart, liver, and kidney in addition to serurkensaof
systemic inflammation. We found that the presence of EL4 tumor elicited a strong
inflammatory response in multiple organs. Strikingly, DOX treatment ameliorated-tumor
induced inflammation paradoxical to the previously reported effect of DOX inrttne®
mice.

Since senescence can contribute to both inflammation via SASP markers and
cardiovascular dysfunction, we alsompare the extent of senescenoarkers expression
in different organs in botltumorfree and tumorbearing mice.This will allow to
understand the interplay between DOX and turand their effects on senescence

Additionally, it will provide insights about the contribution of senescence to cardiovascular
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function in this model of chronic low doses of DOX sirreeent studies shad that
chronic administration of low doses of DOX in young mice does not induce significant
apoptosis in myocardial tissu¢394, 395) suggesting that other mechanisms maybe

involved in mediating the subclinical caéstbxicity associated with low doses of DOX.

Materials and Methods

Animals

All animal procedures in this study were approved by the Institutional Animal Care
and Use Committee (IACUC) at the University of Minnesota (Protocol ID:-B&QB7A).
Juvenile (fow weeks old) malen(= 32) C57BL/6N mice were purchased from Charles
River Laboratories. All mice were given an acclimation period of three days and housed in
groups of 4 mice per cage and maintained under standard specific pafitesyEaPF)
conditions.Mice were given food and water ad libitum in a 14 h light/10 h dark cycle at 21
+2°C.

A graphical representation of the study design is showfigare 4-1A. At 4.5
weeks of age, to establish the tuAb@aring nouse model, mice were given a single
subcutaneous injection in the flank region containing 5 % B¢ lymphoma cells
suspended in sterile PB8£ 16, tumorbearing group) or an equivalent volume of sterile
PBS 6 = 16, tumotfree group). Four days aftermor inoculation, tumefree and tumer
bearing mice were randomly assigned to receive an intraperitoneal injection of DOX
(4 mg/ kg/ week for 3 weeks) or an equival en
that we had four groups including saktrteated tumofree, DOXtreated tumaciree,
salinetreated tumaobearing, and DOXreated tumabearing (1= 8 per group). To ensure
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the reproducibility of our findings, the experiment was performed in two cohorts of mice

(n = 4 per group in each cohort)nfnal weights were assessed weekly. One week after

the last dose of DOX or saline, mice from all groups were humanely euthanized by

decapitation under isoflurane anesthesia. Terminal blood was collected, and multiple

organs were harvested including heblwer, kidney, and tumor (from the tumobearing

group). Organs were rinsed in iceld phosphatbuffered saline (PBS), flasihozen in

l iquid nitrogen, and stored at 180 AC unti
In another cohort, we developed tuniimaring mouse modtevith a higher

exposure to DOXAt 5 weeks of agenale C57BL/6Nmice werenoculated witha single

subcutaneous injectioof 5 x 1¢* EL4 lymphoma cells in the flank regias mentioned

above. Tumor volume was monitoreddaily after inoculation When tumor was

measureablemice were randomly assignedrereivean intraperitoneal injection of DOX

(4 mg/kg/day or an equivalent volume of sterile saliioe six continuous dayé = 14 17

per group. Animal weights andumor volumeusing caliber were monitoredhily. Mice

with tumor volumeexceeding2000 mni were scarifiedOne day after the last dose of

DOX or saline, mice frontboth groups were humanely euthanized by decapnainder

isoflurane anesthesiand organs were harvestedo ensure the reproducitiifi of our

findings, the experiment waggormed in two cohorts of mice.
EL4 Cell Culture and Reagents

Murine EL4 lymphoma cells were kindly provided by Dr. David Largaespada
(University of Minnesota, Minneapolis, MN, USA). Suspended EL4 cells were alilatire

37 °C in RPM#1640 medium (Corning 1040-CV) supplemented with 10%v/{) fetal
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bovine serum, 100 U/ mL penicillin, and 1
atmosphere containing 5% @CEL-4 cells were harvested for injection following3
passagesCells were pelleted at 300 x g and washed 2 times with sterile PBS. Cells were
reconstituted to a concentration of 500,000 cells/mL as determined by cell count, and

cellular health was qualitatively determined visually.
Echocardiography

The effect of tums and DOX administration on cardiac function was evaluated
using transthoracic echocardiography performed one week following the last DOX
injection (= 8 per group). Echocardiography was conducted using the Vevo 2100 system
(VisualSonics, Inc., TorontoON, Canada) equipped with an MS400 transducer as
previously described396) Anesthesia was induced using 3% isoflurane and was
maintained with 12% isoflurane during the procedure. The anesthetic level was assessed
by toe pinch and monitoring respiratory rate. Micaavkeld in a supine position on a
heated physiologic monitoring stage during the procedur®idde was used to acquire
parasternal shogxis images of the left ventricle at the level of the papillary muscles.
Throughout 84 cardiac cycles, the endocardiald epicardial boundaries were manually
traced, and cardiac function and morphometric parameters were measured using the

VisualSonics cardiac measurement package of the Vevo 2100.
RNA Extraction and RealTime PCR

Total RNA was extracted from 20 mg froZesart, liver, kidney, and tumor tissues
using 300 L trizol reagent (Life Technol

manufacturerods instructions. Then, RNA con
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8000 spectrophotometer (Thermo Fisher SdientWilmington, DE, USA). Thereatfter,

firsttst rand c¢cDNA was synthesi zed -dapacityncDMA 5 ¢ g
reversetranscription kit (Applied Biosystems, Foster City, CA, USA) according to
manufacturer ds i nst r uRNAexpregsson, reime polgnersser e s p -
chain reaction (PCR) was carried out using SYBR Green (Applied Biosystems, Foster City,

CA, USA) in 384well optical reaction plates and performed on an QuantStudio 7

instrument (Applied Biosystems, Foster City, CA, USRCR reactions were performed

in a final volume of 20 €L reaction mix col
forward primer, 0.025 ¢eL 30 €M reverse pri.
(LI fe Technol ogi es, Car | s bfandcleasdte@a ,watetJ S A)

Thermocycling amplification conditions were performed as follows: 95 °C for 10 min, then

40 PCR cycles of denaturation at 95 °C for 15 s, and annealing/extension at 60 °C for 1

min. The primers selected in the current study were keteavith the PrimeBLAST

online tool and are listed ifable 4-1. Melting curve analysis was implemented to ensure

the specificity of the primers wused and t
method was used to identify relative mMRNA expression, after normalizing to 18S ribosomal

RNA (18S rRNA). Gene expssion is reported relative the control tumaefree group.

Table 4-1 Primer sequences used in this study.

Gene Forward PRBNjner Rever se p5irNj)me r Ref

Cxcll CTGGGATTCACCTCAAGAACATC CAGGGTCAAGGCAAGCCTC (397)
Cxcl9 ATCTTCCTGGAGCAGTGTGGAGTT AGGGATTTGTAGTGGATCGTGCO (398)
Cxcl1l0 ATATCGATGACGGGCCAGTGAGAA AATGATCTCAACACGTGGGCAGGA (398)

IL-1 U CGCTTGAGTCGGCAAAGAAAT TGGCAGAACTGTAGTCTTCGT (397)
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IL-1 b TCCTCGGCCAAGACAGGTCGCT CCCCCACACGTTGACAGCTAGGT (399)

IL-6 CCAGAGATACAAAGAAATGATGG  ACTCCAGAAGACCAGAGGAAAT (400)

Mcp-l GCATCCACGTGTTGGCTCA CTCCAGCCTACTCATTGGGATCA  (57)
TNF alpha CCAGACCCTCACACTCAGATCA CACTTGGTGGTTTGCTACGAC (400)
pleia GGGTTTCGCCCAACGCCCCGA TGCAGCACCACCAGCGTGTCC (397)
plt"  GCCGCACCGGAATCCT TTGAGCAGAAGAGCTGCTACGT (401)

p21°f?!  GCC TTAGCC CT ACT CTG TG AGC TGG CCT TAG AGG TGACA  (402)
Trp53 AGCTTTGAGGTTCGTGTTTGTG TGGGCAGCGCTCTCTTTG (403)

ri8S GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG (404)

Histopathology

Following mice necropsysectionsof the left ventricles of théeart, liver, and
kidney from all groups were collected € 4 per group), fixed in 10% neutral buffered
formalin and embedded in paraffin. Thereafter, foucron tissue sections of these organs
were stained with hematoxyliand eosin (HE) and evaluated for (a) inflammation
(distribution, severity, and cell type) and (b) fibrosis by a baartified veterinary

pathologist who was blinded to the experimental groups.
Measurement of Serum Inflammatory Markers

Terminal blood wagollected from animals euthanized one week following DOX
or saline administration and incubated for 20 min at room temperature to allow blood to
clot. Thereafter, samples were centgigéd at 2000 x g for 30 min af@,; serum was
col |l ect ed aOn°@ unsl use.rSerum santplesiwere analyzed by the Cytokine
Reference Laboratory (University of Minnesota, Minneapolis, MN, USA) for mouse

specificlL-6 and TNFU using the Luminex platform and
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previously described380) The magnetic bead set (catalog LXSAMSME) was
purchased from R&D Systems (Minneapolis, MN, USA). The samples were analyzed
accordingt o t he manufacturerds guidelines. Eac
color-coded beads coated with a particular capture antibody. Biotinylated detection
antibody was added after incubation and washing, followed by phycoergtimjugated
streptavidn. A Luminex instrument (Bioplex 200, BiRad Laboratories, Inc., Hercules,

CA, USA) was used to read the beads. Values were interpolated-fparafmeter equipped

standard curves after running samples in duplicate. Measurement of serum cytokines was

perfamed by lab personnel who were blinded for the experimental groups.
Statistical Analysis

All data analysis was performed using GraphPad Prism software (Version 9.0, La
Jolla, CA, USA). Data are presented as individual data points and their mean + standard
errors of the mean (SEM). Ordinary twa@y analysis of variance (ANOVA) followed by
Tukeyds multiple comparison post hoc analy
tumor models and treatment groupsr comparisons that involve only two groupatad
were analyzed via unpaired twailed ttest A p value of < 0.05 was selected to

demonstrate statistical significance.
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Results

Effects of DOX on Body Weight and Tumor Growth

The current study was established in juvenile mice to mimic the clinical scanario
pediatric cancer patients as describdéigure 4-1A. No significant morbidity or mortality
was observed in either tumbee or tumotbearing mice following exposure to DOX (4
mg/kg/week for 3 weeks), whidk in agreement with our previous study using the same
dose(225). However, juvenile exposure to DOX resulted in a significantly reduced body
weight gain compared to salitieeated miceKigure 4-1B). To assess the anticancer effect
of DOX in this EL4 lymphoma model, we measured the tumor weights following mice
necropsy. Chronic DOX administration in turdmgaring mice significantly inhibited the
EL4 tumor growth, demonstrating the anticandéeat of this dosage regimen of DOX

(Figure 4-1C).
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Figure 4-1 Model schematic diagram and body weight data.

(A) Scheme of the experimental study design to itiyate the effects of low dose DOX in EL4 lymphoma
tumor-bearing C57BL/6N juvenile mice. One week following administration of intraperitoneal DOX (4
mg/kg/week) or equivalent volume of saline for 3 weeks, the final body weight without tumors was recorded,
and @) the change from baseline body weight was calculatedd per group);€) tumors were harvested
and weighedr( = 8 per group); D) hearts were harvested from both turfree and EL4 lymphoma tumor
bearing mice one week following the administratidd mg/kg/week of DOX or equivalent volume of sterile
saline for 3 weeks and hearts weights (mg) were measured and normalized to the tibial length (mm) (HW/TL)
(n = 8 per group). Twaway ANOVA table demonstrates DOX, tumor, and interaction effects.st¢ati
significance of pairwise comparisons was determined usingt@oy ANOVA with Tukeyds
analysis. Tumor weights wer e -taleditest (*pe<d.05)¢p<DPL, unpai r e
and **** p < 0.0001).
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Effect of DOX Administration on Cardiac Function and Morphometry in Tumor-

Free and Tumor-Bearing Mice

DOX caused cardiac atrophy as demonstrated by a significant decrease in the heart
weight to tibia length (HW/TL) Kigure 4-1D). Remarkaly, cardiac atrophy caused by
DOX was augmented in tumdearing mice Kigure 4-1D). The effects of DOX, tumor,
and the combination of both on cardiac function and morphology were assessed using
transthoracic ecbhcardiography. Representative-WMbde images from each group are
displayed inFigure 4-2A. Neither DOX nor tumors caused significant changes in ejection
fraction (Figure 4-2B), cardiac outputRigure 4-2C), fractional shorteningHigure 4-2D),
left ventricular (LV) mass Kigure 4-2E), LV posterior wall thickness in diastole
(LVPW;d) (Figure 4-2F), or the LV posterior wall thickness in systole (LVPWfsigre

4-2G).
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Figure 4-2 Chronic administration of DOX (4 mg/kg/week) for 3 weeks causes a

similar cardiac response in tumorfree and tumor-bearing juvenile mice.

Tumorfree and EL4 lymphoma tumdrearing juvenile C57BL/6N male mice were administrated
intraperitoneaDOX (4 mg/kg/week) or saline for 3 weeks. Cardiac function was assessed by transthoracic
echocardiography one week following the last injectior 8 per group).A) Representative images from
parasternal short axis view of the heart acquired iMddle. Effects of DOX and tumors orBj ejection
fraction, C) cardiac output,d) fractional shorteningg) left ventricular (LV) mass,K) LV posterior wall

during diastole, and@) LV posterior wall during systole. Values are shown as means + SEMwBRWyO
ANOVA was used to determine the main effects of D@Xnor, and interaction. Statistical significance of

pairwise comparisons was determined usingw@y ANOVA wi th Tukeyo6s post
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Effect of DOX Administration on Gene Expression of Inflammatory Makers in the

Heart of Tumor-Bearing and Tumor-Free Mice

Hearts were harvested from both tunfi@e and EL4 lymphoma tumdrearing
juvenile C57BL/6N mice one week following the administration of 4 mg/kg/week of DOX
or equivalent volume of sterile saline f8rweeks § = 8 per group). Following the
extraction of total RNA, cardiac mRNA expression of inflammatory markers interleukin
l-alpha(I1 U) , i nt er lFlebu)k,i ni nlt ef)etuesar kecrokis factafiphal
(TNF- U ))inflammatory chemokines monocytesthoattractant protein 1 (Mep), and G
X-C motif chemokines (Cxcll, Cxcl9, and Cxcl10) were determined bytireal PCR.

The gene expression of multiple inflammatory markers in the heart was significantly
upregulated in tumebearing mice as compared tartor-free mice, including the pro
inflammatory cytokines It1 UFig(re 4-3A), IL-1b (Figure 4-3B), IL-6 (Figure 4-3C),

and TNF U Figure 4-3D) and the inflammatory chemokines MtFigure 4-3E), Cxcll
(Figure 4-3F), and Cxcl10Figure 4-3H). While DOX administration in tumefree mice

did not result in significant changes in the expression of inflammatory markers in the heart,
DOX administration significantly abrogated the tummiuced upregulation of HL b
(Figure 4-3B), Mcp-1 (Figure 4-3E), Cxcl9 (Figure 4-3G), and Cxcl10 Figure 4-3H).
Importantly, twoway ANOVA demonstrated a significant interaction effect in all markers
except Cxcll, Cxcl9, and Cxcl10, demonstrating the divergent effects that DOX has on

cardiacinflammatory markers in tumdsearing compared to tunyfnee mice.
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Figure 4-3 Chronic administration of DOX (4 mg/kg/week) for 3 weeks abrogate:

tumor-induced upregulation of inflammatory markers in the heart.

Hearts were harvested from both turfime and EL4 lymphoma tumdrearing juvenile C5BL/6N mice

one week following the administration of 4 mg/kg/week of DOX or equivalent volume of sterile saline for 3
weeks (1 = 7i 8 per group). Following the extraction of total RNA, cardiac mRNA expressioh)di.(1 U,

(B) IL-1 b C) IL¢6, (D) TNF-U ,E) Mcp-1, (F) Cxcl1, G) Cxcl9, and H) Cxcl10 were determined by real

time PCR. Values were normalized to 18S rRNA and expressed relative totszdieel tumofree mice.

Values are shown as means + SEM. Tway ANOVA table demonstrates DOX, tumor, antenaction

effects on the mMRNA expression. Statistical significance of pairwise comparisons was determined using two
way ANOVA with Tuk e yp&®.05p*0ps<t0.01h** @ < @001 dng *¢*t ps< 0.0001).
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Effect of DOX Administration on Gene Expression of Inflammatory Markers in the

Liver of Tumor -Free and Tumor-Bearing Mice

Livers were harvested from both turdoee and EL4 lymphoma tumdirearing
juvenile C57BL/6N mice one week following the administration of 4 mg/kg/week of DOX
or equivaleh volume of sterile saline for 3 weeka € 8 per group). Following the
extractionof total RNA, hepatic mRNA expression oflammatory markers H1 U ,-1 B L
IL-6, TNFU , i,cQxcll, Cxcl9, and Cxcll0 were determined by teak PCR.
Tumorbearing mice had significantly elevated hepatic expressitiregireinflammatory
cytokines IL-1 UFig(re 4-4A), IL-1b (Figure 4-4B), TNFU (Figure 4-4D), Cxcl9
(Figure 4-4G), and Cxcl10 Figure 4-4H) compared to tumeiree mice. Although less
remarkable, twavay ANOVA demonstrates a significant effect of the tumor on the hepatic
gene expression of 1B (Figure 4-4C). Two-way ANOVA demostrated a significant
interaction effect between tumors and DOX in CxcEig(re 4-4H). DOX administration
reduced tumoinduced upregulation of L b  a n -4 Fi§uxeR-4B & D). Neither DOX
nor tumors had a significant effect on the hepatic expression of inflammatory chemokines

Mcp-1 and CxcllFigure 4-4E & F).
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Figure 4-4 Chronic administration of DOX (4 mg/kg/week) for 3 weeks abrogates

tumor-induced upregulation of inflammatory markers in the liver.

Livers were harvested from both turrioee and EL4 lymphoma tumdirearing juvenile C57BL/6N mice one
week following the admmistration of 4 mg/kg/week of DOX or equivalent volume of sterile saline for 3
weeks (n = 8 per group). Following the extraciidnotal RNA, hepatic mMRNA expression @) IL-1 UB)

IL-1 B(C) IL-6, (D) TNF-U (E) Mcp-1, (F) Cxcl1,(G) Cxcl9, andH) Cxcl10 were determined by retiine
PCR. Values were normalized to 18S rRNA and expressed relative totsaditer] tumofree mice. Values
are shown as means + SEM. Tway ANOVA table demonstrates DOX, tumor, and interaction effects on
the mRNA expression. Statistical significance of pairwise comparisons was determined usimgytwo

ANOVA with Tukeyo6s post hoc analysis (* p < 0.05,
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Effect of DOX Administration on Gene Expression of Inflammatory Markers in the

Kidney of Tumor-Free and Tumor-Bearing Mice

Kidneys were harvested from both turitee and EL4 lymphoma tumdirearing
juvenile C57BL/6N mice one week following the administration of 4 mg/kg/week of DOX
or equivalent volume of sterile saline for 3 weeks< 8 per group). Following the
extraction of total RNArenalmRNA expression of inflammatory markers-1LU , -1 6 L
IL-6, TNFU,  ¥,aCpcll, Cxcl9, and Cxcl10 were determined by-teak PCR. In line
with the observed changes in the heart and the liver, tivaning mice had significantly
increased renal expression of fire-inflammatorycytokines Il-1 UFig(re 4-5A), IL-1b
(Figure 4-5B), TNF-U (Figure 4-5D), and Mcp1 (Figure 4-5E) compared to tumeiree
mice. Additionally, tweway ANOVA demonstrates a significant effect of the tumothe
renal gene expression of CxcHigure 4-5F), Cxcl9 (Figure 4-5G), and Cxcl10 Eigure
4-5H). DOX administration in tumebearing mice significantly ameliorated the tumor
induced upregulation of HL bFig(re 4-5B), IL-6 (Figure 4-5C), TNF-U(Figure 4-5D),
and Mcpl (Figure 4-5E). Within those markers, twavay ANOVA also demonstrated a
significant interaction between DOX and tumors demonstrating the different effects that

DOX has on renal inflammatory marken tumorbearing compared to tunyfnee mice.
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Figure 4-5 Chronic administration of DOX (4 mg/kg/week) for 3 weeks abrogates

tumor-induced upregulation of inflammatory markers in the kidney.
Kidneys wereharvested from both tumdree and EL4 lymphoma tumdrearing juvenile C57BL/6N mice
one week following the administration of 4 mg/kg/week of DOX or equivalent volume of sterile saline for 3
weeks (1 = 8 per group). Following the extraction of total RN‘anal mRNA expression o) IL-1 UB) (
IL-1 b C) IL(6, (D) TNF-U ,E) Mcp-1, (F) Cxcll, G) Cxcl9, and K) Cxcl10 were determined by retiine
PCR. Values were normalized to 18S rRNA and expressed relative totsaditer] tumofree mice. Values
are shown as means + SEM. Tway ANOVA table demonstrates DOX, tumor, and interaction effects on
the mRNA expression. Statistical significance of pairwise comparisons was determined usimgytwo
ANOVAwithTukey 6 s postp<t0OF *@andl, sgnd **p < .001, *** p < 0.0001).
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Effect of DOX Administration on Histopathological Features in the Heart, Liver, and

Kidney of Tumor-Free and Tumor-Bearing Mice

Hearts, livers, and kidneys were harvested from one cohort of tinesoand EL4
lymphoma tumotbearing juvenile C57BLAM mice one week following the administration
of 4 mg/kg/week of DOX or equivalent volume of sterile saline for 3 weeks4 per
group). Histopathological evaluation demonstrated no major pathological changes in the
heart Figure 4-6A). Only minimal inflammatory cell infiltration, demonstrated as rare foci
of minimally cellular mixed (mononuclear and neutrophilic) inflammation, was observed
in the liver tissues harvested from D@¢ated tumofree (three out of four mice), sadin
treated tumobearing (two out of four mice), and DGXeated tumabearing mice (three
out of four mice) Figure 4-6B). Histopathological evaluation of the kidneys demonstrated
no major pathological changes @il groups except DOXreated tumobearing mice
(Figure 4-6C), with two out of the four mice in this group demonstrating regions of full
thickness tubular regeneration, fibrosis, and mild interstitial inflammasifiecting

approximately 5% of total tissue area.
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Figure 4-6 Histopathological evaluation of tumorfree and EL4 lymphoma tumor-

bearing juvenile mice.
Both tumor free and tumdrearing C57BL/6N mice euthemed one week following the administration of 4
mg/kg/week of DOX or equivalent volume of sterile saline for 3 weeks. Representative images from

hematoxylin and eosin (HEStained sections @A) heart,(B) liver, and(C) kidney are shown.

Divergent effectof DOX on Serum Inflammatory Cytokines in Tumor-Free Versus

Tumor-Bearing Mice

We have previously reported that acute DOX administration elicited a systemic
inflammatory response in adult C57BL/6N mi&80). Herein, we determined the effect
of chronic DOX administration on serum levels of the inflammatory marke dhd
TNF-U, i n j uireerandltumebeaning mice. Satietreated tumoebearing mice
demonstrated a marked, though insignificant, increase in serdr(Higure 4-7A) and
TNF-U Figure 4-7B) compared to tumeiree mice. Impdantly, twoway ANOVA
demonstrated a significant interaction between DOX administration and the tumor on the

serum levels of I1t6 and TNFU . |l ndeed, DOX admi niinducadat i on

upregulation of IL6 to a similar level as control tuméree mnice (Figure 4-7A).
139



(A) (B)

2]
o
]
o
-

o Control
e DOX

o Control
* DOX

Y
i

Tumor effect p=0.2823
DOX effect p=00824
Interaction p =0.0341

. Tumor effect p=0.3251
DOX effect p=06221
Interaction p=00122

Serum IL-6 (pg/ml)
8

Serum TNF-alpha {pg/ml}

- [ 0_
Tumor-free Tumor-bearing Tumor-free Tumor-bearing

Figure 4-7 Divergent effect of DOX treatment on the serum level of inflammatory

markers in tumor-free versus tumorbearing mice.

Serum was codicted from tumofree and EL4 lymphoma tumdrearing juvenile C57BL/6N mice one week
following the administration of 4 mg/kg/week of DOX or equivalent volume of sterile saline for 3 weeks (
= 71 8 per group). Inflammatory marker8) IL-6 and B) TNF-alphawere measured using the Luminex
platform. Data are presented as the mean + SEM-Wayo ANOVA table demonstrates DOX, tumor, and
interaction effects. Statistical significance of pairwise comparisons was determined usingyt&d&OVA

wi t h Tuk e yaralysis (fp<s0t05).h o ¢

Effect of DOX administration on senescence markers expression across different
organs

Senescence can be activated a response to cancer treatments as DOX.
Additionally, senescence can be triggered as a tsmppressor response arrest cell
cycle and halt proliferatiofTherefore, we sought ®valuate the interplay between DOX
andtumor on thegene expressiolevels of senescence marke@&ven that the relative
extent of senescence has been shown to be Sgp®&o#ic in prevwus mice models of
physiological agig and accelerated aginge have measured tigene expressiolevels
of multiple senescence markensluding p21°'°%, p168™42 p19*" andTrp53in different
organs includingheart, liver, kidney, and tumor in botbmorfree and tumacbearing
mice.

In the heart, either DOX northe presence dtimor induced the geneexpression
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of all the measuredenescence markgfSigure 4-8A-D). In the liver, DOX significanty
induced the expression p21°P* andp19* compared tsalinetreated miceas shown by
two-way ANOVA (Figure 4-8A&C) . A similarincreasing trend ip16™*2expressionvas
observed with DOX;however it was not statistically significant Eigure 4-8B).
Interestingly, tmor-bearing miceexhibitedsignificantly diminished expression p21°P*
when compared to their tuménee counterparts(Figure 4-8A). Neverthelesstumor
bearing miceshowed significantly higher expression of senescence mark@@ 2
pl9f andTrp53(Figure 4-8B-D).

Similar to liver, DOX administration significantly induced the expressiop2dfP*
in the kidney compared tsalinetreated mice Kigure 4-8A). Tumorbearing mice
demonstrated significant lower expressiop®i©P* compared to tumefree mice Figure
4-8A). Contrastingly, tumor caused a dramatic increase in the expression of p16, which
was significantly abrogated after administration of D@&¥(re 4-8B). Moreover, tumor
bearing mice has shown significant increased expression of senescence pi&fKerad
Trp53(Figure 4-8C-D). In tumors,DOX administration significantly inducqaR1°P* with

no significant difference in otheenescence markgisigure 4-8A-D).
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Figure 4-8 Effect of DOX administration on senescence markerscross different

organs.
Hearts, kidneys andivers were harvested from bo#i4 lymphomaumorbearing andumor-free juvenile
C57BIl/6 miceand tumors were harvested from El4 lymphotamor-bearing one week following the
administration of 4 mg/kg/week of DOX or equivalent volurfisterile saline for 3 weeks =8 per group).
Following the extractionof total RNA, mMRNA expression otenescence markes) p21e?, (B) p16m42

(C) p19™, and(D) Trp53in these organd/alues were normalized to 18S rRNA and expressed relative to
salinetreated tumoifree mice. Tweway ANOVA table demonstrates DOX, tumor, and interaction effects
on themRNA expressionStatistical significance of pairwise comparisons was determined twgtagay
ANOVA with T u k e y 6hec apatysist{p < 0.05, *p < 0.01, *** p<0.001).
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Optimized tumor-bearing model demonstrated both chemotherapeutic benefit and

cardiac dysfunction following DOX

Since thepreviousmodel did not demonstrate cardiac dysfunction, we developed
an alternative tumebearing model, aflustrated inFigure 4-9A. In this improved model,

DOX was administered once tumors became palpainiee this would be a more clinically
relevant scenarioFurthermore, daily doses of DOX, as opposed to weehbs, were
given to amplify the cardiotoxic effe@nd ensure an adequate suppression of tumor
growth Additionally, DOX was administered for six consecutive days, ensuring a higher
cumulative dose of 24 mg/kg/week compared to the previous model (12 wedkgy/

Our results demonstrated that the new approach and DOX regimen demonstrated
the chemotherapeutic benefits of DOa&s evidenad by a significant decrease in tumor
weight in DOX-treated mice Krror! Reference source not fouByl. Monitoring tumor
volume revealed a significant decrease in tumor volume in D€ated mice, with the
effect of DOX becoming significant following thé'4lose of DOX Figure 4-9C). Since
DOX was administered when tumor is palpakle,verified there was no difference in the
starting tumor volume at enrolimenFigure 4-9D). Furthermore survival curves
demonstrated that the used DOX reginseibstantidy improved the survival of tumer
bearing mice compared to saktreated micgFigure 4-9E). Body weights demonstrated
a significant decrease in DOiXeated compared to sali#eated tumobearing mice
(Figure 4-9F). This was also associated with a significant decrease in the heart weight to

tibia length (HW/TL) Figure 4-9G).
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Figure 4-9 Optimized tumor-bearing model demonstrates chemotherapeutic benefit

of DOX.
(A) Experimental design of tumdrearing study. Male C57BL/6 mice underwent tusimoplantation by

subcutaneous injection of EL4 cells in the flank region. Once tumemns palpable, mice were divided into

two groups treated with saline or DOX (4 mg/kg/day) for 6 days (n = 22 per group). One day after the last
dose of DOX or whenever tumor volume exceeds 2000 ,nine3mice were euthanize(B) The tumor

weights followingnecropsy are showr{C) Daily tumor growth curves following assessment of tumor
volume (mm3) in both groups. Asterisks denote significant differences as evaluated by multipl¢D)ests.
The starting tumor volume before starting treatm@t.Survival cuves demonstrate the effect of DOX on

the survival of mice. The survival was assessed using the K&yda@r curve and was compared using a
log-rank test. Following necropsgf) final body weights without tumor were recorded &G4 hearts were
harvestedand their weight were measured relative to tibia length (mg/mm). Data are presented as means +
SEM. Data were analyzed via unpaired #i@ded ttest. ** p < 0.01, **** p < 0.0001.

Assessing cardiac function in this model proves to be particularly chiltgn
especially in the salinéreatedtumorbearing mice. The difficulty arises due to the
variability in tumor growth rates among individual mice, leading to inconsistent
timeframes for the tumors to reach a volume of 2000 mm3. This variability resaltack
of comparability when assessing cardiac function at different time points acrostine
Consequently, to circumvent this issue, we opted to uwshartof salinetreated, tumor
free mce, comparing their cardiac function to that of D&@¢aed, tumorbearing mice.

In doing so, we aimed to isolate and bettederstand the effects of this DOX regintn
cardiac function. Additionally, we included another cohort of tufnee mice subjected to

the same DOX regimeo furtherdissecttheimpactof the tumorfrom that of DOX This
distinction is crucial since in a clinical setting, cancer patients are exposed to both tumors
and DOX, while norcancer patients do not receive DOX.

Our findings demonstrated that this DOX regimen was able to indudeca
dysfunction as evidenced by a significant decrease in cardiac function parameters including
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cardiac outputFigure 4-10B), stroke volume Kigure 4-10C), ejection fraction(Figure
4-10D), and fractional #ortening Figure 4-10E). Moreover, ardiac morphometry
parameters includingV mass(Figure 4-10F), LV posterior wall duringsystole Figure
4-10G), and LV posterior wall duringdiastole Figure 4-10H) were significantly
decreased in DOXreated mice. Importantly, there was no significant difference between

DOX-treated tumofree and tumebearing miceKigure 4-10).
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Figure 4-10 Optimized tumor-bearing model demonstrated cardiac dysfunction

following DOX.
Mice were divided into three groups: salimeated tumoifree, DOXtreated tumoifree that were injected

with DOX (4 mgkg/day) for 6 days, and DOXeated tumobearing mice that were injected with the same

regimen of DOX once tumors were palpable. Cardiac function was assessed by transthoracic
echocardiography one day following the last injectior (6-12 per group).A) Representative images are

shown. Effects of DOX and tumors oB)(cardiac output, ) stroke volume(D) ejection fraction,(E)

fractional shorteningH) LV mass, G) LV posterior wall end systole, and) LV posterior wall end diastole.
Valuesareshowas means N SEM. Data were analyzed by ordin:e
multiple comparisons test. *90.05, **p < 0.01, *** p< 0.001, **** p < 0.001.

The effects 0DOX on the expression of senescence markers were evaluated. DOX
significanty induced the senescence mark@1°P (Figure 4-11A) while it hadno effect
on p16™4a (Figure 4-11B). This finding aligns with the results observed in the delayed

cardiotoxicity model discussed in the next chapter.
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Figure 4-11 Effect of DOX on cardiac expression of senescence markers in the

optimized tumor-bearing model
Male C57BL/6 mice underwent tumanplantation by subcutaneous injection of EL4 cells in the flank
region. Once tumors were palpable, migere divided into two groups treated wisaline or DOX (4

mg/kg/day for 6 days One day after the last dose of DOX or whenever tumor volume exceeds 2600 mm

the mice were euthanizeohd hearts were harvesteBollowing the extraction of total RNA, cast
MRNA expression of4) p21°?* and(B) p16"™“2were determined by reéime PCR(n = 811 per group)
Values were normalized t®-actinand expressed relative to salimeated tumobearingmice. Values are
shown as means = SEMata were analyzedaiunpaired twdailed ttest. *p < 0.05,** p< 0.01, *** p<

0.00L.
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Discussion

Around 10,000 children will be diagnosed with cancer in the United States in 2021
(378). Thanks to advanced diagnosis, novel treatments, and improved care models, the
survival rate has increased dramatically over the past 40 years and has reached around 85%
(378). However, this increased survival comes with a cost. Indeed, childhood cancer
survivors have a considerably increased risk for multiple chronic health conditions
includingpremature cardiovascular diseaé#35), mainly due to cancer treatment and/or
cancer itself. Nearly 50% of pediatric cancer patients receive doxorubicin (DOX), a
cardiotoxic anthracyclinélthough a few tumabeaing preclinical models studied DOX
induced toxicity in adult animalgl06, 407, 408)most animal models for juvenile DOX
cardiotoxicity have been established in tusfree mice, which precludes the significant
role that tumors may pla¢t09, 410, 411, 412)mportantly, there is only one recent study
that described the cardiotoxic effects of DOX in juvenile tuivearing mice(413)
Although important, this study used immunocompromised nude mice implanted with
human cancer cells. This approach precludes studying the role of the adaptive immune
system that is known to be critical in D@Xduced toxicity and inflammatio(14). To
study the interaction between DOXnd tumotinduced inflammation, we used EL4
lymphoma syngeneic immunocompetent tushearing mice.

The cardiotoxic effects of DOX are shown to be dependent on the cumulative dose
(324) Therefore, the current treatment protocols usually do not exceed this threshold.
Consequently, the rates of severe cardiovasadeplications have decreased recently
(415) However, juvenile DOXnduced cardiotoxicity is often characterized in preclinical

models using high cumulative doses of DOX that are enough to cause immediateeat delay
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cardiac dysfunctiorf416, 417, 418, 419We have previously shown that low doses of
DOX administered to young mice did not cause immediate cardiac dysfunction but rather
a latent (subclinical) cardiotoxicity wt¢th can be unmasked by exposure to aduoftet
cardiovascular stressors such as high blood pre$2R8 or psychosocial stregg20)
Remarkably, these latent cardiotoxéffects are rarely characterized in juvenile animal
models. Thereforean the current study, both tuménee and tumaobearing juvenile mice

were administered a lodose DOX regimen (4 mg/kg/week for 3 weeks) as a model for
latent DOX cardiotoxicity225). This dosage regimes equivalent to a human dose of 40
mg/n? (421), which is relevant to the low range of clinical doses used to treat hematologic
malignancies in pediatric cancer patien893) We demonstrate that chronic
administration of low doses of DOX inhibited EL4 tumor grovabnfirming that this low

dose DOX regimen still offers anéincer effectsThis was consistent with a previous study
which demonstrated that DOX (6 mg/kg for three doses) resulted in complete tumor
regression in the majority of EL4 tumbearing micg422). It was critical to demonstrate

the chemotherapeutic benefit of the ldase DOX regimen in this mouse model so that it
can be used in the future for evaluating potential cardioprotective stratega¥itm that

they do not compromise the chemotherapeutic benefit of DOX before translating to the
clinical settings.

Consistent with our previous findings, chronic administration of DOX (4
mg/kg/week) for 3 weeks caused a significant decrease in bodiitveempared to saline
treated mice. Cancénduced cachexia, one of the complications associated with cancer
that occur due to tumaterived factors, is associated with a decreased body mass.

Nevertheless, in the current study, there was no marked di¢fera body weight gain in
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salinetreated tumobearing mice relative to salirieeated tumofree mice. This can be
explained by EL4 lymphoma cells having been shown to not induce cachexia and being
considered nofcachectic cancer cellg23) DOX caused significant cardiac atrophy
without reducing the contractile function of theart in both tumefree and tumebearing
mice. Additionally, DOXinduced cardiac atrophy was augmented in tub@aring mice.
This is consistent with previous studies showing cardiac atrophy in toeaoing mice
compared to tumeiree mice(424, 425, 426nd supported by the clinical evidence of
cardiac atrophy in anthracyclisieeated childhood cancer survivde27, 428, 429, 430)
Experimental and clinical evidence g@gts that cardiac atrophy caused by low/divided
doses of DOX is mediated by DGKduced cardiomyocyte atropliy94, 431, 432)while

high doses of DOX may cause cardiac atrophy due to apoptotic and necrotiattedmid
loss of cardiomyocyte§t33) Since we used low doses of DOX in the current study, the
observed cardiac atrophy in DGtkeated mice is most likely attributed to cardiomyocyte
atrophy.

In addition to its candtoxicity, DOX itself was shown to trigger systemic
inflammation and upregulate multiple inflammatory markers in the heart, kidney, and liver,
which can contribute to DO¥duced cardiotoxicity, nephrotoxicity, and hepatotoxicity,
respectively(382, 383, 384, 385, 386ln addition to DOX, cancer itself has been shown
to trigger an inflammatory response that initially starts within the tumor microenvironment,
and then the secreted cytokines can result in a sysiaftacmmatory responsé434),
which could also affect multiple distal nometastatic organ@35). Clinical studies have
shown that childhood cancer survigdrave elevated levels of inflammatory cytokines. For

example, Ariffin et al. demonstrated that childhood cancer survivors of acute lymphoblastic
150



leukemia have elevated levels of plasmaipfammatory marker§187). However, there

is paucity of dhical studies that assess the effects of cancer treatment on inflammation in
distal organs since human biopsies for these organs are challenging and rare. Considering
all of that, we sought to determine the effect of chronic low doses of DOX on thessapres

of inflammatory markers in tumdrearing mice in multiple organs including heart, liver,

and kidney and systemically in the serum.

Most previously conducted animal studies emphasize how cancer therapeutics
promote inflammation or cardiac dysfunctievhile the effects of cancer development are
not well researched. Intriguingly, cancer itself can affect cardiovascular health through
independent signaling pathways other than those triggered by cancer trd@6¢nh a
recent clinical study, chemotherapgive patients with newly diagnosed lymphoma
demonstrated reduced cardiac chamber volumes compared to healthy vol(#86grs
One of the suggested pathways in which cancer could affect the heart is through cancer
induced inflammatior{437). In agreement with that, we demonstrated an increase in the
expression of multiple itdmmatory markers in the heart in EL4 turb@aring mice
compared to the tumdree group. However, the triggered inflammation did not cause
pathological alterations in the heart tissue within the timeline of our current experiment.
The longterm effect othe observed inflammatory response on cardiac pathology is yet to
be determined. Interestingly, DOX administration in twhearing mice attenuated the
tumorinduced inflammatory response.

Next, we sought to determine if the interaction between tumorB@xdon hepatic
inflammation would be the same. DOX administration has been shown to trigger

inflammation in the liverwhich can contribute to DOXduced hepatotoxicit{874, 438)
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Notably, these studies used aiOX administration and tumdree mice. By contrast,
our chronic low dose DOX (4 mg/kg/week for 3 weeks) did not induce significant
upregulation of inflammatory markers in turrioee mice. Previous EL4 tumdwearing
mice models demonstrated elevated lee¢ ALT and AST, which suggests moderate liver
damage, due to accumulation of immune cells in the lii&89) Consistent with these
results, we demonstrated an upregulation of hepatic inflammatory markers an tum
bearing mice compared to the tunfoge group. In agreement with our findings in the
heart, DOX administration in tumdrearing mice attenuated turaduced inflammation
in the liver. Rare foci of inflammatory cell infiltration were observed in aligsoof mice,
except for the salineated tumofree mice.

DOX also was shown to increase the expression ofrfl@mmatory markers in
the kidneys in previous animal studieghich can contribute to DOXduced
nephrotoxicity(383). However, the chronic low dose of DOX did not significantly alter
the expression of inflammatory markers in turfree mice. Similar to the heart and liver,
we demonstrated an increase in the expression of inflammatory markers innidngs kd
tumorbearing mice. This was consistent with a previous study that demonstrated that
expression of renal inflammatory markers and adhesion molecules are upregulated in
kidneys of tumotbearing mice in a phenotype that is similar to acute renarégi35).
Importantly, tumotinduced upregulation of inflammatory markers was abrogated by DOX
administration. Intriguingly, pathological changes were detected only in kidney tissues of
DOX-treated tumobearing mce, an observation that warrants further investigation in
future studies.

We also soughtto investigate the effects of DOX and tumors on systemic
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inflammation. DOX itself has been shown in previous models to induce systemic
inflammation (380, 440) However, the DOX regimen used in our study did not cause a
significant increase in serum inflammatory markers in tufres mice. In agreement with

a previous EL4 tumebearing mouse mod¢#39) we demonstrate that EL4 lymphoma
induced a systemic upregulation of serpno-inflammatory cytokines. Paradoxically,
DOX administration in tumebearing mice ameliorated the turinduced systemic
inflammation, an effect that may be attribdtto suppression of tumor growth by DOX.
Although this observation is in contrast to other studies demonstrating-ibiDXed
inflammation in tumoifree mice, it concurs with studies conducted in tulrearing mice
(437, 441) suggesting widely divergent effects of DOX treatment in tufres versus
tumorbearing mice.

Our resultsalso showed that exposure to low doses of D@M not induce
senescence markers in the heart, aligning with the findings of previouscheskeat
utilized cumulative dose in the same range and observed no inductidifBt or p1642
in the hearts of DOXreated mice(442, 443) Importantly, our findings highlight a
complex interaction betweengtumor and DOX across various tissues. Specifically, DOX
was capable of inducingR1°?lin both the liver and tumor, but not in the hearkioiney:
Additionally, DOX exclusively inducedp19"" in the liver but not in other organs.
Interestingly, mice wh tumors exhibited reducqaP1°P'expression in both the liver and
kidney, while showing increased levelspdfd™“?andp19*" in these organs.

The tumorbearing model established in this study exhibited a number of
limitations. One notable limitatiowas that DOX was administered 3 days poetulation

before the tumor became palpabke more clinically relevant approach would be to
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administer DOX only when the tumor becomes palpable, reflecting the clinical scenario
where patients diagnosed with canceceive DOX treatment. Another limitation was the
inability of the weekly low doses of DOX to induce cardiac dysfunction. Notably, the
tumor's effects on inflammation and senescence markers were more pronounced than those
of DOX. Consequently, the ingi model proved suboptimal for investigating DOX
induced cardiac dysfunction and its associated mechanisms. Addressing these limitations,
we introduced an alternative turdloearing model in which mice were treated with higher
cumulative dose of DOX (24 mgd) administered when tumors were palpable. This model
captured the chemotherapeutic efficacy of DOX demonstrating by decreasing the tumor
volume and weight. Importantly, this model unveiled cardiac dysfunctionQ@oxt
treatment. Notably, our results segf) that the effects on cardiac function were mainly
driven by DOX with no effect of tumor as demonstrated by lack of differences in cardiac
parameters between DOGXeated tumor free and tumbearing miceln summary, his

model will be optimal foevaluding future cardioprotective strategies, ensuring that they

protectthe heart without undermining the chemotherapeutic efficacy of DOX.

Conclusions

In conclusion, our present study demonstrates that the presence of EL4 tumor elicits
a strong inflammatoryesponse that can be attenuated by Bi¥iced suppression of
tumor growth. Additionally, characterizing DOX toxicity in this clinically relevant model
emphasizes the divergent effects that DOX has in tdreervs. tumotbearing mice. This
highlights the eed to develop and use appropriate models to characterize DOX effects so

that the findings can be closer to the real clinical scenddipsmizing our approach and
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dosage regimen, we developed a new model that captures both the chemotherapeutic
benefit of DOX and DOXinduced cardiac dysfunctios u gplr ec | i ni c al mod el
opti mum model s for testing novel cardiopr
chemotherapy, e.g., DOX before thelomgiesmt at i on
goal toprevent cancer treatmemtduced cardiovascular complications in childhood cancer

survivors.
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Chapter 5. Sex-related Differences in Delayed Doxorubicin-induced
Cardiac Dysfunction in C57BL/6 Mice

Contents of this chaptare under consideration for publication.
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Introduction

Over the pasyears, advances in the diagnosis and treatment of cancer patients have
resulted in a substantial increase in the population of cancer survivors, estimated to exceed
18 million in the US (8.3 million males and 9.7 million femalé$}4). Unfortunately,
these survivors are burdened with many loergn health complications mainly induced by
the cancer therapies they received. Among these complications, cardiovascular diseases
are a major concern in cancer surviv@4s). Multiple cancer treatments, e.g., doxorubicin
(DOX), induce cardiotoxicity that can develop many years aftecelsation of therapy.

DOX is one of the most widely used chemotherapeutic drugs in clinical onc@egpite

its effectiveness in a wide range of cancers, including hematological cancers and solid
tumors, its clinical utility is limited due to its do$ieniting cardiotoxicity that can be
immediate (acute), within 1 year (chronic), or many years after completion of treatment
(delayed)446)

Sex is among the risk factors asisted with DOXinduced cardiotoxicity, along
with the total cumulative dose, age,-administration of other cardiotoxic drugs, and
comorbidities(447). Using preclinical mouse modelsthers and wéave demonstrated
that female mice are protected from both ac(#d8) and chroni DOX-induced
cardiotoxicity(449, 450) Notably, the same observation was demonstrated in other DOX
induced toxicities, including nephrotoxici(¢51) and systemic inflammiin (452) We
have also reported sexual dimorphism in a rat model of delayed -iDdd¢ed
cardiotoxicity, but without exploring the underlying molecular mechanig4i3)
Therefore, the objective of the current study was to elucidate the mechanisms of sexual

dimorphism in a mouse model of delayed Dihduced cardiotoxicity.
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Although the mechanisms of sealated differencesin DOX-induced
cardiotoxicity are not fully understood, previous studies have implicated multiple factors,
including sex hormones, differences in the immune response, variations in body
composition, mitochondrial biogenesis, and calcium homeogisss 455) In the past
decade, cellular senescence has been recognized as a contributor to canceintheragy
complications(456) In fact, DOX has been shown to induce senasedn different
cardiovascular cells using vivo andin vitro models(456) Importantly, senescent cells
exhibit a distinct phenotype known as the seneseasseciated secretory phenotype
(SASP), characterizedylthe secretion opro-inflammatorymarkers that induce a low
grade of chronic inflammation called inflammagidé 7). These altered characteristics of
senescent cells may play a crucial role in the development of adverse cardiovascular effects
(458). However, it remains unknown whethitrere are sexelated differences in DOX
induced senescence that may mediate the observed sex differences mddcet
cardiotoxicity. Therefore, we determined the sex differences in the delayed effects of DOX
on the expression of senescence and inflatmmanarkers.

Currently, there is paucity of preclinical studies tle#td proteomics approaches to
evaluate the sex differences in Dé@Xluced cardiotoxicityPrevious proteomics studies
that characterized DOXduced cardiotoxicityvere conducted in male animals, with a
focus on acute cardiotoxicity modgi59) Therefore, we sought to identify additional
potential targets associated with the observed sex differences by conducting unbiased
cardiac proteomic profiling Our findings demonstrate that lmamice exhibit greater
susceptibilitythan female micdo delayed DOXnduced cardiotoxicity and unbiased

proteomic analysis identified several sexually dimorphic differentially expressezins
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Materials and Methods

Animals

All animal procedurs in this study were approved by the Institutional Animal Care
and Use Committee (IACUC) at the University of Minnesota (Protocol ID:-B&QB7A).

Male (n = 11) and femalen(= 13) C57BL/6N mice were purchased from Charles River
Laboratories (WilmingtonMA, USA). All mice were acclimated for seven days and
housed in groups of-8 mice per cage. Mice were maintained under standard specific
pathogeHrree (SPF) conditions and given food and water ad libitum in a 14 h light/10 h
dark cycle at 21 + 2°C.

At five weeks of age, both male and female mice were randomly assigned to receive
an intraperitoneal i njecti om=6arale @8 (4 mg/
female) or an equivalent volume of sterile saline (control group5 male and female)
(Figure 5-1A). Animal weights were assessed weekly. Six weeks after the last dose of
DOX or saline, mice from all groups were humanely euthanized by decapitation under
isoflurane anesthesia. The healiteers, and kidngs were harvested. Organs were rinsed
in ice-cold phosphatéuffered saline (PBS), fladinozen in liquid nitrogen, and stored at

-80°C until further analysis.
Echocardiography

The delayed effect of DOX administration on cardiac function was evaluated usin
transthoracic echocardiography that was performed five weeks following the last DOX
injection ( = 5-8 per group). Echocardiography was conducted using the Vevo 2100

system (VisualSonics, Inc., Toronto, Ontario, Canada) equipped with an MS400 transducer
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as previously describe(B96) Anesthesia was induced using 3% isoflurane and was
maintained with 12% isoflurane during the procedure. The anesthetic level was assessed
by toe pinch and monitoring the respiratory rate. Mice were held in a supine position on a
heated pisiologic monitoring stage during the procedureMdde was used to acquire
parasternal shogxis images of the left ventricle at the level of the papillary muscles.
Endocardial and epicardial boundaries were manually traced eveaBliac cycles, and
cardiac function and morphometric parameters were measured using the VisualSonics

cardiac measurement package of the Vevo 2100.
RNA Extraction and RealTime PCR

Total RNA was extracted from 20 mg frozen heler, or kidneyus ng 300 ¢ L
TRl zol reagent (Life Technol ogi es, Carl sba
instructions. Then, RNA concentrations were quantified using a Nanodrop 8000
spectrophotometer (Thermo Fisher Scientific, Watham, MA, USA).-firahd cDNA
wa s synthesized from 1.5 -eapacityo dDNAt reversel RNA
transcription kit (Applied Biosystems; Thermo Fisher Scientific) according to the
manufacturerdéds instructions. Timepog®mier e sSp.
chain reactn (PCR) was carried out using SYBR Green (Applied Biosystems) in 384
well optical reaction plates and performed on a QuantStudio 5 instrument (Applied
Biosystems; Thermo Fisher Scientific). PCR reactions were performed in a final volume
of 20 elminxeaxothisorsting of 1 €L c¢cDNA sampl e,
0.025 €L 30 €M reverse primer, 10 eL SYBR

nucleasdree water. Thermocycling amplification conditions were performed as follows:
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95°C for 10 min,followed by 40 PCR cycles of denaturation at 95°C for 15 sec and
annealing/extension at 60°C for 1 min. The primers used in the current study were checked
with the PrimesBLAST online tool and are listed ifable5-1. Melting cuve analysis was

implemented to ensure the specificity of the primers used and the purity of the final PCR

product . The oq@pCt

normalization to factin. Gene expression is reported relative to sateeted male mice.

met hod was used

Table 5-1 Primer sequences used in this study.

Gene Forward p3d)mer Reverse poréi)mer Ref
B.Actin  TATTGGCAACGAGCGGTTCC GGCATAGAGGTCTTTACGGATGTC (460)
Nppb  AGTCCTTCGGTCTCAAGGCA CCGATCCGGTCTATCTTGTGC (461)
Myh7  TGCAAGGCTCCAGGTCTGAGGGC GCCAACACCAACCTGTCCAAGTTC (462)
Bax CGAATTGGAGATGAACTGGACAG CTAGCAAAGTAGAAGAGGGCAAC (463)
Bcl2 TTGTAATTCATCTGCCGCCG AATGAATCGGGAGTTGGGGT (463)
Tnfa CCAGACCCTCACACTCAGATCA CACTTGGTGGTTTGCTACGAC (400)
II-1a CGCTTGAGTCGGCAAAGAAAT TGGCAGAACTGTAGTCTTCGT (397)
-1 TCCTCGGQAAGACAGGTCGCT CCCCCACACGTTGACAGCTAGGT (399)
I1-6 CCAGAGATACAAAGAAATGATGG ACTCCAGAAGACCAGAGGAAAT (400)
I1-10 GGTTGCCAAGCCTTATCGGA ACCTGCTCCACTGCCTTGCT (464)
p21°iPt GCCTTAGCCCTCACTCTGTG AGCTGGCCTTAGAGGTGACA (402)
ple™a  GGGTTTCGCCCAACGCCCCGA TGCAGCACCACCAGCGTGTCC (397)
pl®"  GCCGCACCGGAATCCT TTGAGCAGAAGAGCTGCTACGT  (465)
Trp53  AGCTTTGAGGTTCGTGTTTGTG TGGGCAGCGCTACTTTG (403)
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Protein Extraction and In-Solution Digestion

Protein extraction and sample preparation were performed similarly to previously
published researqd66)with the following changes. Briefly, after protein extraction, a 25
kg aliquot of each sample was transferred to a new 1.5 mL microfuge tube and brought to
the same volume with protein extraction buffer. All samples were diluted fivefold with
water, and then trygin (Promega, Madison, WI, USA) was added at a 1:40 ratio of trypsin
to total protein. Samples were incubated overnight for 16 h at 37°C. After incubation, each
sample was acidified to 0.2% formic acid and then brought to 0.5 mL with 0.2% formic
acid in wder. Each sample was cleaned with a 1 CC Waters Oasis MCX Prime cartridge
(Waters Corporation, Milford, MA, USA). The eluates were vacuum dried and resuspended
in 100k [0.1 M triethylammonium bicarbonate, pH 8.5, to a final concentration of 1 pg/uL.
Forech channel within the TMTproE 16pl ex, a
and the samples were | abeled with the cori
Reagent (Thermo Fisher Scientific) per the
sanples were multiplexed together into a new 1.5 mL microfuge tube. The multiplexed
TMTproE 16pl ex s arnphceo Thesampld was adedned vadtivenl CC
Oasis C18 solid phase extraction cartridge (Waters Corporation), and the eluate was dried

in vacua
Peptide Liquid Chromatography Fractionation

The labeled sample was resuspended in 100 pL of 50 mM ammonium formate, pH
10. Fiftyk [of sample was injected and fractionated offline by high pH C18 revptszse

(RP) chromatography as described poegly (466) with the following changes. Briefly,
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peptidecontaining fractions were divided into three egunal mber ed gr oups:

Ami ddl eo, and Al at e 0 .-abAs owroblaunncee euquaa lls y toof
fraction was concatenated with the first
of 10 concatenated fractions. Concatenated fractions were lyophilized and cleaned with the

Stop and Go Extraction Protocol (STAGE t{gh7).

Proteomics Analysis

Raw datawvereanalyzed using the Proteome Discoverer softwaregptatfversion
2.2 (Thermo Fisher Scientific). The threshold for identifying significantly differentially
expressed proteins (DEPs) was adjusted to a false discovery rate (FDR) < 0.05 for DOX
treated males vs. saliteeated maleand DOXtreated females vsalinetreated females.
Thep values were calculated using a 'backgroutest by Proteome Discoverer software
and were adjusted using the Benjantitichberg multiple correction test. The -up
/downregulategbroteins in the DOXreated maleand DOXtreated females were further
analyzed using R (version 4.1,.@nd volcano plots were generated to visualize proteins

with fold change (FC»1.5 and FDR < 0.05.
Validation of Differentially Expressed Proteins (DEPs) by Western Blot

Protein was extracted fromozen heart tissues as previously descr{dé®) The
protein concentration was determined using the Pierce bicinchoninic acid (BCA) protein
assay kit following the instructions provided by the manufacturer (Ri€hrm¥mo Fisher

Scientific). Subsequently, each sampl e

W

pol yacryl amide gel electrophoresis (SDS PA
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rabbit antibodies against hemopexin and haptoglobin (catalog-38%60 and MA-
35716; diluted at 1:1000) and primary mouse antibody against Orm1 (catalo@B7&D,

1:500 dilution) were purchased from Thermo Fisher Scientific. Additionally, primary
rabbit antibody against alptiabulin (catalog 2144; diluted at 1:1000) was obtaifnech

Cell Signaling Technology (Danvers, MA, USA). HRBnjugated secondary amtiouse
(catalog 118035-146) and antrabbit antibodies (catalog 11185144) were purchased
from Jackson ImmunoResearch (diluted at 1:10,000; West Grove, PA, USA). ImageJ
software (National Institutes of Health, Bethesda, MD, USA) was utilized to quantify the
intensities of the bands. Alpttabulin protein levels were used as normalizing loading

controls.

Statistical Analysis

All data analysis was performed using GraphPagn®Pgoftware (Version 9.0, La
Jolla, CA, USA). Data are presented as individual data points with mean + standard error
of the mean (SEM). Ordinarytwway anal ysi s of wvariance ( ANC
multiple comparison post hoc analysis was used tgependifferent treatment groups in
each sex. For experimental resultsp avalue of < 0.05 was selected to demonstrate

statistical significance.
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Results

Sex Differences in Body and Heart Weights

The current study was conducted in male and female juveitiie to characterize
the delayed cardiac effects following chronic exposure to DOX in both sexes. As illustrated
in Figure 5-1A, male and female mice received a repeated low dose of DOX 4 mg/kg/week
for six consecutive weeks (cumulative dose of 24 mg/kg). Thereafter, mice were left for
five weeks without drug administration to assess the delayed effects of DOX exposure.
Mortality was observed in one male mouse (1/6, 17%) following the third dose of DOX.
No significant morbidity or mortality was observed in female mice. Significant inhibition
of body weight gain occurred in DOiXeated maleKigure 5-1B) but not female mice
(Figure 5-1). Notably, these effects were significant in males as early as the third dose of
DOX (Figure 5-1B). Furthermore, the ability of DX-treated male mice to gain weight
was not restored during the recovery phase, and their final body weight was still
significantly lower than that of salifeeated mice Kigure 5-1D). Additionally, a
significantdecrease in heart weight was observed only in B@Xted male mice-{gure

5-1E).
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Figure 5-1 Experimental design and body weight results.

(A) Experimental desigto characterize the sex differences in delayed Ex@iced cardiotoxicity. At five

weeks of age, male and female mice were administered intraperitoneal injections of DOX (4 mg/kg/week) or

an equal volume of saline (control) for six consecutive weeksodaetiography was performed 5 weeks

after the last dose of DOX to evaluate cardiac function and morphometry. One week later, all mice were

sacrificed, and tissues were collected for further analysis. Weekly body weights throughout the experiment

were recoded in(B) male and(C) female mice. Asterisks denote significant differences as evaluated by

multiple t tests. Six weeks following the last dose of DOX, mice were sacrificedDarttie final body

weights of male and female mice were measured. More{lZghearts were harvested, and their weights

(mg) were measured and normalized to the tibia length (mmpb{8 per group); data are represented as the

means + SEMs. Statistical significance was determined usingvtwwey A NOV A wi t h

analyss (* p < 0.05 and **** p < 0.0001).
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Sex Differences in Delayed DOnduced Cardiac Dysfunction

Transthoracic echocardiography was used to measure cardiac function five weeks
after the last DOX injectioto determine the delayed cardiotoxic effects of D@EKure
5-2A). Administration of DOX induced cardiac dysfunction in male but not female mice,
as demonstrated by a significant decrease in cardiac otiguté¢ 5-2B), stroke volume
(Figure 5-2C), ejection fraction Figure 5-2D), and fractional shortenindrigure 5-2E)
compared to salingeated mice. Additionally, cardiac morphometry asseskgd
echocardiography revealed cardiac atrophy only in Bif@4ted male mice, as shown by
a significant decrease in left ventricular (LV) maBg(re 5-2F) and LV anterior wall
thickness at endystole (LVAW:;s) Figure 5-2G), which was in agreement with the

observed reduction in heart weights in D@Xated male micd~{gure 5-1E).
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Figure 5-2 Sex-related differences in delayed DOXinduced cardiotoxicity.

Cardiac function was assessed by transthoracic echocardiography five weeks following the last DOX

injection (n=5-7 per group)(A) Representative images acquired imiMbde fromthe parasternal sheaixis

view. Effects of DOX on cardiac function parameters, includBigcardiac output(C) stroke volume(D)

ejection fraction,(E) fractional shortening and cardiac morphometry parameters, inclugihdeft

ventricular (LV) mass&nd(G) LV anterior wall thickness at erslstole (LVAW;s) were evaluated in male

and female mice. Values are represented as the means + SEMs. The statistical significance of pairwise

comparisons was determined bytwaay ANOV A wi

*** 1< 0.001, and ****p < 0.0001).
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There were no significant differences in other cardiac morphometry parameters
between salineand DOXtreated mice in either s¢Xable 5-2).

Table 5-2 Cardiac morphometry parameters five weeks after the last DOX injection

in male and female mice.

Cardiac morphometry was assessed by echocardiography in ma&3 &nd femalesn(
=5-7).Values are represented as the means = SEMs. The statistical significance of pairwise

comparisons was determined bytway ANOVA with Sidakdoés post
5-week post DOX
Parameter Male Female
Saline DOX p value Saline DOX p value
LVAW;d (mm) 1.18+0.08 0.96+0.09  0.16 1.02+0.10 1.06+0.06 0.93
LVPW;s (mm) 1.15+0.05 1.02+0.16 051 1.11+0.03 1.00+0.06 0.57
LVPW;d (mm) 0.73+0.03 0.73+0.12  0.99 0.72+0.02 0.68+0.05 0.9
LVID;s (mm) 2.63+0.09 2.85+0.23  0.58 2.38+0.18 238+0.11  0.99
LVID;d (mm) 3.95+0.07 3.88+0.18 0.91 3.67+0.15 3.55+0.06 0.7
LVESV (uL) 24.42+1.89 32.62+598 0.24 19.62+2.92 19.56+2.42 0.99
LVEDV (uL) 68.32+3.76 63.37+7.59 0.76 55.63+5.60 50.32+3.03 0.69

To determine whethehe observed changes in cardiac function and morphometry
are associated with pathological changes at the molecular level, we measured the gene
expression of markers for cardiac stress and remodeling. Significant upregulation of the
geneexpression oNppb(Figure 5-3A) andMyh7 (igure 5-3B) was observed only in the
hearts of male mice following DOX treatment. Together, these results suggest sex
differences in the delayedardiotoxic effects of DOX, with male mice being more
susceptible to delayed cardiotoxicity than females. Since apoptosis has been shown to be
an important determinant of DOGMduced cardiotoxicity(469) we meaured the gene
expression of apoptotic markers in the heart. No significant differences were observed in

the cardiac expression of the apoptotic marker-Bassociated X proteinfBell
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lymphoma2 (Bax/Bct2) (Figure 5-3C).

3 157 —— 2.57 © Saline
- ok o Saline . . © Saline g _ . * DOX

§E H * DOX § = e DOX GE
ﬁ E . ﬁ E H § 201
S gl Sa
ge 2 . ) 10 3015 o
L] o o @ ]
PR o |e ° . P g o
&= g o 4.0 g
o ® (= N o©
a g 1 o [ ':E g 5 E E A .
§s o = 0 % 905
= == > Q . & =

0 oL 59 E il 0.0

Male Female Male Female Male Female

Figure 5-3 Sex differences in DOXinduced markers of cardiac stress and apoptosis.
Male and female mice were administered intraperitoneal injections of BOXg/kg/week)or an equal
volume of sahe (control) for six consecutive weeks. Six weeks following the last dose, all mice were
sacrificed, and hearts were harvestEdereafter, total RNA was extracted, and cardiac mMRNA expression
of the cardiac stress markérg Nppband(B) Myh7and(C) the apoptotic markdBax/Bcl2was determined
byreat i me PCR. Val ue s -astieancexpessednadtivie to satireated mabe micen(=

5-8). Values are shown as the means + SEM® statistical significance of pairwise comparisons was
determined by twavay ANOVAwith  Si dakds popk0Udham *pr@ddl)si s ( *

Effect of DOX Treatment onthe Gene Expressiorof Senescence Markers in Heart,

Liver, and Kidney

DOX has been shown to induce senescence in different cardiovascular cells,
including cardiomyocytescardiac fibroblasts, cardiac progenitor cells, and endothelial
cells, bothin vivo andin vitro, as reviewed in456) Importantly, the accumulation of
senescence contributes to D@Xluced cardiotoxicity(470). Indeed, a recent study
demonstrated that the administration of navitoclax, a potent senolytic drug, improved
cardiac function in DOXreated C57BL/6J femalaice (442)

To determine the role of senescemntenediating the observed sex differences in
the current study, we measured the gene expression of several senescence markers,

includingp168™42 p19f p21°PL andTrp53 in the hearts of male and female mice. Our
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results show thgi21°?*was the onl markersignificantly upregulated in the heart of both
male and female mice treated with DOKdure 5-4A), with no significant alteration of
pl6"™4a and p19" (Figure 5-4B & C). Interestingly, the expression dirp53 was
significantly lower in DOXtreated female mice than in sakltreated miceKigure 5-4D).

No significant change iTrp53 expression was observed in D@iated male mice
(Figure 5-4D). Given that previous studies have reported tissue selectivity in the ekten
senescence inductiqh7, 471) we measured the expression of senescence markers in the
liver and kidney Similar to the heart, DOX induced hepatic gene expressip@15P*in

both male and female micEi§ure 5-4A). Notably, the upregulation @21°P*was more
pronounced in the liver than in the heart. In contrast to the heart, the expregsiéf<tT
was induced by DOX in both male and female livéfgijre 5-4B). Other markers of
senescence were not significantly altered by DOX in either male or female Figunse(
5-4C & D). In the kidneyDOX only induced the gene expression of p21 in the kidneys of
both male and feale micewith no significant changes intteer markers of senescence
(Figure 5-4A-D).

Collectively, our results demonstrate that D@duced senescence has tissue
specific effects. However, onlirp53 exhibited sgually dimorphic expression following
DOX exposure, with no significant sex differences in the extent of induction of other
senescence markers in the heart, suggesting that other mechanisms may mediate the

observed differences in delayed cardiotoxicity.
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Figure 5-4 Expression of senescence markers in heartsrers, and kidneys
Hearts livers, and kidneysvere harvested from male and female mice 6 weeks following the administration
of 4 mg/kg/week DOX or an equivalent volume dadrde saline for 6 weeks (n 5 8 per group). Following
the extraction of total RNA, the mRNA expression of senescence markers, indlppic"?, (B) p16m42
(C) p19*, and (D) Trp53 was determined by reali me P CR. Val ues w@mramd nor mal
expressed relative to saliieated male mice. Values are shown as the means + SEMs. The statistical
significance of pairwise comparisons was determined byviveoy ANOVA wi t h Si dakbés po:
(* p<0.05, *p<0.01, ** p<0.001, and *** p < 0.0001).
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Effect of DOX Treatment on the Gene Expression of Inflammatory Markers inthe

Heart, Liver, and kidney

Senescence is also characterized by overexpression of the senessentzted
secretory phenotype (SASP), which includes multgleinflammatoryfactors that can
play a role in DOXinduced cardiotoxicity. We measured the expression of several
inflammatory markers in the hearliwers, and kidneysf male and female mice treated
with DOX or saline.DOX significantly reduced the cardi@xpression ofTnfUin both
sexesand the renal expression @hf-Uin female mice(Figure 5-5A). The hepatic
expression o nf-Uappeared to be decreased in male and female mice treated with DOX,
although this was not signifint Figure 5-5A). DOX treatment had no significant effects
on the cardiac expressionmi-inflammatorymarkers, includingl-1 ((Figure 5-5B) and
II-1R (Figure 5-5C) in either sex. However)l-1U expression was significantly
downregulated in DOXreated female mice but not in maieghe liverand in both sexes
in the kidney(Figure 5-5B). Similar to the results observed in the heart, no significant
changes were observed in hepatic expressidhbffin DOX-treated mice of either sex
(Figure 5-5C). However,ll-1b was significantly downregulad in DOXtreated female
mice onlyin the kidney. No significant changes were observell-éacross all organs
(Figure 5-5D). Notably, the expression of the antnflammatory markerll-10 was
significantly downegulated in the hearts and livers of D@Xated male but ndemale

mice (Figure 5-5E) and it wassignificantlydecreased in both sexes in the kidneys.
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Figure 5-5 Expression of inflammatory markers in hearts livers, and kidneys
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Hearts livers, and kidneysvere harvested from male and female mice 6 weeks following the administration

of 4 mg/kg/week DOX or an equivalent volume of sterile saline for 6 week&{8 per group). Following

the extraction of total RNA, the mRNA expression of inflammatory markers, incl@dngntU (B) Il-1 U,

(©) II-113,(D) 11-6, and(E) 11-10, was determined by readli me

PCR. Val ues

wer e

expressed relative to saliieated male mice. Values are shown as the means + SHidsstatistical

significance of pairwise conapisons was determined by twoa y

(* p< 0.05, **p < 0.01, and **p < 0.001).
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Cardiac Proteomics Analysis Reveals SeRRelated Differences in Delayed DOX

Induced Cardiotoxicity

Pulverized heart tissues were used intgowmics analysis using Proteome
Discoverer software platform, version 2.2 (Thermo Fisher Scientific, Waltham, MA). The
mass spectrometry data were generated, and the Principal component analysis (PCA) plot
highlights the similarities l&een the biologicareplicates.There was a separation
between male and female mice, ilgstrated in Figure 5-6A. Furthermore, distinct
separation was observed between Dideéted males and saltreated malesHigure
5-6A). The same pattern of separation was observed betweenti2@dd and saline
treated female@-igure 5-6A).

Differentially expressed proteins (DEPs) wedentified by using FR < 0.05.
Overall, 2461 proteins were identified, where 29 and 46 proteins wereangp
downregulated DEPs in males, whereas 35 and 28 weendmownregulated in females.

The volcano plot was generated after adjusting the threshold forttgaked vs dme-

treated maleand DOXtreated vs salinweated females 0 F C  OFDR < ®05.dnn d
males, the narrow fold change resulted in 18 downregulated and 5 upregulated DEPs
(Figure 5-6B), while in females, there were 6 downregulated and 7 upregulated DEPs

(Figure 5-6C).
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Figure 5-6 Proteomic analysis of DOXtreated male and female mice.

(A) PCA plot separated by sex and treatment for male and female myicé per group). Volcanglot of
the DEPs using cutoff at rati®  1and¥DR < 0.05 in(B) DOX-treated vs salintreated maleand(C)
DOX-treated vs salinfreated females.

The proteins that were upregulated in hearts from Bf@Xted males were beta
( Bmyosin heavy chain, nadiretic peptides A, myosin regulatory light chain 2, and LYR
motif-containing protein 7, and downregulated proteins included serine protease inhibitor
A3K, apolipoprotein All, hemopexinjmmunoglobulin kappa variable B3, alphal-acid
glycoprotein 1, imfmunoglobulin heavy constant gamma 1, apolipoproteid, A
immunoglobulin heavy constant Mu, immunoglobulin kappa constantunoglobulin
heavy variable 481,immunoglobulin heavy constant gamma 2B, immunoglobulin heavy
variable 182, and major urinargrotein1ll (Figure 5-7A). The upregulated proteins
observed in DOXreated females were tubulin beta 1 class VI, pleckstrin, thrombospondin
1, interferon gammaduced GTPase, and coronin 1A, and the downregulatedips
were SRSF protein kinase 2 and golgin subfamily A membéig8ie 5-7B). The proteis
that were elevated in both the male and female groups were immunoglobulin heavy
constant alpha, while the proteins tare downregulated in both the male and female

groups were encoded by the immunoglobulin heavy constant gamma 2C, immunoglobulin
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heavy constant gamma 3, immunoglobulin lambda varialdler1, and skel et al
actin gens (Figure 5-7C). A primary hemoglobin binding protein, haptoglobin (Hp), was
significantly downregulated in males; conversely, it was upregulated in the female group

(Figure 5-7C).
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Figure 5-7 Cardiac proteomic analysis demonstrates sexually dimorphic DEPs in
response to DOX.

Hearts were harvested from male and female C57BL/6N mice 6 weeks following the administration of 4
mg/kg/week DOX or an equivalemblume of sterile saline for 6 weeks £ 5-8 mice per group). Following

the extraction of protein, proteomic analysis was conducted at the Center of Metabolomics and Proteomics
(CMSP). Differentially expressed proteins (DEPs)Ah males only(B) females only, andC) DEPs in both

males and females are shown.
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To validate the findings of the proteomics analysis, western blotting was used to
detect the protein levels of three acute phase proteins, haptoglobin;laplth
glycoprotein (orml), and hemaxya, in the hearts of DOXreated males and females.
These proteins were selected since they were recently demonstrated to contribute to DOX
induced cardiotoxicity. Additionally, they have been shown to be related-16.IBoth
haptoglobin Figure 5-8A) and orm1 Figure 5-8B) were differentially decreased solely
in DOX-treated male mice, aligning with the proteomics results. Notably, the expression
of haptoglobin and orml1 was significantly higher in satieated males than in saline
treated females, as determined by-tway ANOVA (Figure 5-8A & B). This finding is
consistent with a recent proteomic analysis conducted in the hearts of male and female
C57BL/6J mie, where haptoglobin was found to be enriched in male @#2. Another
study focusing on the spleen of C57BL/6 male and female mice demonstrated a similar
pattern, showing increased gene expression levels obdlaptn in postpubertal male
mice compared to agmatched female mic@73) Unlike our proteomics results, no
statistically signifiant change was observed in the protein expression of hemopexin in

DOX-treated male micd={gure 5-8C).
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Figure 5-8 Western blot validation of proteomic data.

Hearts were harvested from both male and female C57BL/6N mice six weeks following the administration
of 4 mg/kg/week DOX or an equivalent vate of sterile saline for 6 weeks£5-8 mice per group). Western
blotting was conducted to measure the protein expressi@) dfaptoglobin(B) orm1, andC) hemopexin

(n = 5-8). Representative images of western blots are shown. Values were norntakzeddulin and
expressed relative to the salitreated male group/alues are shown as the means + SEM®g statistical
significance of pairwise comparisons was determined byviveoy ANOVA wi t h Si dakoés
(** p<0.01 and ***p < 0.001).

Intriguingly, HP promoted the production of aitflammatory IL-10 in a diabetic
mouse model of myocardial infarctiq@d74), suggesting gotential link between the
observed sexually dimorphic regulation of10 and HP in response to DOKo evaluate
thishypothesiswe evaluated the correlation between the protein expression of haptoglobin
and gene expression of-1D in the heartWe also evaluated the correlati@thers
differentially expressed acute phase protel@sml and Hemopexinwith the gene
expression of #10. Our findings demonstrated a significasttong positivecorrelation
betweenHaptoglobin with 11-10 (Figure 5-9A) and significant moderate correlation
betweerOrm1with II-10 (Figure 5-9B). No correlation was observed between Hemopexin

and IF10 (Figure 5-9C).
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Figure 5-9 Correlation between protein expression ofacute phase proteins anadjene

expression of 1+10in the heart.
Correlation betweerht cardiacprotein expressiaof (A) Haptoglobin (B) Orm1, and(C) Hemopexinas
evaluated by western bjoand the gene expression of10, asevaluated by PCRPear sondés <corr el

analysiswas conducted in GraphPad prism.
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