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Abstract  

My dissertation project belongs to the newly emerging field of cardio-oncology, 

which is an interdisciplinary field that integrates both cardiology and oncology with the 

end goal to mitigate cardiovascular complications induced by cancer treatment. Cancer 

survivorship has remarkably improved over the past decades; nevertheless, cancer 

survivors are burdened with multiple health complications primarily caused by their 

cancer therapy. Cancer treatment has been associated with accelerated aging that can 

lead to early-onset health complications typically experienced by older populations. In 

particular, cancer survivors have an increased risk of developing premature 

cardiovascular complications. These cardiovascular complications are the second 

leading cause of death in cancer survivors after cancer itself. One of the most 

cardiotoxic cancer treatments is anthracyclines e.g. doxorubicin (DOX), which is one 

of the most widely used chemotherapeutic agents in pediatric oncology with nearly 50% 

of pediatric cancer patients receiving anthracyclines as part of their treatment regimen. 

Over the past two decades, cellular senescence has been proposed as an 

important mechanism of premature cardiovascular diseases. DOX has been shown to 

induce senescence in different types of cardiovascular cells. The main objective of my 

dissertation is to characterize the mechanisms of DOX-induced senescence in cell 

cultures and in clinically relevant murine models and determine the role of senescence 

in DOX-induced cardiotoxicity. Additionally, in recent years, a novel group of drugs 

called senotherapeutics has been developed to mitigate the adverse effects of cellular 
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senescence. Senotherapeutics can be divided into two broad categories: senolytics and 

senomorphics each targeting senescence via distinct mechanisms. Preclinical research 

has demonstrated the potential of several approaches to mitigate cancer therapy-

induced senescence. However, strategies to prevent and/or treat cancer therapy-induced 

cardiovascular senescence have not yet been translated to the clinic. Therefore, another 

objective of my dissertation is to determine the protective effects of emerging 

senotherapeutics against DOX-induced cardiovascular toxicity. Ultimately, my long-

term goal is to prevent cardiovascular complications thereby improving both the quality 

and quantity of survivorsô lives. 

In Chapter 1, I will establish the foundation for my dissertation. I will begin by 

elucidating how therapy-induced senescence can contribute to cardiovascular 

complications. Thereafter, I will summarize the current in vitro, in vivo, and clinical 

evidence regarding cancer therapy-induced cardiovascular senescence. My emphasis 

will be on endothelial cell senescence since it has been shown to be a key player in 

numerous cardiovascular complications. Finally, I will discuss interventional strategies 

that have the potential to protect against therapy-induced cardiovascular senescence.  

In Chapter 2, I first established a comparative characterization of DOX-

induced senescence phenotype in immortalized EA.hy926 endothelial-derived cells and 

primary human umbilical vein endothelial cells (HUVECs). While past research has 

highlighted differences between immortalized and primary Endothelial Cell (EC) 

models in some characteristics, the response of DOX-induced senescent ECs to 
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senolytics has not been determined across these two models. Following DOX exposure, 

both EA.hy926 and HUVECs shared similar senescence phenotypes, characterized by 

upregulated senescence markers, increased SA-ɓ-gal activity, cell cycle arrest, and 

elevated expression of the senescence-associated secretory phenotype (SASP). 

Thereafter, I utilized the established model to assess the senolytic activity of four 

senolytic therapies: dasatinib, quercetin, fisetin, and ABT-263 (navitoclax) across both 

EC types. Dasatinib, quercetin, and fisetin demonstrated a lack of selectivity against 

DOX-induced senescent EA.hy926 cells and HUVECs. In contrast, ABT-263 

selectively induced the apoptosis of DOX-induced senescent HUVECs but not 

EA.hy926 cells. Mechanistically, DOX-treated EA.hy926 cells and HUVECs 

demonstrated differential expression levels of the BCL-2 family proteins. In 

conclusion, the results of this chapter suggest that both EA.hy926 cells and HUVECs 

demonstrate similar DOX-induced senescence phenotypes but they respond differently 

to ABT-263, presumably due to the different expression levels of BCL-2 family 

proteins. 

In Chapter 3, I determined the effect of metformin on DOX-induced 

endothelial senescence. Metformin showed senomorphic properties in different models 

of senescence; however, the effects of metformin on DOX-induced endothelial 

senescence have not been reported before. For this objective, I used the established 

DOX-induced endothelial senescence model in chapter 2. ECs were 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 expression, SA-ɓ-gal activity, and SASP 

secretion were assessed. To delineate the molecular mechanisms, the effects of 

metformin on major signaling pathways were determined. Results demonstrated that 

metformin effectively corrected DOX-induced upregulation of senescence markers, 

exhibiting similar effects in HUVECs and EA.hy926 cells. For subsequent experiments, 

we primarily utilized HUVECs, as they offer a more clinically relevant model. In these 

experiments, metformin decreased the secretion of SASP factors and adhesion 

molecules in DOX-treated cells. These effects were associated with a significant 

inhibition of the JNK and NF-əB pathway.  

Another important feature of senescent ECs is that they exhibit a hyper-

inflammatory response to lipopolysaccharide (LPS). Therefore, in this study, I also 

identified the effects of metformin on DOX-induced endothelial senescence and LPS-

induced hyper-inflammation in senescent ECs. The effect of LPS ± metformin was 

determined by stimulating both senescent and non-senescent ECs with LPS for an 

additional 24 h. A significant hyper-inflammatory response to LPS was observed in 

DOX-induced senescent ECs compared to non-senescent ECs. Importantly, metformin 

blunted LPS-induced upregulation of pro-inflammatory SASP factors. In conclusion, 

the results of Chapter 3 showed that metformin mitigates DOX-induced endothelial 

senescence phenotype and ameliorates the hyper-inflammatory response to LPS. These 

findings suggest that metformin may protect against DOX-induced vascular aging and 

endothelial dysfunction and ameliorate infection-induced hyper-inflammation in DOX-
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treated cancer survivors.  

In Chapter 4, my objective was to develop a murine model to identify the 

effects of DOX on senescence and senescence-associated inflammation in young 

tumor-free and tumor-bearing mice. DOX-induced cardiotoxicity has been extensively 

studied in tumor-free mouse models. However, it is more clinically relevant to use a 

tumor-bearing mouse model as this can optimize our understanding of the interplay 

between tumor and DOX-induced cardiotoxicity. Additionally, cancer itself activates 

inflammation and senescence leading to multiple pathologic conditions. Moreover, 

potential cardioprotective senotherapeutics should be tested in tumor-bearing animal 

models to confirm that they do not interfere with the chemotherapeutic benefits of 

chemotherapy. To establish a model of DOX-induced cardiotoxicity in young tumor-

bearing mice, four-week-old male immunocompetent C57BL/6N mice were injected 

subcutaneously with murine EL4 lymphoma cells in the flank region, while tumor-free 

mice were injected with vehicle. Lymphoma was chosen as my tumor model since 

lymphoma is one of the most common types of pediatric cancer. Three days following 

tumor implantation, both tumor-free and tumor-bearing mice were injected 

intraperitoneally with either DOX (4 mg/kg/week) or 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 using real-time PCR and ELISA, respectively. 

DOX treatment significantly suppressed tumor growth in tumor-bearing mice and 
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caused significant cardiac atrophy in both tumor-free and tumor-bearing mice. EL4 

tumors elicited a strong inflammatory response in the heart, liver, and kidney. 

Strikingly, DOX treatment ameliorated tumor-induced inflammation paradoxical to the 

effect of DOX in tumor-free mice, demonstrating a widely divergent effect of DOX 

treatment against inflammation in tumor-free versus tumor-bearing mice. Both DOX 

and the tumor induced organ-specific markers of senescence. No significant changes 

were observed in the heart, while the liver showed the most pronounced induction of 

markers of senescence. Optimizing our approach and dosage regimen, we developed a 

new tumor-bearing model that captures both the chemotherapeutic benefit of DOX and 

DOX-induced cardiac dysfunction. This model will be optimal for evaluating future 

cardioprotective strategies, ensuring that they protect the heart without undermining the 

chemotherapeutic efficacy of DOX.  

In Chapter 5, I sought to determine the contribution of DOX-induced 

senescence to delayed DOX-induced cardiotoxicity. Another objective of this chapter 

was to identify sex differences in delayed DOX-induced cardiotoxicity since sex has 

been demonstrated to be an important risk factor for DOX-induced cardiotoxicity and 

to determine the underlying molecular determinants of the observed sexual 

dimorphism. Five-week-old male and female mice were administered intraperitoneal 

injections of DOX (4 mg/kg/week) or saline for 6 weeks. Echocardiography was 

performed 5 weeks after the last dose of DOX to evaluate cardiac function. One week 

later, all mice were sacrificed, and hearts, livers, and kidneys were collected for further 
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analysis. Gene 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 male, but 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 of Nppb and Myh7 were observed in DOX-treated male mice. No sex-

specific effects were observed in DOX-induced expression of apoptotic, senescence, 

and pro-inflammatory markers. However, the anti-inflammatory marker Il -10 was 

significantly reduced in the hearts of DOX-treated male but not female mice. Proteomic 

analysis identified several proteins that were differentially expressed after DOX 

treatment in a sex-specific manner, including acute phase proteins such as haptoglobin, 

orosomucoid 1, and hemopexin. The findings of this chapter reveal that male mice are 

more susceptible to delayed DOX-induced cardiotoxicity. Additionally, no sex-specific 

changes in senescence markers were observed in DOX-treated mice, suggesting that 

mechanisms other than senescence are associated with the observed sex differences. 

This work was the first to assess sex-specific proteomic changes in a mouse model of 

delayed DOX-induced cardiotoxicity. Proteomic analysis identified several sexually 

dimorphic DEPs, many of which are linked to acute phase proteins and are associated 

with the anti-inflammatory marker Il-10. 

To conclude the thesis, I highlighted the conclusions and future research 
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directions to mitigate therapy-induced cardiovascular senescence in cancer survivors 

(Chapter 6). 
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Introduction  

 Thanks to the continued advance of diagnosis, therapy, and care models of 

cancer, there are more than 15 million cancer survivors in the United States and this 

number is expected to increase (1). Nearly 85% of cancer survivors have a high risk of 

developing chronic adverse health conditions, age-related disorders, and frailty, mainly 

due to cancer and/or cancer treatment (2). 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 and geriatric syndromes (3). 

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 process (4). In particular, cancer survivors have an increased risk of 

developing premature cardiovascular complications. Cardio-oncology has emerged as 

a novel clinical/scientific discipline with a goal to prevent and/or treat cardiovascular 

diseases in cancer patients, particularly those arising as adverse effects of cancer 

treatment (5). While cardio-oncology has recently been acknowledged as a clinical sub-

specialty (6), the cardiovascular adverse effects of cancer treatment were recognized 

more than 40 years ago. For instance, the cardiotoxicity of anthracyclines was reported 

in cancer patients in the early 1970s (7, 8). Despite the known cardiotoxic effects of 

these anticancer agents, they are still commonly used to treat a wide variety of 

malignancies in pediatric and adult cancer patients, due to their effectiveness as 

anticancer agents. Although every effort has been exerted to design safer anticancer 
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agents, it seems that the occurrence of cardiovascular adverse effects during cancer 

treatment is inevitable, since newer anticancer drugs have also demonstrated significant 

cardiovascular adverse effects. For instance, trastuzumab has been shown to cause 

cardiac dysfunction in breast cancer patients, which was exacerbated if used in 

combination with anthracyclines (9, 10). The proteasome inhibitor, carfilzomib, has 

been reported to cause cardiovascular adverse events in more than 18% of patients (11). 

Similarly, cardiovascular adverse effects have been reported in cancer patients 

receiving tyrosine kinase inhibitors e.g. sunitinib (12) and immune checkpoint 

inhibitors e.g. nivolumab and ipilimumab (13). 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 treatment-induced 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 progress to end-stage heart failure (15, 16). DOX has demonstrated acute, 

chronic, and delayed toxic effects on the cardiovascular system. The acute effects occur 

in approximately 11% of patients during or soon after DOX administration and include 

various arrhythmias, hypotension, and acute heart failure (17, 18). On the other hand, 

chronic DOX cardiotoxicity is dose-dependent and results in irreversible 
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cardiomyopathic changes that affect 9% of patients treated with DOX in the first year 

after therapy and 30% of adult survivors of childhood cancer. The exact mechanism of 

anthracycline-induced cardiotoxicity and its progression to heart failure has not been 

fully elucidated yet; however, several mechanisms have been proposed. These 

mechanisms include increased oxidative stress, mitochondrial dysfunction, apoptotic 

cell death, altered molecular signaling, perturbed myocardial energy metabolism, and 

recently cardiovascular cellular senescence (17, 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 generation (23). In addition, mitochondrial DNA damage induced directly by 

DOX or indirectly by DOX-generated ROS leads to respiratory chain failure and 

generation of more ROS (24). DOX-induced oxidative stress is evident through 

increased levels of ROS, lipid peroxidation, and reductions in endogenous antioxidants 

and sulfhydryl group levels (25, 26, 27).  

DOX-induced cardiotoxicity has also been associated with cardiomyocytes 

apoptosis (18). DOX-generated ROS promotes the release of calcium from the 

sarcoplasmic reticulum, leading to an increase in intracellular calcium levels (28). 

Mitochondria can capture a large quantity of the released calcium, eventually leading 

to the release of cytochrome c and apoptosis inducing factor (29, 30). In addition, DNA 

lesions induced directly by DOX or indirectly by DOX-generated ROS result in 

increased expression and activation of p53, which up-regulates genes such as the pro-
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apoptotic BAX (31). Necrotic cell death is also implicated in DOX-induced 

cardiotoxicity. Several studies have demonstrated that cardiac expression of pro-

inflammatory cytokines, inflammatory cell infiltration, and necrotic cells are increased 

in the hearts of DOX-treated animals (18, 32). Mechanistically, DOX-generated 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 death (33). Autophagy has also been shown to contribute 

to DOX-induced cell death (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 receiving DOX treatment (35, 36, 37). 

This energetic deficit caused by DOX has been firstly attributed to the compromised 

mitochondrial function (22). More recently, DOX-induced cardiotoxicity has been 

shown to affect the phosphotransfer network of creatine kinase and the AMPK 

signaling pathway (38).  

Over the past decade, numerous studies have delineated ferroptosis as another 

key mechanism involved in doxorubicin (DOX)-induced cardiotoxicity (39, 40, 41). 

Ferroptosis is a form of regulated cell death characterized by an iron-dependent 

accumulation of lethal lipid peroxides. The accumulation of iron within mitochondria 

impairs cellular antioxidant defenses, resulting in oxidative damage and subsequent 

mitochondrial dysfunction, which ultimately leads to cell death. Previous studies have 

demonstrated that DOX preferentially targets mitochondrial DNA, thereby promoting 
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mitochondrial iron accumulation via several mechanisms including interfering with 

heme synthesis (40) and disruption of iron transport (41). Corroborating these findings, 

elevated mitochondrial iron levels have been demonstrated in the hearts of DOX-treated 

patients with cardiomyopathy(41). Importantly, targeting these mechanisms through 

administration of heme precursors like 5-aminolevulinic acid (5-ALA) (40) or over 

expression of iron transport protein ABCB8 (41) have shown efficacy in ameliorating 

DOX-induced cardiotoxic effects, demonstrating the potential of targeting ferroptosis 

as a therapeutic strategy to mitigate DOX-induced cardiotoxicity. 

Finally, strong evidence suggests that cardiovascular senescence plays a role in 

DOX-induced cardiotoxicity. Cellular senescence, a state of permanent cell-cycle 

arrest, has been identified in the past two decades as an essential component of cell 

response to cancer treatment, including chemotherapy and radiation, as reviewed 

previously by several authors (42, 43, 44). Additionally, accumulating evidence 

implicates senescent cardiovascular cells in the onset and/or exacerbation of multiple 

cardiovascular diseases (CVDs) (45, 46, 47). In particular, vascular senescence has 

been identified as a significant contributor to multiple CVDs including atherosclerosis 

(48), hypertension (49), and stroke (50). Multiple types of cells are involved in vascular 

senescence including endothelial cells (ECs) (51), vascular smooth muscle cells (52), 

and endothelial progenitor cells (53).  

The objective of this chapter is to summarize and critically evaluate the current 

knowledge about anthracyline-induced cardiovascular senescence. I will first delineate 
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the role of cardiovascular cellular senescence in CVDs with more focus on endothelial 

cells senescence. Thereafter, I will discuss the mechanisms by which anthracyclines 

induce senescence in cardiovascular cells. Finally, I will discuss potential protective 

strategies that can mitigate senescence in cardiovascular cells and hence prevent 

premature cardiovascular complications in cancer patients and survivors. 
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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 thereafter as ñHayflick Limitò (54). Later, it became clear that senescent cells 

accumulate with aging in many tissues of most vertebrates (55, 56, 57). Senescent cells 

also have characteristic changes in structure, morphology, gene expression, and 

metabolism (58). Senescent cells are metabolically active, have a more flattened and 

irregular shape, and have enlarged nuclei, that are sometimes multinucleated (59). 

Other features of senescence include increased activity of senescence-associated ß-

galactosidase (SA-ß-gal), upregulation of cell cycle inhibitors, e.g., p16Ink4a and p21Cip1, 

and accumulation of DNA damage foci and senescence-associated heterochromatin 

foci (SAHF) (55, 60). Another hallmark feature is the expression of the senescence-

associated secretory phenotype (SASP) (61). SASP encompasses multiple soluble and 

insoluble components, including inflammatory cytokine interleukins [IL-1Ŭ, IL1ɓ, IL-

6, IL-8, IL-18, CCL-2, tumor necrosis factor-alpha (TNF-Ŭ)], chemokines, growth 

factors, matrix metalloproteinases (MMP-1, -2, -3, -7, -8, -9, -10), serine proteases, and 

extracellular matrix 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 functions (62). Notably, 
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SASP components can vary depending on the cell type and causes of senescence (58). 

Importantly, there is no single marker of senescence that is specific. Thus, multiple 

endpoints must be measured to identify senescent cells (63). 

Cellular senescence has essential physiological roles in embryonic development 

(64) and wound healing (65). Senescence also represents a primary tumor-suppression 

mechanism in response to oncogenic activation (66), a process known as oncogene-

induced senescence (OIS) (67) and to prevent the replication of a damaged genome 

leading to mutagenesis and potentially carcinogenesis. Thus, senescence evolved 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 and age-related 

disease (68, 69, 70). Indeed, cellular senescence is one of the hallmarks of aging and 

accumulation of senescent cells contribute to pathophysiology of several age-related 

diseases including chronic kidney disease (71), type 2 diabetes (72), diabetic 

nephropathy (73), Alzheimerôs disease (74, 75), osteoarthritis (76, 77), osteoporosis 

(78, 79), multiple sclerosis (80), and chronic lung diseases, e.g. chronic obstructive lung 

diseases (81) and asthma (82). 

 Senescence can 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 cells (83). However, cell non-autonomous 

effects of the SASP seems to dominate in disease processes, as clearing senescent cells 
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can improve stem cell function (84) and reverse frank tissue damage (85). SASP can 

induce senescence in neighboring non-senescent cells by paracrine signaling, which is 

described as a ñbystander effectò. The bystander effect occurs both in vitro (86) and in 

vivo (87, 88). Intriguingly, even a small number of senescent cells (10%) is enough to 

spread senescence in vitro (89) and shorten health and lifespan in vivo (70). Co-culture 

of late passage senescent fibroblasts with early passage fibroblasts caused an increase 

in DNA damage markers in the young bystander cells via gap junction-mediated cell-

to-cell communication (86). SASP also promotes chronic low-grade inflammation, 

known as ñinflammagingò (90). Additionally, senescent cells may induce senescence 

in immune cells, known as immunosenescence, via SASP, leading to persistent and 

excessive accumulation of senescent cells (91). 

Cellular senescence driven by different types of cancer therapy, including 

chemotherapy and radiation, is called therapy-induced senescence (TIS) (92, 93). TIS 

is extensively studied in tumor cells and is a desirable outcome since senescence 

impedes tumor growth (94, 95). However, recent studies 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 relapse (96, 97). Unfortunately, 

cancer therapy can also induce senescence in healthy non-tumor cells, leading to 

multiple adverse effects (44). Different types of cells can be affected by TIS including 

stem cells, bone marrow, and cardiovascular cells (98). 

Cardiovascular aging is associated with cell death and structural remodeling, 
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such as fibrosis, stiffness, circulatory impairment, and hypertrophy, which ultimately 

leads to heart failure (89). These changes occur with both chronological and accelerated 

aging. Notably, 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 diseases (99, 100, 101, 

102). Recent studies demonstrate a significant accumulation of senescent vascular 

smooth muscle cells (VSMCs) and endothelial cells (ECs) in the walls of 

atherosclerotic vessels (101). Using transgenic mice, Childs et 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 cytokines and chemokines (103). SASP inflammatory 

components, such as IL-6 and TNF-Ŭ, also contribute to the development of CVDs 

(104). Additionally, senescence-mediated inflammaging boosts the risk of endothelial 

dysfunction, insulin resistance, and atherosclerosis (105). Moreover, excessive matrix 

metalloproteinases (MMPs), another SASP component, in cardiomyocytes induce 

sarcoplasmic proteins proteolysis, which eventually impairs cardiac contractile 

function (106). Cellular senescence may also contribute to thrombosis. In a recent 

study, administration of DOX in p16-3MR transgenic mice induced senescence 

markers in the liver and the secretion of multiple homeostasis-related factors regulated 

by SASP, which potentiated blood clotting and resulted in shorter bleeding times 

relative to controls (107). Interestingly, the activated clotting induced by DOX was 
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mitigated by clearance of senescent cells (107). 

Since senescence occurs at the cellular level, it is important to discuss how 

senescence in different populations of cardiovascular cells contributes to the 

pathogenesis of CVDs. By understanding this, the role of senescence in inducing cancer 

therapy-induced cardiovascular adverse effects can be predicted. 

Senescent Cardiomyocytes  

It is hard to define the senescence of cardiomyocytes as cell cycle arrest since 

adult cardiomyocytes are generally considered terminally differentiated post-mitotic 

cells. Instead, senescent cardiomyocytes exhibit other functional changes that are 

characteristic of senescent cells, including SASP secretion, mitochondrial dysfunction, 

and DNA damage response (46). Additionally, senescent cardiomyocytes exhibit 

alterations in the cellular functions that can increase the risk of heart failure, including 

a decrease in the ɓ-adrenergic response, marked prolonged relaxation, and impaired 

contractility (108). Moreover, the flattened and enlarged morphological senescence 

changes in cardiomyocytes contributes to age-related diastolic dysfunction (108). Aged 

cardiomyocytes also demonstrate decreased levels of cardiac troponin I and telomerase 

activity (109). Shorter telomeres in cardiomyocytes are observed in a number of CVDs, 

including heart failure and hypertrophic cardiomyopathy (110). Interestingly, growing 

evidence suggests that adult cardiomyocytes retain proliferative capacity with a 

turnover rate of less than 1% per year (111); 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 levels because of trans-

differentiation into osteoblasts. (113). 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 one-fifth of the VSMCs in human carotid 

artery plaque stains positively for senescence markers, such as p16Ink4a, p21Cip1, and 

SA-ɓ-gal (114), increased IL-6 (115), and reduced levels of telomeric repeat binding 

factors (TRF-2). Interestingly, activation of senescence in VSMCs augmented vascular 

inflammation and abdominal aortic aneurysm, which was effectively inhibited by and 

inhibition of senescence using SIRT1 activators (116).  

Senescent Cardiac Progenitor Cells (CPCs) 

Adult cardiac progenitor cells (CPCs) have the stem cell properties of being 

self-renewing and multipotent, generating ECs and VSMCs. Senescence of CPCs plays 

an essential role in the onset and progression of heart failure (117, 118). Endothelial 

progenitor cells isolated from CHD patients show telomere shortening and decreased 

telomerase activity (119). A recent study revealed that endothelial progenitor cells are 
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more sensitive to DOX-induced senescence than to apoptosis compared to other cell 

types, which results in dose-dependent upregulation of SASP markers, increased 

p16Ink4a, p21Cip1, p53, and SA-ß-gal activity (120). 

Senescent Cardiac fibroblasts (CFs) 

Cardiac fibroblasts (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 

senescence in particular of myofibroblasts appears important for preventing fibrosis in 

a mechanical model of myocardial fibrosis (121). Conversely, accumulation of 

senescent cells is positively correlated with fibrotic lesions in atrial fibrillation patients 

(122). In this study, the majority of senescent cells were cardiac fibroblasts with minor 

contribution of cardiomyocytes and endothelial cells (122). 

Senescent Endothelial Cells (ECs) 

Vascular endothelium coats the inner surface of blood vessels and plays an 

essential role in maintaining vascular tone and homeostasis. A recent screening of 

different tissues in aged wild-type mice and accelerated aged mice demonstrated that 

the aorta had the highest expression of the senescence markers p16Ink4a and p21Cip1 

compared to other tissues (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, and time since senescence induction 
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(58, 123). A recent comparison of multiple cell subtypes in vitro demonstrates that 

senescent endothelial cells (ECs) are associated with elevated SASP expression 

compared to other cell types (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 to cardiovascular complications in cancer 

survivors.  

Senescent ECs exhibit lower activity of endothelial nitric oxide synthase 

(eNOS) (125), nitric oxide (NO) production (126), and prostacyclin (PGI2) secretion 

(127). Additionally, significantly higher levels of IL-1Ŭ and TNF-Ŭ have been 

demonstrated in senescent ECs (128). These changes contribute to endothelial 

dysfunction, including impairment of vascular homeostasis, altered angiogenic 

response, and decreased endothelium-dependent dilation (129). Consequently, 

senescent ECs play an important role in the development of atherosclerosis. Indeed, the 

overproduction of SASP activates the initial invasion of monocytes into the vessel wall, 

the first step in plaque formation (108). Additionally, chemoattractant factors in the 

SASP may trigger plaque formation since it has pro-atherosclerotic properties. 

Furthermore, senescent ECs demonstrated higher levels of CD9, a tetraspanin 

membrane protein associated with cell adhesion regulation and contributing to 

atherosclerosis (130). Senescent human aortic endothelial cells (HAECs) express 

increased levels of the anti-angiogenic vascular endothelial growth factor 165b isoform 

(VEGFA165b) (131). Interestingly, higher levels of VEGFA165b are reported in patients 
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with CHD, which can suggest that EC senescence can contribute to CHD by this 

mechanism (131). Moreover, senescent ECs have changes in the microRNAs (miRNA), 

which regulates multiple processes, including inflammation, apoptosis, and eNOS 

production (132). This may lead to oxidative stress, which contributes to the 

development of mitochondrial dysfunction (133). Interestingly, a recent transcriptomic 

meta-analysis reports 38 genes with a similar trend of expression in both senescent ECs 

and coronary artery diseases, suggesting an association between both (134).  

Anthracycline-induced cardiovascular senescence  

Therapy-induced senescence (TIS) is a consequence of exposure to cancer 

treatment, which triggers cells to express senescence phenotype (98). Anthracyclines 

and radiation therapy are the most studied cancer treatments with regard to their effects 

on cellular senescence in cardiovascular cells and tissues. Other chemotherapeutic 

agents have been shown in a few studies to induce senescence in cardiovascular cells 

as reviewed in (135). In this section, I will only discuss the relevant literature of 

anthracyclines-induced senescence in cardiovascular cells with more focus on 

endothelial cells. 

Anthracyclines (e.g., DOX and daunorubicin) are among the most commonly 

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 dose-limiting and 
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often life-threatening cardiovascular toxicity (136). Indeed, DOX treatment increases 

the risk of developing characteristic cardiomyopathy, including tachycardia, 

arrhythmia, and eventually congestive heart failure. The risk of DOX-induced 

cardiotoxicity increases with the cumulative dose. DOX-induced heart failure can affect 

approximately 26% of the patients with cumulative doses exceeding 600 mg/m2 (7). 

Vascular toxicities are also associated with DOX, including induction of endothelial 

cell death, endothelial dysfunction, and premature vascular aging (137, 138). A 

previous clinical study reported endothelial dysfunction in children treated with 

anthracyclines (139). DOX-induced apoptosis is hypothesized to be the primary driver 

of DOX-induced cardiotoxicity. However, low and moderate doses of DOX are 

associated with subclinical cardiovascular toxicity (140), without the induction of 

significant apoptosis in cardiomyocytes, which suggests that other mechanisms, such 

as cellular senescence, may contribute to cardiovascular dysfunction, especially after 

chronic administration of low DOX doses.  

Studies that demonstrate DOX-induced senescence in cardiovascular 

cells/tissues are summarized in Table 1-1. DOX-induced senescence was demonstrated 

in different types of cardiovascular cells, including ventricular myocytes, ECs, VSMCs, 

endothelial progenitor cells, and cardiac progenitor cells. Importantly, the majority of 

these studies were in vitro studies with only a few in vivo or clinical studies. Based on 

these studies, low concentrations of DOX (Ò 0.5 ÕM) preferentially induce senescence 

of cardiovascular cells, with no induction of apoptosis. Currently, low doses of DOX 
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are commonly used to induce senescence in vitro. Importantly, a landmark study 

demonstrates that following DOX administration in p16-3MR mice, the majority of 

cardiac senescent cells were positive for CD31, which is a marker for endothelial cells, 

and to a lesser extent in fibroblast-like cells (98). Intriguingly, in this study, treatment 

with DOX did not induce senescence in cardiomyocytes (98). Elimination of senescent 

cells by ganciclovir in DOX-treated p16-3MR mice abrogated DOX-induced cardiac 

dysfunction (98). Together with previous studies demonstrating DOX-induced 

endothelial senescence and dysregulation of the vascular tone, this evidence strongly 

suggests that senescent endothelial cells are key players in delayed DOX-induced 

cardiovascular toxicity. In agreement with this, a recent study demonstrates that SASP 

released from senescent ECs following treatment with DOX stimulates platelet 

activation, adhesion, and aggregation (141), which increases the risk of 

atherothrombotic events. 

Mechanisms of anthracycline-induced cardiovascular senescence  

Four main mechanisms were proposed to mediate DOX-induced senescence in 

cardiovascular cells: 

DOX-induced DNA damage 

DOX-induced DNA damage, through DNA-adduct formation or double-strand 

breaks (DSBs), activates the DNA damage response (DDR), which in turn causes 

stabilization/upregulation of the p53/p21 pathway. Activation of p53 through ATM-

dependent phosphorylation leads to increased expression of many effector genes, in 
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particular p21Cip1, a cyclin-dependent kinase (CDK) inhibitor, and thereby growth arrest 

(142). Additionally, DNA damage increases p16INK4a expression, which blocks cyclin-

dependent kinase activity through the retinoblastoma (Rb) pathway (143). The increase 

of CDK inhibitors, p16INK4aand p21Cip1, is both dose and time-dependent, with p21Cip1 

usually being induced first followed by a delayed upregulation in p16INK4a. Prolonged 

activation of the PI3K/AKT/mTORC1 results in p53-mediated cellular senescence 

(144). While most studies link mTORC1 to senescence, a recent study demonstrates 

increased mTORC2 in H2O2-induced senescence in human umbilical vein endothelial 

cells (HUVECs) (145). In addition, DOX increases the expression of promyelocytic 

leukemia protein (PML), which induces acetylation of p53 by forming PML-acetylated 

p53 complex, leading to activation of p21Cip1(109). Other studies demonstrate that 

DOX-induced activation of p53 is JNK-dependent (146). 

DOX-induced oxidative stress 

DOX causes an increased abundance of reactive oxygen species (ROS) through 

a variety of mechanisms. First, ROS is increased by the metabolism of DOX, mostly 

because of the unstable intermediate formed (22) (Figure 1-1). Moreover, DOX-

induced mitochondrial damage can lead to increased ROS, which is mediated by 

mitochondrial NADPH oxidase (147). This can lead to increased lipid peroxidation, 

depletion of antioxidants, and a feed-forward cycle of ROS production contributing to 

the overall DOX-induced oxidative stress. Similar to genotoxic stress, oxidative stress 

can lead to p53 activation and triggering of senescence. Similar to DOX, hydrogen 
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peroxide (H2O2) is also used to induce senescence in vitro. The transcription factor NF

əB plays an important role in regulating the cellular response to oxidative and genotoxic 

stress (148). Additionally, it plays an important role in regulating SASP and can 

increase the expression of pro-inflammatory cytokines, such as TNF-Ŭ and IL-1 (149). 

A number of studies have shown that DOX significantly activates NF əB in cultured 

cardiomyocytes (150, 151), which leads to the generation of free radicals and activation 

of the DDR, which ultimately induces senescence (152). Similarly, DOX 

administration to Wistar rats induces NF əB activation and oxidative stress and 

upregulated p53 and SA-ɓ-gal expression in heart tissues (153). In endothelial 

progenitor cells, DOX treatment induces the activity of NADPH oxidase isoform 2 

(Nox2), which leads to superoxide generation resulting in oxidative stress-induced 

senescence (154). Low doses of DOX induce activation of AKT by phosphorylation at 

Ser473 in cardiac muscle cells (155). AKT activation induces phosphorylation of 

FOXO transcription factors, which leads to a decrease in superoxide dismutase-2 

(SOD2) levels, a key antioxidant, eventually leading to increased oxidative stress (156). 
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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 mitochondrial 

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 (ɔH2AX), which marks sites of DNA DSBs 

including in telomeric DNA (157). Telomere shortening is prevented by telomerase, 

which replaces telomeric repeat DNA lost during cell division. Telomere dysfunction 

contributes to senescence via activation of either p53 or p16Ink4a signaling pathways in 

human cells or via p53 only in mouse cells (158). DOX decreases telomerase in 

different cardiovascular cells (109, 159, 160).  

Telomeric repeat binding factors 1 and 2 (TRF-1, TRF-2) are important shelter in 

complex proteins, which prevent telomeric DNA from becoming damaged or eroding. 
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Upregulation of TRF-2 is associated with suppression of senescence. Downregulation 

of TRF-2 is implicated in the progression of CHD (161). The knockout of TRF-2 in 

mice accelerates the progression of atherosclerosis (52). Low doses of DOX 

downregulate the levels of both TRF-1 and TRF-2 via increased p38-MAPK and p53 

phosphorylation (146, 155), which contributes to DOX-induced senescence in neonatal 

cardiomyocytes and endothelial progenitor cells (162). DOX also induces senescence 

in VSMCs via TRF-2 downregulation (163). However, TRF-2 downregulation is 

induced by a different mechanism that is dependent on the urokinase receptor (uPAR) 

upregulation, which drives ubiquitination and proteasomal degradation of TRF-2 (163). 

Interestingly, pretreatment of cardiomyocytes with testosterone protects against DOX-

induced senescence (164). The protective effect of testosterone is mediated through 

TRF2 modulation via a pathway involving the PI3K/AKT/nitric oxide synthase 3 

(NOS3)/ androgen receptor (164). 

DOX-induced epigenetic alterations 

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

the key hallmarks of aging, which can contribute to cardiovascular aging (165, 166). 

DNA methylation, histone modifications, and noncoding RNA (ncRNA) are considered 

the significant marks of epigenetics alterations (167). These epigenetic alterations 

interfere with many cellular processes as cell cycle progression, DNA replication and 

repair, and gene transcription regulation (167). Another recent epigenetic mechanism 

is the activation of retrotransposable elements that occurs during aging (168). 

Specifically, long interspersed element-1 (LINE-1, or L1) has been shown to be de-

repressed during replicative senescence and can contribute to the inflammaging 
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response (169). Accumulating evidence implicates that epigenetic alterations can affect 

the senescence phenotype and the SASP is controlled by epigenetic regulation (170). 

For example, significant association was observed between upregulation of p16Ink4a and 

SASP in senescent cells and loss of the repression-associated Lys27 trimethylation on 

histone H3 (H3K27me3) (171). Other relevant histone modifications that occur during 

senescence and aging were recently reviewed in (172). Additionally, changes in DNA 

methylation that occur during replicative senescence can alter multiple genes 

expression and lead to further establishment of senescence (173).  

The effects of DOX on epigenetic alterations were recently reviewed in (174). 

Previous studies showed that DOX treatment downregulates DNMT1 (DNA 

Methyltransferase 1) and induces DNA hypomethylation both in vitro in H9C2 cells 

(175) and in vivo in hearts of rat (21). Additionally, DOX caused fluctuation in DNMT1 

level in a model of DOX-induced senescence in VSMCs (176). Recently, DNMT1 was 

demonstrated to be suppressed before initiation of senescence in human fibroblasts 

(177). Additionally, DOX treatment upregulates histone deacetylases (HDACs) levels 

in cardiomyocytes (178) and the heart of DOX-treated mice (179). Interestingly, the 

past few years have witnessed significant interest in HDAC inhibitors as anti-aging 

drugs to increase lifespan (180). To conclude, DOX induces dysregulation of multiple 

epigenetics pillars in cardiac cells both in vivo and in vitro. These alterations can play 

an important role in DOX-induced premature cardiovascular aging. Taking into 

consideration that epigenetic alterations can be reversed (181), epigenetic reprograming 
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can be an important therapeutic strategy to mitigate cancer therapy-induced aging.  

Clinical Evidence for Premature Aging in Cancer Survivors 

Cellular Senescence  

Numerous in vitro and animal studies provide evidence for senescence in 

cardiac and non-cardiac cells after exposure to chemotherapy or radiation. Cancer 

treatment effectively damages malignant cells but also causes unintended injury to 

nonmalignant cells. Treatment-induced DNA damage causes cell cycle arrest resulting 

in cellular senescence, telomere shortening, and is associated with a sterile pro-

inflammatory state. Table 1-2 summarizes the clinical studies that demonstrate 

increased senescence in cancer survivors. 

In humans, p16INK4a is a measurable biomarker of cellular senescence utilized 

in many clinical studies. Among survivors of childhood acute lymphoblastic leukemia 

(ALL) treated with cranial radiation, a significantly higher level of p16INK4a is detected 

in skin biopsies of radiation-exposed tissue from the scalp compared to unexposed 

tissue from the buttocks (182). Women who had undergone chemotherapy for breast 

cancer express higher levels of p16INK4a than those without cancer (183). Breast cancer 

survivors treated with anthracycline-based regimens demonstrated significant increases 

in p16INK4a expression, equivalent to a 23- to 26- year acceleration in aging, compared 

to a more modest increase equivalent to 17 years of accelerated aging in those treated 

with non anthracycline-based treatments (184). Likewise, cardiac progenitor cells 
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procured from heart biopsies taken during autopsies of DOX-treated cancer patients 

who died from cardiomyopathy have elevated levels of p16INK4a compared to age-

matched unexposed controls (185). RNA sequencing of T cells in breast cancer patients 

demonstrates higher expressions of genes associated with cellular senescence. e.g., 

p16IKN4a, IL8, HMGA2, and CCL4 following chemotherapy with DOX and 

cyclophosphamide (186). 

Telomere length is another surrogate marker for cellular aging. Ariffin et al. did 

a case-control study examining telomere length in 87 long term young adult childhood 

ALL survivors compared to 87 age and sex-matched cancer-free controls (187). 

Telomere length amongst survivors was shorter than the controls and similar to that 

predicted of healthy individuals 20 years older (187). Shortened telomere length is also 

associated with increased risk for age-related diseases that are characterized by chronic 

inflammation (188), such as insulin resistance and metabolic syndrome (189, 190). 

Multiple studies show elevated inflammatory markers in survivors compared to their 

age and sex-matched controls without a history of cancer (183, 187, 191).  

DNA methylation is a method used to measure the cellular age of leukocytes 

(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 was significantly higher in 62% of the transplanted recipients compared to the 

predicted cellular age in the donor (193). 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 radiation (194). Taken together, these biomarkers 

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

Frailty  

In addition to evidence for accelerated aging in cardiac and non-cardiac cells, 

cancer survivors display clinical signs of premature aging that manifest as frailty. Fried 

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 mortality (195). Fried developed clinical criteria for 

frailty, consisting of 5 components: 1) low muscle mass, 2) self-reported exhaustion, 3) 

low energy expenditure, 4) slow walking speed, and 5) weakness. Individuals who 

fulfill two of the five criteria are considered ñpre-frailò and those who fulfill Ó three 

criteria are ñfrailò. Table 1-3 summarizes literature examining premature functional 

aging in cancer survivors measured by ñfrailty.ò 

Several studies examined the prevalence of the pre-frailty and frailty 

phenotypes in childhood cancer survivors (CCSs). In an analysis from the St. Jude 

Lifetime Cohort Study, 1,922 adult CCSs were assessed for pre-frailty and frailty and 

compared them to 341 individuals without a history of cancer (196). The mean age of 

the survivors was 33.6 years, yet the prevalence of frailty was similar to that of persons 
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aged 65 or older (197). Pre-frailty 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 survivors compared to no 

individuals in the age-matched control group fulfilling this criterion. Importantly, 

frailty was associated with an increased risk of chronic health conditions (RR 2.2, 95% 

CI 1.2-4.2) and a heightened risk for death (HR 2.6, 95% CI 1.2-6.2). 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 females compared to 

males (198). Others examined smaller cohorts of survivors of disease-specific 

childhood cancers and also reported higher rates of frailty in those treated for brain 

tumors (199), ALL (200), and high-risk neuroblastoma (201). Frailty and comorbid 

conditions were found to be more prevalent in survivors of adolescent/young adult-

onset cancers as well (202). 

In a study examining frailty in long-term survivors of adult-onset cancers in 

women, a geriatric 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 10-year all-cause mortality. Cancer survivors without deficits still had a 1.3 to 

1.4-fold excess risk of death compared to cancer-free controls (203). Additionally, 

Hayek et al. demonstrated that cranial radiation, pelvic radiation Ó 34 Gy, and lung 
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surgery, all cancer-directed therapies, were associated with a higher prevalence of 

frailty even after adjusting for chronic diseases and modifiable lifestyle factors such as 

physical activity, smoking, and obesity (198). This evidence suggests that cancer 

survivors experience premature functional aging in excess of their chronological 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 in cancer survivors. 

Prevention/Treatment Strategies Against Cancer Therapy-induced 

Cardiovascular Senescence 

Cardiovascular complications are the second leading cause of death in cancer 

survivors. Therefore, mitigation of cancer therapy-induced cardiovascular 

complications will improve the quality and quantity of survivorsô lives. As discussed 

earlier, cardiovascular senescence, particularly endothelial senescence, emerges as an 

important mechanism in mediating these cardiovascular complications (Figure 1-2 and 

Figure 1-3). Therefore, it is pivotal to develop effective protective strategies that can 

prevent or treat cancer therapy-induced cardiovascular senescence. The past decade has 

witnessed the advancement of our knowledge about senescence at a staggering speed. 

This led to the development of multiple novel strategies to modulate senescence and 

prevent adverse effects of cellular senescence, called as ñsenotherapyò. These strategies 

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 in Figure 1-4 (204, 205).  

 

Figure 1-2 Cancer therapy-induced senescence in cardiovascular cells. 

Cancer therapy 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 cancer therapy-induced cardiovascular 

senescence. D+Q, Dasatinib and quercetin; IL-6, Interleukin-6; MMP, Matrix metalloproteinase 

inhibitor; NAC, N-acetyl cysteine; SA-ɓ-gal, Senescence associated-ɓ-galactosidase assay; SAHF, 

Senescence-associated heterochromatin foci; SASP, Senescence-associated secretory phenotype; TNF-

Ŭ, Tumor necrosis factor-alpha. 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 cancer treatments 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 endothelial 

cells leads to endothelial dysfunction which contributes to cardiovascular diseases in cancer survivors. 

Senotherapeutics are novel drugs that target cancer therapy-induced endothelial senescence either by 

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

figure is created with BioRender.com. eNOS, endothelial nitric oxide synthase; ET1, Endothelin-1; 

NAC, N-acetyl cysteine; NO, Nitric oxide; PAI-1, Plasminogen activator inhibitor-1; PGI2, prostacyclin; 

SA-ɓ-gal, Senescence associated-ɓgalactosidase assay; SAHF, Senescence-associated heterochromatin 

foci; SASP, Senescence-associated secretory phenotype. 
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Figure 1-4 Senotherapeutics as a strategy to counteract cancer therapy-induced 

cardiovascular senescence. 

Several senotherapeutics have been developed to target and modulate the senescence phenotype. 

Senotherapeutics can be divided into senolytics (shown in light green rectangles) and senomorphics 

(shown in light 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, Senescence-associated secretory phenotype; RTK, Receptor 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. These strategies offer promise in preventing and mitigating the 

associated adverse effects of senescence, thereby improving outcomes in cancer 

treatment-induced senescence. 

AMPK/mTOR/SIRT1 Pathway  

Several longevity studies have suggested interventions targeting the 

AMPK/mTOR pathway to mitigate senescence and age-related diseases. These 

strategies include calorie restriction (206), and calorie restriction mimetics such as 

rapamycin, metformin, and resveratrol (207). 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 other cells (209). Unfortunately, cardiac autophagy 

levels are reduced with aging, which can precipitate cardiac diseases (210). Rapamycin 

is an FDA approved drug that inhibits mTORC1 and extends lifespan in mice (211). A 

recent study demonstrates that rapamycin supplementation in diet decreases arterial 

senescence markers and improves endothelial dysfunction in old mice (129). 

Rapamycin also activates nuclear factor erythroid 2-related factor 2 (NRF2) a regulator 

of the response to oxidative stress and suppresses SASP production via an NRF2-

independent mechanism (212). Other mTOR inhibitors, such as Torin 1 and PP242, are 
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more potent than rapamycin (213), and newer rapalogs are currently being studied in 

clinical trials to improve age-related immunosenescence (214). Metformin, an FDA 

approved drug used to treat Type II diabetes, appears to attenuate multiple age-related 

diseases including CVD, and is thought to inhibit complex 1 of the mitochondria, while 

activating AMPK and SIRT1 (215). Interestingly, like rapamycin, metformin attenuates 

SASP by suppressing NF-əB activation (216). Metformin abrogates the inflammaging 

state in T-cells isolated from old subjects (217). The protective effect of metformin is 

mediated via autophagy activation, suppressing STAT3 (regulator of age-dependent 

alterations in mitochondrial function), and improving mitochondrial function (217). A 

large clinical study, Targeting Aging with Metformin (TAME) trial, is designed to 

determine if metformin suppresses co-morbidities associated with old age (218). 

Having a good safety profile with some studies demonstrating anticancer effects (219, 

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 trials. Vildagliptin, another antidiabetic drug, reduces 

senescence markers in the aortas of DOX-treated rats in a recent study (221). This 

protective effect is mediated through the upregulation of its effector glucagon-like 

peptide 1(GLP-1) (221). 

SIRT1 can be activated using sirtuin-activating compounds (STACs) or by 

increasing NAD+ by using NAD+ precursors or inhibition of NAD+ hydrolase by using 

inhibitors (222). Resveratrol, a SIRT1 agonist, has anti-aging effects (223). Resveratrol 
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abrogates oxidative stress-induced senescence in keratinocytes through AMPK-FOXO 

activation (224). Recently, we demonstrate that the combined treatment of DOX 

followed by angiotensin II (Ang-II) increases the expression of multiple senescence-

associated genes, including p21Cip1, growth arrest and DNA damage-inducible gamma 

(Gadd45g), and insulin-like growth factor-binding protein 3 (Igfbp3) (225). 

Interestingly, co-administration of resveratrol with DOX corrects this upregulation and 

protects from the delayed DOX-induced detrimental cardiovascular effects (225). In 

another study, co-treatment of neonatal cardiomyocytes with DOX and resveratrol 

suppresses the acetylation of p53 and decreases p21Cip1 levels (109). Additionally, a 

recent study shows that a novel polyphenolic mix, including resveratrol and curcumin, 

has an anti-SASP effect in DOX-treated HUVECs (226). Despite promising anti-aging 

effects, the clinical utility of resveratrol is limited because of its poor bioavailability 

due to its first-pass intestinal/hepatic metabolism (227). Spermidine, a natural product, 

has been shown to have cardio-protection and increase the lifespan of mice, which is 

thought to be mediated by autophagy activation (228). Spermidine also increases the 

lifespan in yeast through epigenetic modulation by inhibition of histone 

acetyltransferases (HATs) in aging yeast which results in hypoacetylation of chromatin 

and inhibition of oxidative stress and necrosis (229). IGF1-PI3k-AKT/mTOR pathway 

activation was shown to be involved in radiation-induced endothelial cell senescence 

(230). Insulin-like growth factor-binding protein-7 (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 failure patients with preserved ejection fraction 

(231). Specific inhibitors of this pathway, including the IGF-1R inhibitor (AG1024); 

the PI3k inhibitor (LY294002); and mTOR inhibitor (rapamycin), inhibit senescence 

of human pulmonary artery endothelial cells (HPAECs) following radiation (230). 

Anti -oxidants  

Since oxidative stress plays a crucial role in the induction of senescence, 

antioxidants have been proposed as a promising protective strategy against 

cardiovascular senescence (232). Pretreatment of endothelial progenitor cells with N-

acetyl cysteine (NAC) attenuates DOX-induced senescence and decreases SA-ɓ-gal 

activity (162). In addition, pretreatment of cardiomyocytes with the antioxidant NAC 

abrogates ROS and inhibits radiation-induced senescence (RIS) (233). Similarly, 

chronic treatment of microvascular endothelial cells with NAC significantly decreases 

RIS (234). In the same study, post-radiation treatment of microvascular endothelial 

cells with a superoxide dismutase (SOD) mimetic, manganese metalloporphyrin 

(MnTBAP), decreases SA-ɓ-gal positive cells. Transfection of HUVECs with KU86, a 

protein critical for DSB repair, inhibits low dose RIS via SIRT1 and SOD2 activation 

(235). Supplementation of L-citrulline and L-arginine, in high glucose-induced 

senescence model in HUVECs, reduces p16 expression and SA-ɓ-gal activity, and 

enhances telomerase function (236). This protective effect against high glucose-

induced senescence is suggested to be mediated through inhibition of ROS production.  
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It is noteworthy that protection against cancer therapy-induced senescence can 

be challenging as both the anticancer and senescence-inducing effects of cancer therapy 

may share the same mechanistic pathways. For example, antioxidants interfere with 

ROS homeostasis which can affect the effectiveness of some cancer treatments that 

depend on oxidative stress in their mechanism of action (237). Multiple pro-oxidant 

cancer treatments, including some tyrosine kinase inhibitors and monoclonal antibodies 

(238), procarbazine (239), and cisplatin (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 via multiple mechanisms. These 

mechanisms include DNA damage, disrupting cell membrane, calcium channels 

activity, protein functions and signaling pathways, and epigenetic alterations (241). 

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 efficacy of cancer therapy. 

Previous studies using combinations of antioxidants and cancer therapy reported 

conflicting results about their effects on cancer therapy efficacy. The effects of 

antioxidants on chemotherapeutic efficacy were systematically reviewed in (244). 

Multiple studies demonstrate antioxidants can augment the anticancer effects through 

multiple mechanisms including reduction of P-gp expression and increase 

chemo/radiosensitivity of cancer cells (245, 246, 247, 248). On the other hand, other 

studies report the reduction of anticancer effects following the combination with 
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antioxidants (249, 250). Therefore, it is necessary to evaluate the potential of 

antioxidants to prevent cancer therapy-induced senescence without undermining their 

anticancer effects. 

Anti -inflammatory agents 

Using anti-inflammatory agents can be another strategy to antagonize the pro-

inflammatory SASP. NF-əB is a critical regulator of age-related gene expression and 

SASP (251). Accordingly, inhibition of NF-əB suppresses senescence in a murine 

model of lymphoma (149). This can be a valid approach since DOX is a potent activator 

of NF-əB. NF-əB Essential Modulator (NEMO) has been suggested as a potential target 

of senescence. Inhibition of these pathways using specific inhibitors or using knockout 

in vitro model has been shown to abrogate RIS in endothelial cells and DNA damage-

induced senescence in murine dermal fibroblasts (252, 253). Likewise, inhibition of 

NF-əB activation in mice with premature onset senescence due to increased genotoxic 

stress prevents senescence and slows aging (57, 152, 254). Finally, inhibition of p38-

MAPK antagonizes SASP effects (255) and ameliorates low doses DOX-induced 

senescence of ventricular myocytes (146). 

Senolytics 

Senolytics are promising pharmacological compounds that selectively induce 

apoptotic cell death in senescent cells, which normally demonstrate resistance to 

apoptosis through a variety of anti-apoptotic pathways that can differ with different cell 
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types (123) (84, 256, 257, 258). Numerous studies show that senolytics have beneficial 

effects in age-related disease models. One advantage of the use of senolytics 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 months to years 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 effects of D+Q have been reported in diabetic kidney disease 

(259), idiopathic pulmonary fibrosis (260), hepatic steatosis (261), among several in 

vivo aging models. Indeed, D+Q treatment improves vasomotor function in aged mice 

with hypercholesterolemia (262). Moreover, D+Q administration mitigates systolic 

cardiac dysfunction and abrogated end-systolic left ventricle dilation in 24-month-old 

mice (257). ABT263 is a selective inhibitor of the anti-apoptotic proteins BCL-2 and 

BCL-xL, which can selectively induce apoptotic cell death in senescent cells. ABT263 

clears p16Ink4a-positive senescent cells in bone marrow following irradiation of mice 

(84). Additionally, ABT263 administration in an aged murine model of myocardial 

infarction improves cardiac remodeling and overall survival (263). Notably, senescent 

HUVECs demonstrated higher expression of anti-apoptotic Bcl-xL (257), making them 

more sensitive to the effects of senolytics that target this pathway. Indeed, ABT-263 

(navitoclax) and two specific Bcl-xL inhibitors, A1331852 and A1155463, are selective 



39 
 

in inducing apoptosis in senescent ECs (256, 264). ABT-263 improves endothelial 

function in old mice in recent findings (265), which suggests that it has the potential to 

improve vascular function in cancer survivors. Fisetin, a quercetin-related flavonoid, 

increases the lifespan of mice and ameliorates tissue damage after administration in 

aged animal models (85). Interestingly, fisetin demonstrates both senolytic and 

senomorphic properties depending on the cell type (256). Fisetin selectively targets 

senescent HUVECs to increase caspase 3/7 activity and trigger apoptosis (256). 

However, the effects of fisetin against cancer treatment-induced endothelial 

dysfunction have not been reported in vivo. Recently, targeted inhibition of ubiquitin-

specific peptidase 7 (USP7) is proposed as a novel senolytic strategy (266). Inhibition 

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 observed 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, in vivo administration of USP7 inhibitor, 

P5091, successfully removes senescent cells and abrogated SASP production in DOX-

treated p16Ink4a -3MR mice (266). A recent screening of small library of compounds 

identified heat shock protein (HSP90) as a novel target for senolytics (267). Inhibition 

of HSP90 using 17-DMAG extends the healthspan and decreases senescence markers 

expression in progeroid mice (267). Additionally, blocking p53-FOXO4 interaction 

using cell-permeable peptide induces apoptosis of senescent cells leading to 
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improvement of fitness and renal function in both progeroid and naturally aged mice 

(268). Curcumin, another flavonoid recognized as a senolytic agent (269), has been 

demonstrated to have cardioprotective effects against ionizing radiation (270). A 

curcumin analog, EF24, has senolytic activity against senescent HUVECs through 

increased proteasomal degradation of the anti-apoptotic BCL-2 proteins expressed by 

senescent ECs (271). The same study demonstrates that concomitant use of ABT-263 

and EF24 has synergistic senolytic effects, as both utilize different mechanisms of 

senolysis (271). Chlorogenic acid, another polyphenol compound, attenuates 

senescence both in vitro and in vivo in a murine model of angiotensin II-induced 

vascular senescence (272). This effect was mediated by activation of SIRT1 and eNOS 

with involvement of Nuclear factor erythroid 2-factor 2 (Nrf2)/ Heme Oxygenase-1 

(HO-1) pathway (272). 

Senolytics are also demonstrated to protect against radiation-induced 

cardiovascular senescence. Both fisetin and BCL XL inhibitors selectively induce cell 

death in senescent HUVECs following exposure to radiation (256). Additionally, recent 

studies demonstrate the protective effects of senolytics against other models of RIS. For 

instance, ABT263 decreases senescent cells and reverses radiation-induced pulmonary 

fibrosis in C57BL/6 mice (273). In another study, genetic or pharmacologic (using 

ABT263) depletion of senescent astrocytes improves cognitive function in mice 

following whole-brain irradiation (WBI) (274). Similarly, ABT263 oral administration 

in C57BL/6 mice mitigates total body irradiation-induced premature aging of the 
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hematopoietic system and depletes senescent hematopoietic stem cells (HSCs) and 

muscle stem cells (MuSCs) (84). 

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 developed as anticancer drugs, which usually come with a risk of toxicity, such 

as nausea, vomiting, diarrhea, and thrombocytopenia, especially with ABT263 because 

it can induce apoptosis of non-senescent cells including platelets (275). Therefore, local 

administration of senolytics can provide an alternative approach to mitigate these side 

effects. In agreement with this, intramyocardial administration of ABT-263 to the hearts 

of ischemic reperfusion (IR)-injured rats preferentially eliminated senescent cells, 

decreased the expression of SASP-related genes, and restored impaired cardiac function 

without demonstrating any systemic toxicity (276). Formulation of ABT-263 as a 

prodrug is another strategy to increase its specificity and limit its hematological toxicity 

(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 considered as an attractive 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 of chemotherapy (278). Further in vitro and in 

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 therapy-induced senescence (TIS) 

Oral matrix metalloproteinases (MMPs) inhibitors, such as doxycycline (sub-

antimicrobial dosing) or ONO-481, attenuate DOX-induced cardiotoxicity and improve 

diastolic and systolic function and extracellular matrix remodeling in C57BL/6J mice 

(106). Improving chromosomal segregation delays cellular senescence and decreases 

the SASP in human dermal fibroblasts cultures (279). Pioglitazone mitigates 

endothelial cell senescence through telomerase activation-mediated mechanism (280). 

Rivaroxaban inhibits signaling cascades between factor Xa and Insulin-like growth 

factor binding protein 5 (IGFBP5), and hence decreases Factor Xa-induced VSMCs 

senescence (281). The ATM-TRAF6-TAK1 axis plays an important role in SASP. 

Furthermore, ATM signaling drives NF-kB-dependent senescence, stem cell 

dysfunction and premature aging in response to genotoxic stress and ATM inhibitors 

block that (282). Interestingly, high-throughput screening identified ATM inhibitor, 

KU-60019, to have anti-senescence effects (283). Inhibition of the JAK/STAT pathway 

using JAK inhibitor 1 alleviates senescence in endothelial cells and preadipocytes by 

targeting SASP (284). Cardiomyocytes co-treated with DOX and pifithrin-Ŭ, a p53 

inhibitor, exhibit a marked reduction of p53 and p21Cip1 protein expression and lower 

number of SA-ß-gal positive cells (109). Moreover, downregulation of X-linked 

inhibitor of apoptosis (XIAP)-associated factor 1 (XAF1) attenuates DOX-induced 
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endothelial cell senescence (285). Pretreatment with peroxisome proliferator-activated 

receptor delta (PPARŭ) agonist, L-165041, prevents low dose DOX-induced 

senescence in ventricular myocytes and H9c2 cells (155). PPARŭ is the most abundant 

subtype in the heart. It plays an important role in cardiomyocytes survival through the 

regulation of cell cycle progression via BCL-6 -mediated mechanism. In the same 

manner, another PPARŭ agonist, GW501516, prevents Ang-II-induced senescence of 

VSMCs (286). Vitamin D3 is another natural supplement shown to mitigate DOX-

induced endothelial senescence (287). This protective effect is mediated through 

increasing the expression of IL-10 via the AMPKŬ/SIRT1/FOXO3a signaling pathway. 

Conclusions and Future Directions 

It has become increasingly clear that most if not all cancer survivors experience 

some form of accelerated aging. Every clinician caring for cancer survivors has heard 

repeatedly from patients, ñI just feel like I'm 10 years olderéò or ñThey keep telling 

me it's all just in my headéò when referencing the symptoms of frailty or accelerated 

aging. The ultimate proof of this not being 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 help cancer 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 death mechanisms is necessary, so we can have a clearer view 

of the role of senescence in mediating cancer therapy-induced cardiotoxicity. Second, 

the lack of specific markers of senescence can impede the detection of senescence and 

proof of efficacy in preclinical and clinical studies. Additionally, developing more 

quantitative 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 example, in specific cell types, can provide a better tool to target 

these particular cells since the efficacy of senotherapeutics strategies has been shown 

to be cell-type dependent (288). Although eradication of senescent cells either by 

senolytic therapy or by genetic approaches has demonstrated protective effects against 

therapy-induced cardiovascular dysfunction (98, 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 approach 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 ways to combat accelerated aging to improve the quantity and quality of their life.  
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Table 1-1 Studies demonstrating doxorubicin-induced cardiovascular senescence. 

Study Cell type 
Dox Treatment 

(Conc / Time) 
Detection of Senescence Finding 

Proposed 

Mechanism 

Maejima, et al., 

2008 (109) 

Neonatal rat 

cardiomyocytes 
0.1 µM for 7 days 

ŷSA-ɓ-gal activity 

ŷ Acetylated p53/ p21cip1 

ŷp27kip1 

ŹTelomere length 

ŹcTnI phosphorylation 

Low concentrations of 

DOX induce senescence 

in cardiomyocytes 

Oxidative stress 

Telomere 

dysfunction 

Spallarossa, et al., 

2009 (146) 

Neonatal rat 

cardiomyocytes 

and 

H9c2 cells 

0.01, 0.05, or 0.1 µM for 3 

h 

Different experiments at 6 

h, 24, or 48 h following 

treatment 

Cell cycle alterations 

Morphological changes 

ŷ SA-ɓ-gal activity 

ŹChk2 

Ź TRF2, TRF1 

Low doses of DOX 

induce a senescence-like 

phenotype in 

cardiomyocytes, which 

undergo late cardiac 

death by mitotic 

catastrophe 

Telomere 

dysfunction through 

p53 and MAPKs 

Spallarossa, et al., 

2010 (162) 

Endothelial 

progenitor cells 

(EPCs) 

0.01, 0.05, 0.25, 0.05, 0.1 

µM for 3 h (further 

experiments with 0.25 µM 

at 24 or 48 h following 

treatment) 

Cell cycle arrest at G2/M 

phase 

Morphological changes with 

cytoskeleton remodeling 

ŷ SA-ɓ-gal activity 

ŷ Cytoplasmic p16INK4a 

Ź TRF2 

Low concentrations of 

DOX induce senescence 

in EPCs 

Higher concentrations 

induce apoptosis 

Oxidative stress 

Telomere 

dysfunction through 

p38-MAPK 

activation 
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Altieri, et al., 2012 

(155) 

Neonatal rat 

ventricular 

myocytes 

0.1 µM for 3 h 

Different experiments at 

6h, 24, or 48 h following 

treatment 

Cell cycle arrest at S phase 

Morphological changes with 

cytoskeleton remodeling 

ŷ SA-ɓ-gal activity 

ŷ p16Ink4a 

Ź TRF2 

Pretreatment with the 

PPARŭ agonist L-

165041, protected 

against DOX-induced 

senescence 

DOX activates 

PPARŭ, which 

sequesters the anti-

senescence protein 

BCL-6. PPARŭ 

agonist L-165041 

releases BCL-6 in 

MAPK/AKT 

dependent 

mechanism 

Hodjat, et al., 

2013 (163) 

Human primary 

vascular smooth 

muscle cells 

(VSMCs) 

0.25, 0.5, and 1 µM for 3 

h, experiments were done 

3 days after treatment 

ŷ SA-ɓ-gal activity 

ŷ p53/ p21CIP1 

No change p16INK4 

Ź TRF2 

Low doses of DOX 

induce senescence in 

VSMC that may initiate 

vascular damage 

Telomere 

dysfunction 

(DOX upregulates 

uPAR-mediated 

TRF2 ubiquitination 

and proteasomal 

degradation) 

 

No oxidative stress 

was observed at 

these concentrations 

Piegari, et al., 

2013 (185) 

Human cardiac 

progenitor cells 

(CPCs) 

0.1, 0.5, and 1.0 µM for 24 

or 48 h 

Morphological changes 

ŷ SA-ɓ-gal activity 

ŷ p16INK4a 

No change in p21CIP1 

ŷ p-p53 

ŷ ɔ-H2AX 

DOX exposure induces 

senescence in hCPCs 

which may mediate 

DOX-induced 

cardiomyopathy 

DNA Damage 
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Ź Cyclin D1 

Ź phosphorylated RbSer798 

Bielak-

Zmijewska, et al., 

2014 (176) 

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

Morphological changes 

Cell cycle arrest at G2/M 

ŷ SA-ɓ-gal activity 

ŷ p53/p-p53 

ŷ p16INK4a,ŷ p21CIP1 

ŷ SASP (IL-6, IL-8, VEGF) 

ŷSuperoxide production 

DOX-induced 

senescence in VSMCs 

with some differences to 

replicative senescence 

DNA Damage 

Heo, et al., 2016 

(285) 

Human pulmonary 

microvascular 

endothelial cells 

(HMVECs) 

1 ɛM for 4 h then 

incubated for 6, 24, or 48 h 

Morphological changes 

ŷ SA-ɓ-gal activity 

ŷ p53 

XAF1 may contribute to 

inducing senescence in 

HMVECs 

Activation of XAF1 

via a p53-dependent 

mechanism 

Altieri, et al., 2016 

(164) 

H9c2 cells and 

neonatal mouse 

cardiomyocytes 

0.1 µM for 3 h +/- 

pretreatment with 0.01 µM 

testosterone or 0.001 µM 

17ɓ-estradiol for 15 

minutes. 

Different experiments 

were carried out at 24 or 

48 h 

ŷ SA-ɓ-gal activity 

ŷ SAHF 

ŷ p16INK4a 

ŷ p53 phosphorylation/p21cip1 

Ź TRF2 

Testosterone, but not 

17ɓ-estradiol, protects 

against DOX-induced 

senescence in 

Cardiomyocytes 

Testosterone 

modulates TRF2 via 

PI3K/AKT/NOS3 

mechanism 
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Bent, Gilbert, & 

Hemann, 2016 

(289) 

Human umbilical 

vein endothelial 

cells 

(HUVECs) 

0.225 µM for 24 or 120 h 

Cell cycle arrest 

ŷ SA-ɓ-gal activity 

ŷ p21CIP1 

ŷ p16INK4a 

ŷ Acute IL-6 production 

 

DOX induces 

endothelial cell 

senescence without the 

typical SASP but rather 

ASAP 

Oxidative stress 

induces ASAP 

through p38 

signaling and 

downregulation of 

PI3K/AKT/mTOR 

pathway 

De Falco, et al., 

2016 (154) 

Endothelial 

progenitor cells 

(EPCs) 

0.25 µM for 3 h 

ŷ SA-ɓ-gal activity 

ŷ p21CIP1 

ŷ IL-6 

Ź NO 

DOX induces 

senescence in EPC. 

Nox2 Inhibition may 

protect against DOX-

induced senescence 

Oxidative stress via 

Nox2-dependent 

mechanism 

Przybylska, et al., 

2016 (290) 
Human VSMCs 

1 ɛM for 2 h 

Experiments were done 6 

days after 

Morphological changes 

ŷ SA-ɓ-gal activity 

ŷ p53/p-p53 

ŷ p21CIP1 

ŷ SASP (IL-6, IL-8, VEGF) 

DOX induces 

senescence in VSMCs 

Both increased and 

diminished ROS levels 

can lead to senescence 

DOX-induced DSB 

and ROS activates 

p53/p21 pathway 

NOX4 silencing 

activates p27 

Xia & Hou, 2018 

(159) 

H9c2 

Rat BM-MSCs 
0.5 µM for 24 h 

ŷ p53/ p16INK4a gene 

expression 

Ź Telomere length 

ŹTelomerase activity 

Co-culture with MSCs 

attenuated DOX-induced 

senescence and 

increased cells 

proliferation 

MSCs induce anti-

senescence effect by 

upregulating Sirt1 

expression via miR-

34a Inhibition 
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Z. Xie, et al., 2018 

(160) 

HL-1 murine 

cardiomyocytes 
5 µM for 24 h 

ŷ p53/ p16INK4a gene 

expression 

ŹTelomere length 

ŹTelomerase activity 

Ź Proliferation 

SOD activation 

lincRNA-p21 silencing 

attenuated DOX-induced 

senescence in 

cardiomyocytes 

DOX induces 

lincRNA-p21 which 

regulates oxidative 

stress via WNT/ɓ-

catenin signaling 

pathway (Decrease 

ɓ-catenin) 

Fallah, et al., 2019 

(153) 

Wistar rats 

(Heart tissues) 

DOX: 0.75, 0.5, 0.1 mg/kg 

Liposomal DOX: 0.1, 

0.025, 0.05 mg/kg. 

Both daily for 6 weeks 

ŷ SA-ɓ-gal activity 

ŷ p53 

Both DOX and 

liposomal DOX induce 

senescence and mild 

inflammation 

Oxidative stress 

ASAP, Acute stress-associated phenotype; Akt, Protein Kinase B; Bcl-6, B cell lymphoma-6; Chk2, checkpoint kinase 2; CPCs, Cardiac progenitor cells; 

CTn, Cardiac troponin; DSB, double-strand breaks; HUVECs, Human umbilical vein endothelial cells; IL, Interleukin; linc, Long intergenic non-coding; 

MAPK, Mitogen-activated protein kinase; MSCs, Mesenchymal stem cells; NOX, NADPH oxidases; PI3K, Phosphatidylinositol 3-kinase; ROS, Reactive 

oxygen species; SA-ɓ-gal, Senescence associated-ɓ-galactosidase assay; SAHF, Senescence-associated heterochromatin foci; SASP, Senescence-associated 

secretory phenotype; TRF, Telomeric repeat binding factor; VSMCs, Vascular smooth muscle cells; VEGF, Vascular endothelial growth factor 
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Table 1-2 Clinical studies demonstrating elevation of cellular senescence biomarkers in cancer survivors 

Study Study type 

Cellular 

Senescence 

Biomarkers 

Population of 

interest 
Study groups Methods Findings 

Piegari, et al., 

2013 

(185) 

Case control p16INK4a Heart autopsies 

to examine 

cardiac 

progenitor cells 

among cancer 

patients 

Cases: 6 heart autopsies 

from DOX-treated cancer 

patients who died from 

cardiomyopathy, 2 who 

died from other causes 

Controls: 6 heart 

autopsies from cancer 

free individuals 

p16INKa levels were 

collected from cardiac 

progenitor cells 

obtained from autopsy 

samples 

p16INK4a levels were higher 

in cardiac progenitor cells 

from individuals who were 

exposed to DOX and 

deceased from 

cardiomyopathy 

Marcoux, et 

al., 2013(182) 

Case control p16INK4a Survivors of 

childhood ALL 

who received 

chemotherapy 

and cranial 

radiation 

Cases: 10 survivors of 

childhood ALL who 

received chemotherapy 

and cranial radiation 

Controls: 11 sibling 

controls without cancer 

p16INKa levels were 

collected from skin 

biopsies of the scalp 

(exposed) and 

buttocks (unexposed) 

in the cases, and from 

the buttocks only in 

the controls 

p16INK4a levels were higher 

in skin biopsies from the 

scalp compared to skin 

biopsies from the buttocks 

in ALL survivors at a mean 

of 12 years post-diagnosis. 

There was no difference 

between p16INK4a levels 

from biopsies of the 

buttocks in the cases 

compared to the controls 
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Sanoff, et al., 

2014 

(183) 

Cohort p16INK4a, p14ARF 

Telomere length 

Senescence-

associated 

cytokines 

(VEGFA and 

MCP1) 

Women treated 

for stage I-III 

breast cancer 

Prospective cohort = 33 

women who were treated 

with adjuvant 

chemotherapy 

Cross-sectional cohort = 

176 women, 39% 

received adjuvant 

chemotherapy, 61% did 

not 

Blood samples were 

drawn prior to 

chemotherapy 

exposure, 

immediately after 

exposure, 3 months, 

and 12 months later in 

the prospective 

cohort. A single 

sample obtained in 

cross-sectional cohort 

Women who received 

chemotherapy had elevated 

p16INK4a, ARF mRNA, and 

VEGFA and MCP1 

expression immediately 

after and at 12 months after 

chemotherapy exposure. 

Telomere length was not 

affected 

Ariffin, et al., 

2017 

(187) 

Case control Inflammatory 

cytokines (IL-2, 

IL -10, IL-17a) 

Telomere length 

High-sensitivity 

CRP 

Survivors of 

childhood ALL 

Cases: 87 young adult 

childhood ALL survivors 

with a median of 18 years 

off therapy 

 

Controls: 87 age and sex-

matched volunteers 

without history of cancer 

Serum biomarkers 

measured 

Survivors have 

significantly higher levels 

of inflammatory cytokines 

and shorter leukocyte 

telomere lengths compared 

to controls. Telomere 

lengths in survivors were 

similar to that of healthy 

individuals aged 20 years 

older 
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Alfano, et al., 

2017 

(191) 

Cohort Inflammatory 

cytokines (TNF-Ŭ, 

IL-6) 

 

Women treated 

for stage I-III 

breast cancer 

Survivor cohort: 209 

women treated with 

multimodal therapy for 

breast cancer 

Controls = 106 women 

worked up and found to 

not have breast cancer 

Baseline 

questionnaire, 

interview, and blood 

draw at work-up for 

both groups. Post-

treatment assessments 

were performed at 6 

and 12 months off-

therapy for cases 

Breast cancer survivors had 

significantly elevated 

inflammatory cytokines 

and higher burder of 

comorbid conditions 

compared to controls 

Uziel, et al., 

2020 

(193) 

Case control DNA methylation 

status 

Telomere length 

HSCT survivors Cases: 26 survivors of 

allogenic-HSCT for a 

hematologic malignancy 

Controls: matched sibling 

donors 

Blood samples 

collected from 

survivors and their 

matched sibling 

donors. Buccal swabs 

collected in survivors 

WBC methylation and 

buccal cells predicted 

accelerated aging in 

survivors compared to 

controls. 

No difference in telomere 

length 

Sehl, et al., 

2020 

(194) 

Prospective 

cohort study  

DNA methylation 

and epigenetic 

biomarkers 

Stage 0-IIIA 

breast cancer 

patients  

72 women treated for 

breast cancer with 

surgery followed by 

adjuvant radiation alone 

(n = 37) or 

chemoradiation (n = 35) 

Blood samples with 

epigenetic analysis 

collected pre- and 

post-treatment 

Epigenetic markers of 

accelerated aging were 

most significant in patients 

treated with radiation 

compared to those treated 

with chemotherapy and 

radiation. 

Shachar, et 

al., 2020 

(184) 

Prospective 

cohort study 

P16INK4a Stage I-III breast 

cancer patients 

146 women treated for 

breast cancer; 47.9% 

treated with 

anthracyclines, 34.9% 

Blood drawn prior to 

chemotherapy 

initiation and Ó 60 

days after completion 

P16INK4a expression was 

significantly elevated to 

levels equivalent to 23 to 

26 years of accelerated 
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treated without 

anthracyclines 

of chemotherapy and 

p16INK4a levels was 

measured in PBTL 

aging in patients treated 

with anthracycline 

ALL, Acute lymphoblastic leukemia; CRP, C-reactive protein; DOX, Doxorubicin; HSCT, Hematopoietic stem cell transplant; IL-6, Interlukin-6; MCP1, 

Monocyte chemoattractant protein-1; PBTL, Peripheral Blood T-lymphocytes ; TNF-Ŭ, Tumor Necrosis Factor alpha; VEGFA, Vascular endothelial growth 

factor A; WBC, White blood cell 
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Table 1-3 Clinical studies demonstrating increased frailty in cancer survivors 

Study 
Study 

type 

Frailty 

Measurement 

Population of 

interest 
Study groups Methods Findings 

(199) Case 

control 

Muscle strength 

Fitness 

Physical 

performance 

Participation 

Survivors of 

childhood brain 

tumors treated at 

St. Jude or 

University of 

Minnesota 

Cases: 78 

survivors of 

childhood brain 

tumors 

Controls: 78 age, 

sex, and zip code-

matched 

population-based 

controls 

In-home 

evaluations for 

muscle strength, 

fitness, physical 

performance, and 

an interview 

Survivors with a median age 

of 22 demonstrated muscle 

strength and fitness similar to 

that expected of an individual 

in their 60's. 

(200) Cohort Neuromuscular 

impairment 

Survivors of 

childhood ALL 

enrolled in the 

St. Jude Lifetime 

Cohort Study 

Participants: 415 

survivors of 

childhood ALL 

Non-participants: 

285 controls 

Chart abstraction 

and tests for 

neuromuscular 

function 

Survivors in their 30's 

demonstrated neuromuscular 

impairments that limit physical 

performance similar to what is 

observed in individuals in their 

60's. This effect correlated 

with higher cumulative doses 

of vincristine and/or 

intrathecal methotrexate. 
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Ness K et al. 

2013 (196) 

Cohort Pre-frailty 

Frailty 

Morbidity 

Mortality 

Survivors of 

childhood cancer 

from the St. Jude 

Lifetime Cohort 

Study 

Survivors: 1922 

adult childhood 

cancer survivors 

Controls: 341 

individuals without 

history of cancer 

Chart extraction 

for medical 

records, 

questionnaires for 

frailty, and in-

clinic assessments 

at follow up visits 

Prevalence of pre-frailty and 

frailty were higher in survivors 

compared to controls, 

particularly in women. Frailty 

was also associated with 

higher risk of chronic 

condition onset and with risk 

of death. 

Vatanen A et 

al. 2017 

(201) 

Case 

control 

Frailty 

Cardiovascular 

function 

Inflammatory 

markers 

Telomere length 

Survivors of 

high-risk 

neuroblastoma 

who underwent 

high dose 

chemotherapy 

followed by 

autologous stem 

cell rescue 

Cases: 19 

survivors of high 

risk neuroblastoma 

Controls: 20 age 

and sex-matched 

volunteers 

Assessed frailty 

using tests for 

muscle mass, 

energy 

expenditure, 

running, and 

weakness 

Survivors were more likely to 

be ñfrailò and to report 

physical health limitations in 

vigorous activities compared 

to controls. Survivors also had 

higher CRP and shorter 

telomere length than controls. 

(202) Cross 

sectional 

Pre-frailty 

Frailty 

Comorbid 

conditions 

Adolescent- 

young adult 

cancer survivors 

treated at 

University of 

North Carolina 

271 survivors who 

were diagnosed 

between ages 15-

39 

Frailty 

questionnaire to 

assess frailty status 

and comorbid 

conditions 

Prevalence of pre-frailty and 

frailty were high in AYA 

survivors. Frailty was 

associated with higher 

prevalence of comorbidities. 
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(203) Case 

control 

Deficiencies in 

geriatric 

assessment 

domains 

All -cause 

mortality 

Female survivors 

of any cancer in 

participants from 

the Iowa 

Women's Health 

Study 

Cases = 1723 

female survivors 

of cancer 

Controls = 11,145 

age matched 

cancer free women 

Questionnaire to 

assess for Geriatric 

assessment 

domains and for 

all-cause mortality 

Cancer survivors were more 

likely than controls to have 

deficits in multiple geriatric 

domains. Predicted 10-year 

mortality was higher in 

survivors than in controls. 

(198) Cohort Prefrailty 

Frailty 

Survivors of 

childhood cancer 

in the Childhood 

Cancer Survivor 

Study 

Survivors: 10,899 

survivors 

Controls: 2,097 

sibling controls 

Baseline and 

follow up 

questionnaire 

Demonstrated that pre-frailty 

and frailty are higher in 

survivors compared to 

controls, and higher among 

females than in males. 

Exposure to cranial, 

abdominal/pelvic radiation, 

lung surgery, and 

comorbidities were also with 

risk of frailty. Findings 

suggest cancer therapies are a 

risk factor for the premature 

aging. 

ALL, Acute lymphoblastic leukemia; AYA, Adolescent and young adult 
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Introduction  

The population of cancer survivors has remarkably increased in recent years due to 

significant advances in the diagnosis and treatment of cancer patients (291). With the 

increase in survival rate, the long-term adverse effects of cancer treatments become more 

evident. Accelerated aging and premature frailty are among the long-term adverse 

complications induced by chemotherapy (135, 292). Additionally, many cancer treatments 

can adversely affect the cardiovascular system and increase the susceptibility of cancer 

survivors to develop premature cardiovascular complications (293). Although several 

molecular mechanisms have been proposed to explain cancer-therapy-induced 

cardiovascular complications, the role of therapy-induced premature aging in mediating 

these cardiovascular complications has recently been recognized (135). Cellular 

senescence, one pillar of aging, is a state of stable cell cycle arrest in which cells 

demonstrate morphological and functional alterations (294). The accumulation of 

senescent cells contributes to the development of age-related diseases (295). Multiple 

cancer treatments induce senescence in cardiovascular cells via different mechanisms, 

suggesting a role of cellular senescence in cancer-therapy-induced cardiovascular 

complications (135). 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 cancers, the clinical utility of DOX is limited due to cardiotoxicity. In addition to 

cardiotoxicity, DOX also induces vascular toxicity, characterized by endothelial 

dysfunction and vascular aging (137, 138, 139). Interestingly, low doses of DOX induce 

endothelial senescence and premature vascular aging rather than apoptosis (221, 226, 287, 

296). 
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The elimination of senescent cells can be a promising strategy to mitigate cancer-

therapy-induced endothelial senescence (297). The last decade has witnessed the 

development of senolytics, which are a novel class of drugs that selectively induce the 

apoptosis of senescent cells by interfering with the pro-survival pathways expressed by 

senescent cells. Several senolytics including quercetin, fisetin, and ABT-263 (navitoclax) 

have been shown to exert senolytic effects in human umbilical vein endothelial cells 

(HUVECs) (256, 257, 264). HUVEC is a primary cell line that is a reference in vitro model 

for studying the senescence of endothelial cells (ECs). However, no previous studies have 

reported the senolytic 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 cells (298). Primary HUVECs are characterized by their limited life 

span, difficulty to maintain, and batch-to-batch variation, which can affect the 

reproducibility of the results (299). On the other hand, immortalized EA.hy926 cells grow 

faster, are easier to handle, and yield reproducible results (298). 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 deficient in some 

endothelial properties and have a transcriptomic profile that differs from primary ECs 

(300). In the current study, we first established a comparative characterization of DOX-

induced senescence phenotypes across EA.hy926 cells and HUVECs and then compared 

the senolytic 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 ABT-263 exerted selective senolytic activity in DOX-

induced senescent HUVECs, but not in EA.hy926 cells. 
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Methods 

Materials 

Dulbeccoôs modified Eagleôs medium (DMEM), fetal bovine serum, phosphatase 

inhibitor, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), 

doxorubicin (DOX), dasatinib, and quercetin were purchased from MilliporeSigma (St. 

Louis, MO, USA). Vascular cell basal medium and endothelial cell growth kitïVEGF were 

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

PierceÊ bicinchoninic acid (BCA) protein assay kit, PierceÊ ECL substrate, High-

Capacity cDNA Reverse Transcription Kit, penicillinïstreptomycin, SYBRÊ Green 

Master Mix, RNase A, and propidium iodide were purchased from ThermoFisher 

(Waltham, MA, USA). ABT-263 (navitoclax), ABT-199 (venetoclax), and fisetin 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 IDT (Integrated DNA Technologies) (Coralville, IA, USA); a senescence ɓ-

galactosidase (SA-ɓ-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 p21cip1 (catalog #2947), cyclin D1 (catalog #2978), cleaved caspase-3 

(catalog #9664), caspase-3 (catalog #9662), cleaved PARP (catalog #5625), PARP (catalog 

#9542), BCL-2 (catalog #4223), BCL-xL (catalog #2764), BCL-W (catalog #2724), BAK 

(catalog #12105), BAX (catalog #2774), and alpha-tubulin (catalog #2144) were purchased 

from Cell Signaling. HRP-conjugated horse anti-mouse secondary antibodies (catalog 
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#7076) were purchased from Cell Signaling and HRP-conjugated goat anti-rabbit 

secondary antibodies (catalog #111-035-144) were purchased from Jackson 

ImmunoResearch (West Grove, PA, USA). 

 

Cell Culture 

The EA.hy926 human-endothelial-derived 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 (10% v/v), penicillin (100 U/mL), and 

streptomycin (100 ɛg/mL). HUVECs were cultured in vascular cell basal medium 

supplemented with endothelial cell growth kitïVEGF, including rh VEGF (5 ng/mL), rh 

EGF (5 ng/mL), rh FGF basic (5 ng/mL), rh IGF(15 ng/mL), L-glutamine (10 mM), heparin 

sulfate (0.75 U/mL), hydrocortisone (1 µg/mL), ascorbic acid (50 µg/mL), fetal bovine 

serum (2%), penicillin (10 U/mL), and streptomycin (10 µg/mL). Both cell lines were 

maintained in 75 cm2 tissue-culture-treated flasks in a 5% CO2 humidified 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 DOX in the DMEM or vascular cell basal media. To 

characterize the senescence phenotypes (Figure 2-1A), EA.hy926 cells and HUVECs were 

seeded into 6-well plates and incubated with increasing concentrations of DOX (0.1 ɛM, 

0.2 ɛM, and 0.5 ɛM) for 24 h. Thereafter, the DOX was removed, cells were washed with 
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phosphate-buffered saline (PBS), then incubated in DOX-free growth media for another 72 

h. The 0.5 ɛM concentration of DOX was chosen for subsequent experiments because it 

was associated with the highest induction of senescence markers. 

For the assessment of senolytic activity experiments (Figure 2-1B), senescence 

was first induced by treating cells with 0.5 µM DOX for 24 h followed 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 observed senolytic activity of ABT-263, senescence 

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

in DOX-free growth media. Then, cells were treated with 0.1 µM ABT-263 for 6 h 

followed by the assessment of apoptotic markers. 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. 

  

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 in 6-well plates and subjected to the 

treatments described above. Cells were washed with PBS and harvested in a lysis buffer 

containing 20 mM Tris, 100 mM sodium fluoride, 10 mM sodium pyrophosphate, 5 mM 

EDTA, and 1% NP-40 in the presence of protease and phosphatase inhibitors. Cells were 

lysed by passing through a 28 gauge needle 10 times and the lysate was centrifuged at 

2000× g for 10 min at 4 °C. Thereafter, the supernatant was collected for Western blotting. 

The protein concentration was measured using the PierceÊ bicinchoninic acid (BCA) 

protein assay kit according to the manufacturerôs instructions. Cell homogenates were 

denatured by boiling at 100 °C for 5 min in sodium dodecyl sulfate (SDS)ïpolyacrylamide 

gel electrophoresis (PAGE) loading buffer. Thereafter, 20ï30 ɛg homogenates were 

separated on 12% SDS-PAGE gels and transferred to nitrocellulose membranes. The blots 

were then blocked at room temperature for 1 h with 5% skim milk powder in Tris-buffered 

saline (20 mM Tris, 150 mM NaCl, pH 7.4) with 0.05% (v/v) Tween-20 (TBST). Following 

blocking, blots were incubated overnight at 4 °C with primary antibodies diluted 1:1000 in 

1% milk solution in TBST. Blots were then washed in TBST and incubated for 1 h at room 

temperature with horseradish peroxidase (HRP)-conjugated secondary antibodies diluted 

in blocking buffer, then washed with TBST. Blots were visualized using PierceÊ ECL 

substrate according to the manufacturerôs instructions. An Amersham Imager 600 (Cytiva, 

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% SDS, 18mM 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 alpha-tubulin protein levels as normalizing loading controls. 

Phospho-protein 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 primary antibody, reducing the 

need for blot stripping. The uncropped Western blot images with molecular weights can be 

downloaded at https://www.mdpi.com/article/10.3390/cells11131992/s1. 

Senescence-Associated ɓ-galactosidase (SA-ɓ-gal) Assay 

The SA-ɓ-gal staining kit was used to stain senescent cells according to the 

manufacturerôs protocol. To avoid false-positive staining in non-treated cells, the staining 

incubation time and pH were optimized 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 SA-ɓ-gal-positive 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 bright-field microscope (4× objective lens). 

 Cell Cycle Analysis 

A cell cycle analysis was performed using propidium iodide (PI) staining. 

Following the specified treatments, cells were harvested using trypsin and washed twice 

with cold PBS. Cells were suspended in PBS at a concentration of 1ï2 × 106 cells/mL and 

fixed in 70% ethanol for 45 min on ice followed by incubation overnight at ī20 ÁC. Cells 

were centrifuged at 300× g for 10 min at 4 °C and the pellet was suspended in 1 mL PI 

master mix (40 µL PI, 10 µL RNase A, and 950 µL PBS). Tubes were wrapped in 

https://www.mdpi.com/article/10.3390/cells11131992/s1


65 
 

aluminum foil and incubated at 37 °C 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 FACSdiva software (BD Biosciences). 

RNA Extraction and Real-time PCR 

Following the treatments described above for the specified periods, the total cellular 

RNA was isolated using TRIzol® reagent (Life Technologies, Carlsbad, CA, USA) 

according to the manufacturerôs instructions. The total RNA was quantified by using a 

Nanodrop 8000 spectrophotometer (Thermo Fisher Scientific). Thereafter, the first-strand 

cDNA was synthesized from 1.5 ɛg of total RNA using the high-capacity cDNA reverse 

transcription kit according to the manufacturerôs instructions. To measure specific mRNA 

expression levels, a real-time polymerase chain reaction (PCR) was carried out in 384-well 

optical plates in a final volume of 20 ɛL reaction mix (1 ɛL cDNA sample, 0.025 ɛL 30 

ɛM forward primer, 0.025 ɛL 30 ɛM reverse primer, 10 ɛL SYBR Green Mastermix, and 

8.95 ɛL of nuclease-free water) using a QuantStudio 5 instrument (Applied Biosystems, 

Foster City, CA, USA). The following thermocycling amplification conditions were used: 

95 °C for 10 min, 40 PCR cycles of denaturation at 95 °C for 15 s, then annealingïextension 

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 are listed in 

Table 2-1. The primers selected in the current study were checked with the Primer-BLAST 

online tool. The ȹȹCt method was used to identify DOX-induced gene expression changes. 

Data were normalized to endogenous beta-2 microglobulin (B2M) and expressed relative 
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to control cells. 

Table 2-1 Primer sequences used in this study. 

Gene Forward Primer (5ǋï3ǋ) Reverse Primer (3ǋï5ǋ) Ref 

IL-6 CCGGGAACGAAAGAGAAGCT GCGCTTGTGGAGAAGGAGTT (301) 

CXCL1 GAAAGCTTGCCTCAATCCTG CACCAGTGAGCTTCCTCCTC (301) 

CXCL8 CTTTCCACCCCAAATTTATCAAAG CAGCAGAGCTCTCTTCCATCAGA (301) 

B2M CACCCCCACTGAAAAAGATGAG CCTCCATGATGCTGCTTACATG (302) 

 

Assessment of Senescence-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. Thereafter, media were stored at ī80 ÁC until use. 

Supernatants were analyzed by the Cytokine Reference Laboratory (University of 

Minnesota, Minneapolis, MN, USA) for human-specific interleukin 6 (IL-6), interleukin 8 

(IL-8), tumor necrosis factor alpha (TNF-Ŭ), interleukin 1 beta (IL-1ɓ), and monocyte 

chemoattractant protein-1 (MCP-1) using the Luminex platform and conducted as a 

multiplex. Cytokines were analyzed according to the manufacturerôs guidelines by lab 

personnel, who were blinded to the experimental design. Briefly, fluorescent color-coded 

beads coated with a particular capture antibody were used to treat each sample. Following 

incubation and washing, a biotinylated detection antibody was added followed by 

phycoerythrin-conjugated streptavidin. A Luminex instrument (Bioplex 200, Bio-Rad 

Laboratories, Inc., Hercules, CA, USA) was used to read the beads. Samples were run in 

duplicate and values were interpolated from 5-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, which measures the capacity of 

viable cells to convert MTT to formazan crystals using reducing enzymes. EA.hy926 cells 

and HUVECs were seeded in 96-well cell culture plates and treated as described above in 

cell treatments for senolytic experiments. Following treatments, the media were removed, 

then 90 ɛL of media containing MTT (5 mg/mL) was added and the plate was incubated at 

37 ÁC for 2 h. Thereafter, the MTT solution was removed and 200 ɛL of isopropyl alcohol 

was added to each well, followed by shaking for 1 h 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 vehicle- and DOX-

treated groups was calculated as a percentage relative to the control wells of each treatment 

group which is considered as 100% viable cells. 

Statistical Analysis 

A data analysis was performed using GraphPad Prism software and the data are 

presented as the mean ± standard error of the mean (SEM). Comparisons between two 

groups were analyzed using an unpaired t-test. For comparisons of three or more groups, a 

one-way analysis of variance (ANOVA) was performed followed by Dunnetôs multiple 

comparison test. The cell cycle analysis was analyzed via two-way ANOVA followed by 

Sidakôs post hoc test. p value < 0.05 was considered statistically significant. The number 

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

Doxorubicin Induced the Expression of Senescence Markers 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 (0.1ï0.5 µM) of doxorubicin (DOX). 

Following 24 h treatment with DOX, cells were washed and incubated in DOX-free 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 regulation (303). Cyclin D1 is another cell cycle 

regulator and a downstream target of p53 (304). In EA.hy926 cells, DOX treatment resulted 

in a concentration-dependent upregulation of the expression of p53 (Figure 2-2A), p21 

(Figure 2-2B), and cyclin D1 (Figure 2-2C). The highest concentration of DOX (0.5 µM) 

caused a remarkable 17-fold increase in p53 expression and significant 2.4-fold increases 

in p21 and cyclin D1. A similar concentration-dependent upregulation of senescence 

markers was elicited by DOX in HUVECs. The highest concentration of DOX (0.5 µM) 

caused a significant 6.9-fold increase in p53 (Figure 2-2D), a 3.7-fold increase in p21 

(Figure 2-2E), and a 1.7-fold increase in cyclin D1 (Figure 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 human-endothelial-derived cells and HUVECs were treated with increasing concentrations of 

DOX (0.1 µM, 0.2 µM, and 0.5 µM) for 24 h. 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 cells (AïC, respectively) and 

HUVECs (DïF, respectively) were measured via Western blotting (n = 4ï6). Representative images of 

Western blots are shown. Values were normalized to Ŭ-tubulin and expressed relative to control cells. Values 

are presented as means ± SEM. Data were analyzed by one-way ANOVA followed by Dunnetôs multiple 

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 SA-ɓ-gal Activity and 

Cell Cycle Arrest 

The senescence phenotype is characterized by cellular alterations, including 

enhanced senescence-associated beta-galactosidase (SA-ɓ-gal) activity and cell cycle 

arrest. We evaluated these changes in EA.hy926 and HUVEC cell lines following treatment 

with 0.5 µM DOX as described in the methods section. As illustrated in Figure 2-3A, the 

percentage of SA-ɓ-gal-positive cells was markedly increased in EA.hy926 cells treated 

with DOX compared with control cells (75% vs. 9%, respectively). In HUVECs (Figure 

2-3B), a more modest increase in SA-ɓ-gal activity was observed following DOX treatment 

compared to control cells (47.3% vs. 7.3%, respectively). The cell cycle analysis following 

the treatment of EA.hy926 cells with 0.5 µM DOX demonstrated a remarkable increase in 

the G2/M arrested population from 4.1% in the control cells to 60.9% in the DOX-treated 

cells (Figure 2-3C). A less remarkable, but still significant, 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 DOX-treated cells (Figure 2-3D). 
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Figure 2-3 Doxorubicin triggers senescence in EA.hy926 cells and HUVECs, as 

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

EA.hy926 human-endothelial-derived cells and HUVECs were treated with DOX (0.5 µM) for 24 h. 

Thereafter, DOX was removed and cells were incubated with DOX-free media for 120 h then stained for SA-

ɓ-gal. Images of SA-ɓ-gal staining of EA.hy926 cells (A) and HUVECs (B) are shown. The percentage of 

SA-ɓ-gal positive cells were calculated. Data were analyzed via unpaired two-tailed t-test. In another set of 

experiments, cells were incubated with DOX-free media for 72 h and the cell cycle was analyzed by 

measuring the DNA content using the FACSCanto system. Percentages of each cell cycle phase in control 

and DOX-treated cells (n = 5ï6) are shown for EA.hy926 (C) and HUVECs (D). Data are presented as means 

± SEM. Data were analyzed via two-way ANOVA followed by Sidakôs post hoc test. Note: * p < 0.05, *** 

p < 0.001, **** p < 0.0001. 
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Doxorubicin Induced the Expression of Senescence-Associated Secretory Phenotype 

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

The expression of SASP factors is another important feature of cellular senescence. 

The expression levels of SASP factors have previously been shown to differ between 

different cell types (58, 123). Therefore, we measured changes in the gene expression 

levels of several SASP factors, including IL-6, C-X-C chemokine ligand 1 (CXCL1), and 

C-X-C chemokine ligand 8 (CXCL8), induced by 0.5 µM DOX treatment in both EC lines. 

In EA.hy926 cells, the DOX treatment was associated with significant 2-, 3-, and 1.8-fold 

increases in IL-6, CXCL1, and CXCL8, respectively (Figure 2-4A). Similarly, the DOX 

treatment in HUVECs resulted in a significant 6.4-fold increase in IL-6 and a 3.5-fold 

increase in CXCL1 (Figure 2-4B). However, the CXCL8 expression was not significantly 

changed in HUVECs (Figure 2-4B). Since SASP includes soluble factors that can be 

secreted and can affect neighboring cells, we measured the concentrations of IL-6, TNF-Ŭ, 

IL-8, IL-1ß, and MCP-1 in the culture media of both cell lines 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 2.5-, 1.8-, and 1.7-fold increases in IL-6, TNF-Ŭ, and IL-8, 

respectively, were identified in the culture media (Figure 2-5A). Moreover, an increasing 

but not significant trend was observed in IL-1ß and MCP-1 (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 1.5-fold increases in IL-6, TNF-Ŭ, IL-1ß, and MCP-

1, respectively (Figure 2-5B). The IL-8 expression was increased by 2-fold, although this 

was not found to be significant (Figure 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 human-endothelial-derived cells and HUVECs were treated with DOX (0.5 µM) for 24 h. 

Thereafter, DOX was removed and cells were incubated with DOX-free media for 72 h. The total RNA was 

then extracted and the mRNA expression of SASP factors including IL-6, CXCL1, and CXCL8 in (A) 

EA.hy926 cells (n = 6) and (B) HUVECs (n = 4) was determined by real-time PCR. Values were normalized 

to B2M and expressed relative to control cells. Values are shown as means ± SEM. Data were analyzed by 

unpaired two-tailed t-test. Note: *p < 0.05, **** p < 0.0001. 
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Figure 2-5 DOX induces the protein expression of SASP factors in conditioned media 

of EA.hy926 cells and HUVECs. 

EA.hy926 human-endothelial-derived cells and HUVECs were treated with DOX (0.5 µM) for 24 h. 

Thereafter, DOX was removed and cells were incubated with DOX-free media for 72 h. Conditioned media 

were collected and the expression of SASP factors including IL-6, TNF-Ŭ, IL-8, IL-1B, and MCP-1 in (A) 

EA.hy926 cells (n = 6) and (B) HUVECs (n = 5) was determined by Luminex. Values were normalized to 

the protein (ptn) content of the cells determined by BCA and the results are expressed as the fold expression 

relative to control cells. Values are shown as means ± SEM. Data were analyzed by unpaired two-tailed t-

test. Note: * p < 0.05, ** p < 0.01, *** p < 0.001. 
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ABT-263 Demonstrated Differential Senolytic Activity in EA.hy926 Cells and 

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 type (85, 256, 264). For example, quercetin, fisetin, and ABT-263 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 HUVECs by evaluating their effects on cell viability. 

In agreement with the previous study, dasatinib failed to induce senolytic activity and 

decreased the viability of untreated and DOX-treated senescent cells to similar degrees in 

both EA.hy926 cells and HUVECs (Figure 2-6A). Quercetin has demonstrated a very 

modest senolytic effect in EA.hy926 cells but not in HUVECs (Figure 2-6B). Fisetin did 

not exert senolytic activity in both EA.hy926 cells and HUVECs (Figure 2-6C). Only 

ABT-263 exhibited a remarkably differential activity in these cell lines (Figure 2-6D). In 

EA.hy926 cells, ABT-263 did not selectively target senescent cells and decreased the 

viability of both DOX-induced senescent cells and non-senescent control cells in a similar 

manner (Figure 2-6D). In contrast, ABT-263 showed high senolytic activity against DOX-

induced senescent HUVECs and remarkably decreased the viability of DOX-induced 

senescent cells compared to non-senescent cells (Figure 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 human-endothelial-derived cells and HUVECs were treated with DOX (0.5 µM) for 24 h to 

establish the senescence phenotype or left untreated. Three days post DOX exposure, DOX-treated and 

untreated cells were incubated with increasing concentrations of different senolytics including (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. Values are presented as means ± SEM. 
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Since apoptosis is the main driver of the senolytic activity of ABT-263, we assessed 

the effects of ABT-263 on the cleavage of two apoptotic markers in EA.hy926 cells and 

HUVECs. In EA.hy926 cells, ABT-263 significantly induced the cleavage of caspase-3 in 

both control- and DOX-treated cells (Figure 2-7A). Cleaved-PARP was also increased by 

ABT-263 in control- and DOX-treated cells (Figure 2-7B), although this was not 

statistically significant. In HUVECs, ABT-263 selectively triggered the apoptosis of DOX-

induced senescent cells, as demonstrated by the significant upregulation of cleaved-caspase 

3 (Figure 2-7C) and cleaved-PARP (Figure 2-7D) only in the DOX-treated cells, which 

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 (0.5 µM) for 24 h or left untreated (control cells). 

Three days post DOX exposure, DOX-treated and control cells were treated with ABT-263 (0.1 µM) for 6 h. 

Thereafter, expression levels of the apoptotic markers cleaved caspase-3 and cleaved PARP in EA.hy926 

cells (A,B, respectively) and HUVECs (C,D, respectively) were measured via Western blotting (n = 4ï6). 

Values are presented as means ± SEM. Data were analyzed by one-way ANOVA followed by Dunnetôs 

multiple comparisons test. Note: * p < 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 BCL-2 

Family Following DOX Treatment 

ABT-263 is a non-selective inhibitor of the BCL-2 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 BCL-2 family across both cell 

lines. In EA.hy926 cells, the anti-apoptotic proteins BCL-xL and BCL-W were not 

upregulated following DOX-treatment (Figure 2-8A). Additionally, the expression of the 

anti-apoptotic BCL-2 protein was undetectable in EA.hy926 cells (Figure 2-8A). In 

contrast, DOX significantly upregulated the protein expression levels of the anti-apoptotic 

members BCL-2, BCL-xL, and BCL-W in HUVECs (Figure 2-8B). The same trend was 

also observed for apoptotic members of the BCL-2 family, namely BAX and BAK. There 

were no changes in their expression following DOX treatment in EA.hy926 cells, while 

they were significantly upregulated in DOX-treated HUVECs (Figure 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 µM DOX for 24 h. Three days post DOX exposure, 

cells were harvested and total protein was extracted. Thereafter, protein expression levels of the BCL-2 

family including anti-apoptotic members (BCL-2, BCL-xL, and BCL-W) and pro-apoptotic members (BAK 

and BAX) in (A) EA.hy926 cells and (B) HUVECs were measured via Western blotting (n = 4ï6). 

Representative images of Western blots are shown. Values were normalized to Ŭ-tubulin and expressed 

relative to control cells. Values are presented as means ± SEM. Data were analyzed by unpaired two-tailed 

t-test. Note: * p < 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 BCL-2 protein, 

we treated both EA.hy926 cells and HUVECs with venetoclax, a BCL-2-selective inhibitor 

with lower affinity to BCL-xL and BCL-W. We found that in EA.hy296 cells, venetoclax 

had a modest effect on the viability of both untreated and DOX-treated senescent cells, 

with a slightly more lethal effect on DOX-induced senescent cells (65% vs. 55% viability, 

respectively) (Figure 2-9). However, venetoclax remarkably reduced the viability of both 

untreated and DOX-treated cells (<5% viability in both non-senescent and DOX-induced 

senescent HUVECs), confirming that BCL-2 protein is differentially expressed in these 

two cell lines (Figure 2-9). 

 

Figure 2-9 EA.hy926 cells and HUVECs respond differently to the BCL-2-selective 

inhibitor venetoclax. 

Both EA.hy926 cells and HUVECs were treated with DOX (0.5 µM) for 24 h to establish the senescence 

phenotype or left untreated. Three days post DOX exposure, DOX-treated and untreated cells were incubated 

with 10 µM venetoclax 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. Note: * p < 

0.05, compared to untreated treatment of the same cell line; # p < 0.05, compared to EA.hy926 cells of same 

treatment by two-way ANOVA with Tukeyôs post hoc analysis. Values are presented as means Ñ SEM. 
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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 survivors (98). A plethora of in vitro studies demonstrate that DOX 

induces senescence in different types of cardiovascular cells, including endothelial cells 

(ECs), ventricular myocytes, vascular smooth muscle cells, endothelial progenitor cells, 

and cardiac progenitor cells (135). Interestingly, a previous in vivo study demonstrated that 

endothelial cells comprised the majority of the cardiac senescent cell population in DOX-

treated mice and genetic elimination of senescent cells abrogated DOX-induced cardiac 

dysfunction (98). This strongly suggests that senescent endothelial cells are key players in 

delayed DOX-induced cardiac dysfunction. Importantly, senescent ECs exhibit functional 

alterations that lead to endothelial dysfunction, including a decrease in vasodilation 

response and diminished angiogenic activity (297). Additionally, senescent ECs 

demonstrated higher SASP expression compared to other cell types (124). These lines of 

evidence suggest that endothelial senescence can contribute to cardiovascular 

complications in DOX-treated patients. Thus, characterization of EC senescence is the first 

step to identify therapeutic approaches that may attenuate DOX-induced senescence and 

prevent premature cardiovascular complications. Although several studies described DOX-

induced senescence in HUVECs, DOX-induced senescence in EA.hy926 cells has not been 

fully characterized. In this study, we performed an extensive comparative characterization 

of DOX-induced senescence phenotype in both HUVECs and EA.hy926 cell lines 

including expression of senescence markers, SA-ß-Gal activity, cell cycle arrest, 

expression 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 studies (289, 306). This was also consistent with another study of 

DOX-induced senescence 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 (2016) (307). 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 types (308, 309), although, to our knowledge, this 

is the first time it has been reported in endothelial cells. Cellular senescence is also 

characterized by upregulation of SA-ß-gal activity and cell cycle arrest. Both EA.hy926 

cells and HUVECs displayed increased SA-ß-gal activity following DOX treatment. 

Notably, EA.hy926 cells demonstrated higher SA-ß-gal activity than HUVECs following 

DOX treatment. DOX has been demonstrated to induce G2/M arrest in different types of 

cardiovascular cells including endothelial progenitor cells (162) and vascular smooth 

muscle cells (176). Consistent with these observations, our results showed G2/M arrest in 

DOX-treated HUVECs and EA.hy926 cells.  

Senescence-associated secretory phenotype (SASP) is another important 

characteristic of senescent cells and encompasses multiple factors including inflammatory 

cytokines, chemokines, growth factors, and extracellular matrix proteins (61). Importantly, 

accumulation of SASP contributes to the pathophysiological effects of senescence and 

activates a low-grade inflammatory state, called ñinflammagingò, contributing to multiple 

age-related diseases. In the current study, DOX upregulated multiple SASP factors in ECs 

including IL-6, IL-8, CXCL1, and TNF-Ŭ. IL-6 and IL-8 are among the most studied pro-

inflammatory SASP factors that increase in senescent ECs (310) and contribute to 
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cardiovascular complications (297). The increased expression of SASP factors activates 

the immune response which leads to invasion of monocytes into the vessel wall and 

initiates plaque formation (108). IL-6 has been shown to increase the secretion of adhesion 

molecules in ECs and exacerbate atherosclerosis in mice (311). Additionally, MCP-1 and 

IL-8 facilitates the attachment of monocytes on the surface of ECs during atherosclerosis 

(312). Beyond the cardiovascular system, ECs are an essential component in the tumor 

microenvironment. Therefore, SASP components secreted by senescent ECs can also affect 

the tumor microenvironment and increase cancer progression and aggressiveness (289). 

Indeed, a recent study demonstrates that adding culture media from senescent HUVECs to 

cancer cells increased cell proliferation, migration, 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 aging in cancer 

survivors previously treated with DOX (135). Following the characterization of DOX-

induced senescence, we determined the effects of several reported senolytics including 

quercetin, dasatinib, fisetin, and ABT-263 across both cell lines. These senolytics disrupt 

different pro-survival pathways which are overexpressed by senescent cells and hence 

induce their apoptosis. Interestingly, the pro-survival mechanisms have been shown to vary 

across different senescent cell types. Consequently, senolytics that target these pathways 

can have distinct effects in different cell lines (123, 256). Dasatinib, a small-molecule 

inhibitor of tyrosine kinase, and quercetin, an inhibitor of PI3K/AKT signaling pathway, 

were the earliest drugs that showed senolytic activity in vitro (257). Interestingly, dasatinib 

was more effective in eliminating senescent preadipocytes than HUVECs (256, 257, 264), 
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while quercetin exerted senolytic effects in senescent HUVECs but not in preadipocytes. 

Fisetin, a quercetin-related flavonoid, has also been shown to have senolytics activity in 

HUVECs but not preadipocytes by inhibiting PI3K/ AKT pathway (256). ABT-263, a non-

selective inhibitor of BCL-2 family, targets the overexpressed anti-apoptotic pathways that 

allow senescent cells to resist apoptosis and maintain their viability (314). Similarly, ABT-

263ôs senolytic activity was shown to be dependent on cell type (264). In the current study, 

dasatinib, quercetin, and fisetin demonstrated lack of selective senolytic activity against 

DOX-induced senescent EA.hy926 cells and HUVECs. Since senolytic effects has been 

shown to be dependent on the mechanism of senescence induction (315), the lack of 

senolytic activity of these drugs may be due to the DOX-induced senescence model that 

we used in our study compared to irradiation-induced senescence in previous studies (257, 

264). Only ABT-263 selectively induced apoptosis of DOX-induced senescent HUVECs 

but not EA.hy926 cells. The demonstrated effectiveness of different senolytics was in 

agreement with a recent study evaluating the sensitivity of radiation-induced senescent 

glioblastoma cells to different senolytics (316). Similar to our findings in HUVECs, only 

the inhibition of BCL-xL, 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 BCL-2 family, the main targets of ABT-263, across both cell lines. 

We demonstrated differential expression of BCL-2 anti-apoptotic and apoptotic markers in 

EA.hy926 cells and HUVECs. While, these markers were upregulated in DOX-induced 

senescent vs control non-senescent HUVECs, no alterations were observed in senescent vs 

non-senescent EA.hy926 cells following DOX treatment. These upregulations of BCL-2 
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protein explains the observed senolytic effects of ABT-263 in HUVECs. Of note, BCL-2 

protein expression was not detected in either control or DOX-treated EA.hy926 cells. 

Interestingly, previous studies demonstrated lack of expression of BCL-2 in A549 human 

lung carcinoma cells (317, 318, 319), the parent cells of EA.hy926. This suggests that 

EA.hy926 endothelial cells may have retained some characteristics of the A549 cancer 

cells and therefore do not express BCL-2. This was confirmed by the diminished response 

of EA.hy926 cells to the selective BCL-2 inhibitor venetoclax compared to HUVECs. 

These findings also demonstrate that BCL-2 is dispensable for the apoptotic effect of ABT-

263 and its activity is primary through inhibition of BCL-xL and BCL-W. This is in 

agreement with a previous RNA interference reports demonstrating that BCL-xL is 

necessary for the survival of senescent HUVECs (257). This is also consistent with a 

previous study that demonstrated senescent DOX-treated cancer cells depend on BCL-xL, 

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 two cell lines responded differently to anti-BCL-2 family 

drugs such as ABT-263 and venetoclax. Hence, the effects of senolytics that target this 

anti-apoptotic pathways should be interpreted with caution in EA.hy926 cells. In addition 

to HUVECs, different models of primary ECs has been used previously to study senescence 

including human microvasculature endothelial cells (HMVECs) (285), human aortic 

endothelial cells (HAECs) (287, 321, 322), and human coronary artery endothelial cells 
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(HCAECs) (323). Therefore, future studies are needed to determine if our results in 

HUVECs are generalizable to other primary ECs. 
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Introduction  

Doxorubicin (DOX) is a chemotherapeutic drug used for the treatment of solid and 

blood cancers (324). Although DOX has contributed to improved survival rates in cancer 

patients, these survivors experience premature aging and frailty (292). DOX induces 

premature aging primarily by accumulated DNA damage due to inhibition of 

topoisomerase II (325) and increased reactive oxygen species (ROS) resulting from 

mitochondrial dysfunction (147). Both mechanisms can initiate a signaling cascade that 

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 

p16-3MR male mice, the majority of senescent cardiac cells were ECs (98). Moreover, a 

recent study by Yousefzadeh et al. used an accelerated aging mouse model and screened 

the expression of the senescence markers p21 and p16 in different tissues (57). 

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 heart (57). 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 senescence is associated with multiple cellular and functional 

alterations that contribute to endothelial dysfunction, including impairment of vascular 

permeability, altered angiogenic response, and decreased endothelium-dependent dilation 

(129). Importantly, senescent ECs secrete pro-inflammatory cytokines and 
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metalloproteases known as senescence-associated secretory phenotype (SASP) (135). 

Accumulation of SASP promotes chronic low-grade inflammation, known as 

ñinflammagingò (90), which can affect endothelial function (105). Indeed, vascular 

senescence has been identified as a significant contributor to multiple cardiovascular 

diseases (reviewed in (166, 326)). Furthermore, cancer survivors treated with 

anthracyclines exhibit endothelial dysfunction and vascular damage (327), which can be 

partially attributed to endothelial senescence as we recently reviewed in (297). Therefore, 

there is a compelling need for pharmacological strategies that target endothelial senescence 

to preserve endothelial function and potentially mitigate the related adverse effects in 

cancer survivors.  

The hypothesis that senescent cells contribute to the pathogenesis of age-related 

diseases has led to the development of a new class of drugs called senotherapeutics (328). 

Senotherapeutics can be 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 secretion of SASP from senescent cells, 

thereby improving cellular functions (329, 330).  

Metformin, a widely used drug for the treatment of type 2 diabetes, was recently 

demonstrated to exert senomorphic and anti-aging effects (331, 332). These effects are 

mediated by the ability of metformin to reduce ROS levels (333) and prevent DNA double-

strand breaks (334). Metformin has also been shown to have anti-inflammatory effects as 

evidenced by its ability to suppress SASP secretion in IMR90 fibroblasts (330), bronchial-

alveolar epithelial cells (335, 336), and lens epithelial cells (337). 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 glucose-induced 

senescence (339, 340). However, the effects of metformin on DOX-induced endothelial 

senescence have not been reported. Therefore, the current study aims to identify the 

senomorphic effects of metformin against DOX-induced 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 LPS-induced 

inflammation. Newly arising evidence show that radiation-induced and replicative 

senescent ECs are more vulnerable to LPS-induced inflammation than non-senescent ECs 

(341, 342). Given that a significant percentage of cancer survivors received DOX during 

their treatment, we determined the effect of LPS stimulation on DOX-induced senescent 

ECs and identified the effects of metformin on LPS-induced hyper-inflammation.  
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Methods 

Cell Culture 

Human umbilical vein endothelial cells (HUVECs) and EA.hy926 human 

endothelial-derived 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 growth kitïVEGF, including 5 ng/mL rh 

VEGF, 5 ng/mL rh EGF, 5 ng/mL rh FGF basic, 15 ng/mL rh IGF, 10 mM L-glutamine, 

0.75 U/mL heparin sulfate, hydrocortisone 1 µg/mL, ascorbic acid 50 µg/mL, fetal bovine 

serum 2%, 10 U/mL penicillin, and 10 µg/mL streptomycin. EA.hy926 cells were cultured 

in Dulbeccoôs modified Eagleôs medium (DMEM) supplemented with 10% (v/v) fetal 

bovine serum, 100 U/mL penicillin, and 100 ɛg/mL streptomycin (MilliporeSigma, St. 

Louis, MO, USA). Both cell lines were incubated at 37°C in 75 cm2 tissue culture-treated 

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 

concentrations of 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 co-treated with DOX and metformin for an 

additional 24 h. Based on our previous study (343), the clinically relevant concentration 

(0.5 ɛM) of DOX was selected to induce senescence in ECs since this concentration was 

associated with highest induction of senescence markers. Thereafter, cells were washed 

with PBS to remove DOX, metformin was added back to the medium, and cells were 



93 
 

incubated for a further 72 h for protein extraction or 120 h for SA-ɓ-gal 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 untreated as non-senescent 

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 the media reflect mainly 

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 prepared by dissolving 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 described 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% NP-40 

supplemented with protease and phosphatase inhibitors. Cells were passed 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 concentration was measured using PierceÊ bicinchoninic acid (BCA) protein 

assay kit according to manufacturerôs instructions (Thermo Fisher Scientific, Waltham, 

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

Biosciences, St. Louis, MO, USA) containing 20 mM dithiothreitol. Thereafter, 20 ɛg 

homogenates were separated on 8%, 12%, or 15% SDS-PAGE gels and electrophoretically 

transferred to nitrocellulose membranes. The blots were then blocked at room temperature 

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

(20 mM Tris, 150 mM NaCl, pH 7.4) with 0.05% (v/v) Tween-20 (TBST). Following 

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

solution in TBST. Blots were then washed in TBST and incubated for 1 h at room 

temperature with horseradish peroxidase (HRP) conjugated secondary antibodies diluted 

in blocking buffer, then washed with TBST. Blots were visualized using PierceÊ ECL 

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 phospho-p53 (Ser15) (catalog 9284, 1:1000 dilution), p21 (catalog 2947, 1:1000 

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

dilution), phospho-SAPK/JNK (Thr183/Tyr185) (catalog 4668, 1:1000 dilution), 

SAPK/JNK (catalog 9252, 1:1000 dilution), phospho-p38 (Thr180/Tyr182) (catalog 4511, 

1:1000 dilution), p38 (catalog 8690, 1:1000 dilution), AMPK alpha (catalog 2532, 1:1000 

dilution), phospho-NF-əB p65 (catalog 3033, 1:1000 dilution), and alpha-tubulin (catalog 

2144, 1:1000 dilution) were purchased from Cell Signaling Technology (Danvers, MA, 

USA). Primary rabbit antibodies against phospho-AMPK alpha (Thr172) (catalog 07-681, 

1:1000 dilution) were purchased from MilliporeSigma (Burlington, MA, USA). HRP-

conjugated horse anti-mouse secondary antibodies were purchased from Cell Signaling 

(catalog 7076; 1:1000 dilution) and HRP-conjugated goat anti-rabbit secondary antibodies 
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were purchased from Jackson ImmunoResearch (catalog 111-035-144, West Grove, PA, 

USA; 1:10,000 dilution). ImageJ software (National Institutes of Health, Bethesda, MD, 

USA) was used to quantify band intensities using alpha-tubulin protein levels as 

normalizing loading controls. Phospho-protein 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 primary antibody at the 

same time. The 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 Associated-B-galactosidase (SA-ɓ-gal) Assay 

For the detection of senescence, the SA-ɓ-gal staining kit (Cell Signaling 

Technology) was used to stain senescent cells according to the manufacturerôs protocol. 

Incubation time and pH were optimized as previously described (343). To calculate the 

percentage of cells that were positive for SA-ɓ-gal, the number of stained cells was counted 

relative to the total number of cells (at least 100 cells) using a bright-field microscope with 

a 4x objective lens.  

Assessment of Senescence-Associated Secretory 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 Minnesota for the detection of human-specific interleukin 6 (IL-6), 

https://www.frontiersin.org/articles/10.3389/fragi.2023.1170434/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fragi.2023.1170434/full#supplementary-material
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tumor necrosis factor-alpha (TNF-Ŭ), macrophage inflammatory protein-1 alpha (MIP-1Ŭ), 

monocyte chemoattractant protein-3 (MCP-3) monocyte chemoattractant protein-1 (MCP-

1), C-X-C motif chemokine ligand 1 (CXCL1), C-X-C motif chemokine ligand 2 

(CXCL2), interleukin-1 beta (IL-1ɓ), interleukin 8 (IL-8), matrix metalloproteinase-3 

(MMP-3), intracellular adhesion molecule-1 (ICAM-1), and E-selectin using the Luminex 

multiplex platform. The cytokines were analyzed 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 from 5-parameter-equipped standard 

curves. Cytokine concentrations were reported after 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.graphpad.com) and the data are presented as mean ± standard error of the 

mean (SEM). Normality was checked using the Shapiro-Wilk test. Comparisons between 

control, DOX, and metformin treatments were performed using a one-way analysis of 

variance (ANOVA) followed by pair-wise comparisons relative to DOX treatment using 

Dunnetôs multiple comparison test (if the normality test was passed) or non-parametric 

Kruskal-Wallis tests followed by Dunnôs post hoc test (if the normality test was failed). 

For LPS experiments, comparisons were performed by ordinary two-way analysis of 

variance (ANOVA), followed by Tukeyôs multiple comparison posthoc analysis. A p value 

of < 0.05 was chosen to indicate statistical significance. The number (n) in each figure 

represents technical replications from three independent experiments. 

http://www.graphpad.com/
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Results 

Metformin Inhibits DOX -upregulated Expression of Senescence Markers in ECs 

In Chapter 2, we characterized DOX-induced senescence phenotype in two types 

of endothelial cells: immortalized EA.hy926 endothelial-derived cells and primary human 

umbilical vein endothelial cells (HUVECs) (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 endothelial-derived cells. Cells 

were treated with 0.5 µM DOX with or without metformin in a concentration range of 0.5-

5 mM as illustrated in Figure 3-1 A. The senescence phenotype was evaluated by 

measuring the protein expression of senescence markers p-p53, p53, and p21. DOX alone 

upregulated all the assessed senescence markers including p-p53 (Figure 3-1B), p53 

(Figure 3-1C), and p21 (Figure 3-1D) by 11.5-, 5.9-, and 2-fold, respectively. These 

markers were expected to be upregulated by DOX since the p53/p21 pathway is activated 

in response to DNA damage (343). Importantly, pretreatment with the highest 

concentration of metformin (5 mM) downregulated the phosphorylation of p53 compared 

to cells treated with DOX alone (Figure 3-1B). Additionally, pretreatment with 2 and 5 

mM metformin resulted in significant concentration-dependent inhibition of the expression 

of p53 compared to cells treated with DOX alone (Figure 3-1C). The same concentrations 

of metformin, in addition to the 1 mM concentration, significantly inhibited the expression 

of downstream target p21 compared to cells treated with DOX alone (Figure 3-1D).  

We demonstrated in Chapter 2 that immortalized EA.hy926 cells and primary 

HUVECs have a differential response to the senolytic ABT-263 (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 DOX-induced upregulation of p-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 alone (Figure 3-1F). Both 2 mM and 5 mM metformin 

significantly decreased the expression of p21 in a concentration-dependent manner 

compared to cells treated with DOX alone (Figure 3-1G). Since there is no single specific 

marker for senescence, the activity of senescence-associated beta-galactosidase (SA-ɓ-

gal), which is upregulated in senescent cells, was also evaluated. As shown in Figure 3-1H, 

the percentage of SA-ɓ-gal-positive cells significantly increased in HUVECs treated with 

DOX alone compared to control cells (15.6% vs 4.1%, respectively). Additionally, DOX-

treated cells demonstrated enlarged morphology, which is another marker of senescence. 

Importantly, pretreatment with 5 mM metformin ameliorated the increase in SA-ɓ-gal 

activity (Figure 3-1H). However, no statistical difference was observed between DOX-

treated HUVECs with and without metformin. Considering that metformin had similar 

effects in HUVECs and EA.hy926 cells, we chose to use HUVECs 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-ɓ-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 0.5 µM DOX ± metformin (0.5 - 5 mM, added 24 h before DOX). Thereafter, 

DOX was removed and the cells were incubated in DOX-free media with or without metformin for an 

additional 72 h for protein expression experiments or 120 h for measurement of SA-ɓ-gal staining. Expression 

levels of senescence markers including p-p53, p53, and p21 in EA.hy926 cells (B-D, respectively) and 

HUVECs (E-G, respectively) were measured using western blot (n = 4-8). Representative images of western 

blots are shown. Values were normalized to Ŭ-tubulin and expressed relative to cells treated with DOX alone. 

(H) Images of SA-ɓ-gal staining in control, DOX-treated, and DOX + metformin co-treated cells are shown 

in HUVECs. Images were analyzed and the percentage of SA-ɓ-gal positive cells were calculated (n = 6-8). 

Values are presented as means ± SEM. Data were analyzed by one-way ANOVA followed by a Dunnetôs 

multiple comparisons test (Figure 3-1B, D, F-H) or non-parametric Kruskal-Wallis tests followed by Dunnôs 

post hoc test (Figure 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 HUVECs following treatment with DOX in the 

absence or presence of metformin. Treatment of HUVECs with DOX alone induced a 

significant increase in the concentrations of IL-6 (Figure 3-2A), TNF-Ŭ (Figure 3-2B), 

MIP-1Ŭ (Figure 3-2C), and MCP-3 (Figure 3-2D). The same trend was observed in the 

expression of other SASP factors including MCP-1, CXCL1, CXCL2, IL-1 ɓ, and IL-8, 

although the observed increases were not statistically significant (Figure 3-2E-I ). 

Importantly, pretreatment with 2 mM and 5 mM metformin normalized the levels of 

cytokines including IL-6 (Figure 3-2A), TNF-Ŭ (Figure 3-2B), MIP-1Ŭ (Figure 3-2C), 

MCP-3 (Figure 3-2D), and CXCL2 (Figure 3-2G) in a concentration-dependent 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 IL-1ɓ (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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Figure 3-2 Metformin decreased DOX-induced SASP factors in conditioned media of 

HUVECs.  

HUVECs were treated for 24 h with 0.5 µM DOX ± metformin (2 and 5 mM, added 24 h before DOX). 

Thereafter, DOX was removed and the cells were incubated in DOX-free media with or without metformin 

for an additional 72 h. Conditioned media were collected and the protein expression of SASP factors 

including IL-6, TNF-Ŭ, MIP-1Ŭ, MCP-3, MCP-1, CXCL1, CXCL2, IL-1 ɓ, and IL-8 (A-I , respectively (n = 

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

of the cells determined by BCA. Values are shown as means ± SEM. Data were analyzed by one-way 

ANOVA followed by a Dunnetôs multiple comparisons test (Figure 3-2A-B, D-E, G, I) or non-parametric 

Kruskal-Wallis tests followed by Dunnôs post hoc test (Figure 3-2C, F, H); * p <0.05, ** p <0.01, *** p 

<0.001, **** p < 0.0001. 
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In addition to determining changes in the expression of SASP pro-inflammatory 

cytokines and chemokines, we assessed the effect of metformin 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 reviewed in (344)). DOX alone 

significantly increased MMP-3 concentration in the culture media (Figure 3-3A) and its 

protein expression in cell lysate (Figure 3-3B). In agreement with the previous SASP 

results, metformin normalized DOX-induced increase of MMP-3 (Figure 3-3A, B). 

Moreover, the expression of endothelial adhesion molecules, including 

intercellular adhesion molecule-1 (ICAM-1) and E-selectin, was determined since these 

endothelial markers were previously shown to be highly expressed in senescent HUVECs 

in models of radiation-induced senescence (345) and replicative senescence (346). The 

expression of ICAM-1, in both the culture media (Figure 3-3C) and cell lysate (Figure 

3-3D), and E-selectin in the culture media (Figure 3-3E) were increased in DOX-induced 

senescent cells, although the observed increases were not statistically significant. 

Metformin significantly decreased the expression of both ICAM-1 and E-selectin 

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

and endothelial adhesion molecules in HUVECs.  

HUVECs were treated for 24 h with 0.5 µM DOX ± metformin (2 and 5 mM, added 24 h before DOX). 

Thereafter, DOX was removed and the cells were incubated in DOX-free media with or without metformin 

for an additional 72 h. The protein expression of the SASP protease MMP-3 was determined in (A) culture 

media by Luminex and (B) cell lysate by western blotting (n = 8-9). Expression of the endothelial adhesion 

molecules ICAM-1 in (C) culture media (n = 8) and (D) cell lysate (n = 4), and (E) E-selectin (n = 8) in the 

culture media were determined. Representative images of western blots are shown. Expression values in the 

media were normalized to the protein concentration of the cells determined by BCA. Values are shown as 

means ± SEM. Data were analyzed by one-way ANOVA followed by a Dunnetôs multiple comparisons test 

(Figure 3-3A-B &D-E) or non-parametric Kruskal-Wallis tests followed by Dunnôs post hoc test (Figure 

3-3C); * p <0.05, ** p <0.01, *** p <0.001, **** p < 0.0001. 
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Signaling Changes Associated with the Protective Effect of 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 insights into the mechanistic pathways associated 

with the modulatory effect of metformin on endothelial senescence, we sought to measure 

the expression of mitogen-activated protein kinase (MAPK) signaling pathways including 

c-Jun N-terminal kinase (JNK) and p38 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 senescence (162, 347). JNK was previously demonstrated to be activated in 

senescent irradiated fibroblasts (348). Importantly, inhibition of JNK ameliorated the 

induction of SASP genes without affecting the expression of senescence markers (348). 

Our results show that DOX alone resulted in a robust 12-fold increase in JNK 

phosphorylation (Figure 3-4A), which is in agreement with previous findings reporting the 

activation of JNK by DOX in neonatal rat cardiomyocytes (146) and endothelial progenitor 

cells (162). Importantly, pretreatment with metformin significantly abrogated DOX-

induced JNK activation (Figure 3-4A). This inhibitory effect of metformin on JNK 

activation was previously demonstrated in hypoxia/reoxygenation injury model in 

cardiomyocytes (349).  

On the other hand, inhibition of p38 was previously reported to suppress both 

senescence markers and SASP in different models of senescence (347, 350). In contrast to 

JNK, no significant changes in the phosphorylation of p38 were observed following 

treatment with DOX alone (Figure 3-4B). Surprisingly, 5 mM metformin caused a modest 
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1.5-fold increase in p38 phosphorylation when compared to DOX alone (Figure 3-4B). In 

agreement with our results, no inhibitory effect of metformin was observed on p38 

phosphorylation in RAS-induced senescent fibroblasts (216), further suggesting that the 

protective effect of metformin is independent of p38. 

The nuclear factor əB (NF-əB) signaling pathway can be activated in response to 

DNA damage and was shown to be the major inducer of SASP (351). Therefore, it was 

important to determine the effect of metformin on NF-əB activity. As expected, DOX alone 

induced NF-əB activation by 1.3-fold compared to control cells, as shown by higher 

phosphorylation of NF-əB p65 (Figure 3-4C). Pretreatment with 5 mM metformin 

abrogated DOX-induced NF-əB activation (Figure 3-4C). In agreement with this finding, 

it has been reported that metformin inhibits NF-əB activation in senescent fibroblasts 

(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 phenotype independently of AMPK (216, 334), other studies have 

reported that AMPK activation is necessary for metforminôs senomorphic and anti-

inflammatory effects (337, 352). Therefore, we evaluated the effect of DOX ± metformin 

on AMPK activation. No significant changes were observed in AMPK phosphorylation 

following DOX treatment with or without metformin (Figure 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 conditions (219). Another explanation is that AMPK activation is time-

dependent (353). Considering that 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 against DOX-induced 

endothelial senescence are associated with inhibition of DOX-induced JNK and NF-əB 

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

endothelial senescence in HUVECs. 

HUVECs were treated for 24 h with 0.5 µM DOX ± metformin (2 and 5 mM, added 24 h before DOX). 

Thereafter, DOX was removed and the cells were incubated in DOX-free media with or without metformin 

for an additional 72 h. Protein expressions of phospho- (A) JNK, (B) p38, (C) NF-əB p65, and (D) AMPK 

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

normalized to total protein or Ŭ-tubulin and expressed relative to cells treated with DOX alone. Expressed 

values are presented as mean ± SEM. Data were analyzed by one-way ANOVA followed by a Dunnetôs 

multiple comparisons test (Figure 4A&C) or non-parametric Kruskal-Wallis tests followed by Dunnôs post 

hoc test (Figure 4B&D); * p <0.05, *** p <0.001, **** p < 0.0001.  
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Metform in Protects against LPS-induced Hyper-Inflammation and Exacerbated 

SASP Factors Expression in DOX-induced Senescent ECs 

Lipopolysaccharide (LPS) is a bacterial toxin found on the outer membrane of 

gram-negative bacteria. When LPS enters the body, it can stimulate the immune system 

and cause a severe, systemic inflammatory response. Notably, ECs express specific 

receptors such as toll-like receptor 4 (TLR4) that interact with LPS, making them 

susceptible to LPS-induced inflammation. Recent studies demonstrate that senescent ECs 

are even more vulnerable to LPS-induced inflammation compared to non-senescent cells 

(341, 342, 354). Importantly, these studies used other models of senescence than DOX-

induced senescence. Therefore, we sought to characterize the effect of LPS-induced 

inflammation in DOX-induced senescent HUVECs. We exposed non-senescent and DOX-

induced senescent HUVECs to LPS for 24 h following establishment of senescence and 

removing the culture medium that contain already-secreted SASP factors as illustrated in 

Figure 3-5A. A significant hyper-stimulatory response to LPS was observed in senescent 

HUVECs compared to non-senescent cells, demonstrated by remarkable increase of the 

secretion of SASP factors in the media including IL-6, CXCL2, and MMP3 (Figure 3-5B-

D). Importantly, 5mM metformin significantly inhibited LPS-induced hyper-inflammation 

and almost normalized the level of these cytokines in the media. Other SASP factors 

including TNF-Ŭ (Figure 3-5E) and MCP-3 (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 a 9-fold upregulation in the expression of ICAM-1 in DOX-

induced senescent HUVECs compared to 2.8-fold increase in non-senescent HUVECs 
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(Figure 3-6A and B). Metformin significantly reversed this upregulation (Figure 3-6B). 

To confirm the senescence phenotype, the expression of p21 was measured as a 

surrogate marker of senescence. Consistent with our previous results (Figure 3-1G), cells 

treated with DOX alone demonstrated higher expression of p21, which was maintained 

after LPS stimulation (Figure 3-6C). Pretreatment with metformin significantly 

downregulated the expression of p21 (Figure 3-6C). Mechanistically, exposure to LPS 

increased the phosphorylation of NF-əB p65 both in senescent and non-senescent 

HUVECs (Figure 3-6D). Metformin significantly inhibited NF-əB activation as shown by 

decreased phosphorylation of NF-əB p65 (Figure 3-6D). Together these findings suggest 

that metformin maintains its senomorphic properties even in the presence of hyper-

inflammation in 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 DOX-induced senescence, direct anti-inflammatory effects against LPS, or a 

combination of both. 
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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 µM DOX ±5 

mM metformin (added 24 h before DOX) or left untreated. Thereafter, DOX was removed and the cells were 

incubated in DOX-free 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. Then, cells were stimulated with 

LPS (30 ng/mL) for an additional 24 h. Thereafter, conditioned media were collected and the protein 

expression of SASP factors including (B) IL-6, (C) CXCL2, (D) MMP-3, (E) TNF-Ŭ, and (F) MCP-3 was 

determined by Luminex (n = 4). Values were normalized to the protein concentration of the cells determined 

by BCA. Expressed values are presented as mean ± SEM. Data were analyzed by two-way ANOVA followed 

by a Tukey multiple comparisons test. * compared to different treatment within the same group; * p <0.05, 

**  p <0.01, **** p < 0.0001. # compared to non-senescent cells with the same treatment; # p <0.05, #### p 

< 0.0001.  
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Figure 3-6 Metformin suppressed the expression of ICAM-1 and prevented NF-əB 

activation following LPS stimulation. 

HUVECs were treated for 24 h with 0.5 µM DOX ± 5 mM metformin (added 24 h before DOX) or left 

untreated. Thereafter DOX was removed and the cells were incubated in DOX-free 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 levels of (B) ICAM-1, (C) p21, and 

(D) phospho-NF-əB p65 were measured (n = 4). Values were normalized to Ŭ-tubulin and expressed relative 

to DOX+LPS treated cells. Expressed values are presented as mean ± SEM. Data were analyzed by two-way 

ANOVA followed by a Tukey multiple comparisons test. * compared to different treatment within the same 

group; ** p <0.01, *** p <0.001, **** p < 0.0001. # compared to non-senescent cells with the same treatment; 

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

Doxorubicin (DOX) is a widely used chemotherapy drug that has been in use since 

the 1960s. Despite its effectiveness, the 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 (ECs) (221, 226, 287, 296, 343), which 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 barrier to molecules 

circulating in the blood, all of which are impaired when ECs become senescent (297, 355). 

One characteristic feature of senescent cells is the secretion of SASP, which consists of 

multiple components including pro-inflammatory cytokines, chemokines, and proteases 

(61). A recent study showed that senescent ECs have higher levels of SASP expression 

compared to other senescent cell types (124). 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 progression (356) and trigger a hyper-inflammatory response to 

inflammatory stimuli such as infections (341, 354). 

Targeting senescent ECs could be a promising strategy to mitigate the 

complications of DOX-induced endothelial senescence. Recent findings have 

demonstrated that the removal of senescent cells using a genetic approach following DOX 

administration in mice restored endothelium-dependent dilation, suggesting the important 

role of senescence in mediating DOX-induced vascular dysfunction (357). Others and we 

have shown that pharmacological approaches such as senolytics can selectively induce 

apoptosis in ECs (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 trigger thrombocytopenia (359, 

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 senescent cells. 

Accumulating evidence has previously shown metformin to demonstrate 

senomorphic and anti-aging actions in different models of senescence including radiation-

(334, 336), hyperglycemia- (361), and oxidative-stress-induced senescence (362). Two 

clinical trials, including MILES (Metformin In Longevity Study), and TAME (Targeting 

Aging with Metformin), have been designed to further identify the anti-aging effects of 

metformin (218, 363). However, the effect of metformin on DOX-induced endothelial 

senescence has 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 senescence (355, 364). Moreover, we have recently shown that the effect of senolytics 

can also differ, as demonstrated by the differential response to ABT-263 in different 

senescent endothelial cell lines (343). Therefore, we evaluated for the first time the effect 

of metformin on modulating DOX-induced senescence in ECs. Our results demonstrate 

that metformin abrogates DOX-induced endothelial senescence, as evidenced by the 

suppressed expression of senescence markers and decreased SA-ɓ-gal activity. These 

findings were validated using two different endothelial cell lines: primary HUVECs and 

immortalized EA.hy926 endothelial-derived cells, and demonstrated that metformin 

suppressed DOX-induced senescence markers to the same extent in both cell lines. 

The present study demonstrates for the first time that treatment of DOX-induced 

senescent ECs with metformin inhibits the secretion of SASP factors including pro-
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inflammatory cytokines (IL-6, TNF-Ŭ), chemokines (CXCL1, CXCL2, MCP 1 and 3, and 

MIP-1Ŭ), and proteases (MMP-3). Excessive secretion of SASP promotes vascular 

inflammation and can contribute to DOX-induced cardiovascular complications. Venturini 

et al. recently demonstrated through an in vitro model that SASP factors released due to 

DOX-induced endothelial senescence stimulate platelet activation and aggregation (141), 

which can contribute to atherothrombotic events. In agreement with the observed anti-

inflammatory effect, metformin was previously shown to suppress the expression of SASP 

factors in RAS-induced senescent fibroblasts (216) and angiotensin-II -induced senescent 

vascular smooth muscle cells (365). Moreover, a recent clinical study demonstrated that 

treatment with metformin was associated with a lower expression of SASP factors (IL-6 

and TNF-Ŭ) in B cells isolated from elderly population (366). Our findings also showed 

that metformin markedly decreased the expression of adhesion molecules ICAM-1 and E-

selectin in DOX-induced 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 surface, which triggers vascular inflammation. Together, 

these findings suggest that metformin can be a promising senomorphic approach to protect 

against DOX-induced vascular aging and vascular inflammation.  

Recent evidence suggests that the effects of SASP can go beyond the cardiovascular 

system. Indeed, SASP-induced inflammaging was recently shown to induce a hyper-

inflammatory response upon exposure to further inflammatory insults, such as the cytokine 

storm induced by COVID-19 (341). The same study showed that treating aged mice with 

the pathogen-associated molecular pattern factor LPS increased the serum levels of 

inflammatory SASP factors compared to young mice (341). The same concept was 
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demonstrated in vitro, where the stimulation of radiation-induced senescent ECs with LPS 

resulted in a higher induction of inflammation compared to non-senescent cells (341, 354). 

Together, these results suggest 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 hyper-inflammatory response. The same explanation may 

also be applicable to 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 

infections that require hospitalization (367). Furthermore, a recent population-based study 

in Italy showed that cancer survivors are at the same risk of infection with COVID-19, but 

have an increased risk of mortality once infected (368). The current study showed that LPS 

induced a hyper-inflammatory response in DOX-induced 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 burden of senescence 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 

ɓ-coronavirus, further supporting the detrimental role of senescence in infections (341). In 

the current work, we showed that metformin significantly abolishes LPS-induced hyper-

inflammation and normalizes the level of SASP factors in DOX-induced senescent ECs. 

The demonstrated anti-inflammatory effects support, at least in part, recent data from the 

COVID-OUT trial demonstrating a 42% relative decrease in the incidence of Long Covid 



118 
 

in patients treated with metformin (369). Moreover, a recent review highlighted the anti-

inflammatory effect of metformin on the microvasculature as a major contributor to better 

outcomes in COVID-19 patients (370).  

Conclusions 

The current study showed that metformin protected against DOX-induced 

endothelial senescence as evidenced by the abrogation of senescence markers and 

downregulation of SASP factors and adhesion molecules. This protective effect was 

associated with inhibition of JNK and NF əB pathways. Additionally, we showed that 

DOX-induced senescent ECs exhibited a hyper-inflammatory response to LPS compared 

to non-senescent cells. Importantly, metformin ameliorated this hyper-inflammation. 

Together, these findings suggest that metformin may serve as a promising drug for 

mitigating DOX-induced endothelial senescence and the resulting complications. 
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Introduction  

Doxorubicin (DOX), also known as Adriamycin, is one of the most widely used 

chemotherapeutic agents in pediatric clinical oncology. Despite 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 nephrotoxicity (371, 372, 373, 374) and 

hepatotoxicity (375). Nearly 50% of pediatric cancer patients receive DOX as part of their 

treatment protocol (376). Due to effective cancer treatments, including DOX, the 5-year 

survival rate of children diagnosed with cancer has increased from less than 60% in the 

1970s to more than 80% now (377, 378). This leads to a large population of childhood 

cancer survivors (CCSs), estimated to be around 400,000. Unfortunately, CCSs are at high 

risk of developing long-term adverse effects due to cancer treatment and/or cancer itself. 

DOX has been shown to trigger systemic inflammation (379, 380, 381) and an 

inflammatory response in multiple organs including the heart (382), kidney (383), and liver 

(384). This inflammatory response has been shown to promote DOX-induced adverse 

effects (385, 386). The majority of these studies reporting DOX-induced inflammation 

have been conducted in tumor-free animal models that do not mimic the 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 DOX-induced toxicities (387, 388). Therefore, 

there is a critical need to establish clinically relevant animal models to investigate the 

mechanisms of DOX-induced multiple organ toxicities in young, tumor-bearing mice to 

study the interplay between 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 EL4-lymphoma, immunocompetent, juvenile mouse 

model. This model is well established in cancer research (389) and is clinically relevant to 

pediatric cancer patients since lymphoma is one of the most common types of pediatric 

cancer (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 inflammation (391). The mice age was 5 weeks upon DOX administration, 

which is equivalent to the adolescence age of 10ï12 years in humans (392). Additionally, 

the administered DOX doses are clinically relevant to the doses received by pediatric 

cancer patients (393). We first determined the effects of DOX on cardiac function in tumor-

free and tumor-bearing mice, since DOX-induced cardiotoxicity is considered the 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 serum markers of 

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 in tumor-free 

mice. 

 Since senescence can contribute to both inflammation via SASP markers and 

cardiovascular dysfunction, we also compared the extent of senescence markers expression 

in different organs in both tumor-free and tumor-bearing mice. This will allow to 

understand the interplay between DOX and tumor and 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 since recent studies showed that 

chronic administration of low doses of DOX in young mice does not induce significant 

apoptosis in myocardial tissues (394, 395), suggesting that other mechanisms maybe 

involved in mediating the subclinical cardiotoxicity 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: 1807-36187A). 

Juvenile (four weeks old) male (n = 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 pathogen-free (SPF) 

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 shown in Figure 4-1A. At 4.5 

weeks of age, to establish the tumor-bearing mouse model, mice were given a single 

subcutaneous injection in the flank region containing 5 × 104 EL4 lymphoma cells 

suspended in sterile PBS (n = 16, tumor-bearing group) or an equivalent volume of sterile 

PBS (n = 16, tumor-free group). Four days after tumor inoculation, tumor-free and tumor-

bearing mice were randomly assigned to receive an intraperitoneal injection of DOX 

(4 mg/kg/week for 3 weeks) or an equivalent volume of sterile saline (control group), such 

that we had four groups including saline-treated tumor-free, DOX-treated tumor-free, 

saline-treated tumor-bearing, and DOX-treated tumor-bearing (n = 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). Animal 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 heart, liver, kidney, and tumor (from the tumor-bearing 

group). Organs were rinsed in ice-cold phosphate-buffered saline (PBS), flash-frozen in 

liquid nitrogen, and stored at ī80 ÁC until further analysis.  

In another cohort, we developed tumor-bearing mouse model with a higher 

exposure to DOX. At 5 weeks of age male C57BL/6N mice were inoculated with a single 

subcutaneous injection of 5 × 104 EL4 lymphoma cells in the flank region as mentioned 

above. Tumor volume was monitored daily after inoculation. When tumor was 

measureable, mice were randomly assigned to receive an intraperitoneal injection of DOX 

(4 mg/kg/day) or an equivalent volume of sterile saline for six continuous days (n = 14ï17 

per group). Animal weights and tumor volume using caliber were monitored daily. Mice 

with tumor volume exceeding 2000 mm3 were scarified. One day after the last dose of 

DOX or saline, mice from both groups were humanely euthanized by decapitation under 

isoflurane anesthesia and organs were harvested. To ensure the reproducibility of our 

findings, the experiment was performed 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 cultured at 

37 °C in RPMI-1640 medium (Corning 10-040-CV) supplemented with 10% (v/v) fetal 
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bovine serum, 100 U/mL penicillin, and 100 ɛg/mL streptomycin in a humidified 

atmosphere containing 5% CO2. EL-4 cells were harvested for injection following 2ï3 

passages. Cells were pelleted at 300 × 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 tumors and DOX administration on cardiac function was evaluated 

using transthoracic echocardiography performed one week following the last DOX 

injection (n = 8 per group). Echocardiography was conducted using the Vevo 2100 system  

(VisualSonics, Inc., Toronto, ON, Canada) equipped with an MS400 transducer as 

previously described (396). Anesthesia was induced using 3% isoflurane and was 

maintained with 1ï2% isoflurane during the procedure. The anesthetic level was assessed 

by toe pinch and monitoring respiratory rate. Mice were held in a supine position on a 

heated physiologic monitoring stage during the procedure. M-Mode was used to acquire 

parasternal short-axis images of the left ventricle at the level of the papillary muscles. 

Throughout 3ï4 cardiac cycles, the endocardial and 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 Real-Time PCR 

Total RNA was extracted from 20 mg frozen heart, liver, kidney, and tumor tissues 

using 300 ɛL trizol reagent (Life Technologies, Carlsbad, CA, USA) according to the 

manufacturerôs instructions. Then, RNA concentrations were quantified using a Nanodrop 
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8000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). Thereafter, 

first-strand cDNA was synthesized from 1.5 ɛg total RNA using the high-capacity cDNA 

reverse-transcription kit (Applied Biosystems, Foster City, CA, USA) according to 

manufacturerôs instructions. To measure specific mRNA expression, real-time polymerase 

chain reaction (PCR) was carried out using SYBR Green (Applied Biosystems, Foster City, 

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

instrument (Applied Biosystems, Foster City, CA, USA). PCR reactions were performed 

in a final volume of 20 ɛL reaction mix consisting of 1 ɛL cDNA sample, 0.025 ɛL 30 ɛM 

forward primer, 0.025 ɛL 30 ɛM reverse primer, 10 ɛL SYBR Green Universal Mastermix 

(Life Technologies, Carlsbad, CA, USA), and 8.95 ɛL of nuclease-free water. 

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 checked with the Primer-BLAST 

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

the specificity of the primers used and the purity of the final PCR product. The ȹȹCt 

method was used to identify relative mRNA expression, after normalizing to 18S ribosomal 

RNA (18S rRNA). Gene expression is reported relative to the control tumor-free group. 

Table 4-1 Primer sequences used in this study. 

Gene Forward Primer (5ǋï3ǋ) Reverse primer (3ǋï5ǋ) Ref 

Cxcl1 CTGGGATTCACCTCAAGAACATC CAGGGTCAAGGCAAGCCTC (397) 

Cxcl9 ATCTTCCTGGAGCAGTGTGGAGTT AGGGATTTGTAGTGGATCGTGCCT (398) 

Cxcl10 ATATCGATGACGGGCCAGTGAGAA  AATGATCTCAACACGTGGGCAGGA (398) 

IL-1Ŭ CGCTTGAGTCGGCAAAGAAAT TGGCAGAACTGTAGTCTTCGT (397) 
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IL-1ɓ  TCCTCGGCCAAGACAGGTCGCT CCCCCACACGTTGACAGCTAGGT (399) 

IL-6 CCAGAGATACAAAGAAATGATGG ACTCCAGAAGACCAGAGGAAAT (400) 

Mcp-1 GCATCCACGTGTTGGCTCA CTCCAGCCTACTCATTGGGATCA (57) 

TNF alpha CCAGACCCTCACACTCAGATCA CACTTGGTGGTTTGCTACGAC (400) 

p16Ink4a GGGTTTCGCCCAACGCCCCGA TGCAGCACCACCAGCGTGTCC (397) 

p19Arf GCCGCACCGGAATCCT TTGAGCAGAAGAGCTGCTACGT (401) 

p21cip1 GCC TTA GCC CTC ACT CTG TG AGC TGG CCT TAG AGG TGA CA (402) 

Trp53 AGCTTTGAGGTTCGTGTTTGTG TGGGCAGCGCTCTCTTTG (403) 

r18S GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG (404) 

Histopathology 

Following mice necropsy, sections of the left ventricles of the heart, liver, and 

kidney from all groups were collected (n = 4 per group), fixed in 10% neutral buffered 

formalin and embedded in paraffin. Thereafter, four-micron tissue sections of these organs 

were stained with hematoxylin and eosin (HE) and evaluated for (a) inflammation 

(distribution, severity, and cell type) and (b) fibrosis by a board-certified veterinary 

pathologist who was blinded to the experimental groups. 

Measurement of Serum Inflammatory Markers 

Terminal blood was collected 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 centrifuged at 2000 × g for 30 min at 4°C; serum was 

collected and stored at ī80 °C until use. Serum samples were analyzed by the Cytokine 

Reference Laboratory (University of Minnesota, Minneapolis, MN, USA) for mouse-

specific IL-6 and TNF-Ŭ using the Luminex platform and conducted as a multiplex as 
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previously described (380). The magnetic bead set (catalog LXSAMSM-03) was 

purchased from R&D Systems (Minneapolis, MN, USA). The samples were analyzed 

according to the manufacturerôs guidelines. Each sample was treated with fluorescent 

color-coded beads coated with a particular capture antibody. Biotinylated detection 

antibody was added after incubation and washing, followed by phycoerythrin-conjugated 

streptavidin. A Luminex instrument (Bioplex 200, Bio-Rad Laboratories, Inc., Hercules, 

CA, USA) was used to read the beads. Values were interpolated from 5-parameter equipped 

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

performed 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 two-way analysis of variance (ANOVA) followed by 

Tukeyôs multiple comparison post hoc analysis was used to compare between different 

tumor models and treatment groups. For comparisons that involve only two groups, data 

were analyzed via unpaired two-tailed t-test. A p value of < 0.05 was selected to 

demonstrate statistical significance. 

  



128 
 

Results 

Effects of DOX on Body Weight and Tumor Growth 

The current study was established in juvenile mice to mimic the clinical scenario in 

pediatric cancer patients as described in Figure 4-1A. No significant morbidity or mortality 

was observed in either tumor-free or tumor-bearing mice following exposure to DOX (4 

mg/kg/week for 3 weeks), which is 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 saline-treated mice (Figure 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 tumor-bearing mice significantly inhibited the 

EL4 tumor growth, demonstrating the anticancer effect of this dosage regimen of DOX 

(Figure 4-1C). 



129 
 

 

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

(A) Scheme of the experimental study design to investigate 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 (B) the change from baseline body weight was calculated (n = 8 per group); (C) tumors were harvested 

and weighed (n = 8 per group); (D) hearts were harvested from both tumor-free and EL4 lymphoma tumor-

bearing mice one week following the administration of 4 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). Two-way ANOVA table demonstrates DOX, tumor, and interaction effects. Statistical 

significance of pairwise comparisons was determined using two-way ANOVA with Tukeyôs post hoc 

analysis. Tumor weights were compared using unpaired Studentôs two-tailed t-test. (* p < 0.05, ** p < 0.01, 

and **** p < 0.0001). 
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Effect of DOX Administrat ion 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) (Figure 4-1D). Remarkably, cardiac atrophy caused by 

DOX was augmented in tumor-bearing mice (Figure 4-1D). The effects of DOX, tumor, 

and the combination of both on cardiac function and morphology were assessed using 

trans-thoracic echocardiography. Representative M-Mode images from each group are 

displayed in Figure 4-2A. Neither DOX nor tumors caused significant changes in ejection 

fraction (Figure 4-2B), cardiac output (Figure 4-2C), fractional shortening (Figure 4-2D), 

left ventricular (LV) mass (Figure 4-2E), LV posterior wall thickness in diastole 

(LVPW;d) (Figure 4-2F), or the LV posterior wall thickness in systole (LVPW;s) (Figure 

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 tumor-free and tumor-bearing juvenile mice. 

Tumor-free and EL4 lymphoma tumor-bearing juvenile C57BL/6N male mice were administrated 

intraperitoneal DOX (4 mg/kg/week) or saline for 3 weeks. Cardiac function was assessed by transthoracic 

echocardiography one week following the last injection (n = 8 per group). (A) Representative images from 

parasternal short axis view of the heart acquired in M-Mode. Effects of DOX and tumors on (B) ejection 

fraction, (C) cardiac output, (D) fractional shortening, (E) left ventricular (LV) mass, (F) LV posterior wall 

during diastole, and (G) LV posterior wall during systole. Values are shown as means ± SEM. Two-way 

ANOVA was used to determine the main effects of DOX, tumor, and interaction. Statistical significance of 

pairwise comparisons was determined using two-way ANOVA with Tukeyôs post hoc analysis. 
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Effect of DOX Administration on Gene Expression of Inflammatory Markers in the 

Heart of Tumor-Bearing and Tumor-Free Mice 

Hearts were harvested from both tumor-free and EL4 lymphoma tumor-bearing 

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 (n = 8 per group). Following the 

extraction of total RNA, cardiac mRNA expression of inflammatory markers interleukin 

1-alpha (IL-1Ŭ), interleukin 1 beta (IL-1ɓ), interleukin 6 (IL-6), tumor necrosis factor-alpha 

(TNF- Ŭ), inflammatory chemokines monocyte chemoattractant protein 1 (Mcp-1), and C-

X-C motif chemokines (Cxcl1, Cxcl9, and Cxcl10) were determined by real-time PCR. 

The gene expression of multiple inflammatory markers in the heart was significantly 

upregulated in tumor-bearing mice as compared to tumor-free mice, including the pro-

inflammatory cytokines IL-1Ŭ (Figure 4-3A), IL-1ɓ (Figure 4-3B), IL-6 (Figure 4-3C), 

and TNF- Ŭ (Figure 4-3D) and the inflammatory chemokines Mcp-1 (Figure 4-3E), Cxcl1 

(Figure 4-3F), and Cxcl10 (Figure 4-3H). While DOX administration in tumor-free mice 

did not result in significant changes in the expression of inflammatory markers in the heart, 

DOX administration significantly abrogated the tumor-induced upregulation of IL-1ɓ 

(Figure 4-3B), Mcp-1 (Figure 4-3E), Cxcl9 (Figure 4-3G), and Cxcl10 (Figure 4-3H). 

Importantly, two-way ANOVA demonstrated a significant interaction effect in all markers 

except Cxcl1, Cxcl9, and Cxcl10, demonstrating the divergent effects that DOX has on 

cardiac inflammatory markers in tumor-bearing compared to tumor-free mice. 
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Figure 4-3 Chronic administration of DOX (4 mg/kg/week) for 3 weeks abrogates 

tumor-induced upregulation of inflammatory markers in the heart.  

Hearts were harvested from both tumor-free and EL4 lymphoma tumor-bearing 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 (n = 7ï8 per group). Following the extraction of total RNA, cardiac mRNA expression of (A) IL-1Ŭ, 

(B) IL-1ɓ, (C) IL-6, (D) TNF-Ŭ, (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 to saline-treated tumor-free mice. 

Values are shown as means ± SEM. Two-way ANOVA table demonstrates DOX, tumor, and interaction 

effects on the mRNA expression. Statistical significance of pairwise comparisons was determined using two-

way ANOVA with Tukeyôs post hoc analysis (* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 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 tumor-free and EL4 lymphoma tumor-bearing 

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 (n = 8 per group). Following the 

extraction of total RNA, hepatic mRNA expression of inflammatory markers IL-1Ŭ, IL-1ɓ, 

IL-6, TNF-Ŭ, Mcp-1, Cxcl1, Cxcl9, and Cxcl10 were determined by real-time PCR. 

Tumor-bearing mice had significantly elevated hepatic expression of the pro-inflammatory 

cytokines IL-1Ŭ (Figure 4-4A), IL-1ɓ (Figure 4-4B), TNF-Ŭ (Figure 4-4D), Cxcl9 

(Figure 4-4G), and Cxcl10 (Figure 4-4H) compared to tumor-free mice. Although less 

remarkable, two-way ANOVA demonstrates a significant effect of the tumor on the hepatic 

gene expression of IL-6 (Figure 4-4C). Two-way ANOVA demonstrated a significant 

interaction effect between tumors and DOX in Cxcl10 (Figure 4-4H). DOX administration 

reduced tumor-induced upregulation of IL-1ɓ and TNF-Ŭ (Figure 4-4B &D). Neither DOX 

nor tumors had a significant effect on the hepatic expression of inflammatory chemokines 

Mcp-1 and Cxcl1 (Figure 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 tumor-free and EL4 lymphoma tumor-bearing 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 (n = 8 per group). Following the extraction of total RNA, hepatic mRNA expression of (A) IL -1Ŭ, (B) 

IL-1ɓ, (C) IL -6, (D) TNF-Ŭ, (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 to saline-treated tumor-free mice. Values 

are shown as means ± SEM. Two-way ANOVA table demonstrates DOX, tumor, and interaction effects on 

the mRNA expression. Statistical significance of pairwise comparisons was determined using two-way 

ANOVA with Tukeyôs post hoc analysis (* p < 0.05, ** p < 0.01). 
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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 tumor-free and EL4 lymphoma tumor-bearing 

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 (n = 8 per group). Following the 

extraction of total RNA, renal mRNA expression of inflammatory markers IL-1Ŭ, IL-1ɓ, 

IL-6, TNF-Ŭ, Mcp-1, Cxcl1, Cxcl9, and Cxcl10 were determined by real-time PCR. In line 

with the observed changes in the heart and the liver, tumor-bearing mice had significantly 

increased renal expression of the pro-inflammatory cytokines IL-1Ŭ (Figure 4-5A), IL-1ɓ  

(Figure 4-5B), TNF-Ŭ (Figure 4-5D), and Mcp-1 (Figure 4-5E) compared to tumor-free 

mice. Additionally, two-way ANOVA demonstrates a significant effect of the tumor on the 

renal gene expression of Cxcl1 (Figure 4-5F), Cxcl9 (Figure 4-5G), and Cxcl10 (Figure 

4-5H). DOX administration in tumor-bearing mice significantly ameliorated the tumor-

induced upregulation of IL-1ɓ (Figure 4-5B), IL-6 (Figure 4-5C), TNF-Ŭ (Figure 4-5D), 

and Mcp-1 (Figure 4-5E). Within those markers, two-way ANOVA also demonstrated a 

significant interaction between DOX and tumors demonstrating the different effects that 

DOX has on renal inflammatory markers in tumor-bearing compared to tumor-free 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 were harvested from both tumor-free and EL4 lymphoma tumor-bearing 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 (n = 8 per group). Following the extraction of total RNA, renal mRNA expression of (A) IL-1Ŭ, (B) 

IL-1ɓ, (C) IL-6, (D) TNF-Ŭ, (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 to saline-treated tumor-free mice. Values 

are shown as means ± SEM. Two-way ANOVA table demonstrates DOX, tumor, and interaction effects on 

the mRNA expression. Statistical significance of pairwise comparisons was determined using two-way 

ANOVA with Tukeyôs post hoc analysis (* p < 0.05, ** p < 0.01, and *** p < 0.001, **** 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 tumor-free and EL4 

lymphoma tumor-bearing 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 (n = 4 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 DOX-treated tumor-free (three out of four mice), saline-

treated tumor-bearing (two out of four mice), and DOX-treated tumor-bearing mice (three 

out of four mice) (Figure 4-6B). Histopathological evaluation of the kidneys demonstrated 

no major pathological changes in all groups except DOX-treated tumor-bearing 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 inflammation affecting 

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

bearing juvenile mice. 

Both tumor free and tumor-bearing C57BL/6N mice euthanized 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 (HE)-stained sections of (A) heart, (B) liver, and (C) kidney are shown. 

Divergent effect of 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 mice (380). Herein, we determined the effect 

of chronic DOX administration on serum levels of the inflammatory markers IL-6 and 

TNF-Ŭ, in juvenile tumor-free and tumor-bearing mice. Saline-treated tumor-bearing mice 

demonstrated a marked, though insignificant, increase in serum IL-6 (Figure 4-7A) and 

TNF-Ŭ (Figure 4-7B) compared to tumor-free mice. Importantly, two-way ANOVA 

demonstrated a significant interaction between DOX administration and the tumor on the 

serum levels of IL-6 and TNF-Ŭ. Indeed, DOX administration normalized tumor-induced 

upregulation of IL-6 to a similar level as control tumor-free mice (Figure 4-7A). 
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Figure 4-7 Divergent effect of DOX treatment on the serum level of inflammatory 

markers in tumor-free versus tumor-bearing mice. 

Serum was collected from tumor-free and EL4 lymphoma tumor-bearing 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 (n 

= 7ï8 per group). Inflammatory markers (A) IL-6 and (B) TNF-alpha were measured using the Luminex 

platform. Data are presented as the mean ± SEM. Two-way ANOVA table demonstrates DOX, tumor, and 

interaction effects. Statistical significance of pairwise comparisons was determined using two-way ANOVA 

with Tukeyôs post hoc analysis (* p < 0.05). 

Effect of DOX administration on senescence markers expression across different 

organs  

Senescence can be activated as a response to cancer treatments as DOX. 

Additionally, senescence can be triggered as a tumor-suppressor response to arrest cell 

cycle and halt proliferation. Therefore, we sought to evaluate the interplay between DOX 

and tumor on the gene expression levels of senescence markers. Given that the relative 

extent of senescence has been shown to be tissue-specific in previous mice models of 

physiological aging and accelerated aging, we have measured the gene expression levels 

of multiple senescence markers including p21Cip1, p16Ink4a, p19Arf, and Trp53 in different 

organs including: heart, liver, kidney, and tumor in both tumor-free and tumor-bearing 

mice.  

In the heart, neither DOX nor the presence of tumor induced the gene expression 
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of all the measured senescence markers (Figure 4-8A-D). In the liver, DOX significantly 

induced the expression of p21cip1 and p19Arf compared to saline-treated mice, as shown by 

two-way ANOVA (Figure 4-8A&C) . A similar increasing trend in p16Ink4a expression was 

observed with DOX; however, it was not statistically significant (Figure 4-8B). 

Interestingly, tumor-bearing mice exhibited significantly diminished expression of p21cip1 

when compared to their tumor-free counterparts (Figure 4-8A). Nevertheless, tumor-

bearing mice showed significantly higher expression of senescence markers p16Ink4a, 

p19Arf, and Trp53 (Figure 4-8B-D). 

Similar to liver, DOX administration significantly induced the expression of p21cip1 

in the kidney compared to saline-treated mice (Figure 4-8A). Tumor-bearing mice 

demonstrated significant lower expression of p21cip1 compared to tumor-free mice (Figure 

4-8A). Contrastingly, tumor caused a dramatic increase in the expression of p16, which 

was significantly abrogated after administration of DOX (Figure 4-8B). Moreover, tumor-

bearing mice has shown significant increased expression of senescence markers p19Arf and 

Trp53 (Figure 4-8C-D). In tumors, DOX administration significantly induced p21cip1 with 

no significant difference in other senescence markers (Figure 4-8A-D). 
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Figure 4-8 Effect of DOX administration on senescence markers across different 

organs. 

Hearts, kidneys and Livers were harvested from both El4 lymphoma tumor-bearing and tumor-free juvenile 

C57Bl/6 mice and tumors were harvested from El4 lymphoma tumor-bearing one week following the 

administration of 4 mg/kg/week of DOX or equivalent volume of sterile saline for 3 weeks (n = 8 per group). 

Following the extraction of total RNA, mRNA expression of senescence markers (A) p21Cip1, (B) p16Ink4a, 

(C) p19Arf, and (D) Trp53 in these organs. Values were normalized to 18S rRNA and expressed relative to 

saline-treated tumor-free mice. Two-way ANOVA table demonstrates DOX, tumor, and interaction effects 

on the mRNA expression. Statistical significance of pairwise comparisons was determined using two-way 

ANOVA with Tukeyôs post-hoc analysis (*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 the previous model did not demonstrate cardiac dysfunction, we developed 

an alternative tumor-bearing model, as illustrated in Figure 4-9A. In this improved model, 

DOX was administered once tumors became palpable, since this would be a more clinically 

relevant scenario. Furthermore, daily doses of DOX, as opposed to weekly ones, were 

given to amplify the cardiotoxic effect and 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 mg/kg/week). 

Our results demonstrated that the new approach and DOX regimen demonstrated 

the chemotherapeutic benefits of DOX, as evidenced by a significant decrease in tumor 

weight in DOX-treated mice (Error! Reference source not found.B). Monitoring tumor 

volume revealed a significant decrease in tumor volume in DOX-treated mice, with the 

effect of DOX becoming significant following the 4th dose of DOX (Figure 4-9C). Since 

DOX was administered when tumor is palpable, we verified there was no difference in the 

starting tumor volume at enrollment (Figure 4-9D). Furthermore, survival curves 

demonstrated that the used DOX regimen substantially improved the survival of tumor-

bearing mice compared to saline-treated mice (Figure 4-9E). Body weights demonstrated 

a significant decrease in DOX-treated compared to saline-treated tumor-bearing 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 tumor-bearing study. Male C57BL/6 mice underwent tumor-implantation by 

subcutaneous injection of EL4 cells in the flank region. Once tumors were 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 mm3, the mice were euthanized. (B) The tumor 

weights following necropsy are shown. (C) Daily tumor growth curves following assessment of tumor 

volume (mm3) in both groups. Asterisks denote significant differences as evaluated by multiple t tests. (D) 

The starting tumor volume before starting treatment. (E) Survival curves demonstrate the effect of DOX on 

the survival of mice. The survival was assessed using the KaplanïMeier curve and was compared using a 

log-rank test. Following necropsy, (F) final body weights without tumor were recorded and (G) hearts were 

harvested and their weight were measured relative to tibia length (mg/mm). Data are presented as means ± 

SEM. Data were analyzed via unpaired two-tailed t-test. ** p < 0.01, **** p < 0.0001. 

 

Assessing cardiac function in this model proves to be particularly challenging, 

especially in the saline-treated tumor-bearing 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 results in a lack 

of comparability when assessing cardiac function at different time points across the cohort.  

Consequently, to circumvent this issue, we opted to use a cohort of saline-treated, tumor-

free mice, comparing their cardiac function to that of DOX-treated, tumor-bearing mice. 

In doing so, we aimed to isolate and better understand the effects of this DOX regimen on 

cardiac function. Additionally, we included another cohort of tumor-free mice subjected to 

the same DOX regimen to further dissect the impact of the tumor from that of DOX. This 

distinction is crucial since in a clinical setting, cancer patients are exposed to both tumors 

and DOX, while non-cancer patients do not receive DOX. 

Our findings demonstrated that this DOX regimen was able to induce cardiac 

dysfunction as evidenced by a significant decrease in cardiac function parameters including 
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cardiac output (Figure 4-10B), stroke volume (Figure 4-10C), ejection fraction (Figure 

4-10D), and fractional shortening (Figure 4-10E). Moreover, cardiac morphometry 

parameters including LV mass (Figure 4-10F), LV posterior wall during systole (Figure 

4-10G), and LV posterior wall during diastole (Figure 4-10H) were significantly 

decreased in DOX-treated mice. Importantly, there was no significant difference between 

DOX-treated tumor-free and tumor-bearing mice (Figure 4-10). 
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Figure 4-10 Optimized tumor-bearing model demonstrated cardiac dysfunction 

following DOX. 

Mice were divided into three groups: saline-treated tumor-free, DOX-treated tumor-free that were injected 

with DOX (4 mg/kg/day) for 6 days, and DOX-treated tumor-bearing 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 injection (n = 6-12 per group). (A) Representative images are 

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

fractional shortening, (F) LV mass, (G) LV posterior wall end systole, and (H) LV posterior wall end diastole. 

Values are shown as means Ñ SEM. Data were analyzed by ordinary one way ANOVA followed by Tukeyôs 

multiple comparisons test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.001. 

 

The effects of DOX on the expression of senescence markers were evaluated. DOX 

significantly induced the senescence marker, p21Cip1 (Figure 4-11A) while it had no effect 

on p16Ink4a (Figure 4-11B). This finding aligns with the results observed in the delayed 

cardiotoxicity model discussed in the next chapter. 

 
Figure 4-11 Effect of DOX on cardiac expression of senescence markers in the 

optimized tumor-bearing model 

Male C57BL/6 mice underwent tumor-implantation by subcutaneous injection of EL4 cells in the flank 

region. Once tumors were palpable, mice were divided into two groups treated with saline or DOX (4 

mg/kg/day) for 6 days. One day after the last dose of DOX or whenever tumor volume exceeds 2000 mm3, 

the mice were euthanized and hearts were harvested. Following the extraction of total RNA, cardiac 

mRNA expression of (A) p21Cip1 and (B) p16Ink4a were determined by real-time PCR (n = 8-11 per group). 

Values were normalized to ß-actin and expressed relative to saline-treated tumor-bearing mice. Values are 

shown as means ± SEM. Data were analyzed via unpaired two-tailed t-test. * p < 0.05, ** p < 0.01, *** p < 

0.001. 
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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 

including premature cardiovascular diseases (405), mainly due to cancer treatment and/or 

cancer itself. Nearly 50% of pediatric cancer patients receive doxorubicin (DOX), a 

cardiotoxic anthracycline. Although a few tumor-bearing preclinical models studied DOX-

induced toxicity in adult animals (406, 407, 408), most animal models for juvenile DOX 

cardiotoxicity have been established in tumor-free mice, which precludes the significant 

role that tumors may play (409, 410, 411, 412). Importantly, there is only one recent study 

that described the cardiotoxic effects of DOX in juvenile tumor-bearing 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 DOX-induced toxicity and inflammation (414). To 

study the interaction between DOX- and tumor-induced inflammation, we used EL4 

lymphoma syngeneic immunocompetent tumor-bearing 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 cardiovascular complications have decreased recently 

(415). However, juvenile DOX-induced cardiotoxicity is often characterized in preclinical 

models using high cumulative doses of DOX that are enough to cause immediate or delayed 
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cardiac dysfunction (416, 417, 418, 419). We have previously shown that low doses of 

DOX administered to young mice did not cause immediate cardiac dysfunction but rather 

a latent (subclinical) cardiotoxicity which can be unmasked by exposure to adult-onset 

cardiovascular stressors such as high blood pressure (225) or psychosocial stress (420). 

Remarkably, these latent cardiotoxic effects are rarely characterized in juvenile animal 

models. Therefore, in the current study, both tumor-free and tumor-bearing juvenile mice 

were administered a low-dose DOX regimen (4 mg/kg/week for 3 weeks) as a model for 

latent DOX cardiotoxicity (225). This dosage regimen is equivalent to a human dose of 40 

mg/m2 (421), which is relevant to the low range of clinical doses used to treat hematologic 

malignancies in pediatric cancer patients (393). We demonstrate that chronic 

administration of low doses of DOX inhibited EL4 tumor growth, confirming that this low-

dose DOX regimen still offers anticancer effects. This 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 tumor-bearing mice (422). It was critical to demonstrate 

the chemotherapeutic benefit of the low-dose DOX regimen in this mouse model so that it 

can be used in the future for evaluating potential cardioprotective strategies to confirm 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 body weight compared to saline-

treated mice. Cancer-induced cachexia, one of the complications associated with cancer 

that occur due to tumor-derived factors, is associated with a decreased body mass. 

Nevertheless, in the current study, there was no marked difference in body weight gain in 
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saline-treated tumor-bearing mice relative to saline-treated tumor-free mice. This can be 

explained by EL4 lymphoma cells having been shown to not induce cachexia and being 

considered non-cachectic cancer cells (423). DOX caused significant cardiac atrophy 

without reducing the contractile function of the heart in both tumor-free and tumor-bearing 

mice. Additionally, DOX-induced cardiac atrophy was augmented in tumor-bearing mice. 

This is consistent with previous studies showing cardiac atrophy in tumor-bearing mice 

compared to tumor-free mice (424, 425, 426) and supported by the clinical evidence of 

cardiac atrophy in anthracycline-treated childhood cancer survivors (427, 428, 429, 430). 

Experimental and clinical evidence suggests that cardiac atrophy caused by low/divided 

doses of DOX is mediated by DOX-induced cardiomyocyte atrophy (394, 431, 432), while 

high doses of DOX may cause cardiac atrophy due to apoptotic and necrotic cell death and 

loss of cardiomyocytes (433). Since we used low doses of DOX in the current study, the 

observed cardiac atrophy in DOX-treated mice is most likely attributed to cardiomyocyte 

atrophy. 

In addition to its cardiotoxicity, DOX itself was shown to trigger systemic 

inflammation and upregulate multiple inflammatory markers in the heart, kidney, and liver, 

which can contribute to DOX-induced cardiotoxicity, nephrotoxicity, and hepatotoxicity, 

respectively (382, 383, 384, 385, 386). In 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 systemic inflammatory response (434), 

which could also affect multiple distal non-metastatic organs (435). Clinical studies have 

shown that childhood cancer survivors have elevated levels of inflammatory cytokines. For 

example, Ariffin et al. demonstrated that childhood cancer survivors of acute lymphoblastic 
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leukemia have elevated levels of plasma pro-inflammatory markers (187). However, there 

is paucity of clinical 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 the expression 

of inflammatory markers in tumor-bearing 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 dysfunction, while 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 treatment (436). In a 

recent clinical study, chemotherapy-naive patients with newly diagnosed lymphoma 

demonstrated reduced cardiac chamber volumes compared to healthy volunteers (436). 

One of the suggested pathways in which cancer could affect the heart is through cancer-

induced inflammation (437). In agreement with that, we demonstrated an increase in the 

expression of multiple inflammatory markers in the heart in EL4 tumor-bearing mice 

compared to the tumor-free group. However, the triggered inflammation did not cause 

pathological alterations in the heart tissue within the timeline of our current experiment. 

The long-term effect of the observed inflammatory response on cardiac pathology is yet to 

be determined. Interestingly, DOX administration in tumor-bearing mice attenuated the 

tumor-induced inflammatory response. 

Next, we sought to determine if the interaction between tumors and DOX on hepatic 

inflammation would be the same. DOX administration has been shown to trigger 

inflammation in the liver, which can contribute to DOX-induced hepatotoxicity (374, 438). 
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Notably, these studies used acute DOX administration and tumor-free mice. By contrast, 

our chronic low dose DOX (4 mg/kg/week for 3 weeks) did not induce significant 

upregulation of inflammatory markers in tumor-free mice. Previous EL4 tumor-bearing 

mice models demonstrated elevated levels of ALT and AST, which suggests moderate liver 

damage, due to accumulation of immune cells in the livers (439). Consistent with these 

results, we demonstrated an upregulation of hepatic inflammatory markers in tumor-

bearing mice compared to the tumor-free group. In agreement with our findings in the 

heart, DOX administration in tumor-bearing mice attenuated tumor-induced inflammation 

in the liver. Rare foci of inflammatory cell infiltration were observed in all groups of mice, 

except for the saline-treated tumor-free mice. 

DOX also was shown to increase the expression of pro-inflammatory markers in 

the kidneys in previous animal studies, which can contribute to DOX-induced 

nephrotoxicity (383). However, the chronic low dose of DOX did not significantly alter 

the expression of inflammatory markers in tumor-free mice. Similar to the heart and liver, 

we demonstrated an increase in the expression of inflammatory markers in the kidneys of 

tumor-bearing mice. This was consistent with a previous study that demonstrated that 

expression of renal inflammatory markers and adhesion molecules are upregulated in 

kidneys of tumor-bearing mice in a phenotype that is similar to acute renal failure (435). 

Importantly, tumor-induced upregulation of inflammatory markers was abrogated by DOX 

administration. Intriguingly, pathological changes were detected only in kidney tissues of 

DOX-treated tumor-bearing mice, an observation that warrants further investigation in 

future studies. 

We also sought to 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 tumor-free mice. In agreement with 

a previous EL4 tumor-bearing mouse model (439), we demonstrate that EL4 lymphoma 

induced a systemic upregulation of serum pro-inflammatory cytokines. Paradoxically, 

DOX administration in tumor-bearing mice ameliorated the tumor-induced systemic 

inflammation, an effect that may be attributed to suppression of tumor growth by DOX. 

Although this observation is in contrast to other studies demonstrating DOX-induced 

inflammation in tumor-free mice, it concurs with studies conducted in tumor-bearing mice 

(437, 441), suggesting widely divergent effects of DOX treatment in tumor-free versus 

tumor-bearing mice. 

Our results also showed that exposure to low doses of DOX did not induce 

senescence markers in the heart, aligning with the findings of previous research that 

utilized cumulative dose in the same range and observed no induction of p21Cip1 or p16Ink4a 

in the hearts of DOX-treated mice (442, 443). Importantly, our findings highlight a 

complex interaction between the tumor and DOX across various tissues. Specifically, DOX 

was capable of inducing p21Cip1in both the liver and tumor, but not in the heart or kidney. 

Additionally, DOX exclusively induced p19Arf in the liver but not in other organs. 

Interestingly, mice with tumors exhibited reduced p21Cip1expression in both the liver and 

kidney, while showing increased levels of p16Ink4a and p19Arf in these organs.  

 The tumor-bearing model established in this study exhibited a number of 

limitations. One notable limitation was that DOX was administered 3 days post-inoculation 

before the tumor became palpable. A 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 cancer receive 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 initial model proved suboptimal for investigating DOX-

induced cardiac dysfunction and its associated mechanisms. Addressing these limitations, 

we introduced an alternative tumor-bearing model in which mice were treated with higher 

cumulative dose of DOX (24 mg/kg) 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 dysfunction post-DOX 

treatment. Notably, our results suggest 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 DOX-treated tumor free and tumor-bearing mice. In summary, this 

model will be optimal for evaluating future cardioprotective strategies, ensuring that they 

protect the heart without undermining the chemotherapeutic efficacy of DOX. 

Conclusions 

In conclusion, our present study demonstrates that the presence of EL4 tumor elicits 

a strong inflammatory response that can be attenuated by DOX-induced suppression of 

tumor growth. Additionally, characterizing DOX toxicity in this clinically relevant model 

emphasizes the divergent effects that DOX has in tumor-free vs. tumor-bearing mice. This 

highlights the need to develop and use appropriate models to characterize DOX effects so 

that the findings can be closer to the real clinical scenarios. Optimizing our approach and 
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dosage regimen, we developed a new model that captures both the chemotherapeutic 

benefit of DOX and DOX-induced cardiac dysfunction. Such preclinical models can be 

optimum models for testing novel cardioprotective strategies that can be used with 

chemotherapy, e.g., DOX before translation to pediatric cancer patients with the long-term 

goal to prevent cancer treatment-induced cardiovascular complications in childhood cancer 

survivors.  
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Introduction  

Over the past years, 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 females) (444). Unfortunately, 

these survivors are burdened with many long-term health complications mainly induced by 

the cancer therapies they received. Among these complications, cardiovascular diseases 

are a major concern in cancer survivors (445). Multiple cancer treatments, e.g., doxorubicin 

(DOX), induce cardiotoxicity that can develop many years after the cessation of therapy. 

DOX is one of the most widely used chemotherapeutic drugs in clinical oncology. Despite 

its effectiveness in a wide range of cancers, including hematological cancers and solid 

tumors, its clinical utility is limited due to its dose-limiting 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 associated with DOX-induced cardiotoxicity, along 

with the total cumulative dose, age, co-administration of other cardiotoxic drugs, and 

comorbidities (447). Using preclinical mouse models, others and we have demonstrated 

that female mice are protected from both acute (448) and chronic DOX-induced 

cardiotoxicity (449, 450). Notably, the same observation was demonstrated in other DOX-

induced toxicities, including nephrotoxicity (451) and systemic inflammation (452). We 

have also reported sexual dimorphism in a rat model of delayed DOX-induced 

cardiotoxicity, but without exploring the underlying molecular mechanisms (453). 

Therefore, the objective of the current study was to elucidate the mechanisms of sexual 

dimorphism in a mouse model of delayed DOX-induced cardiotoxicity. 
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Although the mechanisms of sex-related differences in 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 homeostasis (454, 455). In the past 

decade, cellular senescence has been recognized as a contributor to cancer therapy-induced 

complications (456). In fact, DOX has been shown to induce senescence in different 

cardiovascular cells using in vivo and in vitro models (456). Importantly, senescent cells 

exhibit a distinct phenotype known as the senescence-associated secretory phenotype 

(SASP), characterized by the secretion of pro-inflammatory markers that induce a low 

grade of chronic inflammation called inflammaging (457). These altered characteristics of 

senescent cells may play a crucial role in the development of adverse cardiovascular effects 

(458). However, it remains unknown whether there are sex-related differences in DOX-

induced senescence that may mediate the observed sex differences in DOX-induced 

cardiotoxicity. Therefore, we determined the sex differences in the delayed effects of DOX 

on the expression of senescence and inflammatory markers. 

Currently, there is paucity of preclinical studies that used proteomics approaches to 

evaluate the sex differences in DOX-induced cardiotoxicity. Previous proteomics studies 

that characterized DOX-induced cardiotoxicity were conducted in male animals, with a 

focus on acute cardiotoxicity models (459). Therefore, we sought to identify additional 

potential targets associated with the observed sex differences by conducting unbiased 

cardiac proteomic profiling. Our findings demonstrate that male mice exhibit greater 

susceptibility than female mice to delayed DOX-induced cardiotoxicity and unbiased 

proteomic analysis identified several sexually dimorphic differentially expressed proteins. 
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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: 1807-36187A). 

Male (n = 11) and female (n = 13) C57BL/6N mice were purchased from Charles River 

Laboratories (Wilmington, MA, USA). All mice were acclimated for seven days and 

housed in groups of 3-5 mice per cage. Mice were maintained under standard specific 

pathogen-free (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 injection of DOX (4 mg/kg/week for 6 weeks, n = 6 male and n = 8 

female) or an equivalent volume of sterile saline (control group; n = 5 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 hearts, livers, and kidneys were harvested. Organs were rinsed 

in ice-cold phosphate-buffered saline (PBS), flash-frozen in liquid nitrogen, and stored at 

-80°C until further analysis. 

Echocardiography 

The delayed effect of DOX administration on cardiac function was evaluated using 

transthoracic echocardiography that was performed five weeks following the last DOX 

injection (n = 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 described (396). Anesthesia was induced using 3% isoflurane and was 

maintained with 1ï2% 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 physiologic monitoring stage during the procedure. M-Mode was used to acquire 

parasternal short-axis images of the left ventricle at the level of the papillary muscles. 

Endocardial and epicardial boundaries were manually traced over 3-4 cardiac cycles, and 

cardiac function and morphometric parameters were measured using the VisualSonics 

cardiac measurement package of the Vevo 2100. 

RNA Extraction and Real-Time PCR 

Total RNA was extracted from 20 mg frozen heart, liver, or kidney using 300 ɛL 

TRIzol reagent (Life Technologies, Carlsbad, CA, USA) according to the manufacturerôs 

instructions. Then, RNA concentrations were quantified using a Nanodrop 8000 

spectrophotometer (Thermo Fisher Scientific, Watham, MA, USA). First-strand cDNA 

was synthesized from 1.5 ɛg of total RNA using a high-capacity cDNA reverse 

transcription kit (Applied Biosystems; Thermo Fisher Scientific) according to the 

manufacturerôs instructions. To measure specific mRNA expression, real-time polymerase 

chain reaction (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 ɛL reaction mix consisting of 1 ɛL cDNA sample, 0.025 ɛL 30 ɛM forward primer, 

0.025 ɛL 30 ɛM reverse primer, 10 ɛL SYBR Green Universal master mix, and 8.95 ɛL of 

nuclease-free 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 Primer-BLAST online tool and are listed in Table 5-1. Melting curve analysis was 

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

product. The ȹȹCt method was used to identify relative mRNA expression after 

normalization to ß-actin. Gene expression is reported relative to saline-treated male mice. 

Table 5-1 Primer sequences used in this study. 

  

Gene Forward primer (5ô-3ô) Reverse primer (3ô-5ô) Ref 

ß.Actin TATTGGCAACGAGCGGTTCC GGCATAGAGGTCTTTACGGATGTC (460) 

Nppb AGTCCTTCGGTCTCAAGGCA CCGATCCGGTCTATCTTGTGC (461) 

Myh7 TGCAAGGCTCCAGGTCTGAGGGC GCCAACACCAACCTGTCCAAGTTC (462) 

Bax CGAATTGGAGATGAACTGGACAG CTAGCAAAGTAGAAGAGGGCAAC (463) 

Bcl2 TTGTAATTCATCTGCCGCCG AATGAATCGGGAGTTGGGGT (463) 

Tnf-a CCAGACCCTCACACTCAGATCA CACTTGGTGGTTTGCTACGAC (400) 

Il -1a CGCTTGAGTCGGCAAAGAAAT TGGCAGAACTGTAGTCTTCGT (397) 

Il -1ß TCCTCGGCCAAGACAGGTCGCT CCCCCACACGTTGACAGCTAGGT (399) 

Il -6 CCAGAGATACAAAGAAATGATGG ACTCCAGAAGACCAGAGGAAAT (400) 

Il -10 GGTTGCCAAGCCTTATCGGA ACCTGCTCCACTGCCTTGCT (464) 

p21Cip1  GCCTTAGCCCTCACTCTGTG AGCTGGCCTTAGAGGTGACA (402) 

p16Ink4a  GGGTTTCGCCCAACGCCCCGA TGCAGCACCACCAGCGTGTCC (397) 

p19Arf GCCGCACCGGAATCCT TTGAGCAGAAGAGCTGCTACGT (465) 

Trp53 AGCTTTGAGGTTCGTGTTTGTG TGGGCAGCGCTCTCTTTG (403) 
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Protein Extraction and In-Solution Digestion 

Protein extraction and sample preparation were performed similarly to previously 

published research (466) with the following changes. Briefly, after protein extraction, a 25 

ҡg 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 trypsin (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 water. 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 100 ҡ[ 0.1 M triethylammonium bicarbonate, pH 8.5, to a final concentration of 1 µg/µL. 

For each channel within the TMTproÊ 16plex, a 20 Õg aliquot of each sample was made, 

and the samples were labeled with the corresponding TMTproÊ 16plex Isobaric Label 

Reagent (Thermo Fisher Scientific) per the manufacturerôs protocol. After labeling, all the 

samples were multiplexed together into a new 1.5 mL microfuge tube. The multiplexed 

TMTproÊ 16plex sample was dried down in vacuo. The sample was cleaned with a 1 CC 

Oasis C18 solid phase extraction cartridge (Waters Corporation), and the eluate was dried 

in vacuo. 

Peptide Liquid Chromatography Fractionation 

The labeled sample was resuspended in 100 µL of 50 mM ammonium formate, pH 

10. Fifty ҡ[ of sample was injected and fractionated offline by high pH C18 reversed-phase 

(RP) chromatography as described previously (466) with the following changes. Briefly, 
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peptide-containing fractions were divided into three equal-numbered groups: ñearlyò, 

ñmiddleò, and ñlateò. A volume equal to 15 milli-absorbance units of the first ñearlyò 

fraction was concatenated with the first ñmiddleò and ñlateò fraction, and so on for a total 

of 10 concatenated fractions. Concatenated fractions were lyophilized and cleaned with the 

Stop and Go Extraction Protocol (STAGE tip) (467). 

 

Proteomics Analysis 

Raw data were analyzed using the Proteome Discoverer software platform, version 

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. saline-treated males and DOX-treated females vs. saline-treated females. 

The p values were calculated using a 'background t-test' by Proteome Discoverer software 

and were adjusted using the Benjamini-Hochberg multiple correction test. The up-

/downregulated proteins in the DOX-treated males and DOX-treated females were further 

analyzed using R (version 4.1.0), and 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 from frozen heart tissues as previously described (468). The 

protein concentration was determined using the Pierce bicinchoninic acid (BCA) protein 

assay kit following the instructions provided by the manufacturer (Pierce, Thermo Fisher 

Scientific). Subsequently, each sample was subjected to sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS PAGE) to separate 50 ɛg of protein. Primary 
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rabbit antibodies against hemopexin and haptoglobin (catalog MA5-35760 and MA5-

35716; diluted at 1:1000) and primary mouse antibody against Orm1 (catalog MA5-35760, 

1:500 dilution) were purchased from Thermo Fisher Scientific. Additionally, primary 

rabbit antibody against alpha-tubulin (catalog 2144; diluted at 1:1000) was obtained from 

Cell Signaling Technology (Danvers, MA, USA). HRP-conjugated secondary anti-mouse 

(catalog 115-035-146) and anti-rabbit antibodies (catalog 111-035-144) 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. Alpha-tubulin protein levels were used as normalizing loading 

controls. 

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 with mean ± standard error 

of the mean (SEM). Ordinary two-way analysis of variance (ANOVA) followed by Sidakôs 

multiple comparison post hoc analysis was used to compare different treatment groups in 

each sex. For experimental results, a p value 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 juvenile mice 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 DOX-treated male (Figure 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 DOX-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 saline-treated mice (Figure 5-1D). Additionally, a 

significant decrease in heart weight was observed only in DOX-treated male mice (Figure 

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

(A) Experimental design to characterize the sex differences in delayed DOX-induced 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 weeks. Echocardiography 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 recorded 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 sacrificed, and (D) the final body 

weights of male and female mice were measured. Moreover, (E) hearts were harvested, and their weights 

(mg) were measured and normalized to the tibia length (mm) (n = 5-8 per group); data are represented as the 

means ± SEMs. Statistical significance was determined using two-way ANOVA with Sidakôs post hoc 

analysis (* p < 0.05 and **** p < 0.0001). 
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Sex Differences in Delayed DOX-induced Cardiac Dysfunction 

Trans-thoracic echocardiography was used to measure cardiac function five weeks 

after the last DOX injection to determine the delayed cardiotoxic effects of DOX (Figure 

5-2A). Administration of DOX induced cardiac dysfunction in male but not female mice, 

as demonstrated by a significant decrease in cardiac output (Figure 5-2B), stroke volume 

(Figure 5-2C), ejection fraction (Figure 5-2D), and fractional shortening (Figure 5-2E) 

compared to saline-treated mice. Additionally, cardiac morphometry assessed by 

echocardiography revealed cardiac atrophy only in DOX-treated male mice, as shown by 

a significant decrease in left ventricular (LV) mass (Figure 5-2F) and LV anterior wall 

thickness at end-systole (LVAW;s) (Figure 5-2G), which was in agreement with the 

observed reduction in heart weights in DOX-treated male mice (Figure 5-1E). 
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Figure 5-2 Sex-related differences in delayed DOX-induced cardiotoxicity. 

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

injection (n = 5-7 per group). (A) Representative images acquired in M-mode from the parasternal short-axis 

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

ejection fraction, (E) fractional shortening and cardiac morphometry parameters, including (F) left 

ventricular (LV) mass and (G) LV anterior wall thickness at end-systole (LVAW;s) were evaluated in male 

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

comparisons was determined by two-way ANOVA with Sidakôs post hoc analysis (* p < 0.05, ** p < 0.01, 

*** p < 0.001, and **** p < 0.0001). 
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 There were no significant differences in other cardiac morphometry parameters 

between saline- and DOX-treated mice in either sex (Table 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 males (n = 5) and females (n 

= 5-7). Values are represented as the means ± SEMs. The statistical significance of pairwise 

comparisons was determined by two-way ANOVA with Sidakôs post hoc analysis. 

Parameter 

 5-week post DOX  

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 0.51 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 2.38 ± 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 (µL) 24.42 ± 1.89 32.62 ± 5.98 0.24 19.62 ± 2.92 19.56 ± 2.42 0.99 

LVEDV (µL)  68.32 ± 3.76 63.37 ± 7.59 0.76 55.63 ± 5.60 50.32 ± 3.03 0.69 

 

To determine whether the 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 

gene expression of Nppb (Figure 5-3A) and Myh7 (Figure 5-3B) was observed only in the 

hearts of male mice following DOX treatment. Together, these results suggest sex 

differences in the delayed cardiotoxic 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 DOX-induced cardiotoxicity (469), we measured the gene 

expression of apoptotic markers in the heart. No significant differences were observed in 

the cardiac expression of the apoptotic marker Bcl-2-associated X protein/B-cell 
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lymphoma-2 (Bax/Bcl-2) (Figure 5-3C). 

 

Figure 5-3 Sex differences in DOX-induced markers of cardiac stress and apoptosis. 

Male and female mice were administered intraperitoneal injections of DOX (4 mg/kg/week) or an equal 

volume of saline (control) for six consecutive weeks. Six weeks following the last dose, all mice were 

sacrificed, and hearts were harvested. Thereafter, total RNA was extracted, and cardiac mRNA expression 

of the cardiac stress markers (A) Nppb and (B) Myh7 and (C) the apoptotic marker Bax/Bcl2 was determined 

by real-time PCR. Values were normalized to ɓ-actin and expressed relative to saline-treated male mice (n = 

5-8). Values are shown as the means ± SEMs. The statistical significance of pairwise comparisons was 

determined by two-way ANOVA with Sidakôs post hoc analysis (* p < 0.05 and *** p < 0.001). 

Effect of DOX Treatment on the Gene Expression of Senescence Markers in Heart, 

Liver , and Kidney 

DOX has been shown to induce senescence in different cardiovascular cells, 

including cardiomyocytes, cardiac fibroblasts, cardiac progenitor cells, and endothelial 

cells, both in vivo and in vitro, as reviewed in (456). Importantly, the accumulation of 

senescence contributes to DOX-induced cardiotoxicity (470). Indeed, a recent study 

demonstrated that the administration of navitoclax, a potent senolytic drug, improved 

cardiac function in DOX-treated C57BL/6J female mice (442). 

To determine the role of senescence in mediating the observed sex differences in 

the current study, we measured the gene expression of several senescence markers, 

including p16Ink4a, p19Arf, p21Cip1, and Trp53, in the hearts of male and female mice. Our 
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results show that p21Cip1 was the only marker significantly upregulated in the heart of both 

male and female mice treated with DOX (Figure 5-4A), with no significant alteration of 

p16Ink4a and p19Arf (Figure 5-4B & C). Interestingly, the expression of Trp53 was 

significantly lower in DOX-treated female mice than in saline-treated mice (Figure 5-4D). 

No significant change in Trp53 expression was observed in DOX-treated male mice 

(Figure 5-4D). Given that previous studies have reported tissue selectivity in the extent of 

senescence induction (57, 471), we measured the expression of senescence markers in the 

liver and kidney. Similar to the heart, DOX induced hepatic gene expression of p21Cip1 in 

both male and female mice (Figure 5-4A). Notably, the upregulation of p21Cip1 was more 

pronounced in the liver than in the heart. In contrast to the heart, the expression of p16Ink4a 

was induced by DOX in both male and female livers (Figure 5-4B). Other markers of 

senescence were not significantly altered by DOX in either male or female livers (Figure 

5-4C & D). In the kidney, DOX only induced the gene expression of p21 in the kidneys of 

both male and female mice with no significant changes in other markers of senescence 

(Figure 5-4A-D). 

Collectively, our results demonstrate that DOX-induced senescence has tissue-

specific effects. However, only Trp53 exhibited sexually 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 hearts, livers, and kidneys. 

Hearts, livers, and kidneys were 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 weeks (n = 5ï8 per group). Following 

the extraction of total RNA, the mRNA expression of senescence markers, including (A) p21Cip1, (B) p16Ink4a, 

(C) p19Arf, and (D) Trp53, was determined by real-time PCR. Values were normalized to ɓ.actin and 

expressed relative to saline-treated male mice. Values are shown as the means ± SEMs. The statistical 

significance of pairwise comparisons was determined by two-way ANOVA with Sidakôs post hoc analysis 

(* 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 in the 

Heart, Liver , and kidney 

Senescence is also characterized by overexpression of the senescence-associated 

secretory phenotype (SASP), which includes multiple pro-inflammatory factors that can 

play a role in DOX-induced cardiotoxicity. We measured the expression of several 

inflammatory markers in the hearts, livers, and kidneys of male and female mice treated 

with DOX or saline. DOX significantly reduced the cardiac expression of Tnf-Ŭ in both 

sexes and the renal expression of Tnf-Ŭ in female mice (Figure 5-5A). The hepatic 

expression of Tnf-Ŭ appeared to be decreased in male and female mice treated with DOX, 

although this was not significant (Figure 5-5A). DOX treatment had no significant effects 

on the cardiac expression of pro-inflammatory markers, including Il -1Ŭ (Figure 5-5B) and 

Il -1ß (Figure 5-5C) in either sex. However, Il -1Ŭ expression was significantly 

downregulated in DOX-treated female mice but not in males in the liver and in both sexes 

in the kidney (Figure 5-5B). Similar to the results observed in the heart, no significant 

changes were observed in hepatic expression of Il -1ɓ in DOX-treated mice of either sex 

(Figure 5-5C). However, Il -1ɓ was significantly downregulated in DOX-treated female 

mice only in the kidney. No significant changes were observed in Il -6 across all organs 

(Figure 5-5D). Notably, the expression of the anti-inflammatory marker Il -10 was 

significantly downregulated in the hearts and livers of DOX-treated male but not female 

mice (Figure 5-5E) and it was significantly decreased in both sexes in the kidneys. 
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Figure 5-5 Expression of inflammatory markers in hearts, livers, and kidneys. 

Hearts, livers, and kidneys were 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 weeks (n = 5ï8 per group). Following 

the extraction of total RNA, the mRNA expression of inflammatory markers, including (A) Tnf-Ŭ, (B) Il -1Ŭ, 

(C) Il -1ß, (D) Il -6, and (E) Il -10, was determined by real-time PCR. Values were normalized to ɓ.actin and 

expressed relative to saline-treated male mice. Values are shown as the means ± SEMs. The statistical 

significance of pairwise comparisons was determined by two-way ANOVA with Sidakôs post hoc analysis 

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

Induced Cardiotoxicity 

Pulverized heart tissues were used in proteomics 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 between the biological replicates. There was a separation 

between male and female mice, as illustrated in Figure 5-6A. Furthermore, distinct 

separation was observed between DOX-treated males and saline-treated males (Figure 

5-6A). The same pattern of separation was observed between DOX-treated and saline-

treated females (Figure 5-6A). 

Differentially expressed proteins (DEPs) were identified by using FDR < 0.05. 

Overall, 2461 proteins were identified, where 29 and 46 proteins were up- and 

downregulated DEPs in males, whereas 35 and 28 were up- and downregulated in females. 

The volcano plot was generated after adjusting the threshold for DOX-treated vs saline-

treated males and DOX-treated vs saline-treated females to FC Ó 1.5 and FDR < 0.05. In 

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 DOX-treated male and female mice.  

(A) PCA plot separated by sex and treatment for male and female mice (n = 4 per group). Volcano plot of 

the DEPs using cutoff at ratio Ó 1.5 and FDR < 0.05 in (B) DOX-treated vs saline-treated males and (C) 

DOX-treated vs saline-treated females. 

 

The proteins that were upregulated in hearts from DOX-treated males were beta 

(ɓ)-myosin heavy chain, natriuretic peptides A, myosin regulatory light chain 2, and LYR 

motif-containing protein 7, and downregulated proteins included serine protease inhibitor 

A3K, apolipoprotein A-II, hemopexin, immunoglobulin kappa variable 6-13, alpha-1-acid 

glycoprotein 1, immunoglobulin heavy constant gamma 1, apolipoprotein A-I, 

immunoglobulin heavy constant Mu, immunoglobulin kappa constant, immunoglobulin 

heavy variable 4-31, immunoglobulin heavy constant gamma 2B, immunoglobulin heavy 

variable 1-82, and major urinary protein 11 (Figure 5-7A). The upregulated proteins 

observed in DOX-treated females were tubulin beta 1 class VI, pleckstrin, thrombospondin 

1, interferon gamma-induced GTPase, and coronin 1A, and the downregulated proteins 

were SRSF protein kinase 2 and golgin subfamily A member 3 (Figure 5-7B). The proteins 

that were elevated in both the male and female groups were immunoglobulin heavy 

constant alpha, while the proteins that were 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 variable 1-47, and skeletal alpha (Ŭ)-

actin genes (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). 

 

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 equivalent volume of sterile saline for 6 weeks (n = 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) in (A) males only, (B) females only, and (C) 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, alpha-1-acid 

glycoprotein (orm1), and hemopexin, in the hearts of DOX-treated 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 to IL-10. Both 

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 orm1 was significantly higher in saline-treated males than in saline-

treated females, as determined by two-way ANOVA (Figure 5-8A & B ). This finding is 

consistent with a recent proteomic analysis conducted in the hearts of male and female 

C57BL/6J mice, where haptoglobin was found to be enriched in male mice (472). Another 

study focusing on the spleen of C57BL/6 male and female mice demonstrated a similar 

pattern, showing increased gene expression levels of haptoglobin in post pubertal male 

mice compared to age-matched female mice (473). Unlike our proteomics results, no 

statistically significant change was observed in the protein expression of hemopexin in 

DOX-treated male mice (Figure 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 volume of sterile saline for 6 weeks (n = 5-8 mice per group). Western 

blotting was conducted to measure the protein expression of (A) haptoglobin, (B) orm1, and (C) hemopexin 

(n = 5-8). Representative images of western blots are shown. Values were normalized to Ŭ-tubulin and 

expressed relative to the saline-treated male group. Values are shown as the means ± SEMs. The statistical 

significance of pairwise comparisons was determined by two-way ANOVA with Sidakôs post hoc analysis 

(**  p < 0.01 and *** p < 0.001). 

Intriguingly, HP promoted the production of anti-inflammatory IL-10 in a diabetic 

mouse model of myocardial infarction (474), suggesting a potential link between the 

observed sexually dimorphic regulation of IL-10 and HP in response to DOX. To evaluate 

this hypothesis, we evaluated the correlation between the protein expression of haptoglobin 

and gene expression of Il-10 in the heart. We also evaluated the correlation others 

differentially expressed acute phase proteins, Orm1 and Hemopexin, with the gene 

expression of Il-10. Our findings demonstrated a significant strong positive correlation 

between Haptoglobin with Il-10 (Figure 5-9A) and significant moderate correlation 

between Orm1 with Il-10 (Figure 5-9B). No correlation was observed between Hemopexin 

and Il-10 (Figure 5-9C).  
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Figure 5-9 Correlation between protein expression of acute phase proteins and gene 

expression of Il-10 in the heart. 

Correlation between the cardiac protein expressions of (A) Haptoglobin, (B) Orm1, and (C) Hemopexin, as 

evaluated by western blot, and the gene expression of Il-10, as evaluated by PCR. Pearsonôs correlation 

analysis was conducted in GraphPad prism. 

  
































