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Summary 

Doxorubicin (DOXO) is a widely used chemotherapeutic agent to treat cancers, such as 

leukemias, lymphomas, soft tissue sarcomas, and solid malignancies. Despite the 

effectiveness of DOXO as a chemotherapeutic agent, dose-dependent development of 

chronic cardiotoxicity limits its application. The angiotensin-II receptor blocker losartan 

is commonly used to treat cardiac remodeling of various etiologies and it showed 

cardioprotective effects against experimental DOXO-induced cardiotoxicity. In clinical 

trials, the beta-3 adrenergic receptor agonist (β3AR) mirabegron was reported to improve 

chronic heart failure (HF). In preclinical models, the β3AR agonists attenuated cardiac 

fibrosis and improved cardiac contractility via coupling of β3AR to the endothelial nitric 

oxide synthase (eNOS)/cyclic guanosine monophosphate (cGMP) pathway. Here we 

investigated the effects of losartan, mirabegron, and their combination on the 

development of DOXO-induced chronic cardiotoxicity in a rat model. Male Wistar rats 

were divided into five groups: (i) control; (ii) DOXO-only; (iii) losartan-treated DOXO; 

(iv) mirabegron-treated DOXO; and (v) losartan plus mirabegron-treated DOXO groups. 

The treatments started 5 weeks after DOXO administration and ended at week 9. Before 

the treatments at week 4 and week 8, echocardiography was performed. At week 9, blood 

samples were collected, left ventricles were prepared for histology, qRT-PCR, and 

Western blot measurements. Four weeks after DOXO administration, early signs of 

systolic dysfunction were detected in the DOXO groups. Losartan improved diastolic but 

not systolic dysfunction and ameliorated sarcoendoplasmic reticulum calcium ATPase 2a 

(SERCA2a) repression in our DOXO-induced cardiotoxicity model. The DOXO-induced 

overexpression of interleukin-1 (Il1) and interleukin-6 (Il6) was markedly decreased by 

losartan and mirabegron. Mirabegron and the combination treatment improved the 

systolic and diastolic dysfunction and significantly decreased the overexpression of 

mothers against decapentaplegic homolog 2 and 3 (Smad2 and Smad3, respectively) in 

our DOXO-induced cardiotoxicity model. Only mirabegron reduced DOXO-induced 

cardiac fibrosis significantly; however, this effect seems to be independent of the 

β3AR/eNOS/cGMP signaling pathway. Our results suggest that mirabegron and its 

combination with losartan are promising therapeutic tools against DOXO-induced 

chronic cardiotoxicity; however, future clinical trials are needed to answer this question.
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1. Introduction 

Cancer and cardiovascular diseases (CVDs) are the leading causes of morbidity and 

mortality worldwide [1,2]. Due to advances in the early diagnosis and treatment of cancer 

patients, long-term cancer survivors are one of the largest growing populations accessing 

the healthcare system [3]. After recurrent malignancies, CVDs are the second leading 

cause of morbidity and mortality in cancer survivors [3,4]. Oncologic therapies, 

particularly chemo- and radiotherapy, have many recognized side effects on the 

cardiovascular system [3,5,6]. In early and late chronic stages, chemotherapy-induced 

cardiotoxicity commonly manifests in decreased left ventricular ejection fraction (LVEF), 

leading to HF symptoms [3,5]. 

Anthracyclines, including doxorubicin (DOXO), are essential drugs in chemotherapeutic 

regimens in different cancers, such as leukemias, lymphomas, soft tissue sarcomas, and 

solid malignancies (e.g., breast, ovary, prostate, stomach, thyroid, liver, and small cell 

lung cancers) [7,8]. Although anthracyclines are effective and commonly used 

chemotherapeutic agents, their application could be limited by the dose-dependent 

development of cardiotoxicity. Anthracyclines-induced cardiotoxicity can manifest in 

acute, early chronic, and late chronic forms. Acute toxicity is usually reversible and 

predominantly presents supraventricular arrhythmias, transient left ventricular (LV) 

dysfunction, and electrocardiographic changes in less than 1 % of patients immediately 

after treatment [5]. Notably, acute cardiac dysfunction may lead to early or late chronic 

cardiotoxicity characterized by systolic dysfunction [9]. Early chronic cardiotoxic signs 

occur within the first year of treatment, while late effects present after several years 

(median of 7 years after treatment) [3,10,11]. In the case of DOXO, the risk for 

developing chronic cardiotoxicity is 5 % at a cumulative dose of 400 mg/m2, 26 % at a 

dose of 550 mg/m2, and 48 % at a dose of 700 mg/m² in humans [5]. Patients under 18 or 

over 65 years, suffering from cardiovascular comorbidities such as hypertension, LV 

hypertrophy, coronary artery disease, diabetes mellitus, or prior radiation exposure, are 

at higher risk for developing DOXO-induced chronic cardiotoxicity [3,5].  

The basic mechanisms underlying DOXO-induced chronic cardiotoxicity have not yet 

been fully understood. In cancer cells, DOXO was shown to bind to topoisomerase-2α, 

causing deoxyribonucleic acid (DNA) double-strand break and cell death [12,13]. In 

cardiomyocytes, DOXO was reported to target topoisomerase-2β, also leading to DNA 
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double-strand breaks and the death of cardiomyocytes. Moreover, DOXO-bound 

topoisomerase-2β can bind to promoters of antioxidative genes and peroxisome 

proliferator-activated receptor-gamma coactivator 1, which are needed for the expression 

of antioxidant enzymes and the elements of the mitochondrial electron transport chain 

[14]. Thus, topoisomerase-2β may be able to account for the three hallmarks of DOXO-

induced cardiotoxicity, including (i) cardiomyocyte death mainly by apoptosis, (ii) 

generation of reactive oxygen and nitrogen species (ROS/RNS), and (iii) mitochondrial 

damage [12,13]. Another accepted theory is that DOXO forms an anthracycline-iron 

complex, which induces lipid peroxidation, protein oxidation, and DNA damage by ROS 

production that results in contractile impairment, irreversible myocardial damage, and 

fibrosis [7,15]. At the same time, other mechanisms have been proposed, such as tissue 

inflammation, extracellular matrix remodeling, myofilament dysfunction, and 

disturbance in intracellular calcium ion (Ca2+) homeostasis [7,15]. Although DOXO 

effectively kills tumor cells, there is currently no sufficiently effective agent to prevent 

or treat DOXO-induced chronic cardiotoxicity without diminishing antitumor effects of 

DOXO or promoting secondary malignancy [3]. Dexrazoxane, a derivative of ethylene-

diamine-tetra-acetic acid (EDTA), is currently the only agent recommended to prevent 

anthracycline-induced cardiotoxicity in high-risk patients particularly in advanced or 

metastatic breast cancer and pediatric patients with sarcoma or hematological 

malignancies [3,16,17]. It can chelate iron ions, thus reducing ROS levels, and its binding 

to topoisomerase-2β leads to topoisomerase-2β degradation [3,18]. However, these 

mechanisms could diminish the antitumor effects of anthracyclines and might promote 

secondary malignancies. Therefore, dexrazoxane is not broadly used to prevent 

anthracycline-induced cardiotoxicity [3]. 

The renin-angiotensin-aldosterone system (RAAS) was reported to be overactivated in 

cardiovascular pathologies, including hypertension, cardiac hypertrophy, and heart 

failure leading to elevated nitro-oxidative stress, inflammation, apoptosis, and fibrosis 

[19]. Among the inhibitors of RAAS overactivation, angiotensin-II receptor blockers 

(ARBs) are widely used drugs to prevent the progression of chronic HF in various 

comorbidities [20,21]. The ARB losartan showed cardioprotective effects against 

experimental DOXO-induced cardiotoxicity [22,23]. Indeed, based on the results of 

clinical trials, the inhibition of RAAS overactivation with ARBs has also shown 

beneficial effects on the development of DOXO-induced chronic cardiotoxicity [12]. 
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The beta-3 adrenoreceptor (β3AR) agonist mirabegron is used in urology practice to treat 

hyperactive bladder syndrome [24]. In preclinical models, the β3AR agonists attenuated 

cardiac fibrosis and improved cardiac contractility via coupling of β3AR to the 

eNOS/cGMP pathway in cardiomyocytes [25–27]. Moreover, the antioxidant effects of 

the β3AR signaling and the down-regulation of the angiotensin II type 1 receptor (AT1R) 

in response to β3AR stimulation may protect the heart from elevated nitro-oxidative stress 

and the consecutive pro-inflammatory and fibrotic processes [26,28–31]. Recently, our 

group showed moderate antifibrotic effects of mirabegron in a rat model of uremic 

cardiomyopathy independently of the β3AR/eNOS pathway [32]. Bundgaard reported 

that mirabegron significantly increased LVEF in a subset of patients with less than 40 % 

starting LVEF compared to patients given placebo [33]. This result may suggest that 

mirabegron could have beneficial effects on heart failure with reduced ejection fraction 

(HFrEF). Indeed, the antiremodeling effects of the β3AR agonist mirabegron are being 

investigated in HFrEF patients in clinical trials (trial numbers: NCT03926754 and 

NCT02775539). However, the antiremodeling effects of mirabegron and its combination 

with losartan have not been studied in DOXO-induced chronic cardiotoxicity yet. 
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2. Aims of the thesis 

The aims of the present thesis were to investigate and compare the effects of losartan, 

mirabegron and their combination on cardiac morphology and function, as well as LV 

expression changes of selected genes and proteins associated with diastolic and systolic 

dysfunction, cardiac apoptosis, nitro-oxidative stress, inflammation, fibrosis, and heart 

failure in a rat model of DOXO-induced chronic cardiotoxicity (Figure 1).  

 

 

 
 

Figure 1 Investigation of the potential antiremodeling effects of losartan, mirabegron, and their 

combination on the development of DOXO-induced chronic cardiotoxicity. 
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3. Materials and methods 

3.1. Ethics approval 

This investigation conformed to the EU Directive 2010/63/EU and was approved by the 

regional Animal Research Ethics Committee of Csongrád County (Csongrád county, 

Hungary; project license: XV./57/2020, date of approval: 12 February 2020). All 

institutional and national guidelines for the care and use of laboratory animals were 

followed. 

 

3.2. Animals 

A total of 50 male Wistar rats (350–400 g, 8–10 weeks old) were used in the experiments. 

The animals were housed in pairs in individually ventilated cages (Sealsafe IVC system, 

Buguggiate, Italy) in a temperature-controlled room (22 ± 2 °C; relative humidity 55 ± 

10 %) with a 12 h:12 h light/dark cycle. Standard rat chow and tap water were supplied 

ad libitum during the experiment. 

 

3.3. Experimental setup 

After one week of acclimatization, the animals were randomly assigned to one control 

(n= 8) and four DOXO-treated groups (total n = 42, n = 10–11/group) (Figure 2). Control 

animals received saline (ip. 1 mL/kg), and rats in the DOXO groups received ip. 1.5 

mg/kg DOXO at days 1, 4, 7, 10, 13, and 16 (i.e., 9 mg/kg cumulative dose) (Figure 2). 

Timing [34–37] and dosing [35,38,39] of DOXO cycles were calculated based on 

preclinical protocols [40], and human chemotherapy regimens [41–43] corrected to the 

lifespan, body surface area, and metabolism of rats [44,45]. According to the conventional 

concept, HF therapy starts during or after chemotherapy if patients show early signs of 

LV systolic dysfunction assessed by echocardiography [5,46]. Therefore, in our present 

study, cardiac morphology and function were assessed by transthoracic echocardiography 

at the 4th follow-up week to monitor if the early signs of DOXO-induced chronic 

cardiotoxicity developed (Figure 2). From the 5th follow-up week after the saline or 

DOXO treatments, the rats were treated via oral gavage daily until the end of the 

experiments at the 9th follow-up week as follows: (i) control group treated with tap water 

(n = 8; per os 2 mL/kg/day,); (ii) DOXO group treated with tap water (n = 11, per os 2 

mL/kg/day,); (iii) DOXO group treated with losartan (n = 10; per os 20 mg/kg/day 

dissolved in tap water in 2 mL/kg end volume, Arbartan 50 mg film-coated tablets, Teva 

Pharmaceutical Industries Ltd., Debrecen, Hungary); (iv) DOXO group treated with 
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mirabegron (n = 11, per os 30 mg/kg/day dissolved in tap water 2 mL/kg end volume; 

Betmiga 50 mg prolonged-release tablets, Astellas Pharma Europe B.V., Leiden, 

Netherland); and (v) DOXO group treated with the combination of losartan (per os 20 

mg/kg/day dissolved in tap water in 2 mL/kg end volume, Arbartan 50 mg film-coated 

tablets, Teva Pharmaceutical Industries Ltd., Debrecen, Hungary) plus mirabegron (per 

os 30 mg/kg/day dissolved in tap water 2 mL/kg end volume; Betmiga 50 mg prolonged-

release tablets, Astellas Pharma Europe B.V., Leiden, Netherland, n = 10, Figure 2). The 

doses of the drugs applied here were calculated from existing recommendations on 

losartan for human heart failure [46], and phase II clinical trials on mirabegron (trial 

numbers: NCT01876433 and NCT03926754) corrected to the metabolism and body 

surface area of rats [44]. At the eighth follow-up week, cardiac morphology and function 

were assessed by transthoracic echocardiography (Figure 2). At the 9th follow-up week, 

rats were anesthetized with sodium pentobarbital (Euthasol, ip. 40 mg/kg Produlab 

Pharma b.v., Raamsdonksveer, The Netherlands), and invasive blood pressure 

measurement was performed (Figure 2). Then blood was collected from the abdominal 

aorta to measure routine laboratory parameters on cardiovascular risk factors and kidney 

function (Figure 2). After the blood sampling, hearts, lungs, and tibias were isolated, and 

the blood was washed out from the heart in calcium-free Krebs-Henseleit solution. Then 

left and right ventricles were separated, measured, and LV samples were prepared for 

histology and biochemical measurements. The development of chronic cardiotoxicity and 

LV fibrosis in the DOXO groups were checked by the measurement of cardiomyocyte 

cross-sectional areas on hematoxylin-eosin (HE)-stained slides and picrosirius red and 

fast green-stained (PSFG) slides (Figure 2). Total RNA was isolated from the left 

ventricles, and the expressions of genes associated with fibrosis (i.e., connective tissue 

growth factor [Ctgf], transforming growth factor-beta [Tgfb], Smad2, Smad3, collagen 

type 1a1 [Col1a1]), cardiac remodeling (i.e., matrix metalloproteases 2 and 9 [Mmp2, 

Mmp9]), heart failure, (i.e., natriuretic peptides A and B [Nppa and Nppb]), RAAS-

associated (i.e., chymase [Cma], angiotensinogen [Agt], and angiotensin II type 1 receptor 

[Agtr1]), apoptosis (B-Cell CLL/lymphoma 2 apoptosis regulator [Bax] and BCL2-

associated X apoptosis regulator [Bcl2]), inflammation (i.e., Il1, Il6, and tumor necrosis 

factor alpha [Tnf]) and nitro-oxidative stress (nitric oxide synthases 2 and 3 [Nos2, and 

Nos3, superoxide dysmutases 1, 2 and 3 [Sod1, Sod2, and Sod3], NADPH-oxidase 4 

(Nox4) and catalase [Cat]) were measured at the transcript level by qRT-PCR at week 9 

(Figure 2). Moreover, LV protein levels of SERCA2a, β3AR, eNOS, phospho-eNOS (p-
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eNOS), and transforming growth factor-β receptor II (TGFβRII) were measured using 

Western blot technique at week 9. 

 

 

 

Figure 2 Experimental protocol. Male Wistar rats (n = 50, 350–400 g) were divided into one control and 
four doxorubicin (DOXO)-treated groups (ip. 1.5 mg/kg in 6 cycles; cumulative dose: 9 mg/kg). From the 
5th week after the last cycle of DOXO administration, rats were treated via oral gavage daily until the end 
of the experiments as follows: (i) control group treated with tap water (n = 8, per os 2 mL/kg/day), (ii) 
DOXO-only group treated with tap water (n = 11, per os 2 mL/kg/day), (iii) DOXO group treated with 
losartan (L, per os 20 mg/kg/day, n = 10) dissolved in tap water, iv) DOXO group treated with mirabegron 
(M, per os 30 mg/kg/day, n = 10) dissolved in tap water, and (v) DOXO group treated with the combination 
of losartan (per os 20 mg/kg/day) and mirabegron (per os 30 mg/kg/day) dissolved in tap water (n = 11, 2 
mL/kg/day). Cardiac morphology and function were assessed by transthoracic echocardiography (Echo) at 
weeks 4 and 8 under isoflurane anesthesia. At week 9, an invasive blood pressure (BP) measurement was 
performed under pentobarbital anesthesia, then blood was collected from the abdominal aorta to measure 
routine laboratory parameters, and hearts, lungs, and tibias were isolated. Left and right ventricles were 
separated and LV samples were prepared for histology, qRT-PCR, and Western blot (WB) measurements. 
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3.4. Transthoracic echocardiography 

Cardiac morphology and function were assessed by transthoracic echocardiography as 

described previously [32,47,48] at weeks 4 and 8 to monitor the development of DOXO-

induced chronic cardiotoxicity. Rats were anesthetized with 2 % isoflurane (Forane, 

Aesica, Queenborough Limited, Queenborough, UK). Two-dimensional, M-mode, 

Doppler, tissue Doppler, and four chamber-view images were performed by the criteria 

of the American Society of Echocardiography with a Vivid IQ ultrasound system 

(General Electric Medical Systems, New York, NY, USA) using a phased array 5–11 

MHz transducer (General Electric 12S-RS probe, General Electric Medical Systems, New 

York, NY, USA). Data of three consecutive heart cycles were analyzed (EchoPac 

Dimension v201, General Electric Medical Systems, USA; 

https://www.gehealthcare.com/products/ultrasound/vivid/echopac, accessed on 09 

January 2022) by an experienced investigator in a blinded manner. The mean values of 

three measurements were calculated and used for statistical evaluation. Systolic and 

diastolic wall thicknesses were obtained from parasternal short-axis view at the level of 

the papillary muscles (in cases of anterior and inferior walls) and long-axis view at the 

level of the mitral valve (in cases of septal and posterior walls). LV diameters were 

measured by means of M-mode echocardiography from the long-axis view between the 

endocardial borders. The fractional shortening (FS) and ejection fraction (EF) were 

calculated on M-mode images in the long-axis view using the Teichholz method. 

Diastolic function was assessed using pulse-wave Doppler across the mitral valve and 

tissue Doppler on the septal mitral annulus from the apical four-chamber view. Early (E) 

flow and septal mitral annulus velocity (e’) indicate diastolic function. Isovolumetric 

relaxation time and isovolumic contraction time were measured in the pulse wave 

Doppler images. 

 

3.5. Blood pressure measurement  

To measure arterial blood pressure, a PE50 polyethylene catheter (Cole-Parmer, Vernon 

Hills, IL, USA) was inserted into the left femoral artery at week 9 under pentobarbital 

anesthesia (Euthasol, Produlab Pharma B.V., Raamsdonksveer, The Netherlands; ip. 40 

mg/kg) as described previously [32]. Blood pressure measurements were performed 

between 09:00 and 14:00 h. 
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3.6. Blood serum parameters 

At week 9, serum carbamide and creatinine levels were measured to assess renal function. 

Serum carbamide and creatinine levels were quantified by kinetic UV method using 

urease and glutamate dehydrogenase enzymes and Jaffe method, respectively. All 

reagents and instruments for the serum parameter measurements were from Roche 

Diagnostics (Hoffmann-La Roche Ltd., Basel, Switzerland), as described previously 

[32,47,49,50]. Cardiovascular risk factors, including serum cholesterol and triglyceride 

levels, were measured by Roche Cobas 8000 analyzer system using enzymatic 

colorimetric assays from Roche (Hoffmann-La Roche Ltd., Basel, Switzerland) [32]. 

 

3.7. Tissue harvesting 

At week 9, the hearts of the animals were isolated under pentobarbital anesthesia 

(Euthasol, ip. 40 mg/kg, Produlab Pharma b.v., Raamsdonksveer, The Netherlands), and 

the blood was washed out in calcium-free Krebs-Henseleit solution. Then the hearts were 

weighed, left and right ventricles were separated and weighed, and the cross-sections of 

the left ventricles at the ring of the papillae were cut and fixed in 4 % buffered formalin 

for histological analysis. Other parts of the left ventricles were freshly frozen in liquid 

nitrogen and stored at −80 °C until further biochemical measurements. Body weight, tibia 

length, and weights of the lungs were also measured. 

 

3.8. Hematoxylin-eosin and picrosirius red and fast green stainings 

Five μm thick transverse cut sections of the formalin-fixed and paraffin-embedded sub-

valvular LV areas were stained with HE or PSFG as described previously [47,50]. 

Histological slides were scanned with a Pannoramic Midi II scanner (3D-Histech, 

Budapest, Hungary). Representative HE and PSFG-stained slides were captured in 

Panoramic Viewer 1.15.4 (3D-Histech, Budapest, Hungary; 

https://old.3dhistech.com/pannoramic_viewer, accessed on 9 January 2022). 

On the digital HE images, cardiomyocyte cross-sectional areas were measured to assess 

the ventricular wall thinning at the cellular level. For the evaluation, Biology Image 

Analysis Software (BIAS) was used [32,48]. BIAS (internal built, dated December 2019; 

https://single-cell-technologies.com/bias/, accessed on 9 January 2022) is developed by 

Single-Cell Technologies Ltd., Szeged, Hungary, and the first publicly available version 

is expected to be released in 2022. Image preprocessing was followed by deep learning-

based cytoplasm segmentation. User-selected objects were forwarded to the feature 
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extraction module, configurable to extract properties from the selected cell components. 

Transverse transnuclear cardiomyocyte perimeters were measured in 100 (consecutive) 

cardiomyocytes selected on the basis of longitudinal orientation and mononucleation 

from a single cut surface (digitalized histological slide) of the LV tissue blocks. 

Cardiac fibrosis was assessed on PSFG slides with an in-house developed program 

[51,52]. This program determines the proportion of red pixels of heart sections using two 

simple color filters. For each red–green–blue (RGB) pixel, the program calculates the 

color of the pixel in hue–saturation–luminance (HSL) color space. The first filter is used 

for detecting red portions of the image. The second filter excludes any white (empty) or 

light grey (residual dirt on the slide) pixels from further processing using a simple RGB 

threshold. In this way, the program groups each pixel into one of two sets: pixels 

considered red and pixels considered green but neither white nor grey. Red pixels in the 

first set represent collagen content and fibrosis. Green pixels in the second set correspond 

to cardiac muscle. The mean values of 10 representative images were calculated and used 

for statistical evaluation for each LV slide. Medium-size vessels and their perivascular 

connective tissue sheet, the subepicardial and subendocardial areas were avoided as much 

as possible. 

 

3.9. mRNA expression profiling by qRT-PCR 

Quantitative RT-PCR was performed with gene-specific primers to monitor mRNA 

expression as described previously [32,48]. Briefly, RNA was isolated using Qiagen 

RNeasy Fibrous Tissue Mini Kit (Qiagen, Hilden, Germany) from heart tissue. Then, 100 

μg of total RNA was reverse transcribed using iScript™ cDNA Synthesis Kit (BioRad 

Laboratories Inc., Hercules, CA, USA). Specific primers (Agt: angiotensinogen, #qRno-

CED0051666; Agtr1: angiotensin II receptor type 1, #qRnoCID0052626; Bax: BCL2-

associated X apoptosis regulator, #qRnoCED0002625; Bcl2: B-Cell CLL/lymphoma 2 

apoptosis regulator, #qRnoCED0006419; Cat: catalase, #qRnoCID0006360; Cma1: 

chymase, #qRnoCED0005462; Col1a1: collagen type 1 alpha 1 chain, 

#qRnoCED0007857; Ctgf: connective tissue growth factor, #qRnoCED0001593; Il1: 

interleukin-1, #qRno-CID0002056; Il6: interleukin-6, #qRnoCID0053166; Mmp2: 

matrix metalloproteinase 2, #qRnoCID0002887; Mmp9: matrix metalloproteinase 9, 

#qRnoCED0001183; Nos2: inducible nitric oxide synthase, #qRnoCID0017722; Nox4: 

NADPH-oxidase type 4, #qRnoCID0003969; Nppa: A-type natriuretic peptide, #qRno-

CED0006216, Nppb: B-type natriuretic peptide, #qRnoCED0001541; Smad2, mothers 
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against decapentaplegic homolog 2, #qRnoCID0005549; Smad3: mothers against 

decapentaplegic homolog 3, #qRnoCID0004164; Sod1: Cu/Zn superoxide dismutase 

(soluble) #qRnoCID0051055; Sod2: Mn superoxide dismutase (mitochondrial), #qRno-

CID0008099; Sod3: Cu/Zn superoxide dismutase (extracellular), #qRnoCID0006360; 

Tgfb: transforming growth factor-β, #qRnoCID0009191, Tnf: tumor necrosis factor-α, 

#qRnoCED0009117) and SsoAdvanced™ Universal SYBR® Green Supermix (BioRad 

Laboratories Inc., Hercules, CA, USA) were used according to the manufacturer’s 

instructions. Peptidylprolyl isomerase A (Ppia, forward primer sequence: 

tgctggaccaaacacaaatg and reverse primer sequence: caccttcccaaagaccacat) was used as 

a house-keeping control gene for normalization. 

 

3.10. Western blot 

To investigate gene expression changes at the protein level, a standard fluorescent 

Western blot technique was used as described previously [32,47,48]. TGFβRII (85 kDa) 

with glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 37 kDa) loading background 

and SERCA2a (114 kDa), β3AR (44 kDa), eNOS (140 kDa), and p-eNOS (140 kDa) with 

α-tubulin (52 kDa) loading background were assessed at week 9. LV samples (n = 5–6 in 

each group, total n = 28) were homogenized with an ultrasonicator (UP100H, Hielscher, 

Germany) in Radio-Immunoprecipitation Assay (RIPA) buffer (50 mM Tris-HCl (pH 

8.0), 150 mM NaCl, 0.5 % sodium deoxycholate, 5 mM EDTA, 0.1 % sodium dodecyl 

sulfate, 1 % NP-40; Cell Signaling Technology Inc., Danvers, MA, USA) supplemented 

with phenylmethanesulfonyl fluoride (PMSF; Sigma-Aldrich, St. Louis, MO, USA) and 

sodium fluoride (NaF; Sigma-Aldrich, Saint Louis, MO, USA). The crude homogenates 

were centrifuged at 15,000× g for 30 min at 4 °C. After quantifying the supernatants’ 

protein concentrations using the BCA Protein Assay Kit (Pierce Thermo Fisher Scientific 

Inc., Waltham, MA USA), 25 μg of reduced and denaturized protein was loaded. Then, 

sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE, 50 V, 4 h) was 

performed (6 % gel in case of eNOS, p-eNOS, and SERCA2a, 10 % gel in case of β3AR, 

and 12 % gel in case of TGFβRII) followed by the transfer of proteins onto a 

nitrocellulose membrane (10 % methanol in case of eNOS, p-eNOS, SERCA2a, and 

TGFβRII and 20 % methanol in case of β3AR, 35 V, 2 h). The efficacy of transfer was 

checked using Ponceau staining. The membranes were cut horizontally into parts 

corresponding to the molecular weights of eNOS, p-eNOS, SERCA2a, β3AR, TGFβRII, 
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GAPDH, and α-tubulin. Membranes were blocked for 1 h in 5 % (w/v) bovine serum 

albumin (BSA, Sigma-Aldrich, St. Louis, MO, USA) and were incubated with primary 

antibodies in the concentrations of 1:1000 against eNOS (#32027S, Cell Signaling 

Technology Inc., Danvers, MA, USA), SERCA2a (#4388S, Cell Signaling Technology 

Inc., Danvers, MA, USA), TGFβRII (#79424T, Cell Signaling Technology Inc., Danvers, 

MA, USA) and α-tubulin (#2144S, Cell Signaling Technology Inc., Danvers, MA, USA) 

or 1:5000 against GAPDH (#2118, Cell Signaling Technology Inc., Danvers, MA, USA) 

or 1:500 against p-eNOS (Ser1177, #9570S, Cell Signaling Technology Inc., Danvers, 

MA, USA) and β3AR (AB101095, Abcam PLC, Cambridge, UK) overnight at 4 °C in 5 

% BSA. Then, the membranes were incubated with IRDye® 800CW Goat Anti-Rabbit 

secondary antibody (LI-COR Biosciences, Lincoln, NE, USA, in the concentrations of 

1:20,000 in the case of TGFβRII and 1:5000 in the cases of the other investigated 

proteins) for 1 h at room temperature in 5 % BSA antibodies to detect proteins. 

Fluorescent signals were detected by Odyssey CLx machine (LI-COR Biosciences, 

Lincoln, NE, USA), and digital images were analyzed and evaluated by Quantity One 

Software (Bio-Rad Laboratories Inc., Hercules, CA, USA).  

 

3.11. Statistical analysis 

Statistical analysis was performed using Sigmaplot 14.0 for Windows (Systat Software 

Inc., San Jose, CA, USA). All values are presented as mean ± SEM. p < 0.05 was accepted 

as a statistically significant difference. The corresponding table or figure legend describes 

specific sample numbers and statistical tests used for measurements. The normal 

distribution of the data was checked by the Shapiro-Wilk normality test. In the case of 

normal distribution, One-Way ANOVA was used to determine the statistical significance 

between the measured parameters. If the normality test failed, the statistical program 

started Kruskal–Wallis test by ranks (i.e., ANOVA on ranks) automatically. In cases of 

significant differences between the groups, the Holm-Sidak test was used as a post hoc 

test. 
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4. Results 

4.1. Mortality in the DOXO-treated groups 

Altogether 9 animals died in the DOXO groups (n = 1 in the DOXO-only group at week 

4, n = 2 in the losartan treated DOXO group [1 animal at week 4 before the start of losartan 

treatment and 1 animal 1 day before the termination at week 9], n = 4 in the mirabegron-

treated DOXO group [1 animal was excluded and terminated earlier due to its poor 

echocardiographic result and body weight at week 4, 1 animal before the start of 

mirabegron treatment due to abdominal ulceration at week 4 and 2 animals during the 

mirabegron treatment at weeks 7 and 8], and n = 2 in the losartan plus mirabegron-treated 

DOXO group [1 animal was excluded and terminated earlier due to its poor 

echocardiographic results at week 4 and 1 animal during the losartan plus mirabegron 

treatment at week 6]). 

 

4.2. Early echocardiographic signs of DOXO-induced systolic 

dysfunction 

Echocardiography was performed at week 4 to assess the effects of DOXO on cardiac 

morphology and function before starting the treatments with losartan, mirabegron, and 

their combination (Figure 2, Table 1). There were no significant differences in most of 

the measured morphologic and functional parameters between the DOXO and control 

groups (Table 1). Only the left ventricular end-systolic diameter (LVESD) was 

significantly higher in the DOXO groups compared to the control group indicating an 

early sign of DOXO-induced chronic cardiotoxicity assessed by echocardiography (Table 

1). Additionally, FS, diastolic septal wall thickness, and systolic anterior wall thickness 

showed a statistically non-significant decrease in the DOXO groups compared to the 

control group (Table 1). 
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Parameter 

(unit) 

Groups 

Control DOXO DOXO + L DOXO + M DOXO + L + M 

SWTs (mm) 3.57 ± 0.06 3.43 ± 0.09 3.35 ± 0.19 3.53 ± 0.15 3.34 ± 0.16 

SWTd (mm) 2.17 ± 0.04 1.92 ± 0.09 1.90 ± 0.09 1.99 ± 0.09 1.98 ± 0.14 

PWTs (mm) 3.1 ± 0.11 2.82 ± 0.10 2.97 ± 0.15 3.16 ± 0.12 3.09 ± 0.10 

PWTd (mm) 1.76 ± 0.05 1.73 ± 0.09 1.86 ± 0.07 1.91 ± 0.05 1.83 ± 0.02 

AWTs (mm) 3.34 ± 0.11 3.05 ± 0.13 3.09 ± 0.15 3.21 ± 0.16 3.04 ± 0.12 

AWTd (mm) 2.01 ± 0.08 1.84 ± 0.08 1.84 ± 0.09 1.88 ± 0.07 1.82 ± 0.09 

IWTs (mm) 3.09 ± 0.1 2.88 ± 0.17 2.93 ± 0.11 3.01 ± 0.23 2.97 ± 0.07 

IWTd (mm) 1.81 ± 0.07 1.85 ± 0.15 1.81 ± 0.1 1.94 ± 0.13 1.86 ± 0.08 

LVEDD (mm) 7.02 ± 0.26 7.07 ± 0.21 7.10 ± 0.19 6.72 ± 0.24 6.86 ± 0.31 

LVESD (mm) 3.04 ± 0.17 3.55 ± 0.23 * 3.62 ± 0.25 * 3.41 ± 0.08 * 3.43 ± 0.31 * 

FS (%) 57 ± 1 50 ± 2 49 ± 3 53 ± 2 51 ± 3 

EF (%) 90 ± 1 85 ± 1 84 ± 3 88 ± 1 86 ± 2 

E (m/s) 0.90 ± 0.04 0.92 ± 0.06 0.93 ± 0.02 0.91 ± 0.08 0.92 ± 0.05 

e’ (m/s) 0.089 ± 0.009 0.076 ± 0.008 0.066 ± 0.007 0.064 ± 0.009 0.085 ± 0.014 

E/e’ 10 ± 2 13 ± 1 15 ± 2 15 ± 3 13 ± 3 

IVRT (ms) 17 ± 0.64 18 ± 0.81 16 ± 0.65 16 ± 0.95 17 ± 0.7 

IVCT (ms) 16 ± 0.67 15 ± 0.67 15 ± 0.47 16 ± 0.99 15 ± 0.78 

HR (1/min) 365 ± 9 368 ± 9 363 ± 11 382 ± 15 381 ± 7 

 

Table 1 Effects of DOXO on cardiac morphology and function assessed by transthoracic echocardiography before starting the treatments with losartan, mirabegron, and their 
combination at week 4. Values are presented as mean ± S.E.M., *p < 0.05 vs. control group (n = 8–9, ANOVA on ranks in cases of IWTd, PWTd, E, e’, and E/e’, and One-Way 
ANOVA for the other parameters, Holm-Sidak post hoc test). AWT: anterior wall thickness, d: diastole, DOXO: doxorubicin, E-velocity: early ventricular filling velocity, e’-
velocity: diastolic septal mitral annulus velocity, EF: ejection fraction, FS: fractional shortening, HR: heart rate, IVCT: isovolumic relaxation time, IVRT: isovolumic contraction 
time, IWT: inferior wall thickness, L: losartan, LVEDD: left ventricular end-diastolic diameter, LVESD: left ventricular end-systolic diameter, M: mirabegron, PWT: posterior 
wall thickness, s: systole, SWT: septal wall thickness. 
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4.3. Effects of losartan, mirabegron, and their combination on routine 

laboratory and clinical parameters in our DOXO-induced chronic 

cardiotoxicity model  

There was no significant difference in the body weight before the start of the DOXO 

administration between the groups (Table 2). After the last cycle of DOXO administration 

(i.e., week 0, Figure 2), the body weight was significantly lower of the DOXO-treated 

animals compared to the controls (Table 2). Nine weeks after the last cycle of DOXO 

administration, the body weight was significantly lower in the DOXO groups compared 

to the control group irrespective of treatments with losartan, mirabegron, or their 

combination (Table 2).  

At week 9, there was no significant difference in routine renal functional parameters, 

including serum carbamide and creatinine levels, between the groups (Table 2). At week 

9, serum cholesterol and triglyceride levels, and blood pressure were measured as 

cardiovascular risk factors. Interestingly, serum cholesterol levels were significantly 

higher in all DOXO groups, irrespective of treatments (Table 1). Notably, serum 

cholesterol levels showed a decreasing trend in response to losartan (p = 0.07) and 

mirabegron (p = 0.08) compared to the DOXO-only group (Table 2). Serum triglyceride 

levels were significantly higher in the DOXO-only group compared to the control group 

(Table 2). Mirabegron significantly reduced the serum triglyceride level compared to the 

DOXO-only group. However, losartan or the combination treatment failed to markedly 

improve the serum triglyceride levels compared to the DOXO-only group (Table 2). 

There were no significant differences in the systolic, diastolic, and mean arterial blood 

pressure values between the DOXO-only and the control groups (Table 2). Due to its 

antihypertensive effects, losartan markedly decreased the systolic, diastolic, and mean 

arterial blood pressure compared to the values of the control or the DOXO-only groups 

(Table 2). Mirabegron did not significantly change the blood pressure parameters 

compared to the control or DOXO-only groups (Table 2). Notably, the combination 

treatment showed a trend toward a decrease in the systolic (p = 0.13), diastolic (p = 0.08), 

and mean (p = 0.07) arterial blood pressure compared to the DOXO-only group (Table 

2).
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Parameter (unit) 
Groups 

Control DOXO DOXO + L DOXO + M DOXO + L + M 

Body weight before DOXO (g) 362 ± 10 357 ± 8 360 ± 11 364 ± 9 358 ± 9 

Body weight after DOXO at week 0 (g) 394 ± 8 353 ± 11 * 355 ± 9 * 367 ± 9 * 363 ± 9 * 

Body weight at week 9 (g) 451 ± 7 372 ± 19 * 360 ± 13 * 351 ± 18 * 379 ± 11 * 

Serum carbamide (mmol/L) 7.76 ± 0.53 9.07 ± 0.80 7.93 ± 0.74 9.66 ± 1.82 9.23 ± 1.03 

Serum creatinine (μmol/L) 36 ± 1.91 36 ± 3.59 35 ± 2.17 32 ± 3.44 27 ± 1.96 

Serum cholesterol (mmol/L) 1.75 ± 0.07 8.91 ± 1.08 * 6.14 ± 0.93 * 6.01 ± 1.07 * 6.96 ± 1.20 * 

Serum triglyceride (mmol/L) 0.69 ± 0.06 2.94 ± 0.30 * 2.71 ± 0.50 * 1.19 ± 0.30 # 1.79 ± 0.24 * 

SBP (mmHg) 148 ± 5 146 ± 8 119 ± 5 *
#
 153 ± 8 128 ± 6 

DBP (mmHg) 108 ± 4 111 ± 5 79 ± 5 *
#
 116 ± 8 92 ± 4 

MBP (mmHg) 122 ± 4 123 ± 7 98 ± 4 *
#
 131 ± 8 106 ± 5 

 

Table 2 Effects of losartan, mirabegron, and their combination on routine laboratory and clinical parameters in our DOXO-induced chronic cardiotoxicity model. Values are 
presented as mean ± S.E.M., *p  <  0.05 vs. control group, # p  <  0.05 vs. DOXO-only group (n = 10–11 for body weight before and after DOXO administration, n = 6–9 for 
body weight and serum parameters at week 9, and n = 5–8 for blood pressure parameters at week 9, ANOVA on ranks in cases of serum carbamide and creatinine levels, and 
One-Way ANOVA for the other parameters, Holm-Sidak post hoc test). DOXO: doxorubicin, DBP: diastolic blood pressure, L: losartan, M: mirabegron, MBP: mean arterial 
blood pressure, SBP: systolic blood pressure. 
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4.4. Mirabegron and the combination treatment alleviated the 

echocardiographic signs of DOXO-induced chronic cardiotoxicity  

Echocardiography was performed at week 8 to assess the effects of losartan, mirabegron, 

and their combination on the DOXO-induced pathologic changes in cardiac morphology 

and function (Figures 3–4, Table 3).  

The systolic septal, posterior, anterior, inferior, and diastolic septal wall thicknesses were 

significantly smaller in the DOXO-only group compared to the control group (Figure 3a–

d, Table 3). There was no significant change in the left ventricular end-diastolic diameter 

(LVEDD); however, the LVESD was markedly increased in the DOXO-only group 

compared to the control group (Figure 3e,d). 

 

 

Figure 3 Effects of losartan, mirabegron, and their combination on morphological changes and systolic 

dysfunction in DOXO-induced chronic cardiotoxicity assessed by echocardiography at week 8. Values are 

presented as mean ± S.E.M., * p  <  0.05 vs. control group, # p  <  0.05 vs. DOXO-only group (n = 6–9, 

One-Way ANOVA, Holm-Sidak post hoc test). (a) Representative M-mode images, (b) systolic septal wall 

thickness (SWTs), (c) systolic inferior wall thickness (IWTs), (d) left ventricular end-systolic diameter 

(LVESD), (e) left ventricular end-diastolic diameter (LVEDD), (f) fractional shortening (FS), and (g) 

ejection fraction (EF). DOXO: doxorubicin, L: losartan, M: mirabegron.
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Parameter 

(unit) 

Groups 

Control DOXO DOXO + L DOXO + M DOXO + L + M 

SWTd (mm) 2.10 ± 0.04 1.69 ± 0.09 * 1.76 ± 0.1 2.32 ± 0.25 # 1.83 ± 0.1 

PWTs (mm) 3.10 ± 0.09 2.52 ± 0.13 * 2.79 ± 0.18 3.01 ± 0.22 2.72 ± 0.18 

PWTd (mm) 1.79 ± 0.12 1.69 ± 0.11 1.90 ± 0.10 1.92 ± 0.12 1.67 ± 0.13 

AWTs (mm) 3.04 ± 0.10 2.57 ± 0.12 * 2.61 ± 0.19 * 3.21 ± 0.17 # 3.31 ± 0.22 # 

AWTd (mm) 1.71 ± 0.07 1.60 ± 0.06 1.63 ± 0.16 2.03 ± 0.16 # 2.02 ± 0.14 # 

IWTd (mm) 1.75 ± 0.07 1.57 ± 0.13 1.65 ± 0.1 1.84 ± 0.16 1.64 ± 0.1 

IVCT (ms) 16 ± 2 21 ± 1 * 16 ± 1 # 18 ± 2 20 ± 1 

HR (1/min) 371 ± 11 347 ± 12 349 ± 15 343 ± 12 335 ± 10 # 

 

Table 3 Effects of losartan, mirabegron, and their combination on DOXO-induced cardiac morphologic and functional changes assessed by echocardiography at week 8. Values 
are presented as mean ± S.E.M., *p  <  0.05 vs. control group, #p  <  0.05 vs. DOXO-only group (n = 8–9, ANOVA on ranks in cases of PWTd and IVCT, and One-Way 
ANOVA for the other parameters, Holm-Sidak post hoc test). AWT: anterior wall thickness, d: diastole, DOXO: doxorubicin, HR: heart rate, IVCT: isovolumic contraction 
time, IWT: inferior wall thickness, L: losartan, M: mirabegron, PWT: posterior wall thickness, s: systole, SWT: septal wall thickness. 
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Consequently, FS and EF were significantly reduced in the DOXO-only group compared 

to the control group, indicating the development of systolic dysfunction in response to 

DOXO (Figure 3, Table 3). Additionally, another systolic parameter, the isovolumic 

contraction time (IVCT), was significantly prolonged in the DOXO-only group compared 

to the control group (Table 3). There were no significant differences in the diastolic 

posterior, anterior and inferior wall thicknesses between the DOXO-only and control 

groups. Notably, the heart rate (HR) tended to decrease (p = 0.07) in the DOXO-only 

group compared to the control group (Table 3). 

Comparing the losartan-treated DOXO-group to the control group, the systolic septal and 

anterior wall thicknesses, FS, and EF were significantly reduced, and the LVESD was 

significantly increased, similar to the results of the DOXO-only group (Table 3, Figure 

3). It should be mentioned that the IVCT was significantly reduced by losartan compared 

to the DOXO-only group (Table 2). There were no significant differences in the diastolic 

septal, posterior, anterior, and systolic posterior and inferior wall thicknesses, LVEDD, 

and HR between the losartan-treated DOXO and DOXO-only or control groups (Table 3, 

Figure 3). 

In response to mirabegron, the systolic septal, anterior and inferior wall thicknesses were 

significantly increased compared to those in the DOXO-only group (Table 3, Figure 3). 

Accordingly, there were no significant differences in the LVESD, FS, EF, and IVCT 

between the mirabegron-treated DOXO and control groups (Table 3, Figure 3). In 

response to mirabegron, the HR and the other measured wall thicknesses were not 

significantly different from those in the DOXO-only or control groups (Table 3). 

In the losartan plus mirabegron-treated DOXO group, there were no significant 

differences in most wall thicknesses, LVESD, LVEDD, FS, EF, and IVCT compared to 

the control group or the DOXO-only group (Table 3, Figure 3). However, it should be 

mentioned that FS and EF showed decreasing tendencies (p = 0.13 and p = 0.14, 

respectively) in the losartan plus mirabegron-treated group compared to the control group. 

Accordingly, the IVCT showed a tendency of increase in the losartan plus mirabegron-

treated group compared to the control group (p = 0.06 using unpaired t-test). Notably, 

systolic inferior wall thickness and HR were significantly reduced, and the systolic 

posterior and diastolic septal wall thicknesses showed a tendency of decrease in the 

losartan plus mirabegron-treated DOXO group compared to those in the control group 

(Table 3, Figure 3). 
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In the DOXO-only group, the septal mitral annulus velocity e’ was significantly smaller, 

and the early flow velocity E was unchanged, leading to markedly higher E/e’ compared 

to those of the control group, indicating diastolic dysfunction (Figure 4a–d). Another 

diastolic function parameter, the isovolumic relaxation time (IVRT), was significantly 

prolonged in the DOXO-only group compared to the control group (Figure 4e). 

 

 

Figure 4 Effects of losartan, mirabegron, and their combination on diastolic dysfunction in DOXO-induced 

chronic cardiotoxicity assessed by echocardiography at week 8. Values are presented as mean ± S.E.M., 

*p  <  0.05 vs. control group, #p  <  0.05 vs. DOXO-only group (n = 6–9, One-Way ANOVA or ANOVA 

on ranks in the case of E/e’, Holm-Sidak post hoc test). (a) representative pulse wave Doppler (PWD) and 

tissue Doppler (TD) images, (b) mitral valve early flow velocity (E) to septal mitral annulus velocity (e’) 

ratio (E/e’), (c) mitral valve early flow velocity (E), (d) septal mitral annulus velocity (e’), and (e) 

isovolumic relaxation time (IVRT). DOXO: doxorubicin, L: losartan, M: mirabegron. 

In response to losartan, the E, e’, and their ratio were not significantly different from those 

of the control or DOXO-only groups (Figure 4a–d). Notably, losartan significantly 

reduced the IVRT compared to the DOXO-only group (Figure 4e). The treatment by 

mirabegron did not affect the E significantly, whereas it markedly increased the e’ and 

reduced the E/e’ compared to the values of the DOXO-only group (Figure 4e). In contrast, 

the IVRT remained significantly longer in the mirabegron-treated DOXO group than in 

the control group (Figure 4e). In response to losartan plus mirabegron treatment, E was 

markedly reduced compared to the control group (Figure 4a,c). The treatment by losartan 
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plus mirabegron significantly increased the e’ and reduced the E/e’ compared to the 

values of the DOXO-only group (Figure 4b,d). The IVRT was not significantly different 

between the losartan plus mirabegron-treated DOXO groups and the control or DOXO-

only groups (Figure 4e). 

 

4.5. Mirabegron alleviated the DOXO-indued heart weight loss  

At weeks 9, hearts, lungs, and tibias were isolated, then left and right ventricles were 

separated, and the organ weights and tibia lengths were measured (Table 4). Tibia lengths 

were not significantly different between the groups (Table 4). However, the tibia lengths 

in the DOXO-only (p = 0.081) and losartan-treated DOXO groups (p = 0.065) showed a 

trend to a decrease compared to the control group (Table 4). Heart weight, as well as left 

and right ventricular weights, were significantly lower in the DOXO-only group 

compared to those of the control group (Table 4). Right ventricular weight was not 

significantly different between the losartan-treated DOXO and control groups (Table 4). 

In response to losartan, the heart weight and LV weight remained significantly smaller as 

compared to those of the control group (Table 4). In response to mirabegron, heart weight, 

as well as left and right ventricular weights, were not markedly different from the values 

of the control group (Table 4). In contrast, the combination of losartan and mirabegron 

resulted in significantly smaller heart weights and left and right ventricular weights than 

those of the control group (Table 4). Lung weight showed a decreasing trend in the 

DOXO-only group compared to the control group (p = 0.13). Lung weights in the DOXO 

groups treated with losartan, mirabegron and their combination were not significantly 

different from those of the control group (Table 4). 
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Parameter (unit) 
Groups 

Control DOXO DOXO + L DOXO + M DOXO + L + M 

Tibia length (cm) 4.13 ± 0.02 4.06 ± 0.03 4.04 ± 0.04 4.07 ± 0.05 4.09 ± 0.03 

Heart weight (mg) 1167 ± 20 972 ± 43 * 989 ± 52 * 1076 ± 75 1011 ± 27 * 

LV weight (mg) 838 ± 15 693 ± 31 * 690 ± 36 * 768 ± 55 698 ± 22 * 

RV weight (mg) 218 ± 12 178 ± 12 * 190 ± 17 181 ± 14 184 ± 4 * 

Lung weight (mg) 1581 ± 29 1497 ± 44 1615 ± 60 1665 ± 106 1684 ± 52 

 

Table 4 Effects of losartan, mirabegron, and their combination on tibia length, heart, and lung weights in our DOXO-induced chronic cardiotoxicity model at week 9. Values 
are presented as mean ± S.E.M., *p  <  0.05 vs. control group (n = 6–9, ANOVA on ranks in the cases of heart and RV weights, and One-Way ANOVA for the other parameters, 
Holm-Sidak post hoc test). L: losartan, LV: left ventricle, M: mirabegron, RV: right ventricle.
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4.6. Only mirabegron reduced the DOXO-induced cardiac fibrosis 

significantly  

To characterize the potential anti-remodeling effects of losartan, mirabegron, or their 

combination in DOXO-induced cardiotoxicity, cardiomyocyte cross-sectional areas were 

measured on hematoxylin-eosin-stained sections, and fibrosis was quantified on 

picrosirius red and fast green-stained sections (Figure 5a–d). 

There was no significant difference in the cardiomyocyte cross-sectional areas between 

the DOXO-only and control groups (Figure 5a,b). Interestingly, losartan significantly 

reduced the cardiomyocyte cross-sectional areas compared to the control group (Figure 

5a,b). Mirabegron and the combination of losartan and mirabegron did not significantly 

affect the cross-sectional areas compared to those of the control or DOXO-only groups 

(Figure 5a,b). 

 

Figure 5 Effects of losartan, mirabegron, and their combination on DOXO-induced histologic changes at 

week 9. Values are presented as mean ± S.E.M., *p  <  0.05 vs. control group, #p  <  0.05 vs. DOXO-only 

group (n = 6–9, One-Way ANOVA in the case of cardiomyocyte cross-sectional area and ANOVA on ranks 

in the case of LV collagen, Holm-Sidak post hoc test). (a) Representative hematoxylin-eosin (HE)-stained 

sections at 40x and 100x magnifications, (b) cardiomyocyte cross-sectional area, (c) representative 

picrosirius red and fast green (PSFG)-stained sections at 20x magnification, (d) Left ventricular (LV) 

collagen content. DOXO: doxorubicin, L: losartan, M: mirabegron. 
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In the DOXO-only group, the interstitial collagen content of the left ventricles was 

significantly increased compared to the control group, indicating the development of LV 

fibrosis (Figure 5c,d). In response to mirabegron, the LV collagen content was 

significantly smaller compared to the DOXO-only group (Figure 5c,d). In response to 

losartan or the combination treatment, the LV collagen content was not significantly 

different from the control or the DOXO-only group (Figure 5c,d). Notably, the LV 

collagen content showed a trend to a decrease in response to losartan plus mirabegron 

compared to the DOXO-only group (p = 0.085, Figure 5c,d). 

LV expressions of the collagenases Mmp2 and Mmp9 were significantly increased in the 

DOXO-only group compared to the control group (Figure 6a,b). 

 

Figure 6 The effects of losartan, mirabegron, and their combination on LV expression of a) matrix 

metalloprotease-2 (Mmp2), b) matrix metalloprotease-9 (Mmp9), c) natriuretic peptide type A (Nppa), and 

d) natriuretic peptide type B (Nppb) at the mRNA level in our DOXO-induced chronic cardiotoxicity model 

at week 9. Values are presented as mean ± S.E.M., *p  <  0.05 vs. control group, #p  <  0.05 vs. DOXO-

only group (n = 5–9, One-Way ANOVA, Holm-Sidak post hoc test). DOXO: doxorubicin, L: losartan, M: 

mirabegron, Ppia: peptidylprolyl isomerase A (the housekeeping gene for normalization). 
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In response to losartan, the Mmp9 remained significantly overexpressed, and the Mmp2 

expression was not significantly different from the control group (Figure 6a,b). In 

response to mirabegron, Mmp2 and Mmp9 expressions were not markedly different from 

those of the control group (Figure 6a,b). The combination of losartan and mirabegron 

reduced the Mmp9 expression significantly and resulted in a decreasing tendency in 

Mmp2 expression compared to the DOXO-only group (Figure 6a,b). 

The HF markers Nppa and Nppb were significantly overexpressed in the DOXO-only 

group and remained significantly higher in the mirabegron-treated DOXO group 

compared to the control group (Figure 6c,d). Losartan significantly reduced Nppa 

overexpression, and the combination of losartan plus mirabegron markedly decreased 

Nppb expression compared to the DOXO-only group (Figure 6c,d). 

The LV expression of the apoptotic marker Bax showed a trend to increase in the DOXO-

only group compared to the control group (p = 0.066) (Figure 7a). 

 
Figure 7 The effects of losartan, mirabegron, and their combination on LV expression of a) the apoptotic 

Bax, b) the antiapoptotic Bcl2, and c) their ratio at the mRNA level in our DOXO-induced chronic 

cardiotoxicity model at week 9. Values are presented as mean ± S.E.M., *p  <  0.05 vs. control group, #p  

<  0.05 vs. DOXO-only group (n = 5–9, One-Way ANOVA, Holm-Sidak post hoc test). Bax: BCL2-

associated X apoptosis regulator, Bcl2: B-Cell CLL/lymphoma 2 apoptosis regulator, DOXO: doxorubicin, 

L: losartan, M: mirabegron, Ppia: peptidylprolyl isomerase A (the house-keeping gene for normalization). 
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There was no significant difference in the Bax expression between the control and the 

losartan, mirabegron, or losartan plus mirabegron-treated DOXO groups (Figure 7a). 

There was no significant difference in the LV expression of the antiapoptotic Bcl2 

between the groups (Figure 7b). Interestingly, the Bax/Bcl2 ratio was significantly 

increased in the DOXO-only group compared to the control group (Figure 7c). Only 

mirabegron, but not losartan or the combination treatment, decreased the Bax/Bcl2 ratio 

significantly compared to the control group (Figure 7c). These findings are in accordance 

with the heart weight, LV weight, and fibrosis results (Table 4 and Figure 5).  

 

4.7. The Smad2/3 overexpression was ameliorated by all treatments in 

our DOXO-indued chronic cardiotoxicity model 

To further characterize the potential antiremodeling effects of losartan, mirabegron, and 

their combination, LV expression of several elements of the TGF-β/SMAD fibrotic 

pathway was measured at the transcript or the protein level in our DOXO-induced chronic 

cardiotoxicity model (Figure 8a–f). LV expressions of Ctgf, Tgfb, TGFβRII, Smad2, 

Smad3, and Col1a1 were significantly increased in the DOXO-only group compared to 

those of the control group (Figure 8a,c–f). 

There was no significant difference in the LV mRNA expression Tgfb between the groups 

(Figure 8b). In response to losartan, the LV expressions of Ctgf, TGFβRII, Smad3, and 

Col1a1 were not significantly different from those of the control group (Figure 8a,c,e,f). 

Moreover, the Smad2 overexpression was significantly decreased by losartan compared 

to the DOXO-only group (Figure 8d). In response to mirabegron, LV expressions of Ctgf 

and TGFβRII remained significantly higher than in the control group (Figure 8a,c). 

Smad2 and Smad3 overexpression were significantly reduced by mirabegron compared 

to the DOXO-only group (Figure 8d,e). There was no significant difference in the Col1a1 

expression between the mirabegron-treated DOXO and control groups (Figure 8f). In 

response to losartan plus mirabegron, the expressions of Ctgf, Tgfb, TGFβRII, and Col1a1 

were not significantly different from those of the control group (Figure 8a–c,f). In 

addition, the combination of losartan plus mirabegron significantly reduced the Smad2 

and Smad3 expressions compared to those of the DOXO-only group (Figure 8d,e). 
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Figure 8 The effects of losartan, mirabegron, and their combination on the LV expression of several 

elements of the TGF-β/SMAD fibrotic pathway in our DOXO-induced chronic cardiotoxicity model at 

week 9. (a) LV mRNA expressions of connective tissue growth factor (Ctgf) and (b) transforming growth 

factor-beta (Tgfb); (c) LV protein expression and cropped representative Western blot images of (c) 

transforming growth factor-beta receptor type II (TGFβRII); (d) LV mRNA expressions of mothers against 

decapentaplegic homolog 2 (Smad2); (e) mothers against decapentaplegic homolog 3 (Smad3), and (f) 

collagen 1a1 (Col1a1). Values are presented as mean ± S.E.M., *p  <  0.05 vs. control group, #p  <  0.05 

vs. DOXO-only group (n = 5–9 for qPCR and n = 5–6 for Western blot results, ANOVA on ranks in the 

cases of Tgfb and TGFβRII expressions, and One-Way ANOVA for the other parameters, Holm-Sidak post 

hoc test). DOXO: doxorubicin, GAPDH: glyceraldehyde 3-phosphate dehydrogenase (the loading control 

in Western blot measurements), L: losartan, M: mirabegron. Ppia: peptidylprolyl isomerase A was used as 

the housekeeping gene for normalization in qPCR measurements. Western blot images were captured with 

the Odyssey CLx machine and exported with Image Studio 5.2.5 software. 

 

4.8. Losartan ameliorated the DOXO-indued repression of SERCA2a   

Decreased SERCA2a expression and disturbed calcium homeostasis are related to 

impaired diastolic relaxation and reduced systolic function [53]. In our present study, the 

LV expression of the SERCA2a protein was significantly decreased in the DOXO-only 

group compared to the control group (Figure 9a). Losartan improved the LV SERCA2a 

repression compared to the DOXO-only group (Figure 9a). In cases of the mirabegron 

and the combination-treated groups, the SERCA2a expression showed a trend to decrease 

compared to the control group (p = 0.062 and p = 0.054, respectively) (Figure 9a). 
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Figure 9 Effects of losartan, mirabegron, and their combination on the LV expression of SERCA2a, β3AR, 

eNOS, and p-eNOS in DOXO-induced cardiotoxicity at week 9. LV expression and cropped representative 

images of (a) sarcoendoplasmic reticulum calcium ATPase 2a (SERCA2a); (b) beta-3 adrenoceptor 

(β3AR); (c) endothelial nitric oxide synthase (eNOS); (d) phospho-eNOS (p-eNOS), and (e) p-eNOS/eNOS 

ratio. Values are presented as mean ± S.E.M., *p  <  0.05 vs. control group, #p  <  0.05 vs. DOXO-only 

group (n = 5–6, ANOVA on ranks in the cases of SERCA2a and p-eNOS expressions, and One-Way 

ANOVA for the other parameters, Holm-Sidak post hoc test). Tubulin was used as a loading control. 

DOXO: doxorubicin, L: losartan, M: mirabegron. Images were captured with the Odyssey CLx machine 

and exported with Image Studio 5.2.5 software 

 
 

4.9. The left ventricular β3AR protein levels were decreased in all 

DOXO-treated groups 

Myocardial overexpression of the β3AR and dysfunction in the eNOS-mediated pathways 

were reported in HF of different etiologies [24]. In contrast, the β3AR protein level was 

significantly decreased in the DOXO-treated groups irrespective of treatments with 

losartan, mirabegron, and their combination, compared to the control group (Figure 9b). 

There were no significant differences in the eNOS and p-eNOS levels and the p-

eNOS/eNOS ratios among the groups (Figure 9c–e). 
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4.10. Left ventricular expression of the inducible nitric oxide synthase 

was increased in all DOXO-treated groups  

The LV expression of inducible (Nos2) nitric oxide synthase was measured at the 

transcript level by qPCR (Figure 10a). Inducible nitric oxide synthase (Nos2) and 

NADPH oxidase 4 (Nox4) are major sources of elevated nitro-oxidative stress in the heart 

[54].  

 

 
 

Figure 10 The effects of losartan, mirabegron, and their combination on LV expression of a) inducible 

nitric oxide synthase (Nos2), b) NADPH-oxidase 4 (Nox4), c) catalase (Cat), d) superoxide dismutase 1, 

cytoplasmic (Sod1), e) superoxide dismutase 2, mitochondrial (Sod2), and f) superoxide dismutase 3, 

extracellular (Sod3), at the mRNA level in DOXO-induced chronic cardiotoxicity at week 9. Values are 

presented as mean ± S.E.M., * p  <  0.05 vs. control group, #p  <  0.05 vs. DOXO-only group (n = 5–9, 

ANOVA on ranks in the cases of Nos2, Nox4, and Sod2 expressions, and One-Way ANOVA for the other 

parameters, Holm-Sidak post hoc test). DOXO: doxorubicin, L: losartan, M: mirabegron, Ppia: 

peptidylprolyl isomerase A was used as the house-keeping gene for normalization. 

 

Here, Nos2 was significantly overexpressed in all DOXO groups irrespective of 

treatments with losartan, mirabegron, and their combination (Figure 10a). There was no 

significant difference in the Nox4 expression at the mRNA level between the DOXO-only 

and the control groups. Losartan did not affect the Nox4 expression; however, mirabegron 

and the combination of losartan plus mirabegron markedly reduced the Nox4 expression 

compared to those of the control or DOXO-only groups (Figure 10b). The LV expression 
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of the hydrogen peroxide eliminating Cat was similar in the control, DOXO-only, and 

losartan-treated DOXO groups (Figure 10c). Notably, mirabegron resulted in a decreasing 

trend of Cat expression compared to the control group (Figure 10c). Moreover, the 

losartan plus mirabegron treatment significantly reduced the Cat expression compared to 

the values of the control or DOXO-only groups (Figure 10c). The LV expressions of the 

free radical eliminating superoxide dismutase isoforms (Sod1, Sod2, and Sod3) were also 

similar in the control, DOXO-only, and losartan-treated DOXO groups (Figure 10d-f). In 

response to mirabegron, the extracellular Sod3 isoform was repressed compared to the 

control group (Figure 10f). In response to losartan plus mirabegron, all Sod isoforms were 

repressed compared to the control group (Figure 10d-f).  

 

4.11. Both losartan and mirabegron ameliorated the left ventricular 

overexpression of inflammatory markers in our DOXO-induced chronic 

cardiotoxicity model 

Inflammatory processes triggered by the over-activation of RAAS are reported to be 

major contributors to the development of cardiac remodeling and fibrosis in HF [55]. In 

our DOXO-induced chronic cardiotoxicity model, there was no significant difference in 

the LV expression of Agt, Agtr1, and the alternative angiotensin II activator Cma between 

the DOXO-only and control groups (Figure 11a–c). Notably, the Agt (p = 0.095) and 

Agtr1 (p = 0.074) expressions showed trends towards decreasing in response to 

mirabegron and a significant reduction in response to losartan plus mirabegron compared 

to the control group (Figure 11a–c). The inflammatory markers Il1, Il6, and Tnf were 

significantly overexpressed in the DOXO-only group compared to those of the control 

group (Figure 11d–f). Losartan significantly reduced the overexpression of Il1 and Il6 

compared to the values of the DOXO-only group (Figure 11d–f). Mirabegron reduced the 

overexpression of all measured inflammatory markers compared to the DOXO-only 

group (Figure 11d–f). In response to losartan plus mirabegron, Il6 showed a decreasing 

tendency, whereas Il1 and Tnf expressions were not significantly different from those of 

the DOXO-only group (Figure 11d–f). 
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Figure 11  Effects of losartan, mirabegron, and their combination on the LV expression of selected elements 

of the tissue renin-angiotensin-aldosterone system and inflammatory markers in DOXO-induced 

cardiotoxicity at week 9. LV expressions of (a) chymase (Cma); (b) angiotensinogen (Agt); (c) angiotensin 

II receptor type 1 (Agtr1); (d) interleukin-1 (Il1); (e) interleukin-6 (Il6), and (f) tumor necrosis factor-alpha 

(Tnf). Values are presented as mean ± S.E.M., *p  <  0.05 vs. control group, #p  <  0.05 vs. DOXO-only 

group (n = 5–6, ANOVA on ranks in the cases of Il6 and Tnf expressions, and One-Way ANOVA for the 

other parameters, Holm-Sidak post hoc test). Peptidylprolyl isomerase A (Ppia) was used as the 

housekeeping gene for normalization DOXO: doxorubicin, L: losartan, M: mirabegron. 
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5. Discussion 

Here we report that mirabegron and its combination with losartan improved the systolic 

and diastolic dysfunction and reduced Smad2 and Smad3 overexpression in our DOXO-

induced chronic cardiotoxicity model. Only mirabegron improved the DOXO-induced 

LV fibrosis markedly. Losartan failed to ameliorate the systolic dysfunction; however, it 

improved the diastolic dysfunction and prevented the SERCA2a repression in our 

DOXO-induced cardiotoxicity model. LV overexpression of Il1b and Il6 was 

significantly reduced by losartan and mirabegron.  

Systolic and diastolic dysfunction resulting in heart failure are severe and well-known 

adverse effects of DOXO treatment [5,46]. In the present study, the mortality rate [39], 

echocardiographic parameters, HR [56,57], blood pressure [58,59], serum lipid [60,61], 

autopsy, and histologic findings in our DOXO-induced chronic cardiotoxicity model are 

consistent with the literature data on preclinical models [40]  and similar to those seen in 

tumor survivor patients treated with DOXO [3,5,46]. Among the nine animals that died 

in the DOXO groups, five rats died before the start of the treatments or should be excluded 

due to poor systolic function (EF < 40 %) assessed by echocardiography. During the 

treatments with losartan, mirabegron, and their combination, four animals died. These 

cases might be the consequences of DOXO treatment and not the side effects of the drugs 

administered in this study. To decide if the used drugs have severe side effects in DOXO-

induced cardiotoxicity, more parameters, including arrhythmias, should be tested in more 

doses and follow-up time points with higher sample numbers in the groups. 

In the cardio-oncology practice, secondary prevention of chemotherapy-induced chronic 

cardiotoxicity starts by using drugs applied in standard HF therapy when symptoms, 

increase in cardiac biomarkers, or systolic dysfunction develops [5,46]. In our present 

study, 4 weeks after the last DOXO cycle, early signs of systolic dysfunction (i.e., 

increased LVESD and decreased FS) were detected in the DOXO groups. Therefore, in 

our present study, treatments by losartan, mirabegron, and their combination started from 

week 5, mimicking the conventionally scheduled therapeutic regimens in chemotherapy-

induced cardiotoxicity in tumor survivor patients. It should be mentioned that cancer 

patients at increased risk for chronic cardiotoxicity, defined by a history or risk factors of 

CVDs, previous cardiotoxicity, or exposure to cardiotoxic agents, may benefit from 

primary preventive HF strategies when the HF medication starts during or before the 

chemotherapy [5,46]. Our present study might better mimic the clinical situation when 
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children or young adults without severe risk factors for CVDs are diagnosed with tumors 

and treated with DOXO.  

At the endpoint of our present study, the DOXO-induced LV wall thinning, systolic 

dysfunction, and cardiac fibrosis were associated with the overexpression of selected 

elements of the fibrotic TGF-β/SMAD signaling pathway (i.e., Ctgf, TGFβRII, Smad2, 

Smad3, and Col1a1) and molecular markers of apoptosis (i.e., Bax, and Bax/Bcl2 ratio), 

cardiac remodeling (i.e., Mmp2 and Mmp9), heart failure, (i.e., Nppa and Nppb), 

inflammation (i.e., Il1, Il6, and Tnf) and nitro-oxidative stress (i.e., Nos2). Moreover, the 

DOXO-induced diastolic dysfunction was accompanied by a reduced LV SERCA2a 

level. These molecular findings are also in accordance with the literature data on DOXO-

induced cardiotoxicity models [7,15,62–65]. Several DOXO-induced chronic 

cardiotoxicity models, particularly if using higher DOXO doses, may also develop severe 

kidney failure [40]. In our previous study, mirabegron significantly worsened the renal 

function in a rat model of chronic kidney disease [32]. Therefore, we aimed at using a 

DOXO-induced chronic cardiotoxicity model, which does not develop severe renal 

failure and consequently does not worsen the DOXO-induced heart failure (i.e., type 4 

cardio-renal syndrome [66]. Indeed, the serum carbamide and creatinine levels were not 

significantly increased in the DOXO-treated groups compared to the control group in our 

present study. 

According to the latest guideline of the European Society of Cardiology (ESC), RAAS 

inhibitors, including ARBs, are recommended for pharmacological therapy of HFrEF 

patients to reduce the risk of HF hospitalization and cardiovascular death [46]. Moreover, 

the latest ESC position paper on cancer treatments and cardiovascular toxicity stated that 

patients who develop asymptomatic LV dysfunction or HF during cancer therapy are 

likely to profit from the angiotensin-converting enzyme inhibitors or ARBs and beta-

blocker treatment similar to the general HF population [5]. Since our DOXO-induced 

cardiotoxicity model developed bradycardia, we avoided the administration of beta-

blockers alone or in combination with ARBs. The ARB losartan showed antiremodeling 

and cardioprotective effects in our rat models of radiation-induced heart disease [48] and 

uremic cardiomyopathy [32], or DOXO-induced chronic cardiotoxicity models used by 

others [23,67,68]. In contrast, in our hands, losartan failed to significantly improve the 

morphologic parameters (i.e., systolic wall thicknesses, LVESD, cardiomyocyte cross-

sectional area) and the systolic dysfunction (i.e., reduced FS and EF) in DOXO-induced 

chronic cardiotoxicity in the present study. A potential explanation for the lack of 
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significant antiremodeling effects of losartan could be that losartan failed to significantly 

reduce the LV fibrosis and showed only a tendency to decrease in cardiac collagen content 

at the endpoint in our DOXO-induced cardiotoxicity model. Indeed, the LV expressions 

of selected elements of the TGF-β/SMAD fibrotic pathway (i.e., Ctgf, TGFβRII, Smad3, 

and Col1a1) were not significantly different in the losartan-treated DOXO group 

compared to the DOXO-only or control groups. In contrast to the results of Zong et al., 

using higher DOXO doses (ip. 6 × 2.5 mg/kg) and shorter follow-up time (i.e., 6 weeks) 

to induce chronic cardiotoxicity, Agtr1a failed to be overexpressed in the left ventricles 

of our DOXO-induced cardiotoxicity model [68]. This fact might provide another 

explanation for the lacking anti-remodeling effects of the ARB losartan in our DOXO-

induced cardiotoxicity model. Notably, losartan significantly shortened the HR-

independent diastolic function parameter IVRT in our DOXO-induced chronic 

cardiotoxicity model. SERCA was shown to determine the magnitude of myocyte Ca2+ 

cycling [69]. The early diastolic reuptake of Ca2+ into the sarcoplasmic reticulum, in part, 

determines the velocity at which the left ventricle relaxes (i.e., IVRT) [69]. Accordingly, 

losartan prevented the repression of SERCA2a associated with shorter IVRT in our 

DOXO-induced cardiotoxicity model. Moreover, it was reported that cytokines, 

particularly IL6, induced reciprocal expression of SERCA and natriuretic peptides at the 

mRNA level in cultured rat ventricular myocytes [70]. Indeed, in this study, losartan 

significantly reduced the DOXO-induced LV overexpression of inflammatory markers 

(i.e., Il1 and Il6) and natriuretic peptides (i.e., Nppa and Nppb) in our model. In contrast, 

the mitral annulus velocity e’ and consequently the E/e’ ratio failed to be significantly 

improved by losartan in our DOXO-induced cardiotoxicity model. Notably, cardiac 

fibrosis was shown to worsen myocardial relaxation parameters, including e’ and E/e’ 

[71]. Since losartan failed to significantly improve the LV fibrosis, and probably, as a 

consequence, the e’ and E/e’ were not different from those in the DOXO-only group. 

Mirabegron is a β3AR agonist recently used in the treatment of overactive bladder 

syndrome in urology [24]. Interestingly, β3AR agonists showed beneficial effects on the 

symptoms of HF [24,72]. In healthy atrial and ventricular myocytes, the expression of 

β3AR is considered low but more abundant in non-cardiomyocytes, including endothelial 

cells [24,73,74]. In contrast to β1- and β2ARs, cardiac β3AR expression increases in 

chronic ischemia and HF, which is considered a counterregulatory mechanism to prevent 

chronic adrenergic overactivation [24,74–77]. Most studies investigating the effects of 

β3AR agonists in HF demonstrated that β3AR agonists attenuated cardiac fibrosis and 
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improved cardiac contractility via the β3AR/eNOS/cGMP signaling pathway as the main 

mechanism [24,72]. In contrast, the LV β3AR was significantly repressed in all DOXO 

groups independent of treatments, and the eNOS and p-eNOS levels and their ratios were 

similar in all groups in our present experiment. However, mirabegron significantly 

improved the morphologic (i.e., LV wall thicknesses and LVESD), systolic (i.e., FS and 

EF), and several diastolic (i.e., e’ and E/e’) parameters in our DOXO-induced 

cardiotoxicity model. Importantly, in our present study, mirabegron was the only 

treatment that significantly reduced DOXO-induced cardiac fibrosis and the apoptosis 

marker Bax/Bcl2 ratio. In our previous study in a rat model of uremic cardiomyopathy, 

mirabegron had a moderate antifibrotic effect associated with improved diastolic function 

independently of the β3AR/eNOS signaling pathway [32]. Indeed, β3AR agonists were 

shown to have beneficial effects independently of coupling the β3AR to eNOS in the 

heart and other tissues. These mechanisms include, e.g., antifibrotic effects via 

downregulation of the AT1 receptor [29–32], and CTGF [78], antioxidant and anti-

inflammatory properties [79,80]. Therefore, we investigated the changes in the LV 

expression of selected molecular markers of the RAAS, fibrosis, nitro-oxidative stress, 

and inflammation in response to losartan, mirabegron, and their combination in our 

DOXO-induced cardiotoxicity model. Interestingly, in response to mirabegron, the LV 

expressions of the RAAS-associated Agt and Agtr1a failed to change, and the expressions 

of nitro-oxidative stress-associated Nos2 and Nox4, and the fibrotic Ctgf and TGFβRII 

remained high in our DOXO-induced cardiotoxicity model. In contrast, mirabegron 

significantly decreased Smad2 and Smad3 expressions compared to the DOXO-only 

group, and the Col1a1 expression was not markedly different from the control group. 

Therefore, we speculate here that mirabegron exerts its antiremodeling effect via 

inhibiting SMAD2/3-mediated fibrotic mechanisms independently of the β3AR/eNOS 

signaling pathway in our DOXO-induced chronic cardiotoxicity model. 

To investigate if the beneficial effects of losartan and mirabegron are additive, the 

combination of losartan and mirabegron was administered in a group of DOXO-treated 

animals. In summary, the combination treatment preserved the systolic function (i.e., FS 

and EF) 8 weeks after the DOXO administration. However, it should be mentioned that 

both FS and EF tended to decrease, and the isovolumic contraction time showed an 

increasing tendency in the combination treatment group compared to the control group. 

However, the combination treatment improved the diastolic parameters e’ and E/e’, 

similarly to the effects of mirabegron alone in our DOXO-induced cardiotoxicity model. 
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Notably, the combination treatment failed to prevent the repression of SERCA2a and 

significantly reduce the overexpression of the inflammatory markers (i.e., Il1 and Il6) 

compared to the DOXO-only group. In response to the combination treatment, the cardiac 

collagen content and the expressions of Col1a1, Ctgf and Smad2 were not significantly 

different compared to those of the control group, whereas Smad3, Agtr1, Nox4, Sod2, and 

Nppb expressions were significantly reduced compared to the DOXO-only group. The 

combination treatment significantly repressed the LV overexpression of the superoxide 

eliminating Sod2 and Sod3 and the hydrogen-peroxide eliminating Cat. This might be a 

consequence of the significant repression of the nitro-oxidative stress markers Nox4 and 

Sod2 compared to those of the DOXO-only group. Angiotensin-II is known to increase 

the nitro-oxidative stress and inflammation via AT1 (Agtr1) receptors by increasing 

NADPH-oxidase (Nox4) [81]. Agtr1 was also significantly repressed in response to the 

combination treatment in our present study. Losartan and mirabegron seem to have a 

potentiating effect on reducing the AT1 receptor-mediated nitro-oxidative stress in 

DOXO-induced cardiotoxicity. However, this speculation should be proven by further 

experiments investigating the levels of ROS and RNS as well as RAAS and nitro-

oxidative stress-associated proteins. 

Our study is not without limitations. We intended to test and compare the effects of 

chronic administration of the ARB losartan, the β3AR agonist mirabegron, and their 

combination on cardiac remodeling in DOXO-induced chronic cardiotoxicity in rats. We 

used only single doses of losartan and mirabegron, which are comparable to the human 

therapeutic doses and used in HF models of other etiologies. We tested the effects of these 

aforementioned drugs only in secondary prevention. It could not be excluded that losartan 

might have beneficial effects if its administration starts in primary prevention (i.e., during 

or before the DOXO treatment). DOXO-induced chronic cardiotoxicity is a well-known 

complication most commonly manifested as LV systolic dysfunction with reduced 

ejection fraction. Nevertheless, significant differences exist between the DOXO 

administration and pathomechanisms in the model used vs. that in patients. The time 

period between the consecutive DOXO cycles was shorter compared to the human 

protocols due to the lifespan of the rats. Although female gender is a risk factor in the 

development of DOXO-induced cardiotoxicity in humans [3,5,82], the standardization of 

the results independent of female sex hormonal effects is easier in males. In our present 

study, only healthy male rats without cancer, CVDs, or other comorbidities were used in 

order to investigate the isolated DOXO effects on the heart. In future studies, animal 
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models of both sexes representing tumor development and receiving multimodality 

oncotherapy (i.e., radio- and chemotherapy) would be more suitable to mirror the real 

clinical scenario of onco-cardiology patients as closely as possible. Moreover, there are 

still many unknown mechanisms, including the exact role of β3AR in the development of 

DOXO-induced chronic cardiotoxicity. We demonstrated here that LV β3AR expression 

decreased, and the Agtr1 expression failed to change in DOXO-induced chronic 

cardiotoxicity 9 weeks after DOXO administration in our rat model. However, it could 

not be excluded that LV β3AR or Agtr1 expressions might change at the protein level in 

earlier or later HF phases of DOXO-induced cardiotoxicity. The time-dependent and 

mechanistic investigation of the cardiac β3AR expression in the development of DOXO-

induced chronic cardiotoxicity was out of the scope of the present study. Notably, the 

precise mechanisms and functional role of the β3AR in HF induced by different CVDs, 

including diabetes mellitus, acute myocardial infarction, chronic kidney disease, or other 

chemotherapy-induced heart failure forms, are not fully discovered. We focused mainly 

on the potential protective effects of losartan, mirabegron, and their combination in 

DOXO-induced chronic cardiotoxicity, investigating the well-known markers of cardiac 

remodeling and the effects caused by losartan and mirabegron. The deep mechanistic 

insight of the cardioprotective effects caused by losartan and mirabegron was out of the 

scope of our present descriptive study. We found antiremodeling effects of mirabegron 

and hypothesized that mirabegron could have antifibrotic effects in DOXO-induced 

chronic cardiotoxicity independently of the β3AR-eNOS-mediated pathway, but probably 

associated with its effects causing repression on the elements of the fibrotic TGF-

β/SMAD2/3 pathway. However, further mechanistic studies, including the inhibition of 

the TGF-β/SMAD2/3 pathway and investigation of the expression of phosphorylated 

SMAD2 and SMAD3, as well as endogenous negative regulators of this pathway such as 

SMAD6 and SMAD7, are needed to explore the antiremodeling effects of mirabegron in 

DOXO-induced chronic cardiotoxicity. 

 

6. Conclusion 

In this study, we evaluated the effects of chronic administration of the selective AT1 

receptor blocker losartan, the β3AR agonist mirabegron, and their combination on LV 

morphology, function, and molecular markers of cardiac fibrosis, remodeling, heart 

failure, inflammation, apoptosis, and nitro-oxidative stress in a rat model of DOXO-
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induced chronic cardiotoxicity (Figure 12). Our results suggest that the development of 

DOXO-induced systolic and diastolic dysfunction may be prevented or markedly slowed 

down by mirabegron and the combination of mirabegron plus losartan if their 

administration started in the early stages of DOXO-induced chronic cardiotoxicity 

without a severe decrease in EF. Losartan improved diastolic but not systolic dysfunction 

and ameliorated SERCA2a repression. It was associated with the amelioration of Il1 and 

Il6 overexpression in response to losartan in our DOXO-induced cardiotoxicity model. 

Mirabegron and the combination treatment improved systolic and diastolic dysfunction 

and significantly decreased the overexpression of Smad2, Smad3 and Nox4 in our DOXO-

induced cardiotoxicity model. Only mirabegron reduced the DOXO-induced cardiac 

fibrosis significantly; however, this effect seems to be independent of the 

β3AR/eNOS/cGMP signaling pathway. Mirabegron and its combination with losartan 

seem to be promising therapeutic tools against DOXO-induced chronic cardiotoxicity; 

however, future clinical trials are needed to answer this question. Notably, the results on 

the EF, FS, LV end-systolic diameters, several systolic wall thicknesses, and cardiac 

collagen content of the losartan plus mirabegron-treated group were not significantly 

different from those of either the control group or the DOXO-only group. 

 

 

Figure 12  Summary figure. Inflam: inflammation, LV: left ventricular, SERCA2a: sarcoendoplasmic 

reticulum calcium ATPase. 

  



46 

 

7. Funding 

This research was funded by the projects NKFIH FK129094 (to Márta Sárközy, funder: 

National Research, Development and Innovation Office), GINOP-2.3.2-15-2016-00040 

(to László Dux, funder: National Research, Development and Innovation Office), 

Stipendium Hungaricum Program (to Márta Sárközy and László Dux., funder: Tempus 

Public Foundation), and by the Ministry of Human Capacities (TKP2021-EGA-32, to 

Tamás Csont, funder: Ministry of Human Capacities). Marah Freiwan and Hoa Dinh were 

supported by the Stipendium Hungaricum Scholarship (funder: Tempus Public 

Foundation). Mónika Gabriella Kovács, Zsuzsanna Z.A. Kovács, and Márta Sárközy 

were supported by the New National Excellence Program of the Ministry of Human 

Capacities (ÚNKP-21-3-SZTE-97 to M.G.K., ÚNKP-21-3-SZTE-98 to Z.Z.A.K., and 

ÚNKP-20-5-SZTE-166 to M.S., funder: Ministry of Human Capacities). Márta Sárközy 

was supported by the János Bolyai Research Fellowship of the Hungarian Academy of 

Sciences. Mónika Gabriella Kovács and Zsuzsanna Z.A. Kovács were supported by the 

EFOP-3.6.3-VEKOP-16-2017-00009 project (funder: National Research, Development 

and Innovation Office).  

  



47 

 

8. Acknowledgements 

There are so many to whom I would like to acknowledge for their contribution and 

support during my scientific work. Most importantly, I would like to express my thanks 

to Professor László Dux, the Head of the Multidisciplinary Doctoral School and former 

Head of the Department of Biochemistry, as well as to Tamás Csont, the Head of the 

Department of Biochemistry, who gave me the possibility to work at the Department in 

the past several years. 

I also would like to thank my supportive supervisor, Márta Sárközy, for the continuous 

help and enthusiasm throughout these years in the Department and out, and for making 

my experience in Hungary great; I am deeply appreciative of her support. 

I would like to express my thanks to Andrea Siska and Imre Földesi at the Department of 

Laboratory Medicine, as well as to Professor Gábor Cserni, Bálint Cserni, and Krisztián 

Daru at the Department of Pathology.  

I am grateful for the help of the CEO of Single-Cell Technologies Ltd., Péter Horváth as 

well as Ferenc Kovács, software engineer, and András Kriston, software architect for the 

use of Biology Image Analysis Software (BIAS) before its public release.  

I am also grateful to Mónika Kovács, Zsuzsanna Kovács, Gergő Szűcs, Hoa Dinh, and 

Réka Losonczi for their demanding work in this project. I would like to thank Réka 

Somogyi, Dóra Csóré, Atina Colic, and Éva Plechl for their outstanding technical support. 

I would like to thank all my laboratory colleagues for their support.  

I want to express my sincere gratitude to the Stipendium Hungaricum Scholarship for 

making this possible.  

Above all, my deepest and sincere gratitude to my family for their continuous and 

unparalleled love, help and support. I am forever indebted to my parents for giving me 

the opportunities and experiences that have made me who I am. I am grateful to my 

brothers for always being there for me. Finally, I owe special gratitude to a very special 

person, my husband, who has been a constant source of support and encouragement 

during the challenges of study and life. This journey would not have been possible without 

them, and I dedicate this milestone to them. 



48 

 

9. References 

 

1. WHO. WHO Cancer 2020. Available from: https://www.who.int/health-

topics/cancer (last access: 19 January 2022). 

2. WHO. WHO Cardiovascular Diseases. Available from: https://www.who.int/health-

topics/cardiovascular-diseases#tab=tab_1 (last access: 19 January 2022). 

3. Lenneman, C.G.; Sawyer, D.B. Cardio-Oncology: An Update on Cardiotoxicity of 

Cancer-Related Treatment. Circ. Res. 2016, 118, 1008–1020, 

doi:10.1161/CIRCRESAHA.115.303633. 

4. Miller, K.D.; Nogueira, L.; Mariotto, A.B.; Rowland, J.H.; Yabroff, K.R.; Alfano, 

C.M.; Jemal, A.; Kramer, J.L.; Siegel, R.L. Cancer treatment and survivorship 

statistics, 2019. CA Cancer J. Clin. 2019, 69, 363–385, doi:10.3322/caac.21565. 

5. Zamorano, J.L.; Lancellotti, P.; Rodriguez Muñoz, D.; Aboyans, V.; Asteggiano, R.; 

Galderisi, M.; Habib, G.; Lenihan, D.J.; Lip, G.Y.H.; Lyon, A.R.; et al. 2016 ESC 

Position Paper on cancer treatments and cardiovascular toxicity developed under the 

auspices of the ESC Committee for Practice Guidelines: The Task Force for cancer 

treatments and cardiovascular toxicity of the European Society of Cardiology (ESC). 

Eur. Heart J. 2016, 37, 2768–2801, doi:10.1093/eurheartj/ehw211. 

6. Sárközy, M.; Varga, Z.; Gáspár, R.; Szűcs, G.; Kovács, M.G.; Kovács, Z.Z.A.; Dux, 

L.; Kahán, Z.; Csont, T. Pathomechanisms and therapeutic opportunities in radiation-

induced heart disease: from bench to bedside. Clin. Res. Cardiol. 2021, 110, 507–

531, doi:10.1007/s00392-021-01809-y. 

7. Renu, K.; V G, A.; P B, T.P.; Arunachalam, S. Molecular mechanism of doxorubicin-

induced cardiomyopathy - An update. Eur. J. Pharmacol. 2018, 818, 241–253, 

doi:10.1016/j.ejphar.2017.10.043. 

8. Geisberg, C.A.; Sawyer, D.B. Mechanisms of anthracycline cardiotoxicity and 

strategies to decrease cardiac damage. Curr. Hypertens. Rep. 2010, 12, 404–410, 

doi:10.1007/s11906-010-0146-y. 

9. Lipshultz, S.E.; Adams, M.J.; Colan, S.D.; Constine, L.S.; Herman, E.H.; Hsu, D.T.; 

Hudson, M.M.; Kremer, L.C.; Landy, D.C.; Miller, T.L.; et al. Long-term 

cardiovascular toxicity in children, adolescents, and young adults who receive cancer 

therapy: pathophysiology, course, monitoring, management, prevention, and 



49 

 

research directions: a scientific statement from the American Heart Association. 

Circulation 2013, 128, 1927–1995, doi:10.1161/CIR.0b013e3182a88099. 

10. Steinherz, L.J.; Steinherz, P.G.; Tan, C.T.; Heller, G.; Murphy, M.L. Cardiac toxicity 

4 to 20 years after completing anthracycline therapy. JAMA 1991, 266, 1672–1677. 

11. Cardinale, D.; Colombo, A.; Lamantia, G.; Colombo, N.; Civelli, M.; Giacomi, G. 

de; Rubino, M.; Veglia, F.; Fiorentini, C.; Cipolla, C.M. Anthracycline-induced 

cardiomyopathy: clinical relevance and response to pharmacologic therapy. Journal 

of the American College of Cardiology 2010, 55, 213–220, 

doi:10.1016/j.jacc.2009.03.095. 

12. Ajay Vallakati; Bhavana Konda; Daniel J. Lenihan; Ragavendra R. Baliga. 

Management of Cancer Therapeutics–Related Cardiac Dysfunction. Heart Failure 

Clinics 2018, 14, 553–567, doi:10.1016/j.hfc.2018.06.004. 

13. Hui-Ming Chang; Rohit Moudgil; Tiziano Scarabelli; Tochukwu M. Okwuosa; 

Edward T.H. Yeh. Cardiovascular Complications of Cancer Therapy: Best Practices 

in Diagnosis, Prevention, and Management: Part 1. Journal of the American College 

of Cardiology 2017, 70, 2536–2551, doi:10.1016/j.jacc.2017.09.1096. 

14. Wallace, K.B.; Sardão, V.A.; Oliveira, P.J. Mitochondrial Determinants of 

Doxorubicin-Induced Cardiomyopathy. Circ. Res. 2020, 126, 926–941, 

doi:10.1161/CIRCRESAHA.119.314681. 

15. Octavia, Y.; Tocchetti, C.G.; Gabrielson, K.L.; Janssens, S.; Crijns, H.J.; Moens, 

A.L. Doxorubicin-induced cardiomyopathy: from molecular mechanisms to 

therapeutic strategies. Journal of Molecular and Cellular Cardiology 2012, 52, 

1213–1225, doi:10.1016/j.yjmcc.2012.03.006. 

16. Swain, S.M.; Whaley, F.S.; Gerber, M.C.; Weisberg, S.; York, M.; Spicer, D.; Jones, 

S.E.; Wadler, S.; Desai, A.; Vogel, C.; et al. Cardioprotection with dexrazoxane for 

doxorubicin-containing therapy in advanced breast cancer. J. Clin. Oncol. 1997, 15, 

1318–1332, doi:10.1200/JCO.1997.15.4.1318. 

17. Dewilde, S.; Carroll, K.; Nivelle, E.; Sawyer, J. Evaluation of the cost-effectiveness 

of dexrazoxane for the prevention of anthracycline-related cardiotoxicity in children 

with sarcoma and haematologic malignancies: a European perspective. Cost Eff. 

Resour. Alloc. 2020, 18, 7, doi:10.1186/s12962-020-0205-4. 

18. Vejpongsa, P.; Yeh, E.T.H. Topoisomerase 2β: a promising molecular target for 

primary prevention of anthracycline-induced cardiotoxicity. Clin. Pharmacol. Ther. 

2014, 95, 45–52, doi:10.1038/clpt.2013.201. 



50 

 

19. Forrester, S.J.; Booz, G.W.; Sigmund, C.D.; Coffman, T.M.; Kawai, T.; Rizzo, V.; 

Scalia, R.; Eguchi, S. Angiotensin II Signal Transduction: An Update on 

Mechanisms of Physiology and Pathophysiology. Physiol. Rev. 2018, 98, 1627–

1738, doi:10.1152/physrev.00038.2017. 

20. Metra, M.; Teerlink, J.R. Heart failure. Lancet 2017, 390, 1981–1995, 

doi:10.1016/S0140-6736(17)31071-1. 

21. Ferrario, C.M.; Mullick, A.E. Renin angiotensin aldosterone inhibition in the 

treatment of cardiovascular disease. Pharmacol. Res. 2017, 125, 57–71, 

doi:10.1016/j.phrs.2017.05.020. 

22. Feridooni, T.; Mac Donald, C.; Di Shao; Yeung, P.; Agu, R.U. Cytoprotective 

potential of anti-ischemic drugs against chemotherapy-induced cardiotoxicity in 

H9c2 myoblast cell line. Acta Pharm. 2013, 63, 493–503, doi:10.2478/acph-2013-

0038. 

23. Asmaa I. Matouk; Ashraf Taye; Gehan H. Heeba; Mohamed A. El-Moselhy. 

Quercetin augments the protective effect of losartan against chronic doxorubicin 

cardiotoxicity in rats. Environmental Toxicology and Pharmacology 2013, 36, 443–

450, doi:10.1016/j.etap.2013.05.006. 

24. Michel, L.Y.M.; Balligand, J.-L. New and Emerging Therapies and Targets: Beta-3 

Agonists. Handb. Exp. Pharmacol. 2017, 243, 205–223, doi:10.1007/164_2016_88. 

25. Dehvari, N.; da Silva Junior, E.D.; Bengtsson, T.; Hutchinson, D.S. Mirabegron: 

potential off target effects and uses beyond the bladder. Br. J. Pharmacol. 2018, 175, 

4072–4082, doi:10.1111/bph.14121. 

26. Niu, X.; Watts, V.L.; Cingolani, O.H.; Sivakumaran, V.; Leyton-Mange, J.S.; Ellis, 

C.L.; Miller, K.L.; Vandegaer, K.; Bedja, D.; Gabrielson, K.L.; et al. 

Cardioprotective effect of beta-3 adrenergic receptor agonism: role of neuronal nitric 

oxide synthase. Journal of the American College of Cardiology 2012, 59, 1979–

1987, doi:10.1016/j.jacc.2011.12.046. 

27. García-Prieto, J.; García-Ruiz, J.M.; Sanz-Rosa, D.; Pun, A.; García-Alvarez, A.; 

Davidson, S.M.; Fernández-Friera, L.; Nuno-Ayala, M.; Fernández-Jiménez, R.; 

Bernal, J.A.; et al. β3 adrenergic receptor selective stimulation during 

ischemia/reperfusion improves cardiac function in translational models through 

inhibition of mPTP opening in cardiomyocytes. Basic Res. Cardiol. 2014, 109, 422, 

doi:10.1007/s00395-014-0422-0. 



51 

 

28. Gauthier, C.; Leblais, V.; Kobzik, L.; Trochu, J.N.; Khandoudi, N.; Bril, A.; 

Balligand, J.L.; Le Marec, H. The negative inotropic effect of beta3-adrenoceptor 

stimulation is mediated by activation of a nitric oxide synthase pathway in human 

ventricle. J. Clin. Invest. 1998, 102, 1377–1384, doi:10.1172/JCI2191. 

29. Jiang, Z.; Li, Y.-F.; Song, J.-Y.; Guo, Y.-Q. Effects of beta3-adrenoceptor activation 

on the interaction between adrenoceptors and angiotensin II receptors in 

apolipoprotein E knockout mouse lung. Eur. J. Pharmacol. 2014, 742, 75–80, 

doi:10.1016/j.ejphar.2014.09.007. 

30. Song, J.-Y.; Li, Y.-F.; Zhi-Li, J.; Guo, Y.-Q. Effects of β(3)-adrenoceptor activation 

on expression of pancreatic adrenoceptors and angiotensin II receptors in ApoE(-/-) 

mice. Eur. J. Pharmacol. 2015, 764, 134–139, doi:10.1016/j.ejphar.2015.06.035. 

31. Belge, C.; Hammond, J.; Dubois-Deruy, E.; Manoury, B.; Hamelet, J.; Beauloye, C.; 

Markl, A.; Pouleur, A.-C.; Bertrand, L.; Esfahani, H.; et al. Enhanced expression of 

β3-adrenoceptors in cardiac myocytes attenuates neurohormone-induced 

hypertrophic remodeling through nitric oxide synthase. Circulation 2014, 129, 451–

462, doi:10.1161/CIRCULATIONAHA.113.004940. 

32. Kovács, Z.Z.A.; Szűcs, G.; Freiwan, M.; Kovács, M.G.; Márványkövi, F.M.; Dinh, 

H.; Siska, A.; Farkas, K.; Kovács, F.; Kriston, A.; et al. Comparison of the 

antiremodeling effects of losartan and mirabegron in a rat model of uremic 

cardiomyopathy. Scientific Reports 2021, 11, 17495, doi:10.1038/s41598-021-

96815-5. 

33. Bundgaard, H.; Axelsson, A.; Hartvig Thomsen, J.; Sørgaard, M.; Kofoed, K.F.; 

Hasselbalch, R.; Fry, N.A.S.; Valeur, N.; Boesgaard, S.; Gustafsson, F.; et al. The 

first-in-man randomized trial of a beta3 adrenoceptor agonist in chronic heart failure: 

the BEAT-HF trial. Eur. J. Heart Fail. 2017, 19, 566–575, doi:10.1002/ejhf.714. 

34. Merlet, N.; Piriou, N.; Rozec, B.; Grabherr, A.; Lauzier, B.; Trochu, J.-N.; Gauthier, 

C. Increased beta2-adrenoceptors in doxorubicin-induced cardiomyopathy in rat. 

PLoS One 2013, 8, e64711, doi:10.1371/journal.pone.0064711. 

35. Medeiros-Lima, D.J.M.; Carvalho, J.J.; Tibirica, E.; Borges, J.P.; Matsuura, C. Time 

course of cardiomyopathy induced by doxorubicin in rats. Pharmacological Reports 

2019, 71, 583–590, doi:10.1016/j.pharep.2019.02.013. 

36. Ashour, A.E.; Sayed-Ahmed, M.M.; Abd-Allah, A.R.; Korashy, H.M.; Maayah, 

Z.H.; Alkhalidi, H.; Mubarak, M.; Alhaider, A. Metformin rescues the myocardium 



52 

 

from doxorubicin-induced energy starvation and mitochondrial damage in rats. Oxid. 

Med. Cell. Longev. 2012, 2012, 434195, doi:10.1155/2012/434195. 

37. Lončar-Turukalo, T.; Vasić, M.; Tasić, T.; Mijatović, G.; Glumac, S.; Bajić, D.; 

Japunžić-Žigon, N. Heart rate dynamics in doxorubicin-induced cardiomyopathy. 

Physiol. Meas. 2015, 36, 727–739, doi:10.1088/0967-3334/36/4/727. 

38. Hydock, D.S.; Lien, C.-Y.; Jensen, B.T.; Parry, T.L.; Schneider, C.M.; Hayward, R. 

Rehabilitative exercise in a rat model of doxorubicin cardiotoxicity. Exp. Biol. Med. 

(Maywood) 2012, 237, 1483–1492, doi:10.1258/ebm.2012.012137. 

39. Lódi, M.; Priksz, D.; Fülöp, G.Á.; Bódi, B.; Gyöngyösi, A.; Nagy, L.; Kovács, Á.; 

Kertész, A.B.; Kocsis, J.; Édes, I.; et al. Advantages of prophylactic versus 

conventionally scheduled heart failure therapy in an experimental model of 

doxorubicin-induced cardiomyopathy. J. Transl. Med. 2019, 17, 

doi:10.1186/s12967-019-1978-0. 

40. Podyacheva, E.Y.; Kushnareva, E.A.; Karpov, A.A.; Toropova, Y.G. Analysis of 

Models of Doxorubicin-Induced Cardiomyopathy in Rats and Mice. A Modern View 

From the Perspective of the Pathophysiologist and the Clinician. Front. Pharmacol. 

2021, 12, 670479, doi:10.3389/fphar.2021.670479. 

41. Feijen, E.A.M.; Leisenring, W.M.; Stratton, K.L.; Ness, K.K.; van der Pal, H.J.H.; 

van Dalen, E.C.; Armstrong, G.T.; Aune, G.J.; Green, D.M.; Hudson, M.M.; et al. 

Derivation of Anthracycline and Anthraquinone Equivalence Ratios to Doxorubicin 

for Late-Onset Cardiotoxicity. JAMA Oncol. 2019, 5, 864–871, 

doi:10.1001/jamaoncol.2018.6634. 

42. Armenian, S.; Bhatia, S. Predicting and Preventing Anthracycline-Related 

Cardiotoxicity. Am. Soc. Clin. Oncol. Educ. Book 2018, 38, 3–12, 

doi:10.1200/EDBK_100015. 

43. Amadori, D.; Frassineti, G.L.; Zoli, W.; Milandri, C.; Serra, P.; Tienghi, A.; 

Ravaioli, A.; Gentile, A.; Salzano, E. Doxorubicin and paclitaxel (sequential 

combination) in the treatment of advanced breast cancer. Oncology (Williston Park) 

1997, 11, 30–33. 

44. Escher, S.E.; Batke, M.; Hoffmann-Doerr, S.; Messinger, H.; Mangelsdorf, I. 

Interspecies extrapolation based on the RepDose database--a probabilistic approach. 

Toxicol. Lett. 2013, 218, 159–165, doi:10.1016/j.toxlet.2013.01.027. 



53 

 

45. Sharma, V.; McNeill, J.H. To scale or not to scale: the principles of dose 

extrapolation. Br. J. Pharmacol. 2009, 157, 907–921, doi:10.1111/j.1476-

5381.2009.00267.x. 

46. McDonagh, T.A.; Metra, M.; Adamo, M.; Gardner, R.S.; Baumbach, A.; Böhm, M.; 

Burri, H.; Butler, J.; Čelutkienė, J.; Chioncel, O.; et al. 2021 ESC Guidelines for the 

diagnosis and treatment of acute and chronic heart failure. Eur. Heart J. 2021, 42, 

3599–3726, doi:10.1093/eurheartj/ehab368. 

47. Sárközy, M.; Márványkövi, F.M.; Szűcs, G.; Kovács, Z.Z.A.; Szabó, M.R.; Gáspár, 

R.; Siska, A.; Kővári, B.; Cserni, G.; Földesi, I.; et al. Ischemic preconditioning 

protects the heart against ischemia-reperfusion injury in chronic kidney disease in 

both males and females. Biology of Sex Differences 2021, 12, 49, 

doi:10.1186/s13293-021-00392-1. 

48. Kovács, M.G.; Kovács, Z.Z.A.; Varga, Z.; Szűcs, G.; Freiwan, M.; Farkas, K.; 

Kővári, B.; Cserni, G.; Kriston, A.; Kovács, F.; et al. Investigation of the 

Antihypertrophic and Antifibrotic Effects of Losartan in a Rat Model of Radiation-

Induced Heart Disease. International Journal of Molecular Sciences 2021, 22, 

doi:10.3390/ijms222312963. 

49. Kocsis, G.F.; Sárközy, M.; Bencsik, P.; Pipicz, M.; Varga, Z.V.; Pálóczi, J.; Csonka, 

C.; Ferdinandy, P.; Csont, T. Preconditioning protects the heart in a prolonged 

uremic condition. Am. J. Physiol. Heart Circ. Physiol. 2012, 303, H1229-36, 

doi:10.1152/ajpheart.00379.2012. 

50. Sárközy, M.; Gáspár, R.; Zvara, Á.; Siska, A.; Kővári, B.; Szűcs, G.; Márványkövi, 

F.; Kovács, M.G.; Diószegi, P.; Bodai, L.; et al. Chronic kidney disease induces left 

ventricular overexpression of the pro-hypertrophic microRNA-212. Scientific 

Reports 2019, 9, 1302, doi:10.1038/s41598-018-37690-5. 

51. Sárközy, M.; Gáspár, R.; Zvara, Á.; Kiscsatári, L.; Varga, Z.; Kővári, B.; Kovács, 

M.G.; Szűcs, G.; Fábián, G.; Diószegi, P.; et al. Selective Heart Irradiation Induces 

Cardiac Overexpression of the Pro-hypertrophic miR-212. Frontiers in Oncology 

2019, 9, 598, doi:10.3389/fonc.2019.00598. 

52. Kiscsatári, L.; Sárközy, M.; Kővári, B.; Varga, Z.; Gömöri, K.; Morvay, N.; Leprán, 

I.; Hegyesi, H.; Fábián, G.; Cserni, B.; et al. High-dose Radiation Induced Heart 

Damage in a Rat Model. In Vivo 2016, 30, 623–631. 

53. Periasamy, M.; Janssen, P.M.L. Molecular basis of diastolic dysfunction. Heart 

Failure Clinics 2008, 4, 13–21, doi:10.1016/j.hfc.2007.10.007. 



54 

 

54. Ungvári, Z.; Gupte, S.A.; Recchia, F.A.; Bátkai, S.; Pacher, P. Role of oxidative-

nitrosative stress and downstream pathways in various forms of cardiomyopathy and 

heart failure. Curr. Vasc. Pharmacol. 2005, 3, 221–229, 

doi:10.2174/1570161054368607. 

55. Jia, G.; Aroor, A.R.; Hill, M.A.; Sowers, J.R. Role of Renin-Angiotensin-

Aldosterone System Activation in Promoting Cardiovascular Fibrosis and Stiffness. 

Hypertension 2018, 72, 537–548, doi:10.1161/HYPERTENSIONAHA.118.11065. 

56. Baniahmad, B.; Safaeian, L.; Vaseghi, G.; Rabbani, M.; Mohammadi, B. 

Cardioprotective effect of vanillic acid against doxorubicin-induced cardiotoxicity 

in rat. Res. Pharm. Sci. 2020, 15, 87–96, doi:10.4103/1735-5362.278718. 

57. Babaei, H.; Razmaraii, N.; Assadnassab, G.; Mohajjel Nayebi, A.; Azarmi, Y.; 

Mohammadnejad, D.; Azami, A. Ultrastructural and Echocardiographic Assessment 

of Chronic Doxorubicin-Induced Cardiotoxicity in Rats. Arch. Razi Inst. 2020, 75, 

55–62, doi:10.22092/ari.2019.116862.1177. 

58. Wu, R.; Yao, P.-A.; Wang, H.-L.; Gao, Y.; Yu, H.-L.; Wang, L.; Cui, X.-H.; Xu, X.; 

Gao, J.-P. Effect of fermented Cordyceps sinensis on doxorubicin‑induced 

cardiotoxicity in rats. Mol. Med. Rep. 2018, 18, 3229–3241, 

doi:10.3892/mmr.2018.9310. 

59. Eisvand, F.; Imenshahidi, M.; Ghasemzadeh Rahbardar, M.; Tabatabaei Yazdi, S.A.; 

Rameshrad, M.; Razavi, B.M.; Hosseinzadeh, H. Cardioprotective effects of alpha-

mangostin on doxorubicin-induced cardiotoxicity in rats. Phytother. Res. 2021, 

doi:10.1002/ptr.7356. 

60. Ikewuchi, J.C.; Ikewuchi, C.C.; Ifeanacho, M.O.; Jaja, V.S.; Okezue, E.C.; Jamabo, 

C.N.; Adeku, K.A. Attenuation of doxorubicin-induced cardiotoxicity in Wistar rats 

by aqueous leaf-extracts of Chromolaena odorata and Tridax procumbens. J. 

Ethnopharmacol. 2021, 274, 114004, doi:10.1016/j.jep.2021.114004. 

61. Haybar, H.; Goudarzi, M.; Mehrzadi, S.; Aminzadeh, A.; Khodayar, M.J.; Kalantar, 

M.; Fatemi, I. Effect of gemfibrozil on cardiotoxicity induced by doxorubicin in male 

experimental rats. Biomed. Pharmacother. 2019, 109, 530–535, 

doi:10.1016/j.biopha.2018.10.101. 

62. Ivanová, M.; Dovinová, I.; Okruhlicová, L.; Tribulová, N.; Simončíková, P.; 

Barteková, M.; Vlkovičová, J.; Barančík, M. Chronic cardiotoxicity of doxorubicin 

involves activation of myocardial and circulating matrix metalloproteinases in rats. 

Acta Pharmacol. Sin. 2012, 33, 459–469, doi:10.1038/aps.2011.194. 



55 

 

63. Hanna, A.D.; Lam, A.; Tham, S.; Dulhunty, A.F.; Beard, N.A. Adverse effects of 

doxorubicin and its metabolic product on cardiac RyR2 and SERCA2A. Mol. 

Pharmacol. 2014, 86, 438–449, doi:10.1124/mol.114.093849. 

64. Chen, L.; Yan, K.-P.; Liu, X.-C.; Wang, W.; Li, C.; Li, M.; Qiu, C.-G. Valsartan 

regulates TGF-β/Smads and TGF-β/p38 pathways through lncRNA CHRF to 

improve doxorubicin-induced heart failure. Arch. Pharm. Res. 2018, 41, 101–109, 

doi:10.1007/s12272-017-0980-4. 

65. Mattila, M.; Koskenvuo, J.; Söderström, M.; Eerola, K.; Savontaus, M. 

Intramyocardial injection of SERCA2a-expressing lentivirus improves myocardial 

function in doxorubicin-induced heart failure. J. Gene Med. 2016, 18, 124–133, 

doi:10.1002/jgm.2885. 

66. Sárközy, M.; Kovács, Z.Z.A.; Kovács, M.G.; Gáspár, R.; Szűcs, G.; Dux, L. 

Mechanisms and Modulation of Oxidative/Nitrative Stress in Type 4 Cardio-Renal 

Syndrome and Renal Sarcopenia. Front. Physiol. 2018, 9, 1648, 

doi:10.3389/fphys.2018.01648. 

67. Luu, A.Z.; Chowdhury, B.; Al-Omran, M.; Teoh, H.; Hess, D.A.; Verma, S. Role of 

Endothelium in Doxorubicin-Induced Cardiomyopathy. JACC Basic Transl. Sci. 

2018, 3, 861–870, doi:10.1016/j.jacbts.2018.06.005. 

68. Zong, W.; Yang, X.; Chen, X.; Huang, H.; Zheng, H.; Qin, X.; Yong, Y.; Cao, K.; 

Huang, J.; Lu, X. Regulation of angiotensin-(1-7) and angiotensin II type 1 receptor 

by telmisartan and losartan in adriamycin-induced rat heart failure. Acta Pharmacol. 

Sin. 2011, 32, 1345–1350, doi:10.1038/aps.2011.96. 

69. Klein, I.; Danzi, S. Thyroid disease and the heart. Circulation 2007, 116, 1725–1735, 

doi:10.1161/CIRCULATIONAHA.106.678326. 

70. Tanaka, T.; Kanda, T.; Takahashi, T.; Saegusa, S.; Moriya, J.; Kurabayashi, M. 

Interleukin-6-induced reciprocal expression of SERCA and natriuretic peptides 

mRNA in cultured rat ventricular myocytes. J. Int. Med. Res. 2004, 32, 57–61, 

doi:10.1177/147323000403200109. 

71. Moreo, A.; Ambrosio, G.; Chiara, B. de; Pu, M.; Tran, T.; Mauri, F.; Raman, S.V. 

Influence of myocardial fibrosis on left ventricular diastolic function: noninvasive 

assessment by cardiac magnetic resonance and echo. Circ. Cardiovasc. Imaging 

2009, 2, 437–443, doi:10.1161/CIRCIMAGING.108.838367. 



56 

 

72. Cannavo, A.; Koch, W.J. Targeting β3-Adrenergic Receptors in the Heart: Selective 

Agonism and β-Blockade. J. Cardiovasc. Pharmacol. 2017, 69, 71–78, 

doi:10.1097/FJC.0000000000000444. 

73. Myagmar, B.-E.; Flynn, J.M.; Cowley, P.M.; Swigart, P.M.; Montgomery, M.D.; 

Thai, K.; Nair, D.; Gupta, R.; Deng, D.X.; Hosoda, C.; et al. Adrenergic Receptors 

in Individual Ventricular Myocytes: The Beta-1 and Alpha-1B Are in All Cells, the 

Alpha-1A Is in a Subpopulation, and the Beta-2 and Beta-3 Are Mostly Absent. Circ. 

Res. 2017, 120, 1103–1115, doi:10.1161/CIRCRESAHA.117.310520. 

74. Moniotte, S.; Kobzik, L.; Feron, O.; Trochu, J.N.; Gauthier, C.; Balligand, J.L. 

Upregulation of beta(3)-adrenoceptors and altered contractile response to inotropic 

amines in human failing myocardium. Circulation 2001, 103, 1649–1655, 

doi:10.1161/01.cir.103.12.1649. 

75. Balligand, J.-L.; Michel, L.Y.M. Letter by Balligand and Michel Regarding Article, 

"Adrenergic Receptors in Individual Ventricular Myocytes: the Beta-1 and Alpha-

1B Are in All Cells, the Alpha-1A Is in a Subpopulation, and the Beta-2 and Beta-3 

Are Mostly Absent". Circ. Res. 2017, 120, e54-e55, 

doi:10.1161/CIRCRESAHA.117.310942. 

76. Balligand, J.-L. Cardiac salvage by tweaking with beta-3-adrenergic receptors. 

Cardiovasc. Res. 2016, 111, 128–133, doi:10.1093/cvr/cvw056. 

77. Germack, R.; Dickenson, J.M. Induction of beta3-adrenergic receptor functional 

expression following chronic stimulation with noradrenaline in neonatal rat 

cardiomyocytes. J. Pharmacol. Exp. Ther. 2006, 316, 392–402, 

doi:10.1124/jpet.105.090597. 

78. Hermida, N.; Michel, L.; Esfahani, H.; Dubois-Deruy, E.; Hammond, J.; Bouzin, C.; 

Markl, A.; Colin, H.; van Steenbergen, A.; Meester, C. de; et al. Cardiac myocyte 

β3-adrenergic receptors prevent myocardial fibrosis by modulating oxidant stress-

dependent paracrine signaling. Eur. Heart J. 2018, 39, 888–898, 

doi:10.1093/eurheartj/ehx366. 

79. Lirussi, F.; Rakotoniaina, Z.; Madani, S.; Goirand, F.; Breuiller-Fouché, M.; Leroy, 

M.-J.; Sagot, P.; Morrison, J.J.; Dumas, M.; Bardou, M. ADRB3 adrenergic receptor 

is a key regulator of human myometrial apoptosis and inflammation during 

chorioamnionitis. Biol. Reprod. 2008, 78, 497–505, 

doi:10.1095/biolreprod.107.064444. 



57 

 

80. Hadi, T.; Douhard, R.; Dias, A.M.M.; Wendremaire, M.; Pezzè, M.; Bardou, M.; 

Sagot, P.; Garrido, C.; Lirussi, F. Beta3 adrenergic receptor stimulation in human 

macrophages inhibits NADPHoxidase activity and induces catalase expression via 

PPARγ activation. Biochim. Biophys. Acta Mol. Cell Res. 2017, 1864, 1769–1784, 

doi:10.1016/j.bbamcr.2017.07.003. 

81. Dandona, P.; Dhindsa, S.; Ghanim, H.; Chaudhuri, A. Angiotensin II and 

inflammation: the effect of angiotensin-converting enzyme inhibition and 

angiotensin II receptor blockade. J. Hum. Hypertens. 2007, 21, 20–27, 

doi:10.1038/sj.jhh.1002101. 

82. Lipshultz, S.E.; Lipsitz, S.R.; Mone, S.M.; Goorin, A.M.; Sallan, S.E.; Sanders, S.P.; 

Orav, E.J.; Gelber, R.D.; Colan, S.D. Female sex and higher drug dose as risk factors 

for late cardiotoxic effects of doxorubicin therapy for childhood cancer. N. Engl. J. 

Med. 1995, 332, 1738–1743, doi:10.1056/NEJM199506293322602. 

 







Társszerzői nyilatkozat 

Coauthor statement 

 

 

Alulírott, Dr. Kovács Mónika Gabriella IV. évfolyamos PhD hallgató kijelentem, hogy Marah 

Freiwan III. évfolyamos PhD hallgató elsőszerzős cikkét nem használtam fel PhD tézisem 

megírásához:  

I, the undersigned, Dr. Mónika Gabriella Kovács 4th year PhD student, hereby declare that I 

have not used Marah Freiwan’s first author article to write my PhD thesis: 

 

„Freiwan M, Kovács MG, Kovács ZZA, Szűcs G, Dinh H, Losonczi R, Siska A, Kriston A, 

Kovács F, Horváth P, Földesi I, Cserni G, Dux L, Csont T, Sárközy M. Investigation of the 

Antiremodeling Effects of Losartan, Mirabegron and Their Combination on the Development 

of Doxorubicin-Induced Chronic Cardiotoxicity in a Rat Model. Int J Mol Sci. 2022 Feb 

16;23(4):2201. doi: 10.3390/ijms23042201”. 

 

Szeged, 21. 03. 2022.      

 

       

      Dr. Kovács Mónika Gabriella 

          IV. évf. PhD hallgató/4th year PhD student 

                         SZTE SZAOK Biokémiai Intézet/ 

       University of Szeged, Albert Szent-Györgyi Medical School 

                  Department of Biochemistry 

       





����������
�������

Citation: Freiwan, M.; Kovács, M.G.;

Kovács, Z.Z.A.; Szűcs, G.; Dinh, H.;
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Abstract: Despite the effectiveness of doxorubicin (DOXO) as a chemotherapeutic agent, dose-
dependent development of chronic cardiotoxicity limits its application. The angiotensin-II receptor
blocker losartan is commonly used to treat cardiac remodeling of various etiologies. The beta-3
adrenergic receptor agonist mirabegron was reported to improve chronic heart failure. Here we
investigated the effects of losartan, mirabegron and their combination on the development of DOXO-
induced chronic cardiotoxicity. Male Wistar rats were divided into five groups: (i) control; (ii) DOXO-
only; (iii) losartan-treated DOXO; (iv) mirabegron-treated DOXO; (v) losartan plus mirabegron-
treated DOXO groups. The treatments started 5 weeks after DOXO administration. At week 8,
echocardiography was performed. At week 9, left ventricles were prepared for histology, qRT-PCR,
and Western blot measurements. Losartan improved diastolic but not systolic dysfunction and
ameliorated SERCA2a repression in our DOXO-induced cardiotoxicity model. The DOXO-induced
overexpression of Il1 and Il6 was markedly decreased by losartan and mirabegron. Mirabegron and
the combination treatment improved systolic and diastolic dysfunction and significantly decreased
overexpression of Smad2 and Smad3 in our DOXO-induced cardiotoxicity model. Only mirabegron
reduced DOXO-induced cardiac fibrosis significantly. Mirabegron and its combination with losartan
seem to be promising therapeutic tools against DOXO-induced chronic cardiotoxicity.

Keywords: onco-cardiology; doxorubicin-induced chronic cardiotoxicity; heart failure; cardiac fi-
brosis; diastolic dysfunction; angiotensin II receptor blocker; beta-3 adrenoceptor agonist; cardiac
inflammation; TGF-β/SMAD signaling pathway; sarcoendoplasmic reticulum calcium ATPase 2a
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1. Introduction

Cancer and cardiovascular diseases (CVDs) are the leading causes of morbidity and
mortality worldwide [1,2]. Due to advances in early diagnosis and treatment of cancer pa-
tients, long-term cancer survivors are one of the largest growing populations accessing the
healthcare system [3,4]. After recurrent malignancies, CVDs are the second leading cause
of morbidity and mortality in cancer survivors [3]. Cancer therapies, particularly chemo
and radiotherapy, have many recognized side effects on the cardiovascular system [3,5,6].
In early and late chronic stages, chemotherapy-induced cardiotoxicity commonly man-
ifests in decreased left ventricular ejection fraction (LVEF), leading to heart failure (HF)
symptoms [3,6].

Anthracyclines, including doxorubicin (DOXO), are essential drugs in chemothera-
peutic regimens in different cancers, such as leukemias, lymphomas, soft tissue sarcomas,
and solid malignancies (i.e., breast, ovary, prostate, stomach, thyroid, liver, and small cell
lung cancers) [7,8]. Although anthracyclines are effective and commonly used chemothera-
peutic agents, their application could be limited by the dose-dependent development of
cardiotoxicity. Anthracyclines-induced cardiotoxicity can manifest in acute, early chronic,
and late chronic forms. Acute toxicity is usually reversible and predominantly presents
supraventricular arrhythmias, transient left ventricular dysfunction, and electrocardio-
graphic changes in less than 1% of patients immediately after treatment [6]. Notably, acute
cardiac dysfunction may lead to early or late chronic cardiotoxicity characterized by systolic
dysfunction [9]. Early chronic cardiotoxic signs occur within the first year of treatment,
while late effects present after several years (median of 7 years after treatment) [3,10,11].
In the case of DOXO, the risk for developing chronic cardiotoxicity is 5% at a cumulative
dose of 400 mg/m2, 26% at a dose of 550 mg/m2, and 48% at a dose of 700 mg/m2 in
humans [6]. Patients under 18 or over 65 years, suffering from cardiovascular comorbidi-
ties such as hypertension, left ventricular hypertrophy, coronary artery disease, diabetes
mellitus, or prior radiation exposure, are at higher risk for developing DOXO-induced
chronic cardiotoxicity [3,6].

The basic mechanisms underlying DOXO-induced chronic cardiotoxicity have not yet
been fully understood. In cancer cells, DOXO was shown to bind to topoisomerase-2α,
causing deoxyribonucleic acid (DNA) double-strand break and cell death [12,13]. In car-
diomyocytes, DOXO was reported to target topoisomerase-2β, also leading to DNA double-
strand breaks and the death of cardiomyocytes. DOXO-bound topoisomerase-2β can bind
to promoters of antioxidative genes and peroxisome proliferator-activated receptor-gamma
coactivator 1 (PGC1), which are needed for the expression of antioxidant enzymes and
the elements of the mitochondrial electron transport chain [14]. Thus, topoisomerase-2β
may be able to account for the three hallmarks of DOXO-induced cardiotoxicity, includ-
ing (i) cardiomyocyte death mainly by apoptosis, (ii) generation of reactive oxygen and
nitrogen species (ROS/RNS), and (iii) mitochondrial damage [12,13]. Another accepted
theory is that DOXO forms an anthracycline-iron complex, which then induces lipid perox-
idation, protein oxidation, and DNA damage by ROS production that results in contractile
impairment, irreversible myocardial damage, and fibrosis [7,15]. At the same time, other
mechanisms have been proposed, such as tissue inflammation, extracellular matrix re-
modeling, myofilament dysfunction, and disturbance in intracellular calcium ion (Ca2+)
homeostasis [7,15].

Although DOXO effectively kills tumor cells, there is currently no sufficiently effec-
tive agent to prevent or treat DOXO-induced chronic cardiotoxicity without diminishing
antitumor effects of DOXO or promoting secondary malignancy [3]. The renin-angiotensin-
aldosterone system (RAAS) was reported to be overactivated in cardiovascular pathologies,
including hypertension, cardiac hypertrophy, and heart failure leading to elevated nitro-
oxidative stress, inflammation, apoptosis, and fibrosis [16]. Among the inhibitors of RAAS
overactivation, angiotensin-II receptor blockers (ARBs) are widely used drugs to prevent
the progression of chronic heart failure in various comorbidities [17,18]. ARB losartan
showed cardioprotective effects against experimental DOXO-induced cardiotoxicity [19,20].
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Indeed, based on the results of clinical trials, inhibition of RAAS overactivation with
ARBs has also shown beneficial effects on the development of DOXO-induced chronic
cardiotoxicity [13].

The beta-3 adrenoreceptor (β3AR) agonist mirabegron is used in urology to treat hyper-
active bladder syndrome [21]. In preclinical models, the β3AR agonists attenuated cardiac
fibrosis and improved cardiac contractility via coupling of β3AR to the eNOS/cGMP path-
way in cardiomyocytes [22–24]. Moreover, the antioxidant effects of the β3AR signaling
and the down-regulation of the angiotensin II type 1 receptor (AT1) in response to β3AR
stimulation may protect the heart from elevated nitro-oxidative stress and the consecutive
pro-inflammatory and fibrotic processes [23,25–28]. Our group recently showed moderate
antifibrotic effects of mirabegron in a rat model of uremic cardiomyopathy independently
of the β3AR/eNOS pathway [29]. Bundgaard reported that mirabegron significantly in-
creased LVEF in a subset of patients with less than 40% starting LVEF compared to patients
given placebo [30]. This result may suggest that mirabegron could have beneficial effects
on heart failure with reduced ejection fraction (HFrEF). Indeed, the antiremodeling effects
of the β3AR agonist mirabegron are being investigated in HFrEF patients in clinical trials
(trial numbers: NCT03926754 and NCT02775539). However, the antiremodeling effects
of mirabegron have not been studied in DOXO-induced chronic cardiotoxicity. Therefore,
in our present study, we aimed at investigating and comparing the potential antiremod-
eling effects of the widely-used ARB losartan, the β3AR agonist mirabegron, and their
combination on the development of DOXO-induced chronic cardiotoxicity in a rat model.

2. Results

Our present study aimed to use a DOXO-induced chronic cardiotoxicity model pre-
senting similar cardiac pathology to those seen in tumor survivor patients treated with
DOXO. The treatments with losartan, mirabegron, and their combination started after the
DOXO-administration, similar to the conventionally scheduled heart failure therapeutic
regimens in clinical practice [6,31]. Our experimental protocol is presented in Figure 1.

Altogether nine animals died in the DOXO groups (n = 1 in the DOXO-only group at
week 4, n = 2 in the losartan treated DOXO group (one animal at week 4 before the start
of losartan treatment and one animal 1 day before the termination at week 9), n = 4 in the
mirabegron-treated DOXO group (one animal was excluded and terminated earlier due to
its poor echocardiographic result and body weight at week 4, one animal before the start
of mirabegron treatment due to abdominal ulceration at week 4 and two animals during
the mirabegron treatment at weeks 7 and 8), and n = 2 in the losartan plus mirabegron-
treated DOXO group (one animal was excluded and terminated earlier due to its poor
echocardiographic results at week 4 and one animal during the losartan plus mirabegron
treatment at week 6)).

2.1. Early Echocardiographic Signs of Systolic Dysfunction Developed in the DOXO Groups before
Starting the Treatments at Week 4

Echocardiography was performed at week 4 to assess the effects of DOXO on cardiac
morphology and function before starting the treatments with losartan, mirabegron, and
their combination (Figure 1, Table 1). There were no significant differences in most of the
measured morphologic and functional parameters between the DOXO and control groups
(Table 1). Only the left ventricular end-systolic diameter was significantly higher in the
DOXO groups compared to the control group indicating an early sign of DOXO-induced
chronic cardiotoxicity assessed by echocardiography (Table 1). Additionally, fractional
shortening, diastolic septal wall thickness, and systolic anterior wall thickness showed a
statistically non-significant decrease in the DOXO groups compared to the control group
(Table 1).
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Figure 1. Experimental protocol. Male Wistar rats (n = 50, 350–400 g) were divided into one control
and four doxorubicin (DOXO)-treated groups (ip. 1.5 mg/kg in 6 cycles; cumulative dose: 9 mg/kg).
From the 5th week after the last cycle of DOXO administration, rats were treated via oral gavage
daily until the end of the experiments as follows: (i) control group treated with tap water (n = 8,
2 mL/kg/day), (ii) DOXO-only group treated with tap water (n = 11, 2 mL/kg/day), (iii) DOXO
group treated with losartan (L, per os 20 mg/kg/day, n = 10) dissolved in tap water, iv) DOXO group
treated with mirabegron (M, per os 30 mg/kg/day, n = 10) dissolved in tap water, and (v) DOXO
group treated with the combination of losartan (per os 20 mg/kg/day) and mirabegron (per os
30 mg/kg/day) dissolved in tap water (n = 11, 2 mL/kg/day). Cardiac morphology and function
were assessed by transthoracic echocardiography (Echo) at weeks 4 and 8 under isoflurane anesthesia.
At week 9, an invasive blood pressure (BP) measurement was performed under pentobarbital anesthe-
sia, then blood was collected from the abdominal aorta to measure routine laboratory parameters, and
hearts, lungs, and tibias were isolated. Left and right ventricles were separated, and left ventricular
samples were prepared for histology, qRT-PCR, and Western blot (WB) measurements.

Table 1. Effects of DOXO on cardiac morphology and function assessed by transthoracic echocardio-
graphy before starting the treatments with losartan, mirabegron, and their combination at week 4.

Parameter (Unit)
Groups

Control DOXO DOXO + L DOXO + M DOXO + L + M

SWTs (mm) 3.57 ± 0.06 3.43 ± 0.09 3.35 ± 0.19 3.53 ± 0.15 3.34 ± 0.16
SWTd (mm) 2.17 ± 0.04 1.92 ± 0.09 1.90 ± 0.09 1.99 ± 0.09 1.98 ± 0.14
PWTs (mm) 3.1 ± 0.11 2.82 ± 0.10 2.97 ± 0.15 3.16 ± 0.12 3.09 ± 0.10
PWTd (mm) 1.76 ± 0.05 1.73 ± 0.09 1.86 ± 0.07 1.91 ± 0.05 1.83 ± 0.02
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Table 1. Cont.

Parameter (Unit)
Groups

Control DOXO DOXO + L DOXO + M DOXO + L + M

AWTs (mm) 3.34 ± 0.11 3.05 ± 0.13 3.09 ± 0.15 3.21 ± 0.16 3.04 ± 0.12
AWTd (mm) 2.01 ± 0.08 1.84 ± 0.08 1.84 ± 0.09 1.88 ± 0.07 1.82 ± 0.09
IWTs (mm) 3.09 ± 0.1 2.88 ± 0.17 2.93 ± 0.11 3.01 ± 0.23 2.97 ± 0.07
IWTd (mm) 1.81 ± 0.07 1.85 ± 0.15 1.81 ± 0.1 1.94 ± 0.13 1.86 ± 0.08

LVEDD (mm) 7.02 ± 0.26 7.07 ± 0.21 7.10 ± 0.19 6.72 ± 0.24 6.86 ± 0.31
LVESD (mm) 3.04 ± 0.17 3.55 ± 0.23 * 3.62 ± 0.25 * 3.41 ± 0.08 * 3.43 ± 0.31 *

FS (%) 57 ± 1 50 ± 2 49 ± 3 53 ± 2 51 ± 3
EF (%) 90 ± 1 85 ± 1 84 ± 3 88 ± 1 86 ± 2

E (m/s) 0.90 ± 0.04 0.92 ± 0.06 0.93 ± 0.02 0.91 ± 0.08 0.92 ± 0.05
e’ (m/s) 0.089 ± 0.009 0.076 ± 0.008 0.066 ± 0.007 0.064 ± 0.009 0.085 ± 0.014

E/e’ 10 ± 2 13 ± 1 15 ± 2 15 ± 3 13 ± 3
IVRT (ms) 17 ± 0.64 18 ± 0.81 16 ± 0.65 16 ± 0.95 17 ± 0.7
IVCT (ms) 16 ± 0.67 15 ± 0.67 15 ± 0.47 16 ± 0.99 15 ± 0.78

HR (1/min) 365 ± 9 368 ± 9 363 ± 11 382 ± 15 381 ± 7

Values are presented as mean ± S.E.M., * p < 0.05 vs. control group (n = 8–9, ANOVA on ranks in cases
of IWTd, PWTd, E, e’, and E/e’, and one-way ANOVA for the other parameters, Holm-Sidak post hoc test).
AWT: anterior wall thickness, d: diastole, DOXO: doxorubicin, E-velocity: early ventricular filling velocity, e’-
velocity: diastolic septal mitral annulus velocity, EF: ejection fraction, FS: fractional shortening, HR: heart rate,
IVCT: isovolumic relaxation time, IVRT: isovolumic contraction time, IWT: inferior wall thickness, L: losartan,
LVEDD: left ventricular end-diastolic diameter, LVESD: left ventricular end-systolic diameter, M: mirabegron,
PWT: posterior wall thickness, s: systole, SWT: septal wall thickness.

2.2. DOXO-Treated Groups Presented Lower Body Weight and Higher Serum Cholesterol Levels
Irrespective of the Treatments with Losartan, Mirabegron, and their Combination at Week 9

There was no significant difference in body weight before the start of the DOXO
administration between the groups (Table 2). After the last cycle of DOXO administration
(i.e., week 0, Figure 1), the body weight was significantly lower of the DOXO-treated
animals compared to the controls (Table 2). Nine weeks after the last cycle of DOXO
administration, the body weight was significantly lower in the DOXO groups compared to
the control group irrespective of treatments with losartan, mirabegron, or their combination
(Table 2).

Table 2. Effects of losartan, mirabegron, and their combination on routine laboratory and clinical
parameters in our DOXO-induced chronic cardiotoxicity model.

Parameter (Unit)
Groups

Control DOXO DOXO + L DOXO + M DOXO + L + M

Body weight before DOXO (g) 362 ± 10 357 ± 8 360 ± 11 364 ± 9 358 ± 9
Body weight after DOXO at week 0 (g) 394 ± 8 353 ± 11 * 355 ± 9 * 367 ± 9 * 363 ± 9 *

Body weight at week 9 (g) 451 ± 7 372 ± 19 * 360 ± 13 * 351 ± 18 * 379 ± 11 *
Serum carbamide (mmol/L) 7.76 ± 0.53 9.07 ± 0.80 7.93 ± 0.74 9.66 ± 1.82 9.23 ± 1.03
Serum creatinine (µmol/L) 36 ± 1.91 36 ± 3.59 35 ± 2.17 32 ± 3.44 27 ± 1.96

Serum cholesterol (mmol/L) 1.75 ± 0.07 8.91 ± 1.08 * 6.14 ± 0.93 * 6.01 ± 1.07 * 6.96 ± 1.20 *
Serum triglyceride (mmol/L) 0.69 ± 0.06 2.94 ± 0.30 * 2.71 ± 0.50 * 1.19 ± 0.30 # 1.79 ± 0.24 *

SBP (mmHg) 148 ± 5 146 ± 8 119 ± 5 *# 153 ± 8 128 ± 6
DBP (mmHg) 108 ± 4 111 ± 5 79 ± 5 *# 116 ± 8 92 ± 4
MBP (mmHg) 122 ± 4 123 ± 7 98 ± 4 *# 131 ± 8 106 ± 5

Values are presented as mean ± S.E.M., * p < 0.05 vs. control group, # p < 0.05 vs. DOXO-only group (n = 10–11
for body weight before and after DOXO administration, n = 6–9 for body weight and serum parameters at week
9, and n = 5–8 for blood pressure parameters at week 9, ANOVA on ranks in cases of serum carbamide and
creatinine levels, and one way ANOVA for the other parameters, Holm-Sidak post hoc test). DOXO: doxorubicin,
DBP: diastolic blood pressure, L: losartan, M: mirabegron, MBP: mean arterial blood pressure, SBP: systolic
blood pressure.

At week 9, there was no significant difference in routine renal functional parameters,
including serum carbamide and creatinine levels, between the groups (Table 2). At week
9, serum cholesterol and triglyceride levels, and blood pressure were measured as cardio-
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vascular risk factors. Interestingly, serum cholesterol levels were significantly higher in
all DOXO groups, irrespective of treatments (Table 1). Notably, serum cholesterol levels
showed a trend of decreasing in response to losartan (p = 0.07) and mirabegron (p = 0.08)
compared to the DOXO-only group (Table 2). Serum triglyceride levels were significantly
higher in the DOXO-only group compared to the control group (Table 2). Mirabegron
significantly reduced the serum triglyceride level compared to the DOXO-only group.
However, losartan or the combination treatment failed to markedly improve the serum
triglyceride levels compared to the DOXO-only group (Table 2). There were no significant
differences in the systolic, diastolic, and mean arterial blood pressure values between the
DOXO-only and the control groups (Table 2). Due to its antihypertensive effects, losartan
markedly decreased the systolic, diastolic, and mean arterial blood pressure compared
to the values of the control or the DOXO-only groups (Table 2). Mirabegron did not sig-
nificantly change the blood pressure parameters compared to the control or DOXO-only
groups (Table 2). Notably, the combination treatment showed a trend toward a decrease
in the systolic (p = 0.13), diastolic (p = 0.08), and mean (p = 0.07) arterial blood pressure
compared to the DOXO-only group (Table 2).

2.3. Echocardiographic Signs of the DOXO-Induced Chronic Cardiotoxicity Were Alleviated by
Mirabegron and the Combination Treatment but Not by Losartan at Week 8

Echocardiography was performed at week 8 to assess the effects of losartan, mirabegron,
or their combination on the DOXO-induced pathologic changes in cardiac morphology and
function (Figures 1–3, Table 3). The systolic septal, posterior, anterior, inferior, and diastolic
septal wall thicknesses were significantly smaller in the DOXO-only group compared
to the control group (Figure 2a–d, Table 3). There was no significant change in the left
ventricular end-diastolic diameter; however, the left ventricular end-systolic diameter was
markedly increased in the DOXO-only group compared to the control group (Figure 2e,f).
Consequently, fractional shortening and ejection fraction was significantly reduced in
the DOXO-only group compared to the control group, indicating the development of
systolic dysfunction in response to DOXO (Figure 2, Table 3). Additionally, another systolic
parameter, the isovolumic contraction time, was significantly prolonged in the DOXO-only
group compared to the control group (Table 3). There were no significant differences in
the diastolic posterior, anterior and inferior wall thicknesses between the DOXO-only and
control groups. Notably, the heart rate tended to decrease (p = 0.07) in the DOXO-only
group compared to the control group (Table 3).

Comparing the losartan-treated DOXO-group to the control group, the systolic septal
and anterior wall thicknesses, fractional shortening, and ejection fraction were significantly
reduced, and the left ventricular end-systolic diameter was significantly increased, similar
to the results of the DOXO-only group (Table 3, Figure 2). It should be mentioned that
the isovolumic contraction time was significantly reduced by losartan compared to the
DOXO-only group (Table 2). There were no significant differences in the diastolic septal,
posterior, anterior, and systolic posterior and inferior wall thicknesses, left ventricular
end-diastolic diameter, and heart rate between the losartan-treated DOXO and DOXO-only
or control groups (Table 2, Figure 3).

In response to mirabegron, the systolic septal, anterior and inferior wall thicknesses
were significantly increased compared to those in the DOXO-only group (Table 3, Figure 2).
Accordingly, there were no significant differences in the left ventricular end-systolic di-
ameter, fractional shortening, ejection fraction, and isovolumic contraction time between
the mirabegron-treated DOXO and control groups (Table 3, Figure 2). In response to
mirabegron, the heart rate and the other measured wall thicknesses were not significantly
different from those in the DOXO-only or control groups (Table 3).
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Figure 2. Effects of losartan, mirabegron, and their combination on morphological changes and
systolic dysfunction in DOXO-induced chronic cardiotoxicity assessed by echocardiography at week
8. Values are presented as mean ± S.E.M., * p < 0.05 vs. control group, # p < 0.05 vs. DOXO-only
group (n = 6–9, one-way ANOVA, Holm-Sidak post hoc test). (a) Representative M-mode images,
(b) systolic septal wall thickness (SWTs), (c) systolic inferior wall thickness (IWTs), (d) left ventricular
end-systolic diameter (LVESD), (e) left ventricular end-diastolic diameter (LVEDD), (f) fractional
shortening (FS), and (g) ejection fraction (EF). DOXO: doxorubicin, L: losartan, M: mirabegron.

There were no significant differences in most wall thicknesses, left ventricular end-
systolic and end-diastolic diameters, fractional shortening, ejection fraction, and isovolumic
contraction time in the losartan plus mirabegron-treated DOXO group compared to the
control group or the DOXO-only group (Table 3, Figure 2). However, it should be mentioned
that fractional shortening and ejection fraction showed decreasing tendencies (p = 0.13
and p = 0.14, respectively) in the losartan plus mirabegron-treated group compared to
the control group. Accordingly, the isovolumic contraction time tended to increase in the
losartan plus mirabegron-treated group compared to the control group (p = 0.06 using
unpaired t-test). Notably, systolic inferior wall thickness and heart rate were significantly
reduced, and the systolic posterior and diastolic septal wall thicknesses showed a tendency
of decrease in the losartan plus mirabegron-treated DOXO group compared to those in the
control group (Table 3, Figure 2).
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Figure 3. Effects of losartan, mirabegron, and their combination on diastolic dysfunction in DOXO-
induced chronic cardiotoxicity assessed by echocardiography at week 8. Values are presented as
mean ± S.E.M., * p < 0.05 vs. control group, # p < 0.05 vs. DOXO-only group (n = 6–9, one-way
ANOVA or ANOVA on ranks in the case of E/e’, Holm-Sidak post hoc test). (a) representative pulse
wave Doppler (PWD) and tissue Doppler (TD) images, (b) mitral valve early flow velocity (E) to
septal mitral annulus velocity (e’) ratio (E/e’), (c) mitral valve early flow velocity (E), (d) septal
mitral annulus velocity (e’), and (e) isovolumic relaxation time (IVRT). DOXO: doxorubicin, L:
losartan, M: mirabegron.

Table 3. Effects of losartan, mirabegron, or their combination on DOXO-induced cardiac morphologic
and functional changes assessed by echocardiography at week 8.

Parameter (Unit)
Groups

Control DOXO DOXO + L DOXO + M DOXO + L + M

SWTd (mm) 2.10 ± 0.04 1.69 ± 0.09 * 1.76 ± 0.1 2.32 ± 0.25 # 1.83 ± 0.1
PWTs (mm) 3.10 ± 0.09 2.52 ± 0.13 * 2.79 ± 0.18 3.01 ± 0.22 2.72 ± 0.18
PWTd (mm) 1.79 ± 0.12 1.69 ± 0.11 1.90 ± 0.10 1.92 ± 0.12 1.67 ± 0.13
AWTs (mm) 3.04 ± 0.10 2.57 ± 0.12 * 2.61 ± 0.19 * 3.21 ± 0.17 # 3.31 ± 0.22 #

AWTd (mm) 1.71 ± 0.07 1.60 ± 0.06 1.63 ± 0.16 2.03 ± 0.16 # 2.02 ± 0.14 #

IWTd (mm) 1.75 ± 0.07 1.57 ± 0.13 1.65 ± 0.1 1.84 ± 0.16 1.64 ± 0.1
IVCT (ms) 16 ± 2 21 ± 1 * 16 ± 1 # 18 ± 2 20 ± 1

HR (1/min) 371 ± 11 347 ± 12 349 ± 15 343 ± 12 335 ± 10 #

Values are presented as mean ± S.E.M., * p < 0.05 vs. control group, # p < 0.05 vs. DOXO-only group (n = 8–9,
ANOVA on ranks in cases of PWTd and IVCT, and one-way ANOVA for the other parameters, Holm-Sidak
post hoc test). AWT: anterior wall thickness, d: diastole, DOXO: doxorubicin, HR: heart rate, IVCT: isovolumic
contraction time, IWT: inferior wall thickness, L: losartan, M: mirabegron, PWT: posterior wall thickness, s: systole,
SWT: septal wall thickness.
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In the DOXO-only group, the septal mitral annulus velocity e’ was significantly smaller,
and the early flow velocity E was unchanged, leading to markedly higher E/e’ compared
to those of the control group, indicating diastolic dysfunction (Figure 3a–d). Another
parameter of the diastolic function, the isovolumic relaxation time, was significantly pro-
longed in the DOXO-only group compared to the control group (Figure 3e). In response
to losartan, the E, e’, and their ratio were not significantly different from those of the
control or DOXO-only groups (Figure 3a–d). Notably, losartan significantly reduced the
isovolumic relaxation time compared to the DOXO-only group (Figure 3e). The treatment
by mirabegron did not affect the E significantly, whereas it markedly increased the e’ and
reduced the E/e’ compared to the values of the DOXO-only group (Figure 4e). In contrast,
the isovolumic relaxation time remained significantly longer in the mirabegron-treated
DOXO group than in the control group (Figure 3e). In response to losartan plus mirabegron
treatment, E was markedly reduced compared to the control group (Figure 3a,c). The
treatment by losartan plus mirabegron significantly increased the e’ and reduced the E/e’
compared to the values of the DOXO-only group (Figure 3b,d). The isovolumic relaxation
time was not significantly different between the losartan plus mirabegron-treated DOXO
groups and the control or DOXO-only groups (Figure 3e).

Figure 4. Effects of losartan, mirabegron, and their combination on DOXO-induced histologic changes
at week 9. Values are presented as mean ± S.E.M., * p < 0.05 vs. control group, # p < 0.05 vs. DOXO-
only group (n = 6–9, one-way ANOVA in the case of cardiomyocyte cross-sectional area and ANOVA
on ranks in the case of LV collagen, Holm-Sidak post hoc test). (a) Representative hematoxylin-
eosin (HE)-stained sections at 40× and 100× magnifications, (b) cardiomyocyte cross-sectional area,
(c) representative picrosirius red and fast green (PSFG)-stained sections at 20× magnification, (d) left
ventricular (LV) collagen content. DOXO: doxorubicin, L: losartan, M: mirabegron.
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2.4. DOXO-Indued Heart Weight Loss Was Alleviated by Mirabegron at Week 9

At weeks 9, hearts, lungs, and tibias were isolated, then left and right ventricles were
separated, and the organ weights and tibia lengths were measured (Table 4). Tibia lengths
were not significantly different between the groups (Table 4). However, the tibia lengths in
the DOXO-only (p = 0.081) and losartan-treated DOXO groups (p = 0.065) showed a trend
to a decrease compared to the control group (Table 4). Heart weight, as well as left and
right ventricular weights, were significantly lower in the DOXO-only group compared to
those of the control group (Table 4). Right ventricular weight was not significantly different
between the losartan-treated DOXO and control groups (Table 4). In response to losartan,
the heart weight and left ventricular weight remained significantly smaller as compared to
those of the control group (Table 4).

Table 4. Effects of losartan, mirabegron, and their combination on tibia length, heart, and lung
weights in our DOXO-induced chronic cardiotoxicity model at week 9.

Parameter (Unit)
Groups

Control DOXO DOXO + L DOXO + M DOXO + L + M

Tibia length (cm) 4.13 ± 0.02 4.06 ± 0.03 4.04 ± 0.04 4.07 ± 0.05 4.09 ± 0.03
Heart weight (mg) 1167 ± 20 972 ± 43 * 989 ± 52 * 1076 ± 75 1011 ± 27 *

LV weight (mg) 838 ± 15 693 ± 31 * 690 ± 36 * 768 ± 55 698 ± 22 *
RV weight (mg) 218 ± 12 178 ± 12 * 190 ± 17 181 ± 14 184 ± 4 *

Lung weight (mg) 1581 ± 29 1497 ± 44 1615 ± 60 1665 ± 106 1684 ± 52

Values are presented as mean ± S.E.M., * p < 0.05 vs. control group (n = 6–9, ANOVA on ranks in the cases of
heart and RV weights, and one-way ANOVA for the other parameters, Holm-Sidak post hoc test). L: losartan, LV:
left ventricle, M: mirabegron, RV: right ventricle.

In response to mirabegron, heart weight, as well as left and right ventricular weights,
were not markedly different from the values of the control group (Table 4). In contrast, the
combination of losartan and mirabegron resulted in significantly smaller heart weights
and left and right ventricular weights than those of the control group (Table 4). Lung
weight showed a decreasing trend in the DOXO-only group compared to the control group
(p = 0.13). Lung weights in the DOXO groups treated with losartan, mirabegron and their
combination were not significantly different from those of the control group (Table 4).

2.5. DOXO-Indued Cardiac Fibrosis Was Significantly Reduced Only by Mirabegron at Week 9

To characterize the potential anti-remodeling effects of losartan, mirabegron, or their
combination in DOXO-induced cardiotoxicity, cardiomyocyte cross-sectional areas were
measured on hematoxylin-eosin-stained sections, and fibrosis was quantified on picrosirius
red and fast green-stained sections (Figure 4a–d).

There was no significant difference in the cardiomyocyte cross-sectional areas between
the DOXO-only and control groups (Figure 4a,b). Interestingly, losartan significantly
reduced the cardiomyocyte cross-sectional area compared to the control group (Figure 4a,b).
Mirabegron and the combination of losartan and mirabegron did not significantly affect the
cross-sectional areas compared to those of the control or DOXO-only groups (Figure 4a,b).

In the DOXO-only group, the interstitial collagen content of the left ventricles was
significantly increased compared to the control group, indicating the development of LV
fibrosis (Figure 4c,d). In response to mirabegron, the LV collagen content was significantly
smaller than the DOXO-only group (Figure 4c,d). In response to losartan or the combination
treatment, the LV collagen content was not significantly different from the control or the
DOXO-only group (Figure 4c,d). Notably, the LV collagen content showed a trend to
a decrease in response to losartan plus mirabegron compared to the DOXO-only group
(p = 0.085, Figure 4c,d).

LV expressions of the collagenases matrix metalloprotease-2 (Mmp2) and matrix
metalloprotease-9 (Mmp-9) were significantly increased in the DOXO-only group compared
to the control group (Table 5). In response to losartan, the Mmp9 remained significantly
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overexpressed, and the Mmp2 expression was not significantly different from the control
group (Table 5).

Table 5. The effects of losartan, mirabegron, and their combination on left ventricular expression of
matrix metalloprotease-2 and -9, natriuretic peptides A and B, and apoptotic markers at the mRNA
level in our DOXO-induced chronic cardiotoxicity model at week 9.

Relative Gene
Expression

Groups

Control DOXO DOXO + L DOXO + M DOXO + L + M

Mmp2/Ppia 1.04 ± 0.07 1.71 ± 0.22 * 1.19 ± 0.15 1.29 ± 0.18 1.12 ± 0.28
Mmp9/Ppia 0.75 ± 0.06 1.5 ± 0.17 * 1.55 ± 0.28 * 1.27 ± 0.22 0.92 ± 0.08 #
Nppa/Ppia 0.26 ± 0.05 1.49 ± 0.28 * 0.78 ± 0.15 # 1.59 ± 0.27 * 0.82 ± 0.16
Nppb/Ppia 0.75 ± 0.12 1.14 ± 0.12 * 0. 82 ± 0.09 1.43 ± 0.12 * 0.73 ± 0.13 #
Bax/Ppia 0.89 ± 0.19 1.69 ± 0.34 0.97 ± 0.29 0.71 ± 0.08 0.68 ± 0.12
Bcl2/Ppia 0.91 ± 0.08 1.01 ± 0.14 0.83 ± 0.1 0.80 ± 0.05 0.80 ± 0.19
Bax/Bcl2 0.96 ± 0.18 1.63 ± 0.13 * 1.26 ± 0.26 0.87 ± 0.15 # 1.21 ± 0.34

Values are presented as mean ± S.E.M., * p < 0.05 vs. control group, # p < 0.05 vs. DOXO-only group (n = 5–9, one-
way ANOVA, Holm-Sidak post hoc test). DOXO: doxorubicin, L: losartan, M: mirabegron, Bax: BCL2-associated
X apoptosis regulator, Bcl2: B-Cell CLL/lymphoma 2 apoptosis regulator, Mmp2: matrix metalloprotease-2, Mmp9:
matrix metalloprotease-9, Nppa: atrial natriuretic peptide A, Nppb: atrial natriuretic peptide B, Ppia: peptidylprolyl
isomerase A (house-keeping gene for normalization).

In response to mirabegron, Mmp2 and Mmp9 expressions were not markedly different
from those of the control group (Table 5). The combination of losartan and mirabegron
reduced the Mmp9 expression significantly and resulted in a decreasing tendency in Mmp2
expression as compared to the DOXO-only group (Table 5).

The heart failure markers natriuretic peptides A and B (Nppa and Nppb, respectively)
were significantly overexpressed in the DOXO-only group and remained significantly
higher in the mirabegron-treated DOXO group compared to the control group (Table 5).
Losartan significantly reduced Nppa overexpression, and the combination of losartan plus
mirabegron markedly decreased Nppb expression compared to the DOXO-only group
(Table 5).

The left ventricular expression of the apoptotic marker Bax showed a trend to increase
in the DOXO-only group compared to the control group (p = 0.066) (Table 5). There
was no significant difference in the Bax expression between the control and the losartan,
mirabegron, or losartan plus mirabegron-treated DOXO groups (Table 5). There was no
significant difference in the left ventricular expression of the antiapoptotic Bcl2 between
the groups (Table 5). Interestingly, the Bax/Bcl2 ratio was significantly increased in the
DOXO-only group compared to the control group (Table 5). Only mirabegron, but not
losartan or the combination treatment, significantly decreased the Bax/Bcl2 ratio compared
to the control group (Table 5). These results are in accordance with the heart weight, left
ventricular weight, and fibrosis results (Table 4 and Figure 4).

2.6. Overexpression of Smad2 and Smad3 Were Ameliorated by Treatments with Losartan,
Mirabegron and their Combination in DOXO-Indued Chronic Cardiotoxicity

To further characterize the potential antiremodeling effects of losartan, mirabegron
and their combination, left ventricular expression of several elements of the TGF-β/SMAD
fibrotic pathway was measured at the transcript or the protein level in DOXO-induced
chronic cardiotoxicity (Figure 5a–f). Left ventricular expressions of the connective tissue
growth factor (Ctgf ), transforming growth factor-beta receptor type II (TGFβRII), mothers
against decapentaplegic homolog 2 and 3 (Smad2 and Smad3), and collagen 1a1 (Col1a1)
were significantly increased in the DOXO-only group compared to those of the control
group (Figure 5a,c–f).
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Figure 5. The effects of losartan, mirabegron, and their combination on the left ventricular expression
of several elements of the TGF-β/SMAD fibrotic pathway in our DOXO-induced chronic cardiotox-
icity model at week 9. (a) Left ventricular mRNA expressions of connective tissue growth factor
(Ctgf ) and (b) transforming growth factor-beta (Tgfb); (c) left ventricular protein expression and
cropped representative Western blot images of (c) transforming growth factor-beta receptor type
II (TGFβRII); (d) left ventricular mRNA expressions of mothers against decapentaplegic homolog
2 (Smad2); (e) mothers against decapentaplegic homolog 3 (Smad3), and (f) collagen 1a1 (Col1a1).
Values are presented as mean ± S.E.M., * p < 0.05 vs. control group, # p < 0.05 vs. DOXO-only
group (n = 5–9 for qPCR and n = 5–6 for Western blot results, ANOVA on ranks in the cases of Tgfb
and TGFβRII expressions, and one-way ANOVA for the other parameters, Holm-Sidak post hoc
test). DOXO: doxorubicin, GAPDH: glyceraldehyde 3-phosphate dehydrogenase (loading control
in Western blot measurements), L: losartan, M: mirabegron. Ppia: peptidylprolyl isomerase A was
used as the housekeeping gene for normalization in qPCR measurements. Western blot images
were captured with the Odyssey CLx machine and exported with Image Studio 5.2.5 software. The
full-length Ponceau-stained membranes and Western blots are presented in Supplementary Figure S1.

There was no significant difference in the left ventricular mRNA expression of trans-
forming growth factor-beta (Tgfb) between the groups (Figure 5b). In response to losartan,
the left ventricular expressions of Ctgf, TGFβRII, Smad3, and Col1a1 were not significantly
different from those of the control group (Figure 5a,c,e,f). Moreover, the Smad2 over-
expression was significantly decreased by losartan compared to the DOXO-only group
(Figure 5d). In response to mirabegron, left ventricular expressions of Ctgf and TGFβRII
remained significantly higher than in the control group (Figure 5a,c). Smad2 and Smad3
overexpression were significantly reduced by mirabegron compared to the DOXO-only
group (Figure 5d,e). There was no significant difference in the Col1a1 expression between
the mirabegron-treated DOXO and control groups (Figure 5f). In response to losartan
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plus mirabegron, the expressions of Ctgf, Tgfb, TGFβRII, and Col1a1 were not significantly
different from those of the control group (Figure 5a–c,f). In addition, the combination of
losartan plus mirabegron significantly reduced the Smad2 and Smad3 expressions compared
to those of the DOXO-only group (Figure 5d,e).

2.7. DOXO-Indued Repression of SERCA2a Was Ameliorated by Losartan at Week 9

Decreased sarcoendoplasmic reticulum calcium ATPase 2a isoform (SERCA2a) ex-
pression and disturbed calcium homeostasis are related to impaired diastolic relaxation
and reduced systolic function [32]. In our present study, the left ventricular expression of
the SERCA2a protein was significantly decreased in the DOXO-only group compared to
the control group (Figure 6a). Losartan markedly increased the left ventricular SERCA2a
expression compared to the DOXO-only group (Figure 6a). In cases of the mirabegron
and the combination-treated groups, the SERCA2a expression showed a trend to decrease
compared to the control group (p = 0.062 and p = 0.054, respectively) (Figure 6a).

Figure 6. Effects of losartan, mirabegron, or their combination on the left ventricular expression of
SERCA2a, β3AR, eNOS and p-eNOS in DOXO-induced cardiotoxicity at week 9. Left ventricular
expression and cropped representative images of (a) sarcoendoplasmic reticulum calcium ATPase 2a
(SERCA2a); (b) beta-3 adrenoceptor (β3AR); (c) endothelial nitric oxide synthase (eNOS); (d) phospho-
eNOS (p-eNOS), and (e) p-eNOS/eNOS ratio. Values are presented as mean ± S.E.M., * p < 0.05 vs.
control group (n = 5–6, ANOVA on ranks in the cases of SERCA2a and p-eNOS expressions, and
one-way ANOVA for the other parameters, Holm-Sidak post hoc test). Tubulin was used as a loading
control. DOXO: doxorubicin, L: losartan, M: mirabegron. Images were captured with the Odyssey
CLx machine and exported with Image Studio 5.2.5 software. The full-length Ponceau-stained
membranes and Western blots are presented in Supplementary Figures S2–S5.
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2.8. Left Ventricular β3AR Protein Levels were Decreased in all DOXO-Treated Groups Irrespective of
Treatments with Losartan, Mirabegron, and their Combination

Myocardial overexpression of the β3AR and dysfunction in the eNOS-mediated path-
ways were reported in heart failure of different etiologies [21]. In contrast, the β3AR
protein level was significantly decreased in the DOXO-treated groups irrespective of treat-
ments with losartan, mirabegron, and their combination, compared to the control group
(Figure 6b). There were no significant differences in the eNOS and p-eNOS levels and the
p-eNOS/eNOS ratios among the groups (Figure 6c–e).

2.9. Left Ventricular Expression of the Inducible Nitric Oxide Synthase was Increased in All
DOXO-Treated Groups Irrespective of Treatments with Losartan, Mirabegron, and their Combination

The left ventricular expressions of neuronal (Nos1) and inducible (Nos2) nitric oxide
synthase were measured at the transcript level by qPCR (Table 6). NOS1 is localized in
the myocardial sarcoplasmic reticulum and modulates cardiac function and intracellular
Ca2+ fluxes [33]. However, no significant difference was found in the left ventricular
Nos1 expression between the groups in our present study (Table 6). Inducible nitric oxide
synthase (Nos2) and NADPH oxidase 4 (Nox4) are major sources of elevated nitro-oxidative
stress in the heart [34].

Table 6. The effects of losartan, mirabegron, and their combination on left ventricular expression of
redox enzymes at the mRNA level in DOXO-induced chronic cardiotoxicity at week 9.

Relative Gene
Expression

Groups

Control DOXO DOXO + L DOXO + M DOXO + L + M

Nos1/Ppia 0.80 ± 0.17 0.68 ± 0.07 0.7 ± 0.16 0.64 ± 0.22 0.65 ± 0.05
Nos2/Ppia 0.48 ± 0.04 1.00 ± 0.17 * 0.75 ± 0.10 * 0.98 ± 0.2 * 0.64 ± 0.06 *
Nox4/Ppia 0.96 ± 0.15 1.24 ± 0.21 1.20 ± 0.39 0.24 ± 0.10 * # 0.38 ± 0.11 #

Sod1/Ppia 1.05 ± 0.05 0.97 ± 0.06 0.96 ± 0.13 0.78 ± 0.15 0.62 ± 0.09 *
Sod2/Ppia 0.94 ± 0.05 0.88 ± 0.06 0.80 ± 0.09 0.82 ± 0.09 0.51 ± 0.07 * #

Sod3/Ppia 1.21 ± 0.15 1.09 ± 0.2 0.96 ± 0.21 0.54 ± 0.17 * 0.41 ± 0.09 * #

Cat/Ppia 0.46 ± 0.04 0.43 ± 0.03 0.48 ± 0.08 0.37 ± 0.04 0.24 ± 0.04 * #

Values are presented as mean ± S.E.M., * p < 0.05 vs. control group, # p < 0.05 vs. DOXO-only group
(n = 5–9, ANOVA on ranks in the cases of Nos1, Nos2, Nox4, and Sod2 expressions, and one-way ANOVA
for the other parameters, Holm-Sidak post hoc test). DOXO: doxorubicin, L: losartan, M: mirabegron, Cat: catalase,
Nos1: neuronal nitric oxide synthase, Nos2: inducible nitric oxide synthase, Nox4: NADPH-oxidase isoform 4,
Sod1: superoxide dismutase 1 (cytoplasmic), Sod2: superoxide dismutase 2 (mitochondrial), Sod3: superoxide dis-
mutase 3 (extracellular), Ppia: peptidylprolyl isomerase A was used as the house-keeping gene for normalization.

Here, Nos2 was significantly overexpressed in all DOXO groups irrespective of treat-
ments with losartan, mirabegron, and their combination (Table 6). There was no significant
difference in the Nox4 expression at the mRNA level between the DOXO-only and the
control groups. Losartan did not affect the Nox4 expression; however, mirabegron and the
combination of losartan plus mirabegron markedly reduced the Nox4 expression compared
to those of the control or DOXO-only groups (Table 6). The left ventricular expressions of
the free radical eliminating superoxide dismutase isoforms (Sod1, Sod2, and Sod3) were
similar in the control, DOXO-only, and losartan-treated DOXO groups (Table 6). In re-
sponse to mirabegron, the extracellular Sod3 isoform was repressed compared to the control
group (Table 6). In response to losartan plus mirabegron, all Sod isoforms were repressed
compared to the control group (Table 6). The left ventricular expression of the hydrogen
peroxide eliminating catalase (Cat) was also similar in the control, DOXO-only, and losartan-
treated DOXO groups (Table 6). Notably, losartan treatment resulted in a trend toward
decreasing Cat expression compared to the control group (Table 6). Moreover, the losartan
plus mirabegron treatment significantly reduced the Cat expression compared to the values
of the control or DOXO-only groups (Table 6).
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2.10. Left Ventricular Overexpression of Inflammatory Markers Il1, Il6 and Tnf Were Ameliorated
by Losartan and Mirabegron in DOXO-Induced Chronic Cardiotoxicity at Week 9

Inflammatory processes triggered by the over-activation of RAAS are reported to
be major contributors to the development of cardiac remodeling and fibrosis in heart
failure [35]. In our DOXO-induced chronic cardiotoxicity model, there was no significant
difference in the left ventricular expression of the alternative angiotensin II activator
chymase (Cma), angiotensinogen (Agt), and angiotensin II type 1 receptor (Agtr1) between
the DOXO-only and control groups (Figure 7a–c). Notably, the Agt (p = 0.095) and Agtr1
(p = 0.074) expressions showed a trend towards decreasing response to mirabegron and
a significant reduction in response to losartan plus mirabegron compared to the control
group (Figure 7a–c). The inflammatory markers interleukin-1 (Il1), interleukin-6 (Il6), and
tumor necrosis factor-alpha (Tnf ) were significantly overexpressed in the DOXO-only group
compared to those of the control group (Figure 7d–f). Losartan significantly reduced the
overexpression of Il1 and Il6 compared to the values of the DOXO-only group (Figure 7d–f).
Mirabegron reduced the overexpression of all measured inflammatory markers compared
to the DOXO-only group (Figure 7d–f).

Figure 7. Effects of losartan, mirabegron, or their combination on the left ventricular expression of
selected elements of the tissue renin-angiotensin-aldosterone system and inflammatory markers in
DOXO-induced cardiotoxicity at week 9. Left ventricular expressions of (a) chymase (Cma); (b) an-
giotensinogen (Agt); (c) angiotensin II receptor type 1 (Agtr1); (d) interleukin-1 (Il1); (e) interleukin-6
(Il6), and (f) tumor necrosis factor-alpha (Tnf ). Values are presented as mean ± S.E.M., * p < 0.05
vs. control group, # p < 0.05 vs. DOXO-only group (n = 5–6, ANOVA on ranks in the cases of Il6
and Tnf expressions, and one-way ANOVA for the other parameters, Holm-Sidak post hoc test).
Peptidylprolyl isomerase A (Ppia) was used as the housekeeping gene for normalization DOXO:
doxorubicin, L: losartan, M: mirabegron.
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In response to losartan plus mirabegron, Il6 showed a decreasing tendency, whereas
Il1 and Tnf expressions were not significantly different from those of the DOXO-only group
(Figure 7d–f).

3. Discussion

Here we report that mirabegron and its combination with losartan improved the
systolic and diastolic dysfunction and reduced Smad2 and Smad3 overexpression in our
DOXO-induced chronic cardiotoxicity model. Only mirabegron improved the DOXO-
induced LV fibrosis markedly. Losartan failed to ameliorate the systolic dysfunction;
however, it improved the diastolic dysfunction and prevented the SERCA2a repression in
our DOXO-induced cardiotoxicity model. LV overexpression of Il1b and Il6 was significantly
reduced by losartan and mirabegron. Mirabegron and its combination with losartan seem to
be promising therapeutic tools against systolic and diastolic dysfunction in DOXO-induced
chronic cardiotoxicity.

Systolic and diastolic dysfunction resulting in heart failure are severe and well-known
adverse effects of DOXO treatment [6,31]. In the present study, the mortality rate [36],
echocardiographic parameters, heart rate [37,38], blood pressure [39,40], serum lipid [41,42],
autopsy, and histologic findings in our DOXO-induced chronic cardiotoxicity model are
consistent with the literature data on preclinical models [43] and similar to those seen in
tumor survivor patients treated with DOXO [3,6,31]. Among the nine animals that died in
the DOXO groups, five rats died before the start of the treatments or should be excluded
due to poor systolic function (LVEF < 40%) assessed by echocardiography. During the
treatments with losartan, mirabegron, and their combination, four animals died. These
cases might be the consequences of DOXO treatment and not the side effects of the drugs
administered in this study. To decide if the used drugs have severe side effects in DOXO-
induced cardiotoxicity, more parameters, including arrhythmias, should be tested in more
doses and follow-up time points with higher sample numbers in the groups.

In the cardio-oncology practice, secondary prevention of chemotherapy-induced
chronic cardiotoxicity starts by using drugs applied in standard HF therapy when symp-
toms, increase in cardiac biomarkers, or systolic dysfunction develops [6,31]. In our present
study, 4 weeks after the last DOXO cycle, early signs of systolic dysfunction (i.e., increased
LV end-systolic diameter and decreased FS) were detected in the DOXO groups. There-
fore, in our present study, treatments by losartan, mirabegron, and their combination
started from week 5, mimicking the conventionally scheduled therapeutic regimens in
chemotherapy-induced cardiotoxicity in tumor survivor patients. It should be mentioned
that cancer patients at increased risk for chronic cardiotoxicity, defined by a history or risk
factors of CVDs, previous cardiotoxicity, or exposure to cardiotoxic agents, may benefit
from primary preventive HF strategies when the HF medication starts during or before
the chemotherapy [6,31]. Our present study might better mimic the clinical situation when
children or young adults without severe risk factors for CVDs are diagnosed with tumors
and treated with DOXO. At the endpoint of our present study, the DOXO-induced LV
wall thinning, systolic dysfunction, and cardiac fibrosis were associated with the overex-
pression of selected elements of the fibrotic TGF-β/SMAD signaling pathway (i.e., Ctgf,
TGFβRII, Smad2, Smad3, and Col1a1) and molecular markers of apoptosis (i.e., Bax, and
Bax/Bcl2 ratio), cardiac remodeling (i.e., Mmp2 and Mmp9), heart failure, (i.e., Nppa and
Nppb), inflammation (i.e., Il1, Il6, and Tnf ) and nitro-oxidative stress (i.e., Nos2). Moreover,
the DOXO-induced diastolic dysfunction was accompanied by a reduced left ventricular
SERCA2a level. These molecular findings are also in accordance with the literature data
on DOXO-induced cardiotoxicity models [7,15,44–47]. Several DOXO-induced chronic
cardiotoxicity models, particularly if using higher DOXO doses, may also develop severe
kidney failure [43]. In our previous study, mirabegron significantly worsened the renal
function in a rat model of chronic kidney disease [29]. Therefore, we aimed at using a
DOXO-induced chronic cardiotoxicity model, which does not develop severe renal failure
and consequently does not worsen the DOXO-induced heart failure (i.e., type 4 cardio-renal
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syndrome [48]). Indeed, the serum carbamide and creatinine levels were not significantly
increased in the DOXO-treated groups compared to the control group in our present study.

According to the latest guideline of the European Society of Cardiology (ESC), RAAS
inhibitors, including ARBs, are recommended for pharmacological therapy of HFrEF pa-
tients to reduce the risk of HF hospitalization and CV death [31]. Moreover, the latest ESC
position paper on cancer treatments and cardiovascular toxicity stated that patients who
develop asymptomatic LV dysfunction or HF during cancer therapy are likely to profit from
the angiotensin-converting enzyme (ACE) inhibitors or ARBs and beta-blocker treatment
similar to the general HF population [6]. Since our DOXO-induced cardiotoxicity model
developed bradycardia, we avoided the administration of beta-blockers alone or in combi-
nation with ARBs. The ARB losartan showed antiremodeling and cardioprotective effects in
our rat models of radiation-induced heart disease [49] and uremic cardiomyopathy [29], or
DOXO-induced chronic cardiotoxicity models used by others [19,50,51]. In contrast, in our
hands, losartan failed to significantly improve the morphologic parameters (i.e., systolic
wall thicknesses, LV end-systolic diameter, cardiomyocyte cross-sectional area) and the sys-
tolic dysfunction (i.e., reduced FS and EF) in DOXO-induced chronic cardiotoxicity in the
present study. A potential explanation for the lack of significant antiremodeling effects of
losartan could be that losartan failed to significantly reduce the LV fibrosis and showed only
a tendency to decrease in cardiac collagen content at the endpoint in our DOXO-induced
cardiotoxicity model. Indeed, the LV expressions of selected elements of the TGF-β/SMAD
fibrotic pathway (i.e., Ctgf, TGFβRII, Smad3, and Col1a1) were not significantly different
in the losartan-treated DOXO group compared to the DOXO-only or control groups. In
contrast to the results of Zong et al., using higher DOXO doses (ip. 6 × 2.5 mg/kg) and
shorter follow-up time (i.e., 6 weeks) to induce chronic cardiotoxicity, Agtr1a failed to
be overexpressed in the left ventricles of our DOXO-induced cardiotoxicity model [50].
This fact might provide another explanation for the lacking antiremodeling effects of the
ARB losartan in our DOXO-induced cardiotoxicity model. Notably, losartan significantly
shortened the heart rate-independent diastolic function parameter isovolumetric relaxation
time (IVRT) in our DOXO-induced chronic cardiotoxicity model. SERCA was shown to
determine the magnitude of myocyte Ca2+ cycling [52]. The early diastolic reuptake of Ca2+

into the sarcoplasmic reticulum, in part, determines the velocity at which the left ventri-
cle relaxes (i.e., IVRT) [52]. Accordingly, losartan prevented the repression of SERCA2a
associated with shorter IVRT in our DOXO-induced cardiotoxicity model. Moreover, it
was reported that cytokines, particularly IL6, induced reciprocal expression of SERCA and
natriuretic peptides at the mRNA level in cultured rat ventricular myocytes [53]. Indeed,
in our present study, losartan significantly reduced DOXO-induced LV overexpression of
inflammatory markers (i.e., Il1 and Il6) and natriuretic peptides (i.e., Nppa and Nppb) in
our DOXO-induced chronic cardiotoxicity model. In contrast, the mitral annulus velocity
e’ and consequently the E/e’ ratio failed to be significantly improved by losartan in our
DOXO model. Notably, cardiac fibrosis was shown to worsen myocardial relaxation pa-
rameters, including e’ and E/e’ [54]. Since losartan failed to significantly improve the LV
fibrosis, and probably, as a consequence, the e’ and E/e’ were not different from those in
the DOXO-only group.

Mirabegron is a β3AR agonist recently used in the treatment of overactive bladder
syndrome in urology practice [21]. Interestingly, β3AR agonists showed beneficial effects
on the symptoms of HF [21,55]. In healthy atrial and ventricular myocytes, the expression of
β3AR is considered low but more abundant in non-cardiomyocytes, including endothelial
cells [21,56,57]. In contrast to β1- and β2ARs, cardiac β3AR expression increases in chronic
ischemia and heart failure, which is considered a counterregulatory mechanism to prevent
chronic adrenergic overactivation [21,56,58–60]. Most studies investigating the effects
of β3AR agonists in HF demonstrated that β3AR agonists attenuated cardiac fibrosis
and improved cardiac contractility via the β3AR/eNOS/cGMP signaling pathway as
the main mechanism [21,55]. In contrast, the left ventricular β3AR was significantly
repressed in all DOXO groups independent of treatments, and the eNOS and p-eNOS
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levels and their ratios were similar in all groups in our present experiment. However,
mirabegron significantly improved the morphologic (i.e., left ventricular wall thicknesses
and end-systolic diameter), systolic (i.e., FS and EF), and several diastolic (i.e., e’ and E/e’)
parameters in our DOXO-induced cardiotoxicity model. Importantly, in our present study,
mirabegron was the only treatment that significantly reduced DOXO-induced cardiac
fibrosis and the apoptosis marker Bax/Bcl2 ratio. In our previous study in a rat model of
uremic cardiomyopathy, mirabegron had a moderate antifibrotic effect associated with
improved diastolic function independently of the β3AR/eNOS signaling pathway [29].
Indeed, β3AR agonists were shown to have beneficial effects independently of coupling the
β3AR to eNOS in the heart and other tissues. These mechanisms include, e.g., antifibrotic
effects via downregulation of the AT1 receptor [25–27,29], and CTGF [61], antioxidant and
anti-inflammatory properties [62,63]. Therefore, we investigated the changes in the left
ventricular expression of selected molecular markers of the RAAS, fibrosis, nitro-oxidative
stress, and inflammation in response to losartan, mirabegron, and their combination in
our DOXO-induced cardiotoxicity model. Interestingly, in response to mirabegron, the
left ventricular expressions of the RAAS-associated Agt and Agtr1a failed to change, and
the expressions of nitro-oxidative stress-associated Nos2 and Nox4, and the fibrotic Ctgf
and TGFβRII remained high in our DOXO-induced cardiotoxicity model. In contrast,
mirabegron significantly decreased Smad2 and Smad3 expressions compared to the DOXO-
only group, and the Col1a1 expression was not markedly different from the control group.
Therefore, we speculate here that mirabegron exerts its antiremodeling effect via inhibiting
SMAD2/3-mediated fibrotic mechanisms independently of the β3AR/eNOS signaling
pathway in our DOXO-induced chronic cardiotoxicity model.

To investigate if the beneficial effects of losartan and mirabegron are additive, the
combination of losartan and mirabegron was administered in a group of DOXO-treated
animals. In summary, the combination treatment preserved the systolic function (i.e., FS
and EF) 8 weeks after the DOXO administration. However, it should be mentioned that both
FS and EF tended to decrease, and the isovolumic contraction time showed an increasing
tendency in the combination treatment group compared to the control group. However,
the combination treatment improved the diastolic parameters e’ and E/e’, similarly to
the effects of mirabegron alone in our DOXO-induced cardiotoxicity model. Notably,
the combination treatment failed to prevent the repression of SERCA2a and significantly
reduce the overexpression of the inflammatory markers (i.e., Il1 and Il6) compared to the
DOXO-only group. In response to the combination treatment, the cardiac collagen content
and the expressions of Col1a1, Ctgf and Smad2 were not significantly different compared
to those of the control group, whereas Smad3, Agtr1, Nox4, Sod2, and Nppb expressions
were significantly reduced compared to the DOXO-only group. The combination treatment
significantly repressed the LV overexpression of the superoxide eliminating Sod2 and Sod3
and the hydrogen-peroxide eliminating Cat. This might be a consequence of the significant
repression of the nitro-oxidative stress markers Nox4 and Sod2 compared to those of the
DOXO-only group. Angiotensin-II is known to increase the nitro-oxidative stress and
inflammation via AT1 (Agtr1) receptors by increasing NADPH-oxidase (Nox4) [64]. Agtr1
was also significantly repressed in response to the combination treatment in our present
study. Losartan and mirabegron seem to have a potentiating effect on reducing the AT1
receptor-mediated nitro-oxidative stress in DOXO-induced cardiotoxicity. However, this
speculation should be proven by further experiments investigating the levels of ROS and
RNS as well as RAAS and nitro-oxidative stress-associated proteins.

Our study is not without limitations. We intended to test and compare the effects
of chronic administration of the ARB losartan, the β3AR agonist mirabegron, and their
combination on cardiac remodeling in DOXO-induced chronic cardiotoxicity in rats. We
used only single doses of losartan and mirabegron, which are comparable to the human
therapeutic doses and used in heart failure models of other etiologies. We tested the effects
of these aforementioned drugs only in secondary prevention. It could not be excluded
that losartan might have beneficial effects if its administration starts in primary prevention
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(i.e., during or before the DOXO treatment). DOXO-induced chronic cardiotoxicity is a
well-known complication most commonly manifested as left ventricular systolic dysfunc-
tion with reduced ejection fraction. Nevertheless, significant differences exist between the
DOXO administration and pathomechanisms in the model used vs. that in patients. The
time period between the consecutive DOXO cycles was shorter compared to the human
protocols due to the lifespan of the rats. Although female gender is a risk factor in the
development of DOXO-induced cardiotoxicity in humans [3,6,65], the standardization of
the results independent of female sex hormonal effects is easier in males. In our present
study, only healthy male rats without cancer, CVDs, or other comorbidities were used in
order to investigate the isolated DOXO effects on the heart. In future studies, animal models
of both sexes representing tumor development and receiving multimodality oncotherapy
(i.e., radio- and chemotherapy) would be more suitable to mirror the clinical scenario of
onco-cardiology patients as closely as possible. Moreover, there are still many unknown
mechanisms, including the exact role of β3AR in the development of DOXO-induced
chronic cardiotoxicity. We demonstrated here that LV β3AR expression decreased, and
the Agtr1 expression failed to change in DOXO-induced chronic cardiotoxicity 9 weeks
after DOXO administration in our rat model. However, it could not be excluded that LV
β3AR or Agtr1 expressions might change at the protein level in earlier or later HF phases
of DOXO-induced cardiotoxicity. The time-dependent and mechanistic investigation of the
cardiac β3AR expression in the development of DOXO-induced chronic cardiotoxicity was
out of the scope of the present study. Notably, the precise mechanisms and functional role of
the β3AR in HF induced by different cardiovascular diseases, including diabetes mellitus,
acute myocardial infarction, chronic kidney disease, or other chemotherapy-induced heart
failure forms, are not fully discovered. We focused mainly on the potential protective effects
of losartan, mirabegron, and their combination in DOXO-induced chronic cardiotoxicity,
investigating the well-known markers of cardiac remodeling and the effects caused by
losartan and mirabegron. The deep mechanistic insight of the cardioprotective effects
caused by losartan and mirabegron was out of the scope of our present descriptive study.
We found antiremodeling effects of mirabegron and hypothesized that mirabegron could
have antifibrotic effects in DOXO-induced chronic cardiotoxicity independently of the
β3AR-eNOS-mediated pathway, but probably associated with its effects causing repression
on the elements of the fibrotic TGF-β/SMAD2/3 pathway. However, further mechanistic
studies, including the inhibition of the TGF-β/SMAD2/3 pathway and investigation of the
expression of phosphorylated SMAD2 and SMAD3, as well as endogenous negative regula-
tors of this pathway such as SMAD6 and SMAD7, are needed to explore the antiremodeling
effects of mirabegron in DOXO-induced chronic cardiotoxicity.

4. Materials and Methods
4.1. Ethics Approval

This investigation conformed to the EU Directive 2010/63/EU and was approved by
the regional Animal Research Ethics Committee of Csongrád County (Csongrád county,
Hungary; project license: XV./57/2020, date of approval: 12 February 2020). All institu-
tional and national guidelines for the care and use of laboratory animals were followed.

4.2. Animals

A total of 50 male Wistar rats (350–400 g, 8–10 weeks old) were used in the experiments.
The animals were housed in pairs in individually ventilated cages (Sealsafe IVC system,
Buguggiate, Italy) in a temperature-controlled room (22 ± 2 ◦C; relative humidity 55 ± 10%)
with a 12 h:12 h light/dark cycle. Standard rat chow and tap water were supplied ad libitum
during the experiment.
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4.3. Experimental Setup

After 1 week of acclimatization, the animals were randomly assigned to one con-
trol (n = 8) and four DOXO-treated groups (total n = 42, n = 10–11/group) (Figure 1).
Control animals received saline (ip. 1 mL/kg), and rats in the DOXO group received
ip. 1.5 mg/kg DOXO at days 1, 4, 7, 10, 13, and 16 (i.e., 9 mg/kg cumulative dose) (Figure 1).
Timing [66–68] and dosing [36,69,70] of DOXO cycles were calculated based on preclinical
protocols [43], and human chemotherapy regimens [71–73] corrected to the lifespan, body
surface area, and metabolism of rats [74,75].

According to the conventional concept, heart failure therapy starts during or after
chemotherapy if patients show early signs of LV systolic dysfunction assessed by echocar-
diography [6,31]. Therefore, in our present study, cardiac morphology and function were
assessed by echocardiography at the fourth follow-up week to monitor if the early signs
of DOXO-induced chronic cardiotoxicity developed (Figure 1). From the fifth follow-up
week after the saline or DOXO treatments, the rats were treated via oral gavage daily
until the end of the experiments at the 9th follow-up week as follows: (i) control group
treated with tap water (n = 8; per os 2 mL/kg/day,); (ii) DOXO group treated with tap
water (n = 11, per os 2 mL/kg/day,); (iii) DOXO group treated with losartan (n = 10; per os
20 mg/kg/day dissolved in tap water in 2 mL/kg end volume, Arbartan 50 mg film-coated
tablets, Teva Pharmaceutical Industries Ltd., Debrecen, Hungary); (iv) DOXO group treated
with mirabegron (n = 11, per os 30 mg/kg/day dissolved in tap water 2 mL/kg end volume;
Betmiga 50 mg prolonged-release tablets, Astellas Pharma Europe B.V., Leiden, Nether-
land); and (v) DOXO group treated with the combination of losartan (per os 20 mg/kg/day
dissolved in tap water in 2 mL/kg end volume, Arbartan 50 mg film-coated tablets, Teva
Pharmaceutical Industries Ltd., Debrecen, Hungary) plus mirabegron (per os 30 mg/kg/day
dissolved in tap water 2 mL/kg end volume; Betmiga 50 mg prolonged-release tablets,
Astellas Pharma Europe B.V., Leiden, Netherland, n = 10, Figure 1). The doses of the
drugs applied here were calculated from existing recommendations on losartan for human
heart failure [31], and phase II clinical trials on mirabegron (trial numbers: NCT01876433
and NCT03926754) corrected to the metabolism and body surface area of rats [74]. At the
eighth follow-up week, cardiac morphology and function were assessed by transthoracic
echocardiography (Figure 1.) At the ninth follow-up week, rats were anesthetized with
sodium pentobarbital (Euthasol, ip. 40 mg/kg Produlab Pharma b.v., Raamsdonksveer, The
Netherlands), and invasive blood pressure measurement was performed (Figure 1). Then
blood was collected from the abdominal aorta to measure routine laboratory parameters on
cardiovascular risk factors and kidney function (Figure 1). After the blood sampling, hearts,
lungs, and tibias were isolated, and the blood was washed out from the heart in calcium-
free Krebs-Henseleit solution. Then left and right ventricles were separated, measured, and
LV samples were prepared for histology and biochemical measurements. The development
of chronic cardiotoxicity and LV fibrosis in the DOXO groups were checked by the measure-
ment of cardiomyocyte cross-sectional areas on hematoxylin-eosin (HE)-stained slides and
picrosirius red/fast green-stained (PSFG) slides (Figure 1). Total RNA was isolated from the
left ventricles, and the expression of fibrosis (i.e., Ctgf, Tgfb, Smad2, Smad3, Col1a1), cardiac
remodeling (Mmp2, Mmp9), heart failure, (Nppa, and Nppb), RAAS-associated (i.e., Cma, Agt,
and Agtr1), inflammatory (i.e., Il1, Il6, and Tnf ) and nitro-oxidative stress markers (Nos1,
Nos2, Nos3, Sod1, Sod2, Sod3, and Cat) were measured at the transcript level by qRT-PCR
at week 9 (Figure 1). Moreover, left ventricular protein levels of SERCA2a, β3AR, eNOS,
p-eNOS, and TGFβRII were measured by using Western blot technique at week 9.

4.4. Transthoracic Echocardiography

Cardiac morphology and function were assessed by transthoracic echocardiography
as described previously [49] at weeks 4 and 8 to monitor the development of DOXO-
induced chronic cardiotoxicity. Rats were anesthetized with 2% isoflurane (Forane, Aesica,
Queenborough Limited, Queenborough, UK). Two-dimensional, M-mode, Doppler, tissue
Doppler, and four chamber-view images were performed by the criteria of the American
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Society of Echocardiography with a Vivid IQ ultrasound system (General Electric Medical
Systems, New York, NY, USA) using a phased array 5.0–11 MHz transducer (General Elec-
tric 12S-RS probe, General Electric Medical Systems, New York, NY, USA). Data of three
consecutive heart cycles were analyzed (EchoPac Dimension v201, General Electric Medical
Systems, USA; https://www.gehealthcare.com/products/ultrasound/vivid/echopac, ac-
cessed on 09 January 2022) by an experienced investigator in a blinded manner. The mean
values of three measurements were calculated and used for statistical evaluation. Systolic
and diastolic wall thicknesses were obtained from parasternal short-axis view at the level
of the papillary muscles (in cases of anterior and inferior walls) and long-axis view at the
level of the mitral valve (in cases of septal and posterior walls). Left ventricular diameters
were measured by means of M-mode echocardiography from the long-axis view between
the endocardial borders. The fractional shortening and ejection fraction were calculated
on M-mode images in the long-axis view using the Teichholz method. Diastolic function
was assessed using pulse-wave Doppler across the mitral valve and tissue Doppler on
the septal mitral annulus from the apical four-chamber view. Early (E) flow and septal
mitral annulus velocity (e’) indicate diastolic function. Isovolumetric relaxation time and
isovolumic contraction time were measured in the pulse wave Doppler images.

4.5. Blood Pressure Measurement

To measure arterial blood pressure, a PE50 polyethylene catheter (Cole-Parmer, Vernon
Hills, IL, USA) was inserted into the left femoral artery at week 9 under pentobarbital
anesthesia (Euthasol, Produlab Pharma B.V., Raamsdonksveer, The Netherlands; 40 mg/kg)
as described previously [29]. Blood pressure measurements were performed between 09:00
and 14:00 h.

4.6. Blood Serum Parameters

At week 9, serum carbamide and creatinine levels were measured to assess renal func-
tion. Serum carbamide and creatinine levels were quantified by kinetic UV method using
urease and glutamate dehydrogenase enzymes and Jaffe method, respectively. All reagents
and instruments for the serum parameter measurements were from Roche Diagnostics
(Hoffmann-La Roche Ltd., Basel, Switzerland), as described previously [76]. Cardiovascu-
lar risk factors, including serum cholesterol and triglyceride levels, were also measured
by Roche Cobas 8000 analyzer system using enzymatic colorimetric assays from Roche
(Hoffmann-La Roche Ltd., Basel, Switzerland) [29].

4.7. Tissue Harvesting

At week 9, the hearts of the animals were isolated under pentobarbital anesthesia
(Euthasol, ip. 40 mg/kg, Produlab Pharma b.v., Raamsdonksveer, The Netherlands), and
the blood was washed out in calcium-free Krebs-Henseleit solution. Then the hearts were
weighed, left and right ventricles were separated and weighed, and the cross-section of
the left ventricle at the ring of the papillae was cut and fixed in 4% buffered formalin for
histological analysis. Other parts of the left ventricles were freshly frozen in liquid nitrogen
and stored at −80 ◦C until further biochemical measurements. Body weight, tibia length,
and weights of the lungs were also measured.

4.8. Hematoxylin-Eosin and Picrosirius Red and Fast Green Stainings

Five µm thick transverse cut sections of the formalin-fixed and paraffin-embedded
subvalvular left ventricular areas were stained with hematoxylin-eosin (HE) or picrosirius
red and fast green (PSFG) as described previously [77]. Histological slides were scanned
with a Pannoramic Midi II scanner (3D-Histech, Budapest, Hungary). Representative HE-
and PSFG-stained slides were captured in Panoramic Viewer 1.15.4 (3D-Histech, Budapest,
Hungary; https://old.3dhistech.com/pannoramic_viewer, accessed on 9 January 2022).

On the digital HE images, cardiomyocyte cross-sectional areas were measured to
assess the ventricular wall thinning at the cellular level. For the evaluation, Biology Image
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Analysis Software (BIAS) was used [29,49]. BIAS (internal built, dated December 2019; https:
//single-cell-technologies.com/bias/, accessed on 9 January 2022) is developed by Single-
Cell Technologies Ltd., Szeged, Hungary, and the first publicly available version is expected
to be released in early 2022. Image preprocessing was followed by deep learning-based
cytoplasm segmentation. User-selected objects were forwarded to the feature extraction
module, configurable to extract properties from the selected cell components. Transverse
transnuclear cardiomyocyte perimeters were measured in 100 (consecutive) cardiomyocytes
selected on the basis of longitudinal orientation and mononucleation from a single cut
surface (digitalized histological slide) of the left ventricular tissue blocks.

Cardiac fibrosis was assessed on PSFG slides with an in-house developed program [78,79].
This program determines the proportion of red pixels of heart sections using two simple
color filters. For each red–green–blue (RGB) pixel, the program calculates the color of the
pixel in hue–saturation–luminance (HSL) color space. The first filter is used for detecting red
portions of the image. The second filter excludes any white (empty) or light grey (residual
dirt on the slide) pixels from further processing using a simple RGB threshold. In this
way, the program groups each pixel into one of two sets: pixels considered red, and pixels
considered green but neither white nor grey. Red pixels in the first set represent collagen
content and fibrosis. Green pixels in the second set correspond to cardiac muscle. The mean
values of 10 representative images were calculated and used for statistical evaluation in the
case of each left ventricular slide. Medium-size vessels and their perivascular connective
tissue sheet, the subepicardial and subendocardial areas were avoided as much as possible.

4.9. mRNA Expression Profiling by qRT-PCR

Quantitative RT-PCR was performed with gene-specific primers to monitor mRNA
expression as described previously [77]. Briefly, RNA was isolated using Qiagen RNeasy
Fibrous Tissue Mini Kit (Qiagen, Hilden, Germany) from heart tissue. Then, 100 µg of total
RNA was reverse transcribed using iScript™ cDNA Synthesis Kit (BioRad Laboratories
Inc., Hercules, CA, USA). Specific primers (Agt: angiotensinogen, #qRnoCED0051666;
Agtr1: angiotensin II receptor type 1, #qRnoCID0052626; Bax: BCL2-associated X apop-
tosis regulator, #qRnoCED0002625; Bcl2: B-Cell CLL/lymphoma 2 apopotosis regulator,
#qRnoCED0006419; Cat: catalase, #qRnoCID0006360; Cma1: chymase, #qRnoCED0005462;
Col1a1: collagen type 1 alpha 1 chain, #qRnoCED0007857; Ctgf : connective tissue growth fac-
tor, #qRnoCED0001593; Il1: interleukin-1, #qRnoCID0002056; Il6: interleukin-6, #qRnoCID0053166;
Mmp2: matrix metalloproteinase 2, #qRnoCID0002887; Mmp9: matrix metalloproteinase
9, #qRnoCED0001183; Nos1: neuronal nitric oxide synthase, #qRnoCED0009301; Nos2:
inducible nitric oxide synthase, #qRnoCID0017722; Nos3: endothelial nitric oxide synthase,
#qRnoCID0005021; Nox4: NADPH-oxidase type 4, #qRnoCID0003969; Nppa: A-type natri-
uretic peptide, #qRnoCED0006216, Nppb: B-type natriuretic peptide, #qRnoCED0001541;
Smad2, mothers against decapentaplegic homolog 2, #qRnoCID0005549; Smad3: mothers
against decapentaplegic homolog 3, #qRnoCID0004164; Sod1: Cu/Zn superoxide dis-
mutase (soluble) #qRnoCID0051055; Sod2: Mn superoxide dismutase (mitochondrial),
#qRnoCID0008099; Sod3: Cu/Zn superoxide dismutase (extracellular), #qRnoCID0006360;
Tgfb: transforming growth factor-β, #qRnoCID0009191, Tnf : tumor necrosis factor-α,
#qRnoCED0009117) and SsoAdvanced™ Universal SYBR® Green Supermix (BioRad Labo-
ratories Inc., Hercules, CA, USA) were used according to the manufacturer’s instructions.
Peptidyl-prolyl isomerase A (Ppia, forward primer sequence: tgctggaccaaacacaaatg and
reverse primer sequence: caccttcccaaagaccacat) was used as a housekeeping control gene
for normalization.

4.10. Western Blot

To investigate gene expression changes at the protein level, a standard Western blot
technique was used as described previously [29,49]. TGFβRII (85 kDa) with GAPDH
(37 kDa) loading background and SERCA2a (114 kDa), β3AR (44 kDa), eNOS (140 kDa),
and p-eNOS (140 kDa) with α-tubulin (52 kDa) loading background were assessed at week

https://single-cell-technologies.com/bias/
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9. Left ventricular samples (n = 5–6 in each group, total n = 28) were homogenized with an
ultrasonicator (UP100H, Hielscher, Germany) in Radio-Immunoprecipitation Assay (RIPA)
buffer (50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.5% sodium deoxycholate, 5 mM ethylene-
diamine tetra-acetic acid (EDTA), 0.1% sodium dodecyl sulfate, 1% NP-40; Cell Signaling
Technology Inc., Danvers, MA, USA) supplemented with phenylmethanesulfonyl fluoride
(PMSF; Sigma-Aldrich, St. Louis, MO, USA) and sodium fluoride (NaF; Sigma-Aldrich,
Saint Louis, MO, USA). The crude homogenates were centrifuged at 15,000 × g for 30 min
at 4 ◦C. After quantifying the supernatants’ protein concentrations using the BCA Protein
Assay Kit (Pierce Thermo Fisher Scientific Inc., Waltham, MA, USA), 25 µg of reduced
and denaturized protein was loaded. Then, sodium dodecyl-sulfate polyacrylamide gel
electrophoresis (SDS-PAGE, 50 V, 4 h) was performed (6% gel in case of eNOS, p-eNOS,
and SERCA2a, 10% gel in case of β3AR, and 12% gel in case of TGFβRII) followed by
the transfer of proteins onto a nitrocellulose membrane (10% methanol in case of eNOS,
p-eNOS, SERCA2a, and TGFβRII and 20% methanol in case of β3AR, 35 V, 2 h). The
efficacy of transfer was checked using Ponceau staining. The membranes were cut hor-
izontally into parts corresponding to the molecular weights of eNOS, p-eNOS, SERCA,
β3AR, TGFβRII, GAPDH, and α-tubulin. Membranes were blocked for 1 h in 5% (w/v)
bovine serum albumin (BSA, Sigma-Aldrich, St. Louis, MO, USA) and were incubated
with primary antibodies in the concentrations of 1:1000 against eNOS (#32027S, Cell Sig-
naling Technology Inc., Danvers, MA, USA), SERCA2a (#4388S, Cell Signaling Technology
Inc., Danvers, MA, USA), TGFβRII (#79424T, Cell Signaling Technology Inc., Danvers,
MA, USA) and α-tubulin (#2144S, Cell Signaling Technology Inc., Danvers, MA, USA) or
1:5000 against GAPDH (#2118, Cell Signaling Technology Inc., Danvers, MA, USA) or 1:500
against p-eNOS (Ser1177, #9570S, Cell Signaling Technology Inc., Danvers, MA, USA) and
β3AR (AB101095, Abcam PLC, Cambridge, UK) overnight at 4 ◦C in 5% BSA. Then, the
membranes were incubated with IRDye® 800CW Goat Anti-Rabbit secondary antibody
(LI-COR Biosciences, Lincoln, NE, USA, in the concentrations of 1:20,000 of TGFβRII and
1:5000 in the cases of the other investigated proteins) for 1 h at room temperature in 5% BSA
antibodies to detect proteins. Fluorescent signals were detected by Odyssey CLx machine
(LI-COR Biosciences, Lincoln, NE, USA), and digital images were analyzed and evaluated
by Quantity One Software (Bio-Rad Laboratories Inc., Hercules, CA, USA). The full-length
Ponceau-stained membranes and Western blots are presented in Supplementary Figures
S1–S5. (The Supplementary Material also contains a more detailed description of our WB
method from the steps of Ponceau staining to the fluorescent signal detection).

4.11. Statistical Analysis

Statistical analysis was performed using Sigmaplot 14.0 for Windows (Systat Soft-
ware Inc., San Jose, CA, USA). All values are presented as mean ± SEM. p < 0.05 was
accepted as a statistically significant difference. The corresponding table or figure legend
describes specific sample numbers and statistical tests used for measurements. The normal
distribution of the data was checked by the Shapiro-Wilk normality test. In the case of
normal distribution, one-way ANOVA was used to determine the statistical significance
between the measured parameters. If the normality test failed, the statistical program
started Kruskal–Wallis test by ranks (i.e., ANOVA on ranks) automatically. In cases of
significant differences between the groups, the Holm-Sidak test was used as post hoc test.

5. Conclusions

In this study, we evaluated the effects of chronic administration of the selective AT1
receptor blocker losartan, the β3AR agonist mirabegron, and their combination on LV
morphology, function, and molecular markers of cardiac fibrosis, remodeling, heart failure,
inflammation, and nitro-oxidative stress in a rat model of DOXO-induced chronic cardiotox-
icity (Figure 8). Our results suggest that the development of DOXO-induced systolic and
diastolic dysfunction may be prevented or markedly slowed down by mirabegron and the
combination of mirabegron plus losartan if their administration started in the early stages



Int. J. Mol. Sci. 2022, 23, 2201 24 of 28

of DOXO-induced chronic cardiotoxicity without a severe decrease in LVEF. Notably, the
results on the ejection fraction, fractional shortening, left ventricular end-systolic diam-
eters, several systolic wall thicknesses, and cardiac collagen content of the losartan plus
mirabegron-treated group were not significantly different from those of either the control
group or the DOXO-only group. However, further experiments with longer follow-up
time, more doses, and higher sample numbers are needed to decide if the combination
treatment could significantly ameliorate the systolic dysfunction in DOXO-induced chronic
cardiotoxicity. Only mirabegron prevented the development of DOXO-induced LV fibrosis
in our model. These antiremodeling effects of mirabegron seem to be independent of the
β3AR/eNOS mediated pathways in DOXO-induced chronic cardiotoxicity, and probably
associated with the repression on the SMAD2/3-mediated fibrotic pathway. In contrast,
losartan failed to improve the severity of systolic dysfunction but had beneficial effects
on diastolic dysfunction, SERCA2a level, and tissue inflammation in our DOXO-induced
chronic cardiotoxicity model. In order to clarify whether mirabegron and the combination
of mirabegron plus losartan (or other ARBs) may be protective against DOXO-induced
chronic cardiotoxicity in humans, clinical trials enrolling a large number of patients are
required for widening the indication of these otherwise routinely used drugs of heart
failure treatment.

Figure 8. Summary figure; please see the conclusions for further explanations. Inflam: inflammatory,
LV: left ventricular, SERCA2a: sarcoendoplasmic reticulum calcium ATPase.
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