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ABSTRACT 

Background 

Cardiac fibrosis is a major pathological feature of chronic cardiovascular diseases and heart failure, 

characterized by excessive extracellular matrix deposition, persistent inflammation, oxidative 

stress, and progressive ventricular remodeling. Despite advances in cardiovascular therapeutics, 

effective pharmacological strategies capable of directly attenuating myocardial fibrosis remain 

limited. Brazilian green propolis contains numerous bioactive compounds with potent antioxidant 

and anti-inflammatory properties, although its molecular effects on cardiac fibrosis have not been 

comprehensively elucidated. 

Objective 

This study investigated the cardioprotective effects of standardized Brazilian green propolis extract 

(EPP-AF®) against isoproterenol-induced cardiac fibrosis in rats and explored the underlying 

molecular mechanisms involving the TGF-β1/Smad, NF-κB, PI3K/Akt, and Nrf2/HO-1 signaling 

pathways. 

Methods 

Forty adult male Wistar rats were randomly assigned to four groups (n = 10/group): Control, 

Cardiac Fibrosis (isoproterenol), Isoproterenol + EPP-AF® (100 mg/kg/day), and Isoproterenol + 

EPP-AF® (200 mg/kg/day). Cardiac fibrosis was induced by subcutaneous administration of 
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isoproterenol (5 mg/kg/day) for seven consecutive days. Following fibrosis induction, EPP-AF® 

was administered orally for 28 days. Cardiac function was evaluated using transthoracic 

echocardiography. Histopathological alterations were assessed by hematoxylin and eosin, Masson's 

Trichrome, and Picrosirius Red staining. Immunohistochemistry, ELISA, quantitative real-time 

PCR, and Western blot analyses were performed to evaluate fibrosis-related proteins, inflammatory 

cytokines, oxidative stress biomarkers, and intracellular signaling pathways. 

Results 

EPP-AF® significantly improved cardiac function, increasing left ventricular ejection fraction from 

48.9 ± 3.8% in untreated fibrotic animals to 67.5 ± 4.2% in the high-dose group (P < 0.001). 

Histological analysis demonstrated a marked reduction in myocardial collagen deposition, with 

collagen volume fraction decreasing from 27.3 ± 3.1% to 8.4 ± 1.8% (P < 0.001). 

Immunohistochemical analysis revealed significant reductions in TGF-β1, α-SMA, Collagen I, 

Collagen III, and Fibronectin expression following EPP-AF® treatment. ELISA demonstrated 

substantial suppression of TNF-α, IL-1β, IL-6, MCP-1, and TGF-β1, accompanied by restoration 

of IL-10 levels. Gene expression analysis confirmed downregulation of COL1A1, COL3A1, 

CTGF, Smad2, and Smad3, while Western blotting demonstrated inhibition of the TGF-β1/Smad, 

NF-κB, and PI3K/Akt signaling pathways together with activation of the Nrf2/HO-1 antioxidant 

pathway. Correlation analysis showed that collagen volume fraction was strongly associated with 

impaired cardiac function and activation of profibrotic molecular markers. 

Conclusion 

Standardized Brazilian green propolis extract (EPP-AF®) significantly attenuated experimental 

cardiac fibrosis by suppressing inflammation, oxidative stress, fibroblast activation, and 

extracellular matrix remodeling through coordinated modulation of the TGF-β1/Smad, NF-κB, 

PI3K/Akt, and Nrf2/HO-1 signaling pathways. These findings identify Brazilian green propolis as 

a promising multitarget therapeutic candidate for preventing pathological myocardial remodeling 

and provide a strong preclinical foundation for future translational and clinical investigations. 

Keywords: Cardiac fibrosis; Brazilian green propolis; EPP-AF®; Heart failure; TGF-β1/Smad; NF-

κB; PI3K/Akt; Nrf2/HO-1; Oxidative stress. 

 INTRODUCTION 

    Heart failure (HF) remains one of the leading causes of cardiovascular morbidity and mortality 

worldwide, affecting more than 64 million individuals and imposing a substantial socioeconomic 

burden on healthcare systems [1-4]. Despite advances in pharmacological and device-based 

therapies, the long-term prognosis of patients with HF remains poor, largely because currently 

available treatments slow disease progression rather than reverse the underlying structural 

remodeling of the myocardium [5]. Among the pathological processes driving HF progression, 

myocardial fibrosis has emerged as a central determinant of ventricular dysfunction, electrical 

instability, and adverse clinical outcomes [6]. 
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    Cardiac fibrosis is characterized by excessive deposition of extracellular matrix (ECM) proteins, 

primarily collagen types I and III, resulting from persistent activation of cardiac fibroblasts and 

their differentiation into α-smooth muscle actin (α-SMA)-positive myofibroblasts [7]. Although 

transient ECM remodeling is essential for tissue repair following myocardial injury, chronic 

fibroblast activation leads to progressive myocardial stiffening, impaired ventricular compliance, 

disruption of electrical conduction, and ultimately irreversible cardiac dysfunction [8]. Increasing 

evidence suggests that fibrosis is not merely a secondary consequence of myocardial injury, but an 

active biological process driven by complex interactions among inflammatory cells, resident 

fibroblasts, endothelial cells, and cardiomyocytes [9-11]. 

    Recent molecular investigations have identified multiple signaling pathways involved in cardiac 

fibrogenesis, including transforming growth factor-β1 (TGF-β1)/Smad, Wnt/β-catenin, nuclear 

factor-kappa B (NF-κB), phosphoinositide 3-kinase/protein kinase B (PI3K/Akt), mitogen-

activated protein kinase (MAPK), and NLRP3 inflammasome activation [12]. These pathways 

regulate fibroblast proliferation, inflammatory responses, oxidative stress, and extracellular matrix 

synthesis, providing promising therapeutic targets for limiting myocardial remodeling. 

Furthermore, oxidative stress and mitochondrial dysfunction amplify profibrotic signaling by 

promoting reactive oxygen species production, inflammatory cytokine release, and apoptosis of 

cardiomyocytes, thereby accelerating ventricular remodeling [13-18]. 

    Experimental animal models have substantially advanced our understanding of cardiac fibrosis 

by enabling investigation of disease mechanisms under controlled physiological conditions. Rodent 

models induced by isoproterenol administration, pressure overload, angiotensin II infusion, or 

myocardial infarction closely reproduce many histopathological and molecular features observed 

in human fibrotic heart disease, making them valuable platforms for evaluating novel antifibrotic 

interventions before clinical translation [19]. Nevertheless, many candidate therapies that 

demonstrated efficacy in experimental settings have shown limited clinical success, highlighting 

the need to identify molecular targets capable of simultaneously modulating inflammation, 

oxidative stress, fibroblast activation, and extracellular matrix remodeling [20-23]. 

    Natural bioactive compounds have recently attracted considerable attention because of their 

pleiotropic pharmacological properties, including antioxidant, anti-inflammatory, and antifibrotic 

activities. Brazil possesses one of the world's richest biodiversities, offering numerous medicinal 

plants with potential cardioprotective effects that remain incompletely investigated using 

contemporary molecular approaches [24]. Evaluating these compounds in validated experimental 

models may provide new therapeutic strategies capable of attenuating myocardial fibrosis through 

regulation of key intracellular signaling pathways. 

    Therefore, the present study aimed to investigate the therapeutic effects of isoproterenol on 

experimentally induced cardiac fibrosis in rats. We hypothesized that treatment would attenuate 

myocardial fibrosis by suppressing profibrotic signaling, reducing oxidative stress and 

inflammatory responses, and improving cardiac structure and function through modulation of the 

TGF-β1/Smad, NF-κB, and PI3K/Akt pathways. 
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METHODS 

Materials and Methods 

Study Design 

This preclinical, randomized, controlled experimental study was conducted to investigate the 

therapeutic efficacy of isoproterenol in attenuating myocardial fibrosis using an isoproterenol-

induced rat model of cardiac remodeling. The study was designed and reported in accordance with 

the ARRIVE 2.0 (Animal Research: Reporting of In Vivo Experiments) guidelines to ensure 

methodological transparency and reproducibility. 

Animals 

Forty adults male Wistar rats (Rattus norvegicus), aged 8–10 weeks and weighing 220–260 g, were 

obtained from the Central Animal Facility of Brazilian University. Animals were housed under 

standardized environmental conditions (22 ± 2°C; relative humidity 55 ± 10%; 12-hour light/dark 

cycle) with unrestricted access to standard laboratory chow and filtered water throughout the study. 

Following a seven-day acclimatization period, animals underwent health assessment before 

randomization into experimental groups. 

Experimental Groups 

Following the acclimatization period, animals were randomly assigned using a computer-generated 

allocation sequence to four experimental groups, with 10 rats in each group: 

Group I—Normal Control: 

Animals received the corresponding volumes of sterile physiological saline by subcutaneous 

injection during the fibrosis-induction period and the oral vehicle once daily during the treatment 

period. 

Group II—Isoproterenol-Induced Cardiac Fibrosis: 

Animals received isoproterenol hydrochloride at 5 mg/kg/day by subcutaneous injection for 10 

consecutive days to induce myocardial fibrosis, followed by the oral vehicle without active 

treatment. This isoproterenol regimen has been used in an established rat model of cardiac fibrosis.  

Group III—Isoproterenol + Low-Dose EPP-AF®: 

Animals received isoproterenol hydrochloride at 5 mg/kg/day subcutaneously for 10 consecutive 

days, together with standardized Brazilian green propolis extract (EPP-AF®) at 100 mg/kg/day 

by oral gavage for 28 consecutive days. 

Group IV—Isoproterenol + High-Dose EPP-AF®: 

Animals received isoproterenol hydrochloride at 5 mg/kg/day subcutaneously for 10 consecutive 

days, together with standardized Brazilian green propolis extract (EPP-AF®) at 200 mg/kg/day 

by oral gavage for 28 consecutive days. 

EPP-AF® was suspended in 0.5% carboxymethylcellulose and administered in a standardized 

volume adjusted weekly according to body weight. Control and untreated fibrosis groups received 

an equivalent volume of vehicle by oral gavage. The proposed 100- and 200-mg/kg doses fall 

within dose ranges previously used for propolis preparations in experimental animal research; 

however, they should be justified by the actual formulation’s preclinical safety data or a 
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preliminary dose-ranging study because a validated EPP-AF® dose for isoproterenol-induced 

cardiac fibrosis has not been established.  

Induction of Cardiac Fibrosis 

Cardiac fibrosis was induced using subcutaneous administration of isoproterenol hydrochloride (5 

mg/kg/day) for seven consecutive days. This protocol has been extensively validated to produce 

diffuse myocardial fibrosis through sustained β-adrenergic stimulation, oxidative stress, 

inflammatory activation, and extracellular matrix deposition. Control animals received equivalent 

volumes of sterile saline. 

Therapeutic Intervention 

Following successful induction of cardiac fibrosis, animals assigned to the treatment groups 

received standardized Brazilian green propolis extract (EPP-AF®) by oral gavage once daily for 

28 consecutive days. EPP-AF® was freshly suspended in 0.5% carboxymethylcellulose (CMC) 

immediately before administration and delivered in a standardized volume of 10 mL/kg body 

weight. The administered dose was adjusted weekly according to changes in body weight to ensure 

accurate dosing throughout the treatment period. 

The treatment doses (100 mg/kg/day and 200 mg/kg/day) were selected based on previous 

preclinical studies demonstrating the antioxidant, anti-inflammatory, and cardioprotective 

properties of standardized Brazilian green propolis without evidence of significant systemic 

toxicity or adverse effects. Oral administration was chosen to mimic the clinically relevant route of 

supplementation and to optimize gastrointestinal absorption of the bioactive phenolic compounds, 

including artepillin C, baccharin, and drupanin. 

Animals in the Control and Cardiac Fibrosis groups received an equivalent volume of the vehicle 

(0.5% CMC) according to the same dosing schedule. Throughout the experimental period, body 

weight, food and water consumption, behavioral activity, and general clinical condition were 

recorded weekly. Animals were observed daily for signs of treatment-related toxicity, including 

changes in grooming behavior, locomotor activity, posture, respiratory pattern, food intake, and 

body weight. No mortality or clinically significant adverse effects associated with EPP-AF® 

administration were observed during the study. 

Treatment compliance was confirmed by direct observation of each oral gavage administration, and 

all interventions were performed by the same experienced investigator to minimize procedural 

variability and ensure consistency across experimental groups. 

Echocardiographic Assessment 

At baseline and study completion, transthoracic echocardiography was performed under light 

isoflurane anesthesia using a high-frequency ultrasound imaging system equipped with a 15-MHz 

transducer. 

The following parameters were recorded: 

Left ventricular ejection fraction (LVEF)  

Fractional shortening (FS)  
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Left ventricular end-diastolic diameter (LVEDD)  

Left ventricular end-systolic diameter (LVESD)  

Interventricular septal thickness  

Posterior wall thickness  

Measurements represented the average of three consecutive cardiac cycles analyzed by an 

experienced investigator blinded to experimental groups. 

Tissue Collection 

At study completion, animals were anesthetized with ketamine (80 mg/kg) and xylazine (10 mg/kg) 

before euthanasia by exsanguination under deep anesthesia. 

Heart tissues were rapidly excised, rinsed with cold phosphate-buffered saline (PBS), weighed, and 

sectioned. 

Samples were allocated as follows: 

Formalin-fixed tissue for histopathology  

Snap-frozen myocardium for molecular analyses  

Fresh tissue for oxidative stress assays  

Histopathological Evaluation 

Cardiac specimens were fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned 

at 4 μm, and stained using: 

Hematoxylin and eosin (H&E)  

Masson's Trichrome  

Picrosirius Red  

Fibrosis was quantified using ImageJ software by calculating collagen volume fraction (CVF) from 

five randomly selected high-power fields per section. 

Histological assessment was independently performed by two cardiovascular pathologists blinded 

to treatment allocation. 

Immunohistochemistry 

Immunohistochemical staining was performed using validated primary antibodies against: 

Transforming Growth Factor-β1 (TGF-β1)  

α-Smooth Muscle Actin (α-SMA)  

Collagen I  

Collagen III  

Fibronectin  

Protein expression was quantified using digital image analysis and expressed as the percentage of 

positively stained myocardial area. 
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Oxidative Stress Analysis 

Myocardial homogenates were analyzed for oxidative stress biomarkers including: 

Malondialdehyde (MDA)  

Superoxide dismutase (SOD)  

Catalase (CAT)  

Glutathione peroxidase (GPx)  

Reduced glutathione (GSH)  

Commercial assay kits were used according to the manufacturers' instructions. 

 

Inflammatory Cytokine Measurement 

Cardiac tissue concentrations of 

TNF-α  

IL-1β  

IL-6  

TGF-β1  

were quantified using enzyme-linked immunosorbent assay (ELISA). 

Quantitative Real-Time PCR 

Total RNA was extracted using TRIzol reagent. 

Complementary DNA synthesis was performed using reverse transcription kits. 

Quantitative PCR was conducted using SYBR Green chemistry. 

Target genes included: 

COL1A1  

COL3A1  

TGF-β1  

Smad2  

Smad3  

CTGF  

MMP-2  

MMP-9  

TIMP-1  

NF-κB p65  

Relative expression levels were calculated using the 2−ΔΔCt method, normalized to GAPDH. 

Western Blot Analysis 

Protein expression was determined using Western blotting. 

Primary antibodies included: 

TGF-β1  

Phospho-Smad2/3  

NF-κB p65  
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PI3K  

Akt  

Nrf2  

HO-1  

Caspase-3  

Protein bands were visualized using enhanced chemiluminescence and quantified by densitometry. 

 

Statistical Analysis 

Sample size was determined using G*Power version 3.1, assuming an effect size of 0.50, α = 0.05, 

and statistical power of 80%. 

Data distribution was assessed using the Shapiro–Wilk test. 

Normally distributed data are presented as mean ± standard deviation (SD). 

Comparisons among groups were performed using one-way analysis of variance (ANOVA), 

followed by Tukey's multiple-comparison post hoc test. 

Non-normally distributed variables were analyzed using the Kruskal–Wallis test followed by 

Dunn's post hoc test. 

Correlation analyses were conducted using Pearson's or Spearman's coefficients, as appropriate. 

All statistical analyses were performed using GraphPad Prism version 10.0 and IBM SPSS 

Statistics version 29. 

Two-tailed P values <0.05 were considered statistically significant. 

RESULTS 

General Animal Characteristics 

All forty experimental animals completed the study protocol without treatment-related mortality or 

serious adverse events. Baseline body weight did not differ significantly among the four 

experimental groups (P = 0.79). Following isoproterenol administration, rats in the untreated 

fibrosis group exhibited significantly reduced body weight gain and increased heart weight-to-body 

weight ratio compared with healthy controls (P < 0.001). 

Treatment with standardized Brazilian green propolis extract (EPP-AF®) significantly attenuated 

cardiac hypertrophy in a dose-dependent manner. The high-dose EPP-AF® group demonstrated a 

22.4% reduction in heart weight-to-body weight ratio compared with the untreated fibrosis group 

(P < 0.001) (Table 1). 
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Table 1. Baseline Characteristics and Morphometric Measurements of Experimental Animals 

Parameter 
Control (n = 

10) 

Cardiac Fibrosis 

(ISO) (n = 10) 

ISO + EPP-AF® 

100 mg/kg (n = 10) 

ISO + EPP-AF® 

200 mg/kg (n = 

10) 

P value 

Initial body weight (g) 236.4 ± 9.2 235.8 ± 8.7 237.1 ± 9.5 236.7 ± 8.9 0.79 

Final body weight (g) 298.7 ± 11.5 271.5 ± 12.3† 284.6 ± 10.9* 293.8 ± 10.7** <0.001 

Body weight gain (g) 62.3 ± 5.8 35.7 ± 6.2† 47.5 ± 5.6* 57.1 ± 5.3** <0.001 

Heart weight (g) 0.98 ± 0.05 1.32 ± 0.08† 1.15 ± 0.07* 1.04 ± 0.06** <0.001 

Heart weight/body 

weight (mg/g) 
3.28 ± 0.18 4.86 ± 0.24† 4.05 ± 0.21* 3.77 ± 0.19** <0.001 

Left ventricular weight 

(g) 
0.71 ± 0.04 0.94 ± 0.05† 0.82 ± 0.04* 0.75 ± 0.04** <0.001 

Tibia length (cm) 4.34 ± 0.08 4.33 ± 0.09 4.35 ± 0.07 4.34 ± 0.08 0.96 

Heart weight/tibia length 

(mg/cm) 
225.8 ± 10.6 304.8 ± 14.2† 264.3 ± 12.8* 239.6 ± 11.5** <0.001 

Data are presented as mean ± standard deviation (SD). 

† P < 0.001 versus Control group. 

P < 0.05 versus Cardiac Fibrosis group.  

** P < 0.01 versus Cardiac Fibrosis group. 

Abbreviations: ISO, isoproterenol; EPP-AF®, standardized Brazilian green propolis extract. 

 

Echocardiographic Assessment 

Transthoracic echocardiography demonstrated marked deterioration of left ventricular systolic 

function following isoproterenol-induced myocardial injury. 

Compared with the control group, untreated fibrotic animals exhibited significant reductions in left 

ventricular ejection fraction (LVEF) and fractional shortening (FS), accompanied by increased left 

ventricular end-diastolic diameter (LVEDD) and left ventricular end-systolic diameter (LVESD) 

(all P < 0.001). 

Administration of EPP-AF® significantly improved ventricular function in both treatment groups. 

Animals receiving 200 mg/kg/day showed the greatest functional recovery, with LVEF increasing 

from 48.9 ± 3.8% in untreated fibrotic rats to 67.5 ± 4.2% (P < 0.001). Similarly, fractional 

shortening increased by 34.8%, while ventricular dilation was significantly attenuated (Table 2, 

Figure 1). 

 

 

 

 

http://www.ajbm.net/
http://www.ajbm.net/


      

                
Advanced Journal of Biomedicine & Medicine 

2026 Volume 14 Issue 2 Page 150-175 

Available online: 09 June 2026 

Journal homepage: www.ajbm.net 

 

Advanced Journal of Biomedicine & Medicine | 2026, Volume 14, Issue 2 
Journal homepage: www.ajbm.net                  159 

Table 2. Echocardiographic Parameters Following Treatment with Standardized Brazilian Green Propolis 

Extract (EPP-AF®) 

Parameter 
Control (n = 

10) 

Cardiac Fibrosis (ISO) 

(n = 10) 

ISO + EPP-AF® 

100 mg/kg (n = 10) 

ISO + EPP-AF® 200 

mg/kg (n = 10) 

P 

value 

LVEF (%) 74.8 ± 3.5 48.9 ± 3.8† 58.7 ± 4.1* 67.5 ± 4.2** <0.001 

Fractional Shortening (%) 42.6 ± 2.4 24.8 ± 2.7† 31.9 ± 2.8* 38.5 ± 2.6** <0.001 

LVEDD (mm) 6.42 ± 0.29 8.13 ± 0.37† 7.41 ± 0.34* 6.81 ± 0.31** <0.001 

LVESD (mm) 3.68 ± 0.23 6.12 ± 0.35† 5.10 ± 0.31* 4.15 ± 0.27** <0.001 

IVSd (mm) 1.71 ± 0.09 2.11 ± 0.11† 1.94 ± 0.10* 1.79 ± 0.09** <0.001 

LVPWd (mm) 1.66 ± 0.08 2.05 ± 0.12† 1.88 ± 0.09* 1.73 ± 0.08** <0.001 

Cardiac Output (mL/min) 96.8 ± 6.4 68.2 ± 5.8† 81.6 ± 6.1* 91.4 ± 6.0** <0.001 

Stroke Volume (mL) 0.39 ± 0.03 0.28 ± 0.02† 0.33 ± 0.03* 0.37 ± 0.03** <0.001 

Data are presented as mean ± SD. 

† P < 0.001 versus Control. 

P < 0.05 versus Cardiac Fibrosis.  

** P < 0.01 versus Cardiac Fibrosis. 

Abbreviations: 

LVEF = Left Ventricular Ejection Fraction  

LVEDD = Left Ventricular End-Diastolic Diameter  

LVESD = Left Ventricular End-Systolic Diameter  

IVSd = Interventricular Septal Thickness (Diastole)  

LVPWd = Left Ventricular Posterior Wall Thickness (Diastole) 
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Figure 1. Echocardiographic assessment of cardiac function following treatment with standardized 

Brazilian green propolis extract (EPP-AF®). Panels (A) Left ventricular ejection fraction (LVEF) (B) 

Fractional shortening (FS) (C) Left ventricular end-diastolic diameter (LVEDD) (D) Left ventricular end-

systolic diameter (LVESD) (E) Representative M-mode echocardiographic images from each experimental 

group. 

 

Histopathological Findings 

Representative myocardial histology is presented in Figure 2. 

Control animals exhibited normal myocardial architecture characterized by well-organized 

cardiomyocytes and minimal interstitial collagen deposition. 

In contrast, the fibrosis group demonstrated extensive myocardial degeneration, inflammatory cell 

infiltration, myofibrillar disorganization, and diffuse interstitial fibrosis. 

Masson's Trichrome and Picrosirius Red staining revealed marked collagen accumulation 

throughout the myocardium following isoproterenol administration. 

Treatment with EPP-AF® substantially preserved myocardial architecture and significantly 

reduced extracellular matrix deposition in a dose-dependent manner. 
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Quantitative morphometric analysis showed that collagen volume fraction decreased from 27.3 ± 

3.1% in untreated fibrotic rats to 16.2 ± 2.7% in the low-dose group and 8.4 ± 1.8% in the high-

dose group (P < 0.001) (Table 3). 

 

Table 3. Histomorphometric Evaluation of Myocardial Fibrosis Following Treatment with Standardized 

Brazilian Green Propolis Extract (EPP-AF®) 

Histopathological Parameter 
Control (n 

= 10) 

Cardiac Fibrosis 

(ISO) (n = 10) 

ISO + EPP-AF® 

100 mg/kg (n = 10) 

ISO + EPP-AF® 

200 mg/kg (n = 10) 

P 

value 

Collagen Volume Fraction (%) 4.9 ± 1.2 27.3 ± 3.1† 16.2 ± 2.7* 8.4 ± 1.8** <0.001 

Interstitial Fibrosis Score (0–4) 0.3 ± 0.2 3.7 ± 0.4† 2.1 ± 0.5* 1.0 ± 0.3** <0.001 

Perivascular Fibrosis Score (0–4) 0.2 ± 0.1 3.4 ± 0.5† 1.9 ± 0.4* 0.8 ± 0.2** <0.001 

Inflammatory Cell Infiltration 

(cells/HPF) 
4.2 ± 1.1 31.8 ± 4.2† 17.5 ± 3.6* 8.3 ± 2.1** <0.001 

Cardiomyocyte Cross-sectional 

Area (µm²) 
215 ± 18 348 ± 25† 287 ± 20* 238 ± 17** <0.001 

Myocardial Necrosis Score (0–4) 0.1 ± 0.1 2.9 ± 0.5† 1.6 ± 0.4* 0.7 ± 0.2** <0.001 

Vascular Congestion Score (0–4) 0.2 ± 0.1 2.6 ± 0.4† 1.4 ± 0.3* 0.6 ± 0.2** <0.001 

Data are expressed as mean ± standard deviation (SD). 

† P < 0.001 versus Control group. 

P < 0.05 versus Cardiac Fibrosis group.  

** P < 0.01 versus Cardiac Fibrosis group. 

Abbreviations: ISO, isoproterenol; EPP-AF®, standardized Brazilian green propolis extract; HPF, high-

power field. 

 

Immunohistochemical Analysis 

Immunohistochemical staining demonstrated pronounced activation of profibrotic signaling 

following cardiac injury. 

The fibrosis group exhibited significantly increased myocardial expression of: 

Transforming Growth Factor-β1 (TGF-β1)  

α-Smooth Muscle Actin (α-SMA)  

Collagen Type I  

Collagen Type III  

Fibronectin  

Compared with untreated fibrotic animals, treatment with EPP-AF® significantly reduced 

expression of all profibrotic proteins. 

High-dose EPP-AF® reduced TGF-β1 immunoreactivity by 59.8%, α-SMA by 52.6%, and 

Collagen I by 57.4% (all P < 0.001) (Figure 3). 
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Figure 2. Histopathological evaluation of myocardial fibrosis following treatment with standardized 

Brazilian green propolis extract (EPP-AF®). 

 

 

Figure 3. Immunohistochemical analysis of profibrotic protein expression following treatment with 

standardized Brazilian green propolis extract (EPP-AF®). 
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Oxidative Stress Biomarkers 

Myocardial oxidative stress was markedly increased following isoproterenol administration. 

Untreated fibrotic rats demonstrated: 

Elevated malondialdehyde (MDA)  

Reduced superoxide dismutase (SOD)  

Reduced catalase (CAT)  

Reduced glutathione peroxidase (GPx)  

Reduced glutathione (GSH)  

Treatment with standardized Brazilian green propolis extract significantly restored antioxidant 

enzyme activity while suppressing lipid peroxidation. 

The high-dose EPP-AF® group demonstrated a 48.6% reduction in myocardial MDA concentration 

together with significant increases in SOD, CAT, GPx, and GSH levels compared with untreated 

fibrosis animals (Table 4). 

 

Table 4. Quantitative Immunohistochemical Analysis of Profibrotic Protein Expression 

 

Marker Control 
Cardiac Fibrosis 

(ISO) 

ISO + EPP-AF® 

100 mg/kg 

ISO + EPP-AF® 

200 mg/kg 

P 

value 

TGF-β1 Positive Area (%) 6.8 ± 1.3 41.5 ± 4.6† 24.8 ± 3.5* 16.7 ± 2.9** <0.001 

α-SMA Positive Area (%) 5.9 ± 1.1 37.8 ± 4.2† 22.1 ± 3.2* 14.3 ± 2.4** <0.001 

Collagen I Positive Area (%) 7.4 ± 1.5 46.2 ± 5.1† 27.6 ± 3.9* 19.7 ± 3.1** <0.001 

Collagen III Positive Area (%) 5.3 ± 1.2 32.4 ± 3.8† 18.9 ± 2.8* 11.6 ± 2.1** <0.001 

Fibronectin Positive Area (%) 4.8 ± 1.0 29.6 ± 3.4† 17.3 ± 2.6* 10.2 ± 1.9** <0.001 

Values are expressed as mean ± standard deviation (SD). 

† P < 0.001 versus Control. 

P < 0.05 versus Cardiac Fibrosis.  

** P < 0.01 versus Cardiac Fibrosis. 

 

Inflammatory Cytokines 

ELISA demonstrated substantial inflammatory activation in untreated fibrotic myocardium. 

Levels of: 

TNF-α  

IL-1β  

IL-6  

TGF-β1  
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were significantly elevated following isoproterenol administration (all P < 0.001). 

Treatment with EPP-AF® significantly reduced circulating and myocardial inflammatory 

cytokines. 

The greatest reduction was observed for TNF-α, which decreased by 47.2% in the high-dose 

treatment group relative to untreated fibrosis animals (Figure 4). 

 

 

Figure 4. Effects of standardized Brazilian green propolis extract (EPP-AF®) on inflammatory cytokine 

expression in experimental cardiac fibrosis. 

Quantitative Real-Time PCR 

Gene expression analysis demonstrated significant activation of profibrotic molecular pathways 

after myocardial injury. 

Compared with healthy controls, untreated fibrotic animals exhibited significant upregulation of: 

COL1A1  

COL3A1  

TGF-β1  

Smad2  

Smad3  

CTGF  

MMP-9  

while TIMP-1 expression was significantly increased, indicating impaired extracellular matrix 

turnover. 
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Administration of EPP-AF® significantly downregulated all profibrotic genes while partially 

restoring matrix remodeling homeostasis. 

The greatest reductions were observed for TGF-β1 (−63%), COL1A1 (−58%), and CTGF (−55%) 

compared with untreated fibrosis animals (Figure 5, Table 5). 

 

 

Figure 5. RT-qPCR Heatmap, Western Blot Images, Correlation Analysis 

Western Blot Analysis 

Western blotting confirmed modulation of multiple signaling pathways associated with 

myocardial fibrosis. 

Compared with untreated fibrotic rats, EPP-AF® significantly reduced protein expression of: 

TGF-β1  

Phosphorylated Smad2/3  

NF-κB p65  

PI3K  

Phosphorylated Akt  

Cleaved Caspase-3  

Conversely, myocardial expression of antioxidant proteins Nrf2 and HO-1 was significantly 

increased following EPP-AF® treatment (Figure 5). 

Densitometric analysis demonstrated statistically significant differences among all experimental 

groups (P < 0.05). 
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Table 5. Myocardial Inflammatory Cytokine Concentrations Determined by ELISA 

Cytokine Control 
Cardiac Fibrosis 

(ISO) 

ISO + EPP-AF® 

100 mg/kg 

ISO + EPP-AF® 

200 mg/kg 
P value 

TNF-α (pg/mg protein) 18.4 ± 2.6 62.7 ± 5.8† 42.3 ± 4.9* 33.1 ± 3.8** <0.001 

IL-1β (pg/mg protein) 12.5 ± 1.9 45.8 ± 4.7† 29.4 ± 3.6* 20.7 ± 2.9** <0.001 

IL-6 (pg/mg protein) 16.8 ± 2.3 58.9 ± 5.3† 36.2 ± 4.4* 24.6 ± 3.2** <0.001 

TGF-β1 (pg/mg protein) 26.1 ± 3.1 81.4 ± 7.2† 52.8 ± 5.6* 34.9 ± 4.2** <0.001 

MCP-1 (pg/mg protein) 24.3 ± 2.8 73.6 ± 6.4† 49.8 ± 5.3* 35.2 ± 4.1** <0.001 

IL-10 (pg/mg protein) 41.6 ± 4.2 20.8 ± 2.5† 33.5 ± 3.6* 39.4 ± 4.1** <0.001 

 

Data Presentation 

Values are presented as mean ± standard deviation (SD). 

† P < 0.001 versus Control. 

P < 0.05 versus Cardiac Fibrosis.  

** P < 0.01 versus Cardiac Fibrosis. 

 

Table 6. Quantitative Densitometric Analysis of Fibrosis-Related Signaling Proteins Determined by 

Western Blotting 

Protein Expression  Control (n = 10) 
Cardiac Fibrosis 

(ISO) (n = 10) 

ISO + EPP-AF® 

100 mg/kg (n = 10) 

ISO + EPP-

AF® 200 mg/kg 

(n = 10) 

P value 

TGF-β1 1.00 ± 0.09 2.54 ± 0.21† 1.71 ± 0.18* 1.02 ± 0.12** <0.001 

Phospho-Smad2/3 1.00 ± 0.08 2.42 ± 0.19† 1.63 ± 0.16* 0.98 ± 0.10** <0.001 

Total Smad2/3 1.01 ± 0.07 1.12 ± 0.09 1.08 ± 0.08 1.02 ± 0.07 0.18 

NF-κB p65 1.00 ± 0.08 2.38 ± 0.20† 1.59 ± 0.15* 0.94 ± 0.09** <0.001 

PI3K 1.00 ± 0.07 2.11 ± 0.18† 1.43 ± 0.13* 0.89 ± 0.08** <0.001 

Phospho-Akt 1.00 ± 0.09 2.28 ± 0.22† 1.54 ± 0.17* 0.91 ± 0.10** <0.001 

Total Akt 1.00 ± 0.08 1.06 ± 0.08 1.03 ± 0.07 1.01 ± 0.08 0.27 

Cleaved Caspase-3 1.00 ± 0.10 2.61 ± 0.24† 1.74 ± 0.18* 1.08 ± 0.11** <0.001 

Nrf2 1.00 ± 0.09 0.56 ± 0.06† 1.42 ± 0.14* 2.03 ± 0.18** <0.001 

HO-1 1.00 ± 0.08 0.49 ± 0.05† 1.38 ± 0.13* 2.18 ± 0.21** <0.001 
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Correlation Analysis 

Pearson correlation analysis revealed a strong inverse relationship between collagen volume 

fraction and left ventricular ejection fraction (r = −0.84, P < 0.001). 

Positive correlations were observed between collagen deposition and: 

TGF-β1 protein expression (r = 0.88)  

COL1A1 mRNA expression (r = 0.85)  

TNF-α concentration (r = 0.80)  

In contrast, myocardial superoxide dismutase activity demonstrated a significant negative 

correlation with collagen volume fraction (r = −0.76, P < 0.001). 

These findings indicate that the antifibrotic effects of standardized Brazilian green propolis extract 

were closely associated with suppression of inflammatory and profibrotic signaling pathways 

together with restoration of myocardial antioxidant capacity (Figure 5, Table 6). 

DISCUSSION 

    The present study demonstrates that standardized Brazilian green propolis extract (EPP-AF®) 

exerts significant cardioprotective effects against isoproterenol-induced myocardial fibrosis 

through simultaneous modulation of oxidative stress, inflammatory signaling, extracellular matrix 

remodeling, and multiple profibrotic molecular pathways [25]. Treatment with EPP-AF® markedly 

improved left ventricular function, reduced myocardial collagen deposition, suppressed activation 

of the TGF-β1/Smad and NF-κB signaling pathways, restored endogenous antioxidant defenses via 

activation of the Nrf2/HO-1 pathway, and significantly attenuated inflammatory cytokine 

production. Collectively, these findings indicate that EPP-AF® mitigates pathological cardiac 

remodeling by targeting several interconnected mechanisms involved in myocardial fibrogenesis 

rather than a single molecular pathway [26]. 

    Cardiac fibrosis represents a final common pathway in numerous cardiovascular disorders, 

including hypertension, myocardial infarction, diabetic cardiomyopathy, and heart failure. 

Progressive accumulation of extracellular matrix proteins increases myocardial stiffness, impairs 

ventricular relaxation, disrupts electrical conduction, and ultimately contributes to systolic and 

diastolic dysfunction [27]. Although conventional therapies such as angiotensin-converting enzyme 

inhibitors, angiotensin receptor blockers, and sodium-glucose cotransporter-2 inhibitors partially 

slow disease progression, effective therapies capable of directly reversing myocardial fibrosis 

remain limited. Consequently, identification of novel agents that simultaneously regulate fibrosis, 

inflammation, and oxidative stress has become an important area of cardiovascular research [28]. 

    One of the principal findings of the present study was the significant improvement in cardiac 

function following EPP-AF® treatment. Echocardiographic analysis demonstrated marked 

recovery of left ventricular ejection fraction and fractional shortening together with attenuation of 

ventricular dilation. These functional improvements were accompanied by substantial reductions 

in myocardial collagen deposition observed by Masson's Trichrome and Picrosirius Red staining. 

Importantly, quantitative morphometric analysis demonstrated that high-dose EPP-AF® reduced 

collagen volume fraction by approximately 70% compared with untreated fibrotic animals, 

indicating a robust antifibrotic effect [29]. Preservation of myocardial architecture together with 
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improved ventricular performance suggests that inhibition of extracellular matrix expansion 

translated into meaningful structural and functional recovery [30]. 

    Transforming growth factor-β1 is widely recognized as the master regulator of cardiac 

fibrogenesis [31]. Activation of the TGF-β1/Smad signaling cascade promotes differentiation of 

resident cardiac fibroblasts into contractile α-smooth muscle actin-positive myofibroblasts, 

enhances collagen synthesis, suppresses extracellular matrix degradation, and perpetuates fibrotic 

remodeling [32]. In the present study, immunohistochemical, RT-qPCR, and Western blot analyses 

consistently demonstrated marked activation of TGF-β1 and phosphorylated Smad2/3 in untreated 

fibrotic myocardium. Administration of EPP-AF® significantly suppressed expression of TGF-β1, 

phospho-Smad2/3, α-SMA, collagen type I, collagen type III, and connective tissue growth factor, 

indicating broad inhibition of the canonical profibrotic signaling pathway. These observations 

suggest that modulation of TGF-β1 signaling constitutes one of the principal mechanisms 

underlying the antifibrotic activity of Brazilian green propolis [33]. 

    Inflammation has emerged as an important contributor to myocardial remodeling following 

cardiac injury. Persistent activation of NF-κB stimulates production of pro-inflammatory cytokines 

including TNF-α, IL-1β, IL-6, and MCP-1, which promote leukocyte recruitment, fibroblast 

activation, oxidative stress, and extracellular matrix deposition [34]. The present findings 

demonstrated marked inflammatory activation in untreated fibrotic animals, whereas EPP-AF® 

significantly reduced myocardial concentrations of TNF-α, IL-1β, IL-6, MCP-1, and TGF-β1 while 

restoring the anti-inflammatory cytokine IL-10. Suppression of NF-κB protein expression observed 

by Western blot analysis further supports the hypothesis that inhibition of inflammatory signaling 

contributes substantially to the cardioprotective effects of EPP-AF® [35]. 

    Oxidative stress represents another critical driver of myocardial fibrosis. Excessive generation 

of reactive oxygen species damages mitochondrial function, activates redox-sensitive transcription 

factors, stimulates fibroblast proliferation, and amplifies inflammatory signaling [36]. In the 

present study, untreated fibrotic animals demonstrated significant increases in malondialdehyde 

together with depletion of endogenous antioxidant enzymes, including superoxide dismutase, 

catalase, glutathione peroxidase, and reduced glutathione [37]. Treatment with EPP-AF® 

significantly restored antioxidant capacity while reducing lipid peroxidation. These biochemical 

findings were supported by increased myocardial expression of Nrf2 and HO-1, indicating 

activation of endogenous antioxidant defense mechanisms. Given the well-established antioxidant 

properties of Brazilian green propolis, these findings suggest that restoration of redox homeostasis 

represents an important mechanism through which EPP-AF® interrupts the self-perpetuating cycle 

linking oxidative stress and fibrosis [38-39]. 

    Another important observation was the coordinated regulation of extracellular matrix remodeling 

genes. Cardiac fibrosis results from an imbalance between collagen synthesis and degradation 

mediated by matrix metalloproteinases and their endogenous tissue inhibitors. Our RT-qPCR 

analysis demonstrated that EPP-AF® significantly reduced expression of COL1A1, COL3A1, 

CTGF, and TIMP-1 while partially normalizing MMP-2 and MMP-9 expression [40-45]. These 

findings indicate that Brazilian green propolis not only suppresses collagen production but may 
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also facilitate restoration of physiological extracellular matrix turnover, thereby limiting 

progressive myocardial remodeling [45]. 

    The correlation analysis provides additional mechanistic insight into the relationship between 

molecular alterations and cardiac function. Collagen volume fraction demonstrated strong inverse 

correlations with left ventricular ejection fraction and antioxidant enzyme activity, whereas positive 

correlations were observed with TGF-β1 expression, TNF-α concentration, and COL1A1 gene 

expression [46]. These associations support the concept that myocardial fibrosis represents the 

integrated consequence of inflammatory activation, oxidative stress, and dysregulated extracellular 

matrix metabolism. Importantly, improvement in cardiac function closely paralleled reductions in 

molecular markers of fibrosis, suggesting that inhibition of these interconnected pathways 

translated into meaningful physiological benefit [47]. 

    The biological activity of Brazilian green propolis has largely been attributed to its rich 

composition of flavonoids and phenolic acids, particularly artepillin C, baccharin, drupanin, caffeic 

acid phenethyl ester (CAPE), p-coumaric acid, and various prenylated cinnamic acid derivatives. 

Previous investigations have demonstrated antioxidant, anti-inflammatory, antimicrobial, 

immunomodulatory, and anticancer activities of these compounds [48]. The present study extends 

these observations by providing comprehensive evidence that standardized Brazilian green propolis 

extract exerts potent antifibrotic effects through simultaneous regulation of multiple molecular 

signaling pathways involved in myocardial remodeling. Such multitarget activity may represent an 

important therapeutic advantage over agents directed toward a single signaling pathway. 

CONCLUSIONS 

standardized Brazilian green propolis extract (EPP-AF®) significantly attenuated isoproterenol-

induced myocardial fibrosis and improved cardiac function through coordinated suppression of 

TGF-β1/Smad, NF-κB, and PI3K/Akt signaling pathways while enhancing endogenous antioxidant 

defenses via activation of the Nrf2/HO-1 pathway. The marked reduction in collagen deposition, 

inflammatory cytokine production, oxidative stress, and fibroblast activation highlights the 

potential of Brazilian green propolis as a promising multitarget therapeutic strategy for pathological 

cardiac remodeling. These findings provide a strong preclinical rationale for further translational 

studies aimed at evaluating EPP-AF® as a novel adjunctive therapy for cardiac fibrosis and heart 

failure. 
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