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 I 

Abstract 

Background: Breast cancer is a major public health concern in Canada. Doxorubicin and 

Trastuzumab (DOX+TRZ) are two of the most common anti-cancer drugs used in the treatment of 

breast cancer. While these two anti-cancer drugs improve overall survival in women with breast 

cancer, they increase the risk of developing heart failure. Several randomized controlled trials have 

demonstrated that sodium-glucose co-transporter 2 (SGLT2) inhibitors, including Empagliflozin 

(EMPA), which is a novel anti-diabetic medication, reduce the risk of heart failure associated 

hospitalization and mortality in patients with and without diabetes. Little is known, however, about 

whether SGLT2 inhibitors are cardioprotective in the setting of chemotherapy mediated 

cardiotoxicity. 

 

Objective: The specific aim of this thesis is to evaluate whether the prophylactic use of SGLT2 

inhibition with EMPA will be comparable and/or synergistic to standard pharmacological therapy 

using the renin-angiotensin system (RAS) antagonist perindopril (PER) in preventing DOX+TRZ 

mediated cardiotoxicity in a chronic in vivo female murine model. 

 

Methods: In a chronic in vivo murine model of chemotherapy mediated cardiotoxicity, a total of 

160 C57Bl/6 female mice received prophylactic treatment with PER (3 mg/kg), EMPA (10 mg/kg), 

or EMPA+PER orally for a total of 3 weeks as a run-in period prior to weekly administration of 

DOX+TRZ (8 mg/kg and 3 mg/kg, respectively) intraperitoneally for an additional 3 weeks (total 

of 6 weeks). Serial echocardiography was performed on a weekly basis and at the end of week 6, 

cardiac tissue was collected for histological, biochemical, and lipidomic analyses.  



 II 

Results: In mice treated with DOX+TRZ, the left ventricular ejection fraction (LVEF) decreased 

from 75±3% at baseline to 41±4% at week 6. Prophylactic treatment with either PER, EMPA, or 

EMPA+PER improved LVEF to 57±3%, 66±3%, and 68±4% at week 6, respectively (p<0.05). 

Histological analyses confirmed significant disruption of myofibrils, vacuolization, and loss of 

sarcomere integrity in the DOX+TRZ treated mice. Prophylactic administration with PER, EMPA, 

or EMPA+PER, however, improved myofibril integrity at week 6 in mice receiving DOX+TRZ. 

Additionally, the Bax/Bcl-xL ratio was significantly elevated by 1.5x fold in mice receiving 

DOX+TRZ. This marker of apoptosis was attenuated by prophylactic treatment with either PER, 

EMPA, or EMPA+PER, to a level comparable with control mice. Finally, in DOX+TRZ treated 

mice, an increase in two oxidized phosphatidylethanolamine (OxPE) species was observed. 

Preliminary data demonstrates there is a possible trend in which prophylactic treatment with 

EMPA+PER attenuates these markers of lipid oxidation. 

 

Conclusion: In a chronic in vivo murine model of DOX+TRZ induced cardiotoxicity, the 

prophylactic administration of PER, EMPA or EMPA+PER was effective in preventing adverse 

cardiovascular remodeling, attenuating histopathological changes in cardiomyocyte structure, and 

improving markers of oxidative stress and apoptosis.  
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Chapter 1: Introduction 

1.1 Breast Cancer 

1.1.1 Epidemiology 

Breast cancer is a major public health concern in Canada. In fact, it is the second most common 

cancer and is one of the leading causes of death from cancer for women living in Canada.1 

According to the Canadian Cancer Society, in 2024, an estimated 30,500 Canadian women will 

receive a breast cancer diagnosis.1 Even though the breast cancer death rate has decreased by over 

40% since 1986, and the 5-year survival rate is estimated at 89%, more than 5,500 Canadian 

women will die from breast cancer in 2024, representing 13% of all cancer deaths.1,2 As a testament 

to its prevalence, it is approximated that 1 in 8 Canadian women will develop breast cancer during 

their lifetime, and 1 in 36 will die from the disease.1 While breast cancer mostly affects post-

menopausal women, nearly 20% of diagnoses occur before the age of 50, signifying the importance 

of early detection and screening.3 Breast cancer is the leading cause of the ongoing increase in 

cancer-related healthcare expenses, which has a significant financial impact worldwide, amounting 

to an estimated figure of $1,531 billion in any given year, which includes direct medical costs, as 

well as indirect costs related to loss of productivity and unemployment. Although the survival rate 

for breast cancer patients has improved, the growing disease burden highlights the need for 

continued scientific research to enhance breast cancer treatment and improve outcomes.4 

 

1.1.2 Risk Factors 

In order to aid the development of screening guidelines and improve early detection efforts, 

researchers worldwide have established a list of risk factors that can increase an individual’s 

susceptibility to developing breast cancer.5 There are two main groups of risk factors, including 
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biological risk factors and lifestyle/socioeconomic risk factors, the former being associated with a 

more significant risk.5-9 Having a mutation in the breast cancer tumor suppressor genes (BRCA), 

specifically breast cancer gene 1 (BRCA1) and breast cancer gene 2 (BRCA2), can increase the 

lifetime risk of developing breast cancer by over 80%.7,9,10 A more rare but significant risk factor 

is having a mutation in the partner and localizer of BRCA2 (PALB2) gene, which is increasingly 

being recognized in clinical practice.1,5,11,12  Additionally, a family history of breast and/or ovarian 

cancer can significantly increase the odds of developing breast cancer, especially if these are first-

degree relatives.1 Biological factors including increased breast density, early menarche, and late 

menopause may play a role in increased breast cancer risk.1 Certain lifestyle factors can contribute 

to that risk including high levels of alcohol consumption, smoking, usage of oral contraceptives, 

obesity, and physical inactivity. High socioeconomic status increases the risk as well, which is 

linked to having children later in life and/or having fewer children, which increases the exposure 

of breast cells to circulating estrogen and progesterone.1,6,8,13-15 

 

1.1.3 Diagnosis 

The steady decrease in breast cancer mortality rates over the past four decades can partially be 

attributed to increased screening allowing for earlier detection and targeted treatment.1 The 

Canadian Cancer Society suggests that all women between the ages of 40 and 74 should undergo 

a mammography every 2 years, regardless of the presence of risk factors.1 In order to decrease 

mortality rates, the World Health Organization suggests that appropriate screening programs 

should be implemented worldwide.5 Non-invasive imaging modalities including mammography, 

ultrasound, and magnetic resonance imaging (MRI) are effective tools in detection of tumors and 

other abnormalities in the breast tissue. Once breast cancer is identified, due to the heterogeneity 
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of the disease, a core needle biopsy is performed to identify the presence of various biomarkers, 

including estrogen and progesterone hormone receptors, and the human epidermal growth factor 

receptor 2 (HER2) protein. This test helps determine the specific type and grade of breast cancer 

present. These diagnostic steps guide the process of developing an appropriate and effective 

treatment plan for the patient with breast cancer.16  

 

1.1.4 Treatment  

Breast cancer death rates in Canadian women between the ages of 35 and 69 have declined by 

nearly 62% between 1950 and 2015, depending on age group. These improved survival rates are 

mainly attributed to advances in treatment as well as improved detection technologies.1,2 Early 

diagnosis is often associated with improved prognosis, reliant on prompt initiation of an effective 

treatment protocol. The treatment for breast cancer is individualized and depends on several 

factors, and may involve surgery, radiation, hormone therapy, chemotherapy, and/or targeted 

biological therapy.1 

 

Surgery has been the primary, gold-standard treatment approach for breast cancer since the 1800s. 

Mastectomy, a surgical approach through which the entire breast and involved lymph nodes are 

removed has played a critical role in the treatment of breast cancer for centuries. However, the 

medical field has partially transitioned to the less radical type of surgery, lumpectomy, starting in 

the second half of the 20th century. Lumpectomy involves a more targeted, conservative approach 

in which only the tumor is removed, avoiding the often-unnecessary removal of the entire breast, 

leading to improved recovery and higher patient satisfaction.17,18  However, mastectomies are still 

required in many cases, dependant on the size and location of the cancerous tissue.17,18 Following 
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the removal of the tumor mass, recurrence of cancer is possible, and therefore it is often 

recommended that the patient undergoes radiation therapy and/or chemotherapy to eliminate the 

remaining cancer cells that my persist in the chest wall, surrounding skin, or neighboring tissue.19,20  

 

Radiation therapy, which utilizes high-energy rays or particles to target cancer cells and kill them 

is often used both in the adjuvant and neoadjuvant setting.1 Adjuvant radiation therapy is often 

administered following surgical intervention and/or chemotherapy. This intervention decreases the 

risk of post-lumpectomy cancer recurrence by up to 50% and improves breast cancer survival rate 

by approximately 17%.20 Neoadjuvant radiation therapy, administered before surgery, can be used 

to shrink the tumor, which helps reduce the extent of the surgery, increasing the chances of 

undergoing breast-conserving surgery rather than a mastectomy. Pre-surgical radiotherapy 

improves pathologic response, decreases recurrence rate, and improves overall survival in 

comparison to adjuvant radiotherapy.21,22 

 

Early-stage breast cancer (EBC) is most commonly treated with chemotherapy. There are multiple 

chemotherapy agents and regimens, administration of which depends on breast cancer stage and 

subtype.23 In the treatment of EBC, third generation regimens are most commonly prescribed, 

which often combine two classes of cytotoxic agents; anthracyclines and taxanes. Anthracyclines 

include Doxorubicin (DOX) and Epirubicin (EPR). Taxane class agents include Paclitaxel (PCL) 

and Docetaxel (DCL).23,24 Although highly effective for the treatment of breast cancer, 

anthracyclines pose a 10% risk of developing cardiotoxicity in a dose-dependent manner. 25,26 
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Breast cancer can possess varying characteristics that can be specifically targeted in order to 

achieve the best treatment outcomes. For this reason, accurate diagnosis is critical for the selection 

of the appropriate targeted biological therapy. An important factor in discerning breast cancer 

progression is the hormone receptor status. This marker indicates whether the cancer cells possess 

estrogen and/or progesterone receptors, which in the presence of these hormones, may stimulate 

the neoplastic cells to survive and proliferate.27 Approximately 75% of breast cancers are estrogen 

receptor and/or progesterone receptor positive.28 Another characteristic that the cancer cells may 

exhibit is the hormone epidermal growth factor receptor 2 (HER2), which may be overexpressed 

in 20-25% of breast cancers. While tumors that possess these receptors grow quicker and worsen 

patient prognosis, a positive receptor status provides focused therapeutic opportunities.27 

 

Breast cancer tissue positive for estrogen receptor is treated using varying agents to limit cancer 

progression and survival of the neoplastic cells. Selective estrogen receptor modulators (SERMs) 

suppress estrogen signaling by blocking the receptor and preventing the hormone from binding. 

Estrogen-receptor down-regulators work in a similar fashion, but can also induce degradation of 

the estrogen receptors.29 Aromatase inhibitors inhibit the enzyme responsible for catalyzing the 

conversion of androgens to estrogen in post-menopausal women. Luteinizing hormone-releasing 

hormone agonists can be used to induce menopause and inhibit ovarian production of estrogen.30 

These treatments can be used alone or in combination to inhibit the effects of estrogen on the tumor 

cells. 

 

Breast cancer positive for the HER2 receptor exhibits accelerated growth and proliferation of the 

cancer cells, resulting in a more aggressive disease state with a poorer prognosis. Approximately 
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7000 Canadian women will be diagnosed with HER2 positive breast cancer in 2024 alone.1 

Trastuzumab (TRZ), also known under the brand name Herceptin, is a humanized anti-HER2 

receptor monoclonal antibody, used in the adjuvant and metastatic breast cancer setting. It works 

by binding to the HER2 receptors extracellularly to block the downstream pathways required for 

accelerated proliferation of cancer cells. TRZ has been shown to improve patient survival and 

reduce risk of recurrence and is the most common agent used in the HER2 positive breast cancer 

setting.31-34 

 

In the adjuvant setting, TRZ is administered once anthracycline-based chemotherapy treatment is 

completed, intravenously, as a loading dose of up to 8 mg/kg followed by doses of 6 mg/kg every 

three weeks for a total of up to 18 cycles.35 The use of TRZ in combination with anthracyclines 

has been validated by multiple studies.31,33,35-45 Several multi-centre randomized clinical trials have 

evaluated the efficacy of TRZ in the clinical setting. In these trials, patients received a cumulative 

dose of DOX or EPR of 360 mg/m2 and 720 mg/m2, respectively, over a 12-week period, and were 

then treated with a one-year adjuvant therapy using TRZ.37-44 The trials showed a 50% reduction 

in overall rate of recurrence and 33% decrease in cancer mortality in women with HER2 positive 

breast cancer.37-44 

 

For metastatic breast cancer, TRZ is administered as a loading dose of 4 mg/kg intravenously 

followed by a maintenance dose of 2 mg/kg weekly. The duration of TRZ administration varies 

considerably dependant on disease progression and other clinical indicators, ranging from 9 to 30 

months.46 Metastatic breast cancer continues to be one of the top causes of cancer-related death 

among women. In fact, approximately 50% of individuals afflicted with HER2 positive breast 
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cancer receive a diagnosis once the disease has already metastasized.47-48 While prognosis is 

extremely poor in this patient population, chemotherapy treatment in combination with TRZ has 

been shown to extend survival, averaging 4 to 5 years.47 A small but considerable proportion of 

patients obtain long-term disease control and live more than ten years following diagnosis.31,47-50 

A clinical trial evaluating the efficacy of monotherapy with TRZ (in patients with no history of 

previous cytotoxic chemotherapy) demonstrated a 26% response rate.51 A total of 48% of patients 

with the highest level of HER2 overexpression experienced a significant clinical benefit.51 

Although TRZ has been shown to be a powerful anti-cancer agent, it can also trigger adverse 

cardiotoxic side effects.31,52-53 

 

1.2 Cardio-Oncology 

Cardio-Oncology is an evolving discipline that focuses on the prevention, diagnosis, and 

management of cancer in patients who are at risk of developing cardiovascular complications as a 

result of their anti-cancer treatment. Over the past several decades, the prevalence of breast cancer 

patients developing cardiovascular disease, including heart failure, has increased. This is partly 

due to the development of efficient anti-cancer drugs, which can inadvertently affect the heart as 

well, and partly due to increased awareness and screening of cardiac function before, during, and 

after chemotherapy treatment. Despite the beneficial effects of surgery, radiation, chemotherapy, 

and/or targeted biological therapy for improving overall survival in women with breast cancer, 

cardiotoxicity remains a serious complication for many anti-cancer therapies, serving as the 

leading cause of morbidity and mortality in cancer patients.25,26,37,38,52-54 Cancer therapy related 

cardiac dysfunction (CTRCD) can be diagnosed via cardiac imaging modalities in combination 

with assessment of cardiac biomarkers.54-56 Once CTRCD is suspected or confirmed, the anti-
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cancer therapy may be modified or discontinued and patients are prescribed medications with the 

goal of reversing the existing injury and prevent further cardiac damage.57 

 

1.2.1 Chemotherapy & Targeted Biological Therapy 

There are two common chemotherapy regimens presently employed for treating breast cancer. One 

is known as FEC, which combines 5-Flurouracil, EPR, and Cyclophosphamide. The other regimen, 

called AC, includes Adriamycin (DOX) and Cyclophosphamide.23 Both chemotherapeutic 

regimens incorporate anthracyclines. In the context of breast cancer treatment, FEC chemotherapy 

is commonly given intravenously every three weeks, for a total of four to six cycles. The 

cumulative dosages usually reach up to 500 mg/m2 of 5-Flurouracil, 100 mg/m2 of EPR, and 500 

mg/m2 of Cyclophosphamide, unless there are contraindications. The AC regimen is normally 

administered every three weeks as an intravenous infusion. It consists of 60 mg/m2 of Adriamycin 

and 600 mg/m2 of Cyclophosphamide. This treatment is offered for four consecutive cycles, either 

before or after surgical removal of the tumor.23 The total duration that either FEC or AC is 

administered is 3-5 months, on average. AC chemotherapy is discontinued if there is evidence of 

disease progression or the onset of cardiac dysfunction.23 

 

Although all chemotherapy agents carry risks and side effects, anthracyclines—such as DOX and 

EPR—are the primary contributors to chemotherapy-induced cardiotoxicity. These agents cause 

type-I, irreversible cardiotoxicity in a dose-dependent manner, which can affect approximately 

10% of patients. Anthracyclines lead to apoptosis and necrosis of cardiomyocytes, with subsequent 

myocardial fibrosis.26,54 The cumulative administrated dose of anthracyclines is limited by their 

dose-dependent cardiotoxicity, which constrains their use as heart-safe anticancer agents.26 The 
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current recommended total cumulative dose of DOX is limited to 550 mg/m2, while EPR’s 

cumulative dosing should not exceed 900-1000 mg/m2.58,59 However, patients with known cardiac 

risk factors are at higher risk of developing cardiotoxicity at lower cumulative doses. In this subset 

of cancer patients, the cumulative dose of DOX and EPR should be limited to 400 and 650 mg/m2, 

respectively.58,59 The cardiotoxic side effects of DOX include up-regulation of the following 

pathways including: i) inflammation; ii) endoplasmic reticulum (ER) stress; and iii) oxidative 

stress-induced cell damage and/or death (Table 1).  

 

Inflammation is one of the three regulatory pathways that lead to DOX mediated cardiotoxicity. 

Nuclear factor kappa beta (NF-κβ) is a molecular mediator that functions as a regulator of the 

initial stage of inflammation, resulting in the upregulation of its active form, phospho- NF-κB (p65 

subunit), and increasing the expression of pro-inflammatory markers such as tumor necrosis factor 

alpha (TNF-α), interferon-alpha (INF-α), interleukin 1-beta (IL-1β), and interleukin-6 (IL-6). This 

cascade of events can contribute to the development of cardiac fibrosis and heart failure.60-64 NF-

κB can also be stimulated by TNF-α and IL-1β through a feedback mechanism.63 Upregulation of 

these inflammatory markers are suggestive of an inflammatory response in the heart caused by 

DOX mediated cardiotoxicity.60-66  

 

The role of ER stress in the development of cardiotoxicity from DOX is well established.67-71 The 

ER is one of the largest organelles in cardiomyocytes. It has many roles including protein 

synthesis, folding of polypeptides into biologically active proteins and enzymes, as well as lipid 

and steroid biosynthesis. Cardiotoxic agents, including anthracyclines, can disrupt the intricate ER 

processes, leading to accumulation of misfolded proteins, inducing ER stress.71 When there is a 
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disruption in the balance of ER homeostasis, certain signalling pathways are triggered, which in 

turn initiate an adaptive response called the unfolded protein response (UPR). The main objective 

of the UPR is to rectify the protein equilibrium by inhibiting protein translation, enhancing the 

removal of unfolded or misfolded proteins, and fostering cell viability. The UPR attempts to 

restore homeostasis by triggering the activation of transmembrane proteins like protein kinase 

RNA-like ER kinase (PERK). Normally, PERK exists in an inactivated state, bound to the 78-kDa 

glucose-regulated protein (GRP78). Under ER stress conditions, GRP78 binds to misfolded 

proteins and dissociates from PERK. This triggers activation of downstream pathways and 

molecules such as activating transcription factor 4 (ATF4), TNF receptor associated factor 2 

(TRAF2), X-box binding protein 1 (XBP1), CCAAT/enhancer-binding protein homologous 

protein (CHOP), and caspase-12, leading to initiation of apoptosis (programmed cell death) in the 

cardiomyocyte (Table 1).71 

 

In addition to inflammation and ER stress, anthracyclines are known to induce oxidative stress in 

the heart. Oxidative stress occurs when there is an excessive buildup of reactive oxygen species 

(ROS) that surpasses the biological system's capacity to counteract these reactive substances. 

These compounds are generated when oxygen is not fully reduced, leading to the formation of 

singlet oxygen molecules, superoxide radicals, and hydroxide radicals. ROS are harmful to nearby 

tissues due to their short half-lives, unstable properties, and high reactivity.72,73 Cardiomyocyte 

dysfunction can occur as a result of oxidative stress, which is caused by either the auto-oxidation 

of catecholamines and/or the interference of ROS with the calcium transport in the ER.60,72 
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Anthracyclines induce oxidative stress via increasing the activity of the mitogen-activated protein 

kinase (MAPK) signaling pathway.72-75 The MAPK cascade transmits intracellular signals from 

the cell surface to the nucleus, exerting a direct influence on the genetically programmed cell death 

mechanism called apoptosis.75 Anthracyclines stimulate this pathway, leading to upregulation of 

pro-apoptotic proteins such as c-Jun N-terminal kinase (JNK), Caspases 3 and 9, and Bcl-2 

associated X protein (Bax), while downregulating anti-apoptotic proteins like B-cell lymphoma 

extra-large (Bcl-xL) (Table 1).74-79 Anthracyclines exert harmful effects on the heart, leading to an 

elevated myocardial energy demand. This results in increased oxygen consumption, which disrupts 

the equilibrium between the creation and neutralization of ROS.72 Oxidative stress in 

cardiomyocytes can lead to mitochondrial damage, and trigger cell death.79  

 

An additional mechanism by which oxidative stress is harmful for the cardiomyocytes is the 

oxidation of lipid molecules. Excess oxygen radicals can react with unsaturated lipids which are 

widespread in both the plasma membrane and mitochondrial membranes of the cell.72 This lipid 

peroxidation can negatively affect membrane permeability, induce the loss of high energy 

phosphates, and contribute to contractile dysfunction of the cardiomyocytes.73 Increased lipid 

peroxidation has been linked to increased severity of heart failure, and therefore there is a growing 

focus on exploring the mechanisms of excess ROS production due to anthracycline use and their 

downstream effects on various lipid species.72,77,79 

 

Since DOX works through a mechanism of nonselective cytotoxicity, it is employed to treat several 

types of primary cancers and malignancies, including solid tumors, hematologic cancers, and 

breast cancer.79-81 To enhance the effectiveness of the anti-cancer therapy in HER2 positive breast 
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cancer patients, the addition of the monoclonal antibody TRZ has positive results as a targeted 

biological therapy, but it is also linked to a higher risk of cardiotoxicity.82-84 This anti-cancer agent 

induces cardiac dysfunction, which manifests in two distinct forms. When used in combination 

with anthracyclines, TRZ exacerbates type-I cardiotoxicity, significantly increasing the risk of 

irreversible myocardial damage—raising the incidence of long-term cardiac injury by up to 

25%.83,84 This synergistic toxicity imposes further limitations on the maximum cumulative 

chemotherapy dose in breast cancer treatment.85,86 In contrast, when TRZ is administered alone, it 

leads to type-II cardiotoxicity, which typically results in dilated cardiomyopathy and a reduction 

in LVEF. However, these cardiac effects are often reversible upon temporary discontinuation of 

therapy.79,82 Although both DOX and TRZ have extended the lives of many breast cancer patients, 

the cardiovascular adverse effects significantly reduce the noticeable therapeutic advantages of 

these treatments.  

 

The main mechanisms by which TRZ is cardiotoxic are through an elevation in apoptosis and 

oxidative stress.87-90 TRZ binding to HER2 receptors in cardiomyocytes modifies the expression 

levels of pro- and anti-apoptotic proteins, including the B-cell lymphoma 2 (Bcl-2) family of 

proteins which include pro-apoptotic Bax and B-cell lymphoma extra-small (Bcl-XS), as well as 

anti-apoptotic Bcl-xL (Table 1).87-88 As the level of pro-apoptotic expression rises and the level of 

anti-apoptotic expression declines, the change in protein ratios triggers apoptosis. Oxidative stress 

causes damage to cardiomyocytes by increasing the activity of the renin-angiotensin system (RAS) 

and inhibiting the formation of dimers by TRZ. Both of these processes are linked to the 

suppression of cell survival pathways.89,90 TRZ, when binding to the HER2 receptors, hinders the 

cell survival pathways, thereby exerting stress on the heart.91 This, in turn, causes a notable rise in 
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the levels of angiotensin-II (ANG-II) in the bloodstream. ANG-II can then attach to the 

angiotensin-1 receptor, triggering a series of reactions that generate ROS, resulting in oxidative 

stress.92-96 The oxidative stress caused by ANG-II also results in elevated amounts of pro-apoptotic 

genes, including Bax and Caspase-3, and reduced levels of anti-apoptotic genes, such as Bcl-xL.72-

75,97,98 TRZ binds to the HER2 receptor and prevents its dimerization with other HER family 

receptors, thereby inhibiting downstream cell survival pathways. This renders the cardiomyocytes 

vulnerable to harm.90,99-105 Active cardiomyocytes have heightened electron transport chain 

activity in their mitochondria to meet the high metabolic demand for adenosine triphosphate 

(ATP), resulting in increased production of ROS.92,102 The diminished ability of the cells to 

activate their anti-apoptotic pathways results in the inability of cardiomyocytes to counteract the 

oxidative stress. This leads to apoptosis, which, if extensive, ultimately causes cardiac 

dysfunction.102,105-107 

 

The complex and multifaceted nature of cardiotoxicity caused by the combination of DOX and 

TRZ, which involves the activation of inflammatory pathways, induction of ER stress, and 

elevated production of ROS, is a challenge in terms of managing and reducing this harmful side 

effect. This study aims to clarify the molecular roles of inflammation, ER stress and oxidative 

stress in the cardiotoxicity caused by the combination of DOX and TRZ.  
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Pathway Protein 

Inflammation 

Nuclear factor kappa beta (NF-κB) 

phospho- NF- 

Nucleotide-binding oligomerization domain-like receptor 3 

(NLRP3) 

Tumor necrosis factor alpha (TNF-α) 

Interferon-alpha (INF-α) 

Interleukins 1-beta (IL-1β), 6 (IL-6), 8 (IL-8) 

Endoplasmic Reticulum 

Stress 

78-kDa glucose-regulated protein (GRP78)  

Protein kinase RNA-like ER kinase (PERK) 

Activating transcription factor 4 (ATF4) 

CCAAT/enhancer-binding protein homologous protein 

(CHOP) 

Caspase-12 

TNF receptor associated factor 2 (TRAF2) 

X-box binding protein 1 (XBP1) 

Oxidative Stress 

 

Bcl-2 associated X protein (Bax)  

B-cell lymphoma extra-large (Bcl-XL) 

Caspase-3,9 

c-Jun N-terminal kinase (JNK) 

 

Table 1. Protein markers of cell damage mediated by DOX+TRZ. 
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1.2.2 Cancer Therapy Related Cardiac Dysfunction 

Chemotherapy-induced cardiotoxicity commonly appears clinically in the form of congestive heart 

failure (CHF).108,109 A detailed review of the literature revealed that the percentage of patients who 

experience CHF as a result of DOX treatment ranges from 5% when the cumulative dose reaches 

400 mg/m2 to 48% when the cumulative dose reaches 700 mg/m2.81 However, to mitigate this high 

risk, the current recommended cumulative dose of DOX is limited to 500 mg/m2 over an 

individual’s lifetime.81 A retrospective clinical study on the combination of DOX+TRZ revealed 

that 22% of patients had to stop their anti-cancer treatment because they developed left ventricular 

(LV) systolic dysfunction.84 Additionally, 40% of patients who experienced cardiotoxicity showed 

either no improvement or a decline in their left ventricular ejection fraction (LVEF) over time, 

despite receiving appropriate medical therapy for CHF.84  

 

1.2.3 Cardiovascular Imaging 

The main imaging modalities employed for the diagnosis and surveillance of cardiotoxicity in 

breast cancer patients include multiple-gated radionuclide angiography (MUGA), cardiac 

magnetic resonance imaging (CMR), and transthoracic echocardiography (TTE).54 Although the 

selection of imaging modality may differ depending on the availability of resources, it is important 

to maintain consistency in the choice of imaging modality for the same patient across time. This 

ensures that images can be compared and changes in cardiac function can be measured with greater 

accuracy.54 

 

MUGA scans are a type of nuclear imaging technique utilized for the purpose of quantifying 

LVEF. The procedure involves administration of a radionucleotide tracer via intravenous 
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injection, which is subsequently visualized using a gamma camera to obtain images of the heart at 

particular time points during the cardiac cycle. MUGA scans are utilized to evaluate cardiac 

function in breast cancer patients due to its accessibility and accurate reliability as an imaging 

technique. These characteristics enable convenient repetition of imaging during cancer therapy and 

precise evaluation of changes in LVEF.110 Nevertheless, MUGA scans do not offer any insights 

into concomitant valvular heart disease, and also subject patients to radiation, typically around 5-

10 mSv (equivalent to 50-100 chest x-rays) per scan.54 Furthermore, MUGA scans have limitations 

as they rely solely on LVEF as a marker of cardiac function, which is inadequate for the early 

diagnosis of CTRCD.111 

 

CMR is considered the most reliable method for evaluating LV volumes and ejection fraction. 

CMR provides high-quality images and has excellent intra-observer and inter-observer 

variabilities.112 CMR is regarded as an appropriate method for early diagnosis of CTRCD because 

of its strong tissue characterization capabilities and sensitivity to detect early alterations in tissue 

composition, such as changes in LV mass, inflammation, fibrosis, and myocardial strain.113 

Nevertheless, the limited accessibility and increased expense of CMR pose obstacles that presently 

restrict its feasibility in the field of Cardio-Oncology in Canada, where the ability to conduct 

repeated imaging is crucial for monitoring patient progression. 

 

TTE is currently the established method for evaluating serial cardiac function during treatment 

with chemotherapy and for promptly identifying CTRCD. TTE is an optimal method of cardiac 

imaging due to its widespread availability, versatility, ease of repetition, and lack of radiation 

exposure for the patient. TTE enables the assessment of both the contraction and relaxation of the 
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ventricles, as well as the measurement of pulmonary pressures, detection of valvular anomalies, 

examination of the pericardium, and measurement of global longitudinal strain (GLS), an early 

marker of cardiac dysfunction.114 Three-dimensional TTE provides more precision in comparison 

to two-dimensional TTE, resulting in a reduction of the error in LVEF calculation from 10% to 

below 5%.115  

 

Serial TTE, MUGA, and CMR are all non-invasive imaging methods employed to monitor cardiac 

dysfunction by assessing changes in LVEF. CTRCD is defined as decrease of >10% in LVEF or 

an absolute LVEF of <53%.54 However, it is important to note that LVEF is a delayed marker of 

myocardial injury. There is a greater focus on innovative echocardiographic methods that are more 

efficient in identifying chemotherapy-induced heart damage at an early stage. GLS, as measured 

using speckle tracking echocardiography, expresses longitudinal shortening of the LV 

cardiomyocytes as they contract during systole, and is represented as a percentage. The GLS value 

(expressed as a negative number) reflects the change in length of the contractile cells during each 

cardiac cycle, compared to their baseline length.116,117 A more negative value reflects improved 

cardiac function, indicating stronger and more efficient myocardial contraction. GLS using TTE 

is an early marker of chemotherapy-induced cardiotoxicity and can predict future decreases in 

LVEF.116-121 CTRCD is identified by a greater than 15% change in GLS compared to baseline in 

individuals undergoing cancer treatment.118 GLS has demonstrated efficacy in predicting 

cardiotoxicity induced by DOX+TRZ. Patients who go on to develop cardiotoxicity exhibit 

significant increases in GLS as early as three months into treatment, whereas reductions in LVEF 

typically do not appear until six months. Although the LVEF drops at 6 months, this is a late 

marker and cardiotoxicity may have already developed.  Therefore, GLS alterations serve as an 
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earlier echocardiographic indicator of subclinical cardiac dysfunction before changes in LVEF 

occur.118,120 Early detection of reduced GLS in patients undergoing chemotherapy treatment is vital 

for prompt identification of myocardial damage, allowing clinicians the opportunity to halt or 

adjust cancer treatment regimens and initiate administration of cardioprotective therapies, with the 

goal of preventing more deleterious changes in the functional ability of the left ventricle (LV) to 

contract.120,121 

 

1.2.4 Cardiac biomarkers 

In clinical practice, the examination of cardiac biomarkers is primarily restricted to serum samples. 

Early elevations in cardiac biomarkers such as troponins, natriuretic peptides, and inflammatory 

proteins have been identified as predictors of the development of CTRCD.122-124 Troponins are 

thin-filament contractile proteins found in the myocardium. Following myocardial injury, 

troponins are released from the sarcomeres (contractile units) and the cytoplasm into the blood.124 

Cardiac troponins are the most widely used diagnostic tool for assessing myocardial damage 

following myocardial infarction, and their use has been extended to other cardiac conditions such 

as heart failure, LV hypertrophy, and myocarditis.124,125 In the Cardio-Oncology setting, cardiac 

troponins T (cTnT) and I (cTnI) are the most studied cardiac biomarkers in the setting of 

chemotherapy-mediated cardiac injury.124  Their use for early identification of cardiac toxicity 

associated with anthracyclines has been validated in both animal and human models, often 

predicting future decreases in LVEF.125-131 In breast cancer patients treated with TRZ, an increase 

in cTnI was observed shortly following the first treatment cycle.128 In fact, LV systolic dysfunction 

occurred in 62% of patients who had an increase in cTnI during TRZ therapy, compared to just 

5% of those with normal cTnI values.128 



 19 

Natriuretic peptides are synthesized in the heart and are secreted in response to increased wall 

stretch, elevated pressure and volume overload.122,132 The biologically active hormone B-type 

natriuretic peptide (BNP) and its inactive form N-terminal pro-brain type natriuretic peptide (NT-

pro-BNP) are important regulators of cardiovascular homeostasis. Abnormally high levels of these 

cardiac biomarkers can be indicative of heart failure, aiding diagnosis when clinical uncertainty 

exists.129 While there is conflicting evidence in the present literature, several studies indicate an 

association between raised levels BNP and/or NT-pro-BNP, and a higher likelihood of developing 

CTRCD.132-134  

 

C-reactive protein (CRP), released by hepatocytes, and galectin-3, secreted by activated 

macrophages, have been linked to inflammation and fibrosis in the heart. These biomarkers have 

demonstrated promise in predicting CTRCD due to anthracyclines and TRZ.135,136 Women 

receiving EPR as a treatment for breast cancer had markedly increased CRP and galectin-3 levels, 

although upregulation of these biomarkers was not associated with early decline in LV function.135 

During a clinical trial including patients with HER2 positive breast cancer who were administered 

TRZ, higher levels of serum high-sensitivity CRP (≥3mg/L) were indicative of future reductions 

in LVEF.136 However, these biomarkers are not highly specific for cardiomyopathy, and can 

become elevated due to infections and other inflammatory conditions. Therefore, troponins and 

natriuretic peptides are more widely used in the monitoring of chemotherapy-induced 

cardiotoxicity.136 
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1.2.5 Prevention of Chemotherapy Mediated Cardiotoxicity  

In the field of Cardio-Oncology, patients who are diagnosed with CTRCD either during or after 

completion of chemotherapy and/or targeted therapy have various pharmacological therapies that 

can be initiated in order to attempt to treat the cardiotoxicity. Currently, the Canadian 

Cardiovascular Society (CCS) recommends institution of an ACEi and a β-blocker in the settings 

of both asymptomatic and symptomatic declines in LVEF of patients experiencing chemotherapy 

mediated cardiotoxicity.119 In clinical practice, when CTRCD is suspected or confirmed, the anti-

cancer therapy may be adjusted or stopped, and patients are given low doses of an ACEi, a β-

blocker, and/or a mineralocorticoid receptor antagonist (MRA) to try to reverse the current damage 

and prevent additional damage to the heart.57  

 

Since reversing cardiac damage resulting from anti-cancer treatment is only partially effective, 

there has been increased focus on preventing cardiotoxicity from occurring in the first place. Prior 

to initiation of potentially cardiotoxic cancer treatments, the CCS suggests that the prophylactic 

use of an ACEi, and/or β-blocker, and/or statin can be considered in high-risk patients for the 

prevention of chemotherapy mediated cardiotoxicity.119 In pre-clinical models, agents such as anti-

oxidants, vitamin C, and flaxseed have also shown promise in chemotherapy-induced 

cardiotoxicity prophylaxis, attenuating LV remodeling, preserving LVEF, and reducing markers 

of oxidative stress, apoptosis, and inflammation.137-144 

 

While not always well-tolerated, statins were shown to be cardioprotective in the setting of 

chemotherapy-induced cardiotoxicity.145-147 A retrospective study identified women with HER2 

positive breast cancer who underwent TRZ treatment with or without anthracyclines and found 
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that concomitant use of statins resulted in lower incidence of cardiotoxicity.146 A randomized, 

single-blind, placebo-controlled clinical trial enrolled 83 newly diagnosed breast patients to 

receive rosuvastatin or a placebo for 6 months while undergoing AC chemotherapy treatment.147 

At the end of the study, individuals who received rosuvastatin (n=41) had preserved LVEF and 

GLS parameters, while those in the placebo group (n=42) showed significant LV dysfunction.147 

 

In pre-clinical studies, RAS antagonists have been observed to reduce the harmful cardiotoxic side 

effects of chemotherapy and lower the risk of death.148 In a chronic in vivo mouse model of 

DOX+TRZ induced cardiotoxicity, the prophylactic administration of the ACEi perindopril (PER) 

or the angiotensin receptor blocker (ARB) valsartan was shown to reduce adverse cardiac 

remodelling and decrease overall mortality.149 The decreased mortality associated with the use of 

ARBs can be due to the cardioprotective effects of lowered blood pressure (BP), enhanced 

contraction of cardiomyocytes, reduced oxidative stress, decreased proportion of cells undergoing 

apoptosis, conserved LVEF, and prevention of adverse remodeling of the LV.148-152 Initiating 

cardioprotective therapy earlier is associated with greater effectiveness, indicating that the 

protective benefits of RAS antagonists may be more significant than their treatment effects.148 

 

Retrospective studies and randomized controlled trials have been employed in the clinical setting 

to investigate the effect of RAS inhibition in Cardio-Oncology.151-156 In type I cardiotoxicity, 

initiating ACEi at least 24 hours prior to DOX therapy and maintaining ACEi for 6 months resulted 

in a reduction in the incidence of decreased LVEF, heart failure, and mortality in different cancer 

settings.152,153 The administration of ARBs during chemotherapy has shown efficacy in preventing 

early signs of heart failure, as evidenced by echocardiographic assessments. Additionally, a 
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reduction in oxidative stress was indicated by decreased circulating ROS levels, while diminished 

inflammation was reflected by lower concentrations of IL-6, IL-1β, and TNF-α.148,153,156  

 

When studying the cardiotoxicity caused by DOX+TRZ, it was shown that both systolic and 

diastolic dysfunction were somewhat mitigated by administering RAS antagonists and β-blockers 

as a preventive measure.153,157 The PRADA study recruited EBC patients and randomized them to 

receive the ARB candesartan or the β-blocker metoprolol while undergoing adjuvant anticancer 

therapy. The study aimed to evaluate whether administration of an ARB or a β-blocker in parallel 

with anticancer treatment would prevent declines in LVEF. The PRADA study demonstrated the 

efficacy of candesartan in preventing deterioration of LV function resulting from both type I and 

type II cardiotoxicity, associated with anthracyclines and TRZ, respectively. No short-term 

beneficial effect was observed with the prophylactic treatment of metoprolol in the PRADA 

study.157 The MANTICORE study specifically investigated the prevention of TRZ induced type II 

cardiotoxicity. HER2 positive EBC patients were assigned to receive the ACEi PER, or the β-

blocker bisoprolol while receiving TRZ treatment. The trial concluded that both PER and 

bisoprolol attenuated trastuzumab-associated declines in LVEF; however, neither agent prevented 

increases in indexed left ventricular end-diastolic volume (LVEDVi), indicating a lack of effect 

on adverse LV remodeling.86 The OVERCOME trial randomized cancer patients to receive both 

the ACEi enalapril and the β-blocker carvedilol, or placebo, starting at least 24 hours before the 

first cycle of chemotherapy and for the entire duration of treatment. This study demonstrated that 

combined treatment with ACEi and beta blockade has preserved LVEF but no significant 

differences in morbidity or mortality were observed.153 Conversely, The CECCY trial found that 

the prophylactic use of the β-blocker carvedilol in HER2 positive EBC patients had no impact on 
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preventing early reductions in LVEF, but their results illustrated it may protect against myocardial 

injury through reductions in cTnI and diastolic dysfunction.158 

 

Due to the limited amount of evidence and modest results of preventing chemotherapy mediated 

cardiotoxicity prior to initiation of DOX+TRZ anti-cancer treatment using ACEi and β-blockade 

for CTRCD, as described above,86,153,157,158 further research is required for alternative 

pharmaceutical agents. While ACEi’s, β-blockers, and statins are somewhat effective, they may 

present with side effects such as bradycardia, hypotension, fatigue, and/or myalgias that may not 

be tolerated well by some patients.119 Therefore, we seek to explore the efficacy of a novel class 

of drugs in the prevention of chemotherapy induced cardiotoxicity.  

 

1.3 SGLT2 Inhibitors 

Sodium-glucose co-transporter 2 (SGLT2) inhibitors, also known as gliflozins, are a novel class 

of oral prescription medicines originally developed and approved for the treatment of type 2 

diabetes mellitus (T2DM) in 2013.159 While they proved effective in patients with diabetes, they 

were found to be cardioprotective in the heart failure setting as well, based on large-scale clinical 

trials, in both diabetic and non-diabetic patients.160-164 After demonstrating their clinical efficacy, 

SGLT2 inhibitors are now recommended as first-line agents in the management of individuals with 

heart failure in conjunction with ACEi’s, -blockers, and MRAs.165 Currently, the Cardio-

Oncology field is exploring the cardioprotective role of SGLT2 inhibitors in the setting of 

chemotherapy mediated cardiotoxicity, as a replacement or an add-on therapy to pharmaceuticals 

currently used in this patient population, including ACEi’s, β-blockers, and statins.166,167 
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1.3.1 Overview 

SGLT2 inhibitors act primarily on the proximal tubule of the kidney, where the vast majority of 

the corresponding receptors are expressed. These agents work by blocking SGLT2 receptors which 

are responsible for reabsorbing glucose from the kidneys back to the blood. This promotes urinary 

excretion of glucose, helping lower blood glucose levels (independent of insulin), reduce water 

retention, and reduce whole-body sympathetic tone.168  

 

In addition to their original designation as anti-diabetic medications, over the past decade, 

emerging evidence has shown that these agents have well-established cardioprotective properties, 

irrespective of diabetes status.166 The benefits are derived from the down-regulation of the 

inflammatory, ER stress, and oxidative stress pathways (Figure 1).169-179 Limited and emerging 

evidence from pre-clinical and epidemiologic studies have shown that SGLT2 inhibitors suppress 

the growth of tumors across multiple cancer models, including breast cancer. However, 

randomized clinical trials are needed to explore the anti-cancer effects of those drugs.166 SGLT2 

inhibitors are associated with some side effects, including urinary tract infections, genital 

infections, and hypovolemia. However, these adverse reactions are well-tolerated and 

managed.180,181 Current treatment medications for heart failure are often accompanied by 

hypotension, hyperkalemia and bradycardia, which are not seen with SGLT2 inhibition. 

Furthermore, SGLT2 inhibitors do not require up-titration, unlike most heart failure drugs which 

require gradual increase of dosage in order to achieve the desirable clinical benefits.181-182 

Therefore, the use of SGLT2 inhibition in the setting of chemotherapy induced cardiotoxicity as a 

standalone preventative intervention or in conjunction with standard pharmacological therapy 

warrants investigation.  
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Figure 1. Pathogenesis of DOX+TRZ mediated cardiotoxicity and the potential 

cardioprotective mechanisms of SGLT2 inhibition. In experimental models of cardiac injury 

due to DOX+TRZ, upregulation of pro-inflammatory, ER stress, and oxidative stress pathways 

has been reported, leading to apoptosis and heart failure. SGLT2 inhibition (SGLT2i) with 

empagliflozin (EMPA) may mitigate the cardiotoxic side effects of DOX+TRZ via down-

regulation of these pathways.  
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1.3.2 SGLT2 Inhibitors and Diabetes 

The original designation of SGLT2 inhibitors was for the management of T2DM. In the setting of 

T2DM, glucose is unable to enter the body cells due to lack of insulin sensitivity, which results in 

accumulation of high glucose levels in the blood. This leads to detrimental multi-systemic effects, 

affecting over 3 million Canadians.183 Normally, SGLTs are highly efficient at reabsorbing glucose 

in the kidney, with only a negligible amount being excreted through urine under standard 

physiological conditions and normal renal function. By blocking those glucose-reabsorbing 

channels, SGLT2 inhibitors promote glycosuria, accompanied by natriuresis, reductions in plasma 

volume and BP, and a whole-body metabolic shift away from glycolysis and towards fatty acid 

oxidation. These effects have been found to provide favorable outcomes for those living with 

diabetes, especially when paired with reported improvements in insulin sensitivity, likely due to 

reduced glycemic burden.184 Specific therapeutic effects include lowering of HbA1c by 0.6-0.9%, 

reduction in systolic blood pressure (SBP) of 4-6 mmHg, and a decrease in body weight of 2-4 kg. 

These effects appear to have long-term durability based on clinical trials.160,185-191 

 

1.3.3 SGLT2 Inhibitors and Cardiovascular Disease 

The benefits of SGLT2 inhibition are not limited to diabetes alone. In fact, as of 2021, SGLT2 

inhibitors are one of four foundational therapies recommended by the CCS and the Canadian Heart 

Failure Society for the management of heart failure with a reduced ejection fraction (HFrEF).165 

These guidelines are based on the latest evidence obtained by a number of landmark randomized 

placebo-controlled clinical trials.160-163 The DAPA-HF trial found that dapagliflozin reduced the 

risk of worsening heart failure or death from cardiovascular causes, regardless of diabetes status.163 

The EMPA-REG trial was performed in patients with type 2 diabetes who were at high risk for 
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cardiovascular events. Researchers found a significantly lower rate of death from cardiovascular 

causes, hospitalization for heart failure, and death from any cause.160 The EMPEROR-Reduced 

and EMPEROR-Preserved trials both showed lower risk of cardiovascular death or hospitalization 

for heart failure than those in the placebo group, regardless of the presence or absence of diabetes.  

161,162 Empagliflozin (EMPA) was found to be cardioprotective regardless of heart failure 

phenotype, whether it is HFrEF or heart failure with a preserved ejection fraction (HFpEF).161,162 

So far, EMPA has the most clinical evidence regarding its efficacy and safety of all SGLT2 

inhibitors, and has the highest selectivity to bind to SGLT2 over SGLT1 (2,500-fold), as compared 

to other approved SGLT2 inhibitors in Canada, namely dapagliflozin (1,200-fold) and 

canagliflozin (413-fold).168 

 

The benefits of SGLT2 inhibitors for the cardiovascular system can be explained by two broad 

main pathways, which have downstream tissue, molecular, and cellular effects. Hemodynamic 

mechanisms include reductions in extracellular volume due to natriuresis, which lead to a decrease 

in systemic BP and preload.184,191 Metabolically speaking, in the failing heart, glycolysis is 

abnormally upregulated and fatty acid oxidation is downregulated, resulting in diminished ATP 

production. SGLT2 inhibitors lower blood glucose levels, leading to increased reliance on fat 

breakdown for energy, which also leads to creation of ketone bodies, which are the most 

energetically efficient fuel source, due to their ability to produce many ATP molecules while 

having the lowest oxygen requirements. SGLT2 inhibitors were found to target glucose transporter 

1 (GLUT1) and glucose transporter 4 (GLUT4) receptors, inhibiting glucose uptake by the 

cardiomyocytes. This shift towards oxidative phosphorylation leads to greater ATP production and 

improved cardiac function.184,190,192 Overall, the favourable effects of SGLT2 inhibitors on the 
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cardiovascular system warrant their use in the clinical setting, and ongoing research is elucidating 

the mechanisms by which they exert their actions, in both diabetic and non-diabetic patients. 

 

1.3.4 SGLT2 Inhibitors in the Prevention of Chemotherapy Mediated Cardiotoxicity  

Although the current heart failure guidelines recommend the use of SGLT2 inhibitors in the setting 

of HFrEF, the latest CCS guidelines for the management of CTRCD from 2016 do not mention 

their use in the cardio-oncology setting.119,165 Despite this, preclinical in vitro and in vivo studies 

showed improvements in cardiac function and in various biomarkers when SGLT2 inhibitor 

therapy was added to the anti-cancer treatment.169-172 At present, four pre-clinical studies have 

investigated the possible cardioprotective effect of SGLT2 inhibitors in murine models of DOX-

mediated cardiotoxicity. Oh et al. found that administering EMPA in both acute and chronic in 

vivo models of DOX-mediated cardiotoxicity improved LV systolic function on CMR imaging, 

while also reducing perivascular and interstitial fibrosis.170 Sabatino et al. found that preventive 

therapy with EMPA attenuated LV remodelling and significantly improved myofibril integrity in 

a chronic in vivo model of DOX-mediated cardiotoxicity.169 Chang et al. found that prophylactic 

administration of dapagliflozin in a chronic in vivo model of DOX-mediated cardiotoxicity 

prevented LV remodelling and myocardial fibrosis by attenuating ER stress.171 Finally, 

Quagliariello et al. showed that in an acute in vivo model of DOX-mediated cardiotoxicity, 

prophylactic use of EMPA reduced inflammation, preventing adverse cardiovascular 

remodelling.172 Although these basic science studies have shown evidence of preventative 

cardioprotection in the setting of DOX treatment, none of the models to date have assessed the role 

of SGLT2 inhibitors in the prevention of both DOX+TRZ mediated cardiotoxicity, which is more 

clinically relevant.  
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To date, research has shown that SGLT2 inhibitors administered concurrently with anti-cancer 

agents have beneficial cardiovascular properties as they inhibit inflammation, attenuate markers 

of ER stress and apoptosis, and down-regulate oxidative stress (Figure 1).166,167,169-173,176-179 

SGLT2 inhibitors have potent anti-inflammatory activity by decreasing the expression of 

inflammatory biomarkers, including NLRP3, NF-κB, TNF-α, and downstream 

interleukins.166,172,176-178 SGLT2 inhibitors also attenuate markers of ER stress by decreasing 

GRP78, PERK, TRAF2, and apoptosis.68,171 Finally, SGLT2 inhibitors inhibit oxidative stress by 

decreasing MAPK, Caspase, and Bax/Bcl-xL.170,171,179 As DOX+TRZ mediated cardiotoxicity 

involves similar mechanisms, including up-regulation of inflammatory biomarkers, increased ER 

stress/ apoptosis, and increased oxidative stress (Figure 1),169-179 further research is warranted to 

elucidate the potential cardioprotective role of SGLT2 inhibitors in blocking these pathways.  

 

In addition, the use of SGLT2 inhibition in cancer patients undergoing cardiotoxic therapies has 

been supported by a number of recent retrospective observational clinical studies. A 2022 study 

evaluated patients with diabetes mellitus and cancer receiving an anthracycline treatment regimen. 

Patients on SGLT2 inhibitors had a lower rate of cardiac events including heart failure and lower 

rate of cardiac dysfunction, compared to those who were not treated with SGLT2 inhibitors.193 A 

2023 study demonstrated that in elderly patients treated with SGLT2 inhibitors for diabetes, and 

who received anthracyclines, the rate of heart failure hospitalization was reduced.194 Finally, a 

recent study published in 2024 revealed that patients treated with SGLT2 inhibitors for diabetes 

while receiving anthracyclines had lower rates of hospitalization for heart failure.195 The data 

obtained by these studies warrant exploration of the benefits of SGLT2 inhibitors in the Cardio-

Oncology setting via randomized controlled trials. Furthermore, the effects of EMPA, or any other 
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SGLT2 inhibitor for that matter, have not yet been explored in the setting of combination therapy 

using DOX+TRZ, supporting investigation into the role of EMPA in preventing the development 

of heart failure from this cardiotoxic treatment regimen. 
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Chapter 2: Rationale, Hypothesis, & Objective 

 
2.1 Rationale 

Although the combination of DOX+TRZ is a highly effective treatment modality for breast cancer, 

its benefits are greatly reduced by the associated cardiotoxic side effects. Approximately 25% of 

patients are susceptible to experiencing cardiotoxicity caused by the combination of DOX and 

TRZ.83,84 Consequently, it is crucial to prioritize the development of methods to prevent 

chemotherapy-induced cardiotoxicity in the field of Cardio-Oncology.  

 

At present, once CTRCD is evident, the anti-cancer therapy is either adjusted or stopped, and 

patients are prescribed an ACEi, a β-blocker, and/or a MRA to counter the existing damage and 

prevent further damage to the heart, based on CCS recommendations, consensus statements, and 

clinical evidence.54,57,119 This poses a significant hurdle in the treatment of breast cancer, as 

cardiotoxicity may restrict the further use of chemotherapy and targeted therapy agents, potentially 

affecting cancer treatment outcomes, and possibly leading the patient to experience side effects 

associated with heart failure medications. Therefore, we focus our attention on preventing 

chemotherapy-mediated cardiotoxicity which may allow breast cancer patients to receive tumor-

suppressing treatment while minimizing damage to the heart. 

 

Currently, SGLT2 inhibitors are a well-established and well-tolerated class of medications for the 

management of diabetes and heart failure. In addition, growing preclinical and retrospective 

clinical evidence shows that these agents benefit heart health when used alongside anti-cancer 

treatment.169-172,193-195 However, it is still unknown if prophylactic treatment with SGLT2 

inhibitors can be beneficial in preventing cardiotoxicity from occurring in the first place, which is 
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a promising research avenue given the implications for cancer treatment and heart health. Further, 

the effects of these agents have not been explored yet in the setting of combination therapy using 

DOX and TRZ, which exert their cardiotoxicity via different mechanisms of action. Therefore, we 

seek to explore whether EMPA is equivalent and/or synergistic with PER in the prevention of 

chemotherapy induced cardiotoxicity.  

 

2.2 Hypothesis 

The prophylactic use of SGLT2 inhibition with EMPA will be comparable and/or synergistic with 

PER in reducing the cardiotoxic side effects of DOX+TRZ. We propose that the underlying 

cardioprotective mechanisms include down regulation of the inflammatory, ER stress/apoptosis, 

and oxidative stress pathways, which collectively preserve overall cardiac function. 

 

2.3 Objective 

The specific aim is to evaluate whether the prophylactic use of SGLT2 inhibition with EMPA will 

be comparable and/or synergistic to standard pharmacological therapy using the ACEi PER in 

preventing DOX+TRZ mediated cardiotoxicity in a chronic in vivo female murine model. 
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Chapter 3: Methods 

3.1 Animal Model 

The guidelines of the Canadian Council on Animal Care were strictly followed for all animal 

procedures, including drug administrations and longitudinal echocardiographic studies, as 

approved by the Animal Protocol Review Committee at the University of Manitoba [REB: 20-

004/1 (AC11548)]. 

 

A total of 160 wild-type C57Bl/6 female mice (12-15 weeks old; Jackson Laboratories, Bar 

Harbor, ME, US) were used for this study, randomized into pre-specified groups (Figure 2). They 

had ad libitum access to water and regular chow diet, maintained on a 12-hour day/night cycle 

while being housed in cages of 2 to 3 mice in the animal holding facility. Mice received 

prophylactic treatment with control [(0.5% hydroxyethyl-cellulose (HEC)],177 EMPA (10 

mg/kg/day),169,172,177,192 PER (3 mg/kg/day),143,149,196,197, or EMPA+PER via oral gavage for a total 

of 3 weeks as a run-in period prior to administration of saline or DOX+TRZ and continued their 

initial treatment for an additional 3 weeks (total of 6 weeks). At the end of weeks 3, 4, and 5, mice 

received weekly treatment with DOX (8 mg/kg) + TRZ (3 mg/kg) intraperitoneally (i.p.) to create 

a chronic in vivo murine model of chemotherapy induced cardiotoxicity, as previously validated 

by our group and others.70,137,138,140,143,145,149,169,172,196,198-203 HEC was used as the agent in which 

EMPA and PER was dissolved and thus the control group received vehicle only. All mice were 

subject to weekly echocardiograms as shown in Figure 3. Non-invasive hemodynamic parameters 

and random glucose levels were measured at baseline, week 3, and week 6 of the study. 
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Figure 2. Experimental randomization. A total of 160 WT C57Bl/6 female mice (12-15 weeks 

old; Jackson Laboratories, ME, US) were randomized to the various groups. Mice received 

prophylactic treatment with 0.5% HEC (n=40), PER (3 mg/kg/day) (n=40), EMPA (10 mg/kg/day) 

(n=40), or EMPA+PER (n=40) for a total of 3 weeks as a run-in period prior to administration of 

0.9% saline (n=40) or DOX (8 mg/kg) + TRZ (3 mg/kg) (n=120) and continued their initial 

treatment for an additional 3 weeks (total of 6 weeks). At the end of weeks 3, 4, and 5, mice 

received weekly treatment with DOX + TRZ via i.p. injection to create a chronic in vivo murine 

model of chemotherapy induced cardiotoxicity. 

 

 
Figure 3. Experimental timeline. Mice were randomized to: i) 0.5% HEC (n=40); ii) PER (3 

mg/kg/day) (n=40); iii) EMPA (10 mg/kg/day) (n=40); iv) or EMPA+PER (n=40) prophylactic 

treatment groups, receiving the respective treatment via oral gavage daily for the entire 6 weeks of 

the study. After the prophylactic period (3 weeks), mice received 0.9% saline (n=40) or DOX (8 

mg/kg) + TRZ (3 mg/kg) (n=94) as anti-cancer treatment for the next 3 weeks. Cardiac function 

was assessed weekly using non-invasive TTE. 
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3.2 Murine Echocardiography 

Serial non-invasive TTEs were performed weekly on awake mice at baseline and during the six 

experimental weeks to evaluate cardiovascular remodelling and function.137,140,143,149,169,199-203 

Images were captured using a 13-MHz linear array intraoperative epicardial ultrasound probe (GE 

Medical Systems, model i13L, Milwaukee, WI, US) on a GE Vivid 7 Ultrasound system and then 

processed using the EchoPAC PC software (GE Medical Systems, Version 112, Milwaukee, WI, 

US). Images from the parasternal long axis (PLAX) view were analyzed to calculate LVEF based 

on the endocardial borders and application of the Teicholtz formula (Figure 4). Images acquired 

in the parasternal short axis (PSAX) M-mode view were analyzed to calculate heart rate (HR), 

interventricular septal wall thickness (IVS), posterior wall thickness (PWT), LV end-diastolic 

diameter (LVEDD), LV end-systolic diameter (LVESD), and LVEF using the Simpson formula 

(Figure 5).  

 
Figure 4. Parasternal long axis view on 2D transthoracic murine echocardiography. LV 

endocardial border delineation on EchoPAC PC software (GE Medical Systems, Version 112, 

Milwaukee, WI, US) for calculation of LVEF using the Teicholtz formula. Panel A: Endocardial 

border tracing at end diastole. Panel B: Endocardial border tracing at end systole.  
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Figure 5. M-mode parasternal short axis view on 2D transthoracic murine 

echocardiography. LV cavity dimensions and HR as measured using M-mode on EchoPAC PC 

software (GE Medical Systems, Version 112, Milwaukee, WI, US).  

 

HR, Heart rate; IVS, Interventricular septum; LVEDD, Left ventricular end-diastolic diameter; 

LVESD, Left ventricular end-systolic diameter; PWT, Posterior wall thickness. 

 

 

3.3 Hemodynamics 

BP was assessed at baseline, week 3, and week 6 in restrained, non-sedated mice using the non-

invasive tail cuff method (CODA system, Kent Scientific, Torrington, CT, US) on a platform 

heated to 30C. Prior to measurement, the mice were subjected to three days of BP training to 

familiarize them with the tail cuff apparatus. Measurements included SBP, diastolic blood pressure 

(DBP), pulse pressure (PP), and mean arterial pressure (MAP). A total of 20 consecutive readings 

were recorded at 1-minute intervals, and the mean scores of a minimum of 9 true readings were 

utilized for data analysis.  
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SBP and DBP were measured directly from the tail cuff system. PP was calculated from the 

systolic and diastolic readings using Equation 1. MAP was calculated from the calculated PP and 

diastolic readings using Equation 2. 

Equation 1. Pulse pressure. 

Pulse pressure = Systolic blood pressure – Diastolic blood pressure 

 

Equation 2. Mean arterial pressure. 

Mean arterial pressure = (Pulse pressure / 3) + Diastolic pressure 

 

3.4 Histology 

LV tissue was prepared in accordance with lab-established protocols and utilized for histological 

examination.143,201,204 Tissue for electron microscopy was sectioned, cut into 0.5 mm2 pieces, fixed 

in a 1:1 ratio of 0.2M PO4 buffer and 5% glutaraldehyde for 3 hours, rinsed and stored overnight 

at 4C in a 5% sucrose in PO4 buffer, followed by post-fixation with 1% osmium tetroxide in 0.1M 

phosphate buffer for 2 hours at room temperature. Tissues were then dehydrated in increasing 

ethanol concentrations and embedded in Epon 812. Finally, tissue sections were stained with 

uranyl acetate and lead citrate. To eliminate observer bias, grids were coded without prior 

knowledge of their origin. The degree of cellular integrity was then determined using digital 

pictures captured with a Philips CM12 electron microscope.143,201,204 

 

Mann-Whitney and Kruskal-Wallis tests were used for non-parametric comparisons of scores 

between groups during histological examination. The values ranged from 0 to 5, with 0 denoting 

no tissue damage and 5 indicating severe damage. 
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3.5 Western Blot Analyses 

Western blot analysis was performed to quantify markers of oxidative stress-induced apoptosis 

(Bax/Bcl-xL) using a specific antibody for each protein. LV tissue samples were flash frozen in 

liquid nitrogen before being crushed and homogenized in a radioimmunoprecipitation assay 

(RIPA) lysis buffer containing phosphatase inhibitor (product #: A32957, Thermo Scientific) and 

protease inhibitor (product #: A32965, Thermo Scientific) to isolate total cellular protein while 

preventing protein degradation. After a 30-minute incubation period on ice, the samples were 

centrifuged to remove cellular debris before the supernatants were collected. A Bradford protein 

assay was then used to quantify protein concentrations, followed by comparison to bovine serum 

albumin (BSA) standards (product #: 23209, Thermo Scientific). The Bradford protein assay 

findings were used to create samples containing 30g of protein, lamelli sample buffer (product 

#: 1610747, BioRad), dye diluted with 2-mercaptoethanol (product #: M6250-100ML, Aldrich 

Chemistry), and autoclaved water for western blot analysis.  

 

Samples were stacked at 5% and resolved on a 12% sodium dodecyl sulphate (SDS) 

polyacrylamide gel. Proteins in each sample were separated using electrophoresis for 90 minutes 

at 55mA and 15°C. Proteins were transferred to a polyvinylidene difluoride (PVDF) membrane 

with 0.2 m pore size (product #: 88520, Thermo Scientific) for 60 minutes at 100V and 7C. 

After transferring the proteins, the membranes were blocked with 5% skim milk powder (SMP) in 

1x Tris Buffered Saline with 0.1% Tween 20 (product #: 0777-1L, VWR) for 60 minutes at 20°C. 

The membranes were then probed with rabbit-source target-specific primary antibodies for 16 

hours at 4°C (Table 2), followed by 1/5000 horseradish peroxidase-conjugated goat anti-rabbit 
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secondary antibodies (product #: 1706515, BioRad) for 60 minutes at 20°C to visualize the protein 

bands. 

Antibody Product Number Dilution 
Gel 

Percentage 

Probing 

Solution 

Bcl-2 associated X 

protein (Bax) 
2772S, New England Biolab 1/500 12% 2.5% SMP 

B-cell lymphoma 

extra-large (Bcl-XL) 
2762S, New England Biolab 1/500 12% 2.5% SMP 

 

Table 2. Western gel percentage and probing conditions for each target protein. Target-

specific antibodies, antibody product numbers, antibody dilutions, SDS polyacrylamide 

electrophoresis gel concentrations, and probing solution concentrations. 

 

Protein samples were standardized to 30 g using the Bradford protein assay, and results were also 

standardized with a loading control and a matched sample between gels. For the loading control, 

each membrane was probed with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) primary 

antibody (2118L, Cell Signaling) for 2 hours at 20°C, followed by 1/5000 horseradish peroxidase-

conjugated goat anti-rabbit secondary antibodies for 45 minutes at 20°C to enable visualization. 

Before analysis, the protein band intensity was standardized to the GAPDH loading control. As 

there were more samples being studied than could be loaded into a single gel, an additional 

matched sample was added into each gel, allowing different gels with the same target proteins to 

be normalized prior to comparison. 

 

Protein detection was performed after each incubation with secondary antibodies with enhanced 

chemiluminescence (ECL) western blotting substrate (product #: 32106, Thermo Scientific). The 

chemiluminescence was captured using a BioRad ChemiDoc Imaging System (Image Lab Touch 

Software, Version 2.4.0.03). Protein band intensity was then measured using Densitometric 

analysis with Image Lab 5.2.1 software (BioRad). 
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3.6 Oxidized Phospholipids 

Heart tissues were stored in an Eppendorf tube containing a solution of phosphate buffered saline 

(PBS, pH 7.4) and ethylenediaminetetraacetic acid (EDTA). The tubes were infused with gaseous 

nitrogen, then flash frozen in liquid nitrogen and stored at -80ºC. To extract phospholipids, thawed 

heart tissues were ground into a fine powder using a cold mortar, pestle and liquid nitrogen.205 The 

powdered heart tissue was then transferred to a zeroed glass centrifuge tube to determine tissue 

weight, followed by the addition of 6 mL of ice-cold chloroform:methanol (2:1 CM, vol/vol) 

containing 0.01% butylated hydroxytoluene (BHT).206 After mixing, 100 μL of a global internal 

standard mixture was added to the tubes followed by 1.5 mL of ice-cold PBS. After vortexing three 

times, the tubes were centrifuged at 3500 rpm for 5 minutes at 4ºC. While the residual aqueous 

phase was combined with 4.5 mL of ice-cold CM-PBS (86:14:1) and centrifuged for 5 minutes at 

4ºC, the lower lipid phase was removed and transferred to a new glass tube. After the lower lipid 

phase was moved to the first organic phase, a nitrogen evaporator was used to evaporate the 

combined organic phase solvents. The lipid extracts were dissolved by adding 500 μL of CM (2:1). 

Following that, they were moved to autosampler vials, nitrogen flushed, and kept at -80ºC. 

 

The samples were reconstituted in solvent A, the mobile phase, for oxolipidomics analysis 

(detailed below).206 A Prominence UFLC system (Shimadzu Corporation, Canby, OR, US) was 

used to inject 30 μL of each sample onto an Ascentis Express C18 reversed-phase high 

performance liquid chromatography (HPLC) column (15 cm x 2.1 mm, 2.7 μm; Supelco 

Analytical, Bellefonte, PA, US).206 A binary solvent system comprising solvents A (60:40 

acetonitrile:water, vol/vol) and B (90:10 isopropanol:water, vol/vol) was used to separate the 

analytes. Both solvent solutions included 0.1% formic acid and 10 mM ammonium formate. The 
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program for mobile phase composition was set at 0.01 min, 32% B; 1.50 min, 32% B; 4.00 min, 

45% B; 5.00 min, 52% B; 8.00 min, 58% B; 11.00 min, 66% B; 14.00 min, 70% B; 18.00 min, 

75% B; 21.00 min, 97% B; 25.00 min, 97% B; 25.10 min, 32% B; and 30.00 min, 32% B.216 At 

30.10 minutes, the elution was halted. The column and sample trays were kept at 45ºC and 4ºC, 

respectively, and the flow rate employed for chromatographic separation was 260 µL/min. 

 

A 4000 QTRAP triple quadrupole mass spectrometer system with a Turbo V electrospray ion 

source (AB Sciex, Framingham, MA, US) was connected to the HPLC system. Mass spectral and 

chromatographic data were collected with AB Sciex's Analyst Software 1.6. MultiQuant Software 

2.1 was used to analyze the data (AB Sciex).206 

 

3.7 Statistical Analysis 

The statistical analyses were performed using the software packages SPSS version 24 (IBM, NY, 

US) and Graphpad Prism 5 (MA, US). Data is presented as mean ± standard deviation (SD) unless 

otherwise specified. Echocardiographic analyses were carried out using analysis of variance 

(ANOVA) and Dunnet's post-hoc test. Mann-Whitney and Kruskal-Wallis tests were used for non-

parametric score comparisons between groups during histological examination. The values ranged 

from 0 to 5, with 0 denoting no tissue injury and 5 indicating severe damage. ANOVA was used 

for hemodynamic analyses, followed by Dunnet's post-hoc analysis. Western analytical data is 

reported as mean  standard error of the mean (SEM). For post-hoc analysis, repeated measures 

of one-way ANOVA were employed to determine the significance of independent variables. 

Results with p<0.05 were considered significant. 
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Chapter 4: Results 

 
4.1 Murine Echocardiography 

At baseline and week 6, the HR and LV wall thickness measurements (IVS and PWT) were 

comparable for each study group. In DOX+TRZ treated mice, the LVEDD increased from 

2.8±0.1mm at baseline to 4.5±0.2mm at week 6 (p<0.05), indicating adverse LV structural 

changes. LV structure was improved by prophylactic treatment with PER, EMPA, or EMPA+PER; 

at study end point, the LVEDD values were 3.8±0.2mm, 3.2±0.3mm, and 3.2±0.2mm, respectively 

(Table 3). In mice treated with DOX+TRZ, prophylactic treatment with EMPA or EMPA+PER 

was superior to PER alone in preventing adverse LV remodeling (Figure 6). 

 

In mice treated with DOX+TRZ, the LVEF declined from 75±2% at baseline to 40±4% at week 6. 

Prophylactic treatment with either PER, EMPA, or EMPA+PER was cardioprotective with LVEF 

values of 58±3%, 66±3%, and 67±4%, respectively (p<0.05) (Table 3). Prophylactic treatment 

with EMPA or EMPA+PER was superior to PER alone in preventing LV systolic dysfunction in 

mice treated with DOX+TRZ (Figure 7). 
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Parameter Group Baseline Week 6 p-value 

HR (bpm) 

Control (n=15) 697±5 692±7 0.91 

DOX+TRZ (n=15) 691±4  690±5 0.88 

PER+DOX+TRZ (n=15) 688±5  682±7 0.84 

EMPA+DOX+TRZ (n=15) 690±7 694±6 0.82 

EMPA+PER+DOX+TRZ (n=15) 682±4 688±4 0.86 

 

IVS (mm) 

Control (n=15) 0.81±0.02 0.81±0.01 0.98 

DOX+TRZ (n=15) 0.81±0.02 0.81±0.01 0.98 

PER+DOX+TRZ (n=15) 0.82±0.01 0.82±0.02 0.96 

EMPA+DOX+TRZ (n=15) 0.81±0.02 0.81±0.01 0.98 

EMPA+PER+DOX+TRZ (n=15) 0.82±0.01 0.82±0.02 0.97 

 

PWT (mm) 

Control (n=15) 0.81±0.01 0.82±0.01 0.97 

DOX+TRZ (n=15) 0.82±0.02 0.81±0.01 0.96 

PER+DOX+TRZ (n=15) 0.81±0.01 0.82±0.02 0.96 

EMPA+DOX+TRZ (n=15) 0.82±0.02 0.81±0.01 0.97 

EMPA+PER+DOX+TRZ (n=15) 0.82±0.01 0.82±0.02 0.97 

 

LVEDD (mm) 

Control (n=15) 2.8±0.1    2.9±0.1 0.78 

DOX+TRZ (n=15) 2.8±0.1 4.5±0.2* <0.05 

PER+DOX+TRZ (n=15) 2.8±0.2 3.8±0.2*# <0.05 

EMPA+DOX+TRZ (n=15) 2.8±0.1 3.2±0.3# <0.05 

EMPA+PER+DOX+TRZ (n=15) 2.8±0.2 3.2±0.2# <0.05 

 

LVEF (%) 

Control (n=15) 73±4 74±4 0.94 

DOX+TRZ (n=15) 75±2 40±4* <0.05 

PER+DOX+TRZ (n=15) 74±4 58±3*# <0.05 

EMPA+DOX+TRZ (n=15) 74±3 66±3*# <0.05 

EMPA+PER+DOX+TRZ (n=15) 74±3 67±4*# <0.05 

 

Table 3. Echocardiographic parameters of C57Bl/6 mice receiving prophylactic treatment 

with EMPA, PER, or EMPA+PER followed by Saline or DOX+TRZ. Baseline and week 6 

measures with p-values.  

 

DOX, Doxorubicin; EMPA, Empagliflozin; HR, Heart rate; IVS, Interventricular septum; 

LVEDD, Left ventricular end-diastolic diameter; LVEF, Left ventricular ejection fraction; PER, 

Perindopril; PWT, Posterior wall thickness; TRZ, Trastuzumab. 

 

The values are presented as mean ± SD. *p<0.05 comparing DOX+TRZ, PER+DOX+TRZ, 

EMPA+DOX+TRZ, and EMPA+PER+DOX+TRZ vs. Control at week 6. 
#p<0.05 comparing PER+DOX+TRZ, EMPA+DOX+TRZ, and EMPA+PER+DOX+TRZ vs. 

DOX+TRZ at week 6. 
p<0.05 comparing EMPA+DOX+TRZ and EMPA+PER+DOX+TRZ vs. PER+DOX+TRZ at 

week 6.  
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Figure 6. Changes in LVEDD in mice prophylactically administered with PER, EMPA, or 

EMPA+PER prior to treatment with DOX+TRZ. *p<0.05 DOX+TRZ or PER+DOX+TRZ vs. 

Control. #p<0.05 PER+DOX+TRZ or EMPA+DOX+TRZ or EMPA+PER+DOX+TRZ vs. 

DOX+TRZ. p<0.05 EMPA+DOX+TRZ or EMPA+PER+DOX+TRZ vs. PER+DOX+TRZ.  

 

 

Figure 7. Changes in LVEF in mice prophylactically administered with PER, EMPA, or 

EMPA+PER prior to treatment with DOX+TRZ. *p<0.05 DOX+TRZ or PER+DOX+TRZ or 

EMPA+DOX+TRZ vs. Control. #p<0.05 PER+DOX+TRZ or EMPA+DOX+TRZ or 

EMPA+PER+DOX+TRZ vs. DOX+TRZ. p<0.05 EMPA+DOX+TRZ or 

EMPA+PER+DOX+TRZ vs. PER+DOX+TRZ.  
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4.2 Histology 

Electron microscopy was used to analyze LV tissue samples. Normal histological morphology of 

the cardiomyocytes was observed in the control group (Figure 8A). Histological analyses 

confirmed significant disruption of myofibrils, vacuolization, and loss of sarcomere integrity in 

the DOX+TRZ treated mice (Figure 8B). Prophylactic treatment with PER, EMPA, or 

EMPA+PER, however, improved myofibril integrity at week 6 in mice receiving DOX+TRZ 

(Figure 8C-8E). The prophylactic administration of EMPA+PER was superior to PER (p<0.0001) 

or EMPA alone (p<0.001) in preventing adverse cardiovascular remodeling (Figure 8C-8E).  

 

 

Figure 8. Electron microscopy slides representative of the cell morphology changes for each 

treatment group. (A) Control; (B) DOX+TRZ; (C) PER+DOX+TRZ; (D) EMPA+DOX+TRZ; 

and (E) EMPA+PER+DOX+TRZ. 
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Control DOX+TRZ PER+DOX+TRZ EMPA+DOX+TRZ   EMPA+PER+DOX+TRZ 

0.5 1 1.5 2 0.5 

0 0.5 2 2 1 

0 1.5 2.5 2 0.5 

0 3 1.5 1.5 0.5 

0 3 1 2 1.5 

0.5 1.5 1 2 1.5 

0.5 3 2 3 0.5 

0 3 2 2 0.5 

0 3.5 2.5 0.5 0.5 

0 1 1 0.5 0 

0.5 2 0.5 0 0 

0 2 2 0.5 0.5 

0 3.5 0.5 2 0.5 

0.5 0 2 1 0.5 

0 1.5 1 1 0 

0 0 0.5 0.5 0 

0 1.5 1 0 0 

0.5 0.5 1 0.5 0.5 

 

Table 4. Scoring quantification of LV myocardial tissue samples of C57Bl/6 mice receiving 

prophylactic treatment with EMPA, PER, or EMPA+PER followed by Saline or DOX+TRZ. 

A score of 0 denotes no tissue damage and 5 indicates severe damage. 

 

4.3 Hemodynamics 

There was no statistically significant difference in SBP, DBP, or MAP at week 6 compared to 

baseline in all study animals (p = non-significant). Additionally, administration of PER, EMPA, 

or EMPA+PER did not significantly alter SBP, DBP, or MAP at week 6 (data not shown). 
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4.4 Western Blot Analyses 

In mice treated with DOX+TRZ, there was a 1.5-fold increase in Bax/Bcl-xL expression as 

compared to healthy control mice (p<0.05) (Figure 9). Elevations in this oxidative stress biomarker 

were significantly downregulated in mice prophylactically treated with PER, EMPA, or 

EMPA+PER (p<0.05). 
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B 

 

 

Figure 9. Western blot Bax/Bcl-xL expression. (A) Representative western blot. (B) Changes 

in Bax/Bcl-xL expression in mice from our 5 treatment groups at the end of the study. 

*p<0.05 DOX+TRZ vs. Control. #p<0.05 PER+DOX+TRZ or EMPA+DOX+TRZ or 

EMPA+PER+DOX+TRZ vs. DOX+TRZ.  

 

 

4.4 Oxidized Phospholipids  

In mice treated with DOX+TRZ, there was an increase in oxidized phosphatidylethanolamine 

species, including PE16:0, C7H11O3; and PE18:0, C11H19O3, as compared to healthy control 

mice (p<0.05) (Figures 10 and 11). Elevations in these oxidized phospholipids were significantly 

downregulated in mice prophylactically treated with EMPA+PER (p<0.05), while there were no 

significant changes in the PER and EMPA groups (p = non-significant). 
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Figure 10. Changes in PE16:0, C7H11O3 oxidized phosphatidylethanolamine expression in 

mice from our 5 treatment groups at the end of the study. *p<0.05 DOX+TRZ vs. Control. 

#p<0.05 EMPA+PER+DOX+TRZ vs. DOX+TRZ. 

 

 

Figure 11. Changes in PE18:0, C11H19O3 oxidized phosphatidylethanolamine expression in 

mice from our 5 treatment groups at the end of the study. *p<0.05 DOX+TRZ vs. Control. 

#p<0.05 EMPA+PER+DOX+TRZ vs. DOX+TRZ. 
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Chapter 5: Discussion 

Over the past several decades, the prevalence of cardiovascular disease among women with breast 

cancer has risen, driven in part by the cardiotoxic side effects of anti-cancer therapies and improved 

cardiac surveillance. Despite advances in surgery, radiation, chemotherapy, and targeted biological 

therapies that have significantly improved overall survival, cardiotoxicity remains a major 

complication and a leading cause of morbidity and mortality in the breast cancer population. 

Prevention of chemotherapy mediated cardiotoxicity is a growing focus in the evolving field of 

Cardio-Oncology. In our chronic in vivo murine model of DOX+TRZ induced cardiotoxicity, the 

prophylactic administration of EMPA or EMPA+PER was superior to PER alone in preventing 

adverse cardiovascular remodeling. Our study demonstrated that the prophylactic administration 

of EMPA and EMPA+PER: i) prevented adverse LV cavity remodelling; ii) decreased 

cardiomyocyte disruption of myofibrils, vacuolization, and loss of sarcomere integrity; and iii) 

attenuated oxidative stress and apoptosis in a chronic in vivo female murine model. 

 

5.1 Prevention of Adverse Cardiovascular Remodelling 

In the field of Cardio-Oncology, combined treatment with DOX and TRZ leads to detrimental 

cardiovascular remodeling in preclinical murine models.149,196,207.208 Furthermore, these models 

have demonstrated the effectiveness of RAS antagonists in preventing structural and functional 

changes in the hearts of animals affected by chemotherapy-induced cardiotoxicity.149,196,207.208        

A previous study by Akolkar et al. explored the potential cardioprotective effects of prophylactic 

RAS antagonist therapy in preventing chemotherapy-induced cardiotoxicity.149 In this study, 240 

mice were prophylactically treated with oral aliskiren (50 mg/kg/day), PER (3 mg/kg/day), or 

valsartan (10 mg/kg/day) for 13 weeks. Additionally, mice were further randomized to receive i.p. 
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injections of DOX (4 mg/kg weekly) and TRZ (4 mg/kg weekly), administered weekly for five 

weeks. Serial echocardiographic measurements demonstrated that DOX+TRZ treatment resulted 

in a significant increase in LV cavity dimensions.149 In mice treated with DOX+TRZ, LVEDD 

increased by 48% from baseline to week 13. Prophylactic administration of aliskiren, PER, or 

valsartan mitigated this LV cavity dilation, with LVEDD increases of 26%, 32%, and 35% at week 

13, respectively.149 In mice receiving DOX+TRZ, LVEF values significantly decreased from 

baseline to week 13. Prophylactic administration of RAS antagonists, however, preserved LVEF 

in all three groups as compared to placebo.149  

 

More recently, Eekhoudt et al. demonstrated that prophylactic treatment with PER (3 mg/kg/day) 

was cardioprotective in a chronic 6-week in vivo murine model of DOX+TRZ-induced 

cardiotoxicity (n=81). This was reflected by a partial attenuation of LVEDD dilatation, with the 

PER-treated group exhibiting a 22% improvement relative to the untreated cohort at the study 

endpoint. Furthermore, mice that received prophylactic PER treatment maintained a LVEF of 62% 

at week 6, whereas mice treated with DOX+TRZ without preventative intervention exhibited a 

marked decline in LVEF to 34% by the study endpoint, indicative of severe cardiotoxicity.196  

 

Additionally, a study by Lódi et al. investigated the cardioprotective benefits of early intervention 

compared to conventional treatment schedules in a rat model of DOX-induced cardiomyopathy.207 

The researchers compared the efficacy of prophylactic treatment with oral PER (2 mg/kg), 

bisoprolol (2.5 mg/kg), or eplerenone (6.25 mg/kg) initiated one week before DOX exposure to a 

delayed treatment regimen introduced one month after DOX administration. The rats were divided 

into four groups: (i) a control group receiving saline, (ii) a DOX-treated group (six cycles of 1.5 
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mg/kg intravenously), (iii) a group receiving DOX with early bisoprolol, PER, and eplerenone 

treatment, and (iv) a group receiving DOX with delayed bisoprolol, PER, and eplerenone 

treatment. Echocardiographic studies were conducted at baseline, as well as on days 51 and 80. 

The results demonstrated a significant reduction in LV systolic function in DOX-treated rats 

compared to controls. Interestingly, LVEF decreased from 83% to 72% in rats receiving heart 

failure medications using the conventional schedule, whereas in the prophylactically treated group, 

LVEF declined only from 84% to 81%.207 These findings underscore the benefits of early 

cardioprotective intervention over delayed treatment in DOX-induced cardiotoxicity. These results 

highlight the critical role of preventative strategies, such as those employed in our study, in 

mitigating chemotherapy-induced cardiotoxicity.  

 

Finally, Hiona et al. conducted a chronic 10-week rat model study (n=24), where they found that 

administering the ACEi enalapril (10 mg/kg/day) prior to chemotherapy treatment significantly 

preserved systolic function in animals exposed to DOX (25 mg/kg), improving contractility of the 

LV.208  

 

Several preclinical studies have demonstrated the cardioprotective effects of SGLT2 inhibitors in 

models of DOX-induced cardiotoxicity, and our findings extend these results in both magnitude 

and clinical relevance.169-172  Sabatino et al. used echocardiography to show that EMPA improved 

LVEF from 49% in DOX-treated mice to 61%, while LV cavity dimensions were equally dilated 

in both groups.169 Oh et al. used CMR as their imaging modality, and did not observe a significant 

improvement in LVEF or LVEDD values from EMPA treatment in DOX-treated mice, but showed 

a decrease in LVESD, indicating a degree of cardioprotection.170 Chang et al. observed a small but 
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significant LVEF improvement with no changes in LV cavity dimensions as measured via 

echocardiography in rats pretreated with dapagliflozin.171 Finally, Quagliariello et al. found that 

EMPA prevented reductions in GLS in DOX-treated mice, but did not assess other 

echocardiographic parameters.172 While these studies demonstrated variable efficacy in DOX-only 

models, our study is the first to evaluate EMPA in a clinically relevant DOX+TRZ model. 

Furthermore, we uniquely included an ACE inhibitor, PER, as a standard-of-care comparator, 

whereas prior studies used either vehicle,170-172 or a non-cardioprotective agent like furosemide.169 

In our model, prophylactic administration of PER resulted in improvements in both LVEDD and 

LVEF, with EMPA yielding even more pronounced cardioprotective effects. Notably, 

combination therapy with EMPA+PER restored cardiac function to near-control levels. These 

results not only reinforce the cardioprotective effects of EMPA seen in prior DOX-only studies, 

but also highlight the superior efficacy and potential synergy of SGLT2 and ACE inhibition in 

mitigating cardiotoxicity from modern oncologic regimens.169-172 

 

In the current chronic in vivo study, we evaluated whether EMPA, PER, or the combination can 

be used in the prevention of DOX+TRZ mediated cardiotoxicity. Both structurally and 

functionally, prophylactic administration of EMPA, PER, and EMPA+PER prevented adverse LV 

remodeling as compared to the DOX+TRZ group alone. While prophylactic treatment with PER 

alone improved LVEDD by ~17%, the EMPA and EMPA+PER groups showed an even greater 

improvement of ~35%, comparable with control animals (Figure 6). Prophylactic PER treatment 

alone improved LVEF by ~37%, while EMPA treatment showed an LVEF increase of ~49% 

compared to untreated mice. Notably, the LVEF of mice treated with both EMPA and PER was 

preserved in a similar way to control animals (Figure 7). This is the first study to demonstrate the 
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superiority of the SGLT2 inhibitor EMPA as compared to the ACEi PER in the prevention of 

DOX+TRZ mediated cardiotoxicity in a murine model. These findings merit further clinical 

exploration of preventative treatment with EMPA for patients undergoing chemotherapy 

treatment, and their possible inclusion in the CCS guidelines for the management of CTRCD. 

These guidelines currently include ACEi’s but not SGLT2 inhibitors, despite their classification 

as standard pharmacological therapy in heart failure patients outside of the Cardio-Oncology 

setting.119,165  

 

5.2 Histological Overview of Cardiotoxicity 

The administration of DOX and TRZ alone, as well a combination of these two agents have been 

associated with histopathological changes in cardiac tissue. Their concurrent administration has 

been shown to cause loss of cardiomyocyte integrity, a reduced number of functional 

mitochondria, mitochondrial swelling, and cytoplasmic vacuolization.140,143,196,198,201,204 Additional 

structural abnormalities include perinuclear cisternae and sarcotubular system dilation, lysosomal 

body formation, myofibril disarray, increased cardiomyocyte diameter, interstitial and perivascular 

infiltration of lymphocytes and macrophages, as well as elevated apoptosis, necrosis, and 

fibrosis.140,143,196,198,201,204 Notably, these pathological changes may be prevented with the 

prophylactic administration of ACEi’s and SGLT2 inhibitors.  

 

Previous murine studies examining the role of RAS antagonists and SGLT2 inhibitors in 

preventing chemotherapy-mediated cardiotoxicity have demonstrated a reduction in 

histopathological alterations in cardiac tissue.169,196,171 Eekhoudt et al. investigated the 

prophylactic effects of PER and flaxseed in an in vivo murine model (n=81).196 Electron 
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microscopy analysis revealed that mice treated with DOX (24 mg/kg) + TRZ (9 mg/kg) 

experienced significant cardiomyocyte damage, including myofibril disarray, cytoplasmic 

vacuolization, and loss of sarcoplasmic reticulum. However, 3 weeks of prophylactic 

administration of a 10% flaxseed-enriched diet or PER (3 mg/kg/day) significantly mitigated these 

structural alterations, preserving cardiomyocyte integrity.196 Additionally, Sabatino et al. 

conducted a 5-week study investigating the prophylactic effects of EMPA (5 mg/kg/day) and 

furosemide (20 mg/kg/day) in DOX (25 mg/kg) treated mice (n=42).169 Histological analysis using 

hematoxylin and eosin staining as well as Masson's trichrome staining revealed that DOX 

treatment induced significant myocardial fibrosis, myofibrillar disarray, and vacuolization. 

However, mice pretreated with EMPA exhibited a 50% reduction in myocardial fibrosis compared 

to the untreated group, along with improved preservation of myocardial structure. EMPA also 

mitigated the loss of cardiac fibers and reduced myocardial disarray. In contrast, furosemide did 

not significantly prevent fibrosis or structural damage.169 Finally, Chang et al. conducted a study 

to investigate the cardioprotective effects of the SGLT2 inhibitor dapagliflozin against DOX-

induced cardiotoxicity in diabetic rats.171 The animals were pretreated with dapagliflozin (10 

mg/kg/day) for 6 weeks, followed by DOX (5 mg/kg/week) for 4 weeks. Histological examination 

using Masson's trichrome staining confirmed that dapagliflozin reduced myocardial fibrosis, while 

significantly alleviating the number of apoptotic cardiomyocytes as compared to the no-

pretreatment DOX group.171 

 

In the current study, we performed histological analysis of tissue samples using electron 

microscopy. As compared to controls, mice treated with DOX+TRZ demonstrated significant 

myofibril disruption, vacuolization, and loss of sarcomere integrity (Figure 8). As a novel finding, 
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the current study revealed that all three experimental groups using PER, EMPA, or EMPA+PER, 

prevented DOX+TRZ induced myocyte damage to a certain extent. The intermediate levels of 

cellular damage in the three experimental groups suggests that EMPA and PER are both effective 

at partially attenuating DOX+TRZ mediated cardiotoxicity. Combination therapy using 

EMPA+PER showed less damage as compared to PER or EMPA alone, revealing to be most 

similar to the cardiac muscle tissue of our healthy control group. This finding suggests a synergistic 

effect of EMPA and PER, which was not supported by the echocardiographic results, which 

showed that EMPA alone was just as effective in preserving LVEDD and LVEF (Figures 6 and 

7). It is possible that structural damage on the cellular level precedes functional alterations in the 

LV, and therefore we hypothesize that if the study was extended to a longer timeframe than 6 

weeks, we would observe a more significant reduction in LVEF values in the EMPA only group, 

as compared to EMPA+PER treated mice that did not develop the same degree of myocardial 

damage.   

 

5.3 Mechanistic Pathways of the Cardioprotective Effects of SGLT2 Inhibitors 

In our study, mechanistic pathways elucidated through protein and lipid analyses demonstrate: i) 

reduced expression of pro-apoptotic proteins linked to oxidative stress in cardiomyocytes; and ii) 

lower levels of oxidative stress-related lipid markers in heart tissue of mice pre-treated with 

EMPA+PER as compared to DOX+TRZ alone. DOX+TRZ mediated cardiotoxicity is 

characterized by randomly distributed cardiomyocyte death leading to functional decline.21 

Apoptosis is one of the main mechanisms that contributes to this cell death pattern. Our current 

mechanistic results suggest that proteomic and lipidomic markers of oxidative stress are partially 

mitigated by pre-treatment with the combination of EMPA+PER. However, it is important to 
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recognize that other mechanistic pathways may be involved in the dysfunction and death of 

cardiomyocytes in DOX+TRZ treated mice. These pathways include including inflammation and 

ER stress, with their associated proteomic markers.60-71 

 

5.3.1 Oxidative Stress Induced Apoptosis 

DOX and TRZ exert their cardiotoxic effects through a variety of mechanisms, ultimately 

triggering several distinct pathways of cellular death (Figure 1). A prominent factor in DOX+TRZ-

induced heart damage is the degree of oxidative stress imposed on cardiomyocytes, a process that 

can readily pave the way for programmed cell death, or apoptosis.72-79,87,88,97,98 The execution of 

apoptosis is carefully controlled, with proteins from the Bcl-2 family serving as central regulators. 

The balance between pro-apoptotic members, such as Bax, and anti-apoptotic members, like Bcl-

xL, critically dictates a cell's susceptibility to apoptosis, especially via the intrinsic mitochondrial 

pathway.77-79 When the Bax/Bcl-xL ratio shifts upwards, it facilitates the permeabilization of the 

mitochondrial outer membrane. This event allows for the escape of cytochrome c and other 

molecules from the mitochondria into the cell's cytoplasm, thereby initiating a cascade of caspase 

enzyme activation that trigger apoptosis.77-79 

 

Pre-clinical investigations have provided evidence that SGLT2 inhibitors can attenuate 

chemotherapy-induced cardiotoxicity by modulating apoptotic pathways, specifically impacting 

the balance of Bcl-2 family proteins.171,209 A study by Yang et al. created a rat model of cardiorenal 

syndrome (CRS) by inducing dilated cardiomyopathy via DOX treatment (cumulative dose of 28 

mg/kg given over 20 days) and chronic kidney disease (via subtotal nephrectomy).209 The 

CRS+EMPA treatment received EMPA at a dosage of 20 mg/kg/day intraperitonially, 
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administered from day 24 after CRS induction. Western blot analysis of LV tissues harvested on 

day 42 after CRS induction demonstrated that EMPA treatment significantly decreased the protein 

expression of mitochondrial Bax compared to the CRS group treated with DOX alone, indicating 

a reduction in this pro-apoptotic marker.209 In another study by Chang et al., streptozotocin-

induced diabetic rats were pretreated with oral dapagliflozin (10 mg/kg/day) for 6 weeks, followed 

by DOX (5 mg/kg/week, i.p.) for 4 weeks.171 Western blot analysis of cardiac tissue revealed that 

dapagliflozin treatment decreased the expression of the pro-apoptotic protein Bax and increased 

the expression of the anti-apoptotic protein Bcl-2 (which functions analogously to Bcl-xL in 

regulating apoptosis) compared to diabetic rats receiving DOX alone. This modulation resulted in 

a more favorable anti-apoptotic protein balance in the dapagliflozin-treated, DOX-exposed 

group.171  

 

While the aforementioned studies demonstrate a favorable effect of SGLT2 inhibition on 

regulating the Bax/Bcl-xL ratio, evidence supporting the cardioprotective role of ACEi’s in this 

pathway is lacking. A 10-week study by Hiona et al. showed that pretreatment with the ACEi 

enalapril (10 mg/kg/day starting 1 week before DOX administration and for the entire duration of 

the study) improved markers of oxidative stress in DOX-treated rats (25 mg/kg administered i.p. 

over 6 weeks).210 While the study did not measure Bax/Bcl-xL levels, they demonstrated that DOX 

treatment significantly increased both caspase-3 and caspase-9, which are downstream of Bax/Bcl-

xL in the oxidative stress pathway leading to apoptosis (Figure 1). Although enalapril did not 

mitigate an increase in caspase levels, it did improve other markers related to oxidative stress and 

mitochondrial function, warranting further investigation into the protective effects of ACEi’s on 
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the Bax/Bcl-xL pathway and its downstream molecules in DOX-induced cardiotoxicity pre-

clinical models.210 

 

Our investigation revealed that the Bax/Bcl-xL ratio, a key indicator of apoptosis, was markedly 

increased in mice subjected to DOX+TRZ treatment. Specifically, these mice exhibited a 1.5-fold 

increase in Bax/Bcl-xL expression level as compared to their healthy counterparts (Figure 9), 

signaling a heightened susceptibility to apoptosis within this group. Conversely, this rise in the 

pro-apoptotic Bax/Bcl-xL ratio was substantially mitigated in animals that received prophylactic 

administration of PER, EMPA, or the EMPA+PER combination. The data suggests that 

DOX+TRZ likely inflicts stress and damage upon mitochondria, disrupting the equilibrium of Bcl-

2 family proteins in favor of apoptosis. The cardioprotective effects observed with PER, EMPA, 

and their combined use may stem from their capacity to counteract oxidative stress or directly 

shield mitochondria, thereby tempering this apoptotic signaling and enhancing cardiomyocyte 

survival. In fact, our study is the first to demonstrate the cardioprotective effects of an ACEi on 

preventing increases in the Bax/Bcl-xL ratio, which were equivalent to SGLT2 inhibition in this 

chronic murine model of chemotherapy mediated cardiotoxicity. These findings are distinct from 

the cardiovascular remodeling results in which EMPA and EMPA+PER were superior to PER 

alone in improving LVEDD and LVEF parameters, but this can be explained by the fact that the 

Bax/Bcl-xL ratio is just one of many markers that may be upregulated by DOX+TRZ treatment 

(Figure 1), and the functional activity of the LV is impacted by a multitude of cellular processes 

rather than oxidate stress induced apoptosis alone. 
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5.3.2 Oxidative Lipid Damage 

DOX promotes oxidative stress in cardiomyocytes through mitochondrial dysfunction and iron 

accumulation, leading to lipid peroxidation and the generation of oxidized phospholipids such as 

oxidized phosphatidylethanolamine (OxPE).211 This particular class of oxidized lipids is a critical 

executor of ferroptosis, a regulated form of cell death driven by iron and lipid peroxidation. OxPE 

accumulation impairs mitochondrial function and amplifies cardiomyocyte death.211 TRZ 

exacerbates these effects by inhibiting HER2-mediated survival pathways in cardiomyocytes, 

compounding oxidative stress.87-105 The combined use of DOX and TRZ significantly increases 

ROS production and potentiates lipid oxidation, as supported by mechanistic reviews and in vivo 

studies.212,213 

 

As of now, there is no published preclinical evidence directly demonstrating that SGLT2 inhibitors 

or ACEi’s improve or reduce oxidized phospholipid levels in DOX and/or TRZ mediated 

cardiotoxicity. Our study is the first to demonstrate that although prophylactic treatment with PER 

or EMPA alone was not cardioprotective against accumulation of OxPEs in DOX+TRZ treated 

mice, the combination of both EMPA and PER significantly reduced two OxPE species, 

specifically PE16:0, C7H11O3 and PE18:0, C11H19O3 (Figures 10 and 11). The observed 

reduction in OxPE species with the combined treatment of EMPA and PER likely results from 

synergistic attenuation of ferroptosis and oxidative stress pathways, both of which are central to 

DOX+TRZ-induced cardiotoxicity. EMPA has been shown to protect cardiomyocytes by restoring 

mitochondrial respiratory chain function, improving cardiolipin stability, and reducing ROS 

generation, a key driver of lipid peroxidation.214 Additionally, EMPA activates the adenosine 

monophosphate-activated protein kinase (AMPK) / nuclear factor erythroid 2-related factor 2 
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(NRF2) antioxidant pathway, which upregulates glutathione peroxidase 4 (GPX4) and cystine 

transporter solute carrier family 7 member 11 (SLC7A11), critical enzymes that detoxify lipid 

hydroperoxides and suppress ferroptosis.215 In a mouse model of acute myocardial infarction, PER 

significantly inhibited myocardial apoptosis and improved cardiac function.216 The protective 

effects were mediated through downregulation of toll-like receptor 4 (TLR4) / NF-κB signaling, a 

pathway tightly linked to inflammatory oxidative stress and lipid peroxidation.216 Although the 

study did not quantify lipid peroxidation directly, TLR4/NF-κB suppression is known to reduce 

ROS and downstream lipid oxidation, suggesting an indirect suppression of oxidized 

phospholipids.216 Thus, our results suggest that combined prophylactic treatment with EMPA and 

PER reduces oxidative stress and prevents lipid oxidation through various molecular pathways that 

complement one another to prevent overexpression of cytotoxic OxPE species implicated in 

ferroptosis and mitochondrial dysfunction.  

 

5.4 Limitations 

Our study presents certain limitations that should be acknowledged. Firstly, our model used only 

female mice, and although the vast majority of breast cancer patients are female, breast cancer 

does occur in males as well, and therefore the effects of preventative treatment with EMPA should 

be assessed in male models.1 Another limitation is the fact that DOX and TRZ were administered 

concurrently, while in the clinical setting, these anti-cancer drugs are given sequentially.35-45 In 

order to reproduce a model where DOX and TRZ are administered sequentially, we would need to 

extend the basic science study up to at least 12 weeks. Finally, our murine model involved healthy, 

cancer-free mice that received DOX+TRZ to induce cardiotoxicity. While we demonstrated that 

EMPA protects cardiac structure and function, we did not assess whether our SGLT2 inhibitor 
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affects DOX+TRZ’s anti-tumor effects. Before EMPA is incorporated as standard 

pharmacological therapy in the prevention of cardiotoxicity in cancer patients, it is important to 

ensure that this drug is not an obstacle in patients’ cancer treatment. 

 

5.5 Future Directions & Clinical Implications  

As DOX+TRZ are used in the breast cancer setting, it is important to assess whether EMPA 

promotes or inhibits the anti-cancer effects of these two chemotherapeutic agents. This remains to 

be studied in a in vivo human xenograft HER2 overexpressing tumor mouse model, via 

implantation of BT474 breast cancer cells in the mice.217 In this model, echocardiography would 

be used to assess cardiac function, while monitoring tumor volumes and metastases using positron 

emission tomography-magnetic resonance imaging (PET-MRI).217 Furthermore, while our 6-week 

study successfully created a model of HFrEF, a more clinically-relevant approach would require 

extending the study to a longer duration of at least 12 weeks, where DOX would be given first, 

followed by TRZ, emulating the approach taken by oncologists in treating patients with breast 

cancer.35-45 After assessing the cardioprotective mechanisms of EMPA in a mouse model, the next 

step is to translate these basic science findings to the clinical setting by leading a multi-centre, 

double-blind, placebo-controlled, randomized clinical trial. In this trial, women diagnosed with 

HER2 positive breast cancer would be randomized to receive placebo, PER, EMPA, or the 

combination of both drugs, beginning at least 24 hours before initiation of chemotherapy treatment 

with DOX, followed by TRZ.152,153 Cardiac function would be assessed throughout the study using 

echocardiography, MUGA, and/or CMR. The outcomes of this clinical trial will inform researchers 

and clinicians whether prophylactic treatment with EMPA would attenuate or prevent cardiac 

dysfunction in DOX+TRZ treated patients. 
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The findings of this study have the potential to preserve women’s heart health in the setting of 

chemotherapy and targeted biological therapy treatment by preventing the development of heart 

failure and its devastating consequences. Our study sets the stage for a clinical trial assessing the 

role of EMPA in preventing heart failure in breast cancer patients. While SGLT2 inhibitors are 

incorporated in the current guidelines for management of HFrEF, they are not presently part of the 

Cardio-Oncology recommendations for the management of CTRCD. 119,165 Our study serves as a 

stepping stone towards the incorporation of these cost-effective, clinically tolerable medications 

in women who are about to undergo chemotherapy treatment, and we hope that SGLT2 inhibitors 

will help prevent cases of heart failure in this patient population.180-182  

 

Chapter 6: Conclusions 

Our innovative study demonstrated that while prophylactic treatment with PER alone was 

cardioprotective, preventative treatment with EMPA or combination therapy with EMPA+PER 

worked even better than PER alone in preventing chemotherapy-mediated cardiotoxicity caused 

by DOX+TRZ in a chronic in vivo female murine model.  

 

According to the results of our study, EMPA alone or EMPA+PER were equally beneficial in 

preventing adverse LV cavity remodelling as measured by LVEDD and LVEF parameters, as well 

as in decreasing the expression of the pro-apoptotic Bax/Bcl-xL ratio. EMPA and PER worked 

synergistically to attenuate disruption of myofibrils, vacuolization, and loss of sarcomere integrity 

in the cardiomyocytes, and this combination therapy also prevented deleterious increases in two 

species of OxPEs, which serve as a marker for oxidative lipid damage.  
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These findings showcase the potential of SGLT2 inhibition as a cardioprotective strategy in the 

setting of chemotherapy-induced heart failure, while supporting the exploration of combinatorial 

therapies to optimize cardiac outcomes in at-risk cancer patients. 
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