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Abstract

:

(1) Background: Doxorubicin (DOX) is extensively used for cancer treatments; however, its clinical application is limited because of its cardiotoxic adverse effects. A combination of DOX and agents with cardioprotective properties is an effective strategy to ameliorate DOX-related cardiotoxicity. Polyphenolic compounds are ideal for the investigation of novel cardioprotective agents. Chlorogenic acid (CGA), an essential dietary polyphenol found in plants, has been previously reported to exert antioxidant, cardioprotective, and antiapoptotic properties. The current research evaluated CGA’s in vivo cardioprotective properties in DOX-induced cardiotoxicity and the probable mechanisms underlying this protection. (2) Methods: CGA’s cardioprotective properties were investigated in rats that were treated with CGA (100 mg/kg, p.o.) for fourteen days. The experimental model of cardiotoxicity was induced with a single intraperitoneal (15 mg/kg i.p.) injection of DOX on the 10th day. (3) Results: Treatment with CGA significantly improved the DOX-caused altered cardiac damage markers (LDH, CK-MB, and cTn-T), and a marked improvement in cardiac histopathological features accompanied this. DOX downregulated the expression of Nrf2/HO-1 signaling pathways, and the CGA reversed this effect. Consistently, caspase-3, an apoptotic-related marker, and dityrosine expression were suppressed, while Nrf2 and HO-1 expressions were elevated in the cardiac tissues of DOX-treated rats after treatment with the CGA. Furthermore, the recovery was confirmed by the downregulation of 8-OHdG and dityrosine (DT) expressions in immunohistochemical findings. (4) Conclusions: CGA demonstrated a considerable cardioprotective effect against DOX-induced cardiotoxicity. One of the possible mechanisms for these protective properties was the upregulation of the Nrf2/HO-1-dependent pathway and the downregulation of DT, which may ameliorate oxidative stress and cardiomyocyte apoptosis. These findings suggest that CGA may be cardioprotective, particularly in patients receiving DOX-based chemotherapy.
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1. Introduction


Doxorubicin (DOX) is a cytotoxic anthracycline antibiotic derived from Streptomyces that is administered for the therapy of many types of malignancies, such as solid tumors, lymphomas, leukemia, and lung and breast cancer [1,2]. Despite its effectiveness, its clinical application shows many adverse effects, particularly dose-dependent and cumulative cardiotoxicity resulting in cardiac dysfunction, heart failure, and eventually death [3,4,5,6]. The underlying mechanisms responsible for DOX-induced cardiotoxicity are complex and multifactorial, related to the disturbance of intracellular calcium homeostasis, DNA/RNA/protein synthesis inhibition, reactive oxygen species (ROS) accumulation, and necroptosis induction [7,8,9,10]. Previous studies have shown that excessive ROS production leads to oxidative damage to biological macromolecules, including proteins, DNA, and lipids, and depletes antioxidant enzymes [10,11,12,13]. Moreover, DOX-evoked oxidative damage directly triggers the intrinsic mitochondria-dependent apoptotic pathway in cardiomyocytes and, in turn, leads to the death of myocytes [14]. Furthermore, similar mechanisms have been identified in cardiotoxicity induced by other xenobiotics, including pesticides and nanoparticles [15,16,17,18].



Accumulating evidence suggests that the down-regulation of the nuclear factor erythroid-derived 2-like 2 (Nrf2)/heme oxygenase-1 (HO-1) signaling pathway is responsible for DOX-evoked myocardial damage [19]. In cases of augmented ROS production, Nrf2 travels to the nucleus, binds to the antioxidant response element (ARE) to form a complex of Nrf2-ARE, and then initiates the process of transcription of antioxidative genes and their proteins such as hemeoxygenase-1 (HO-1), superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px) in order to detoxify the accumulated free radicals [20,21]. Hence, disruption of Nrf2/HO-1 signaling is thought to be a principal reason for DOX-related cardiotoxicity. For instance, Nordgren et al. reported that Nrf2 signaling and Nrf2-related antioxidant responses were strongly abrogated in cardiac tissue in DOX-treated rats [22]. Moreover, other reports confirm that DOX significantly reduces the expression of Nrf2, resulting in oxidative damage, cardiomyocyte apoptosis, and cardiac dysfunction in rats [23]. Therefore, activation of Nrf2/HO-1 signaling is regarded as a probable and effective strategy to overcome DOX-evoked cardiotoxicity.



On the other hand, 3,3′-dityrosine, also known as dityrosine (DT), plays the essential role of oxidative perturbation, which has a principal function in the progression of cardiac dysfunction [24]. DT leads to oxidative modifications in proteins, and hydroxyl radicals and lipid hydroperoxides promote DT action [24,25]. Although the mechanisms mediated by DT in DOX-related cardiotoxicity remain largely unknown, Benzer et al. demonstrated that DOX-related cardiac damage is associated with a marked rise in DT expression concomitant with an elevation of oxidative damage [26]. Concerning the essential roles of oxidative perturbation and apoptosis in DOX-related cardiotoxicity, as mentioned above, we speculated that DT might be involved in regulating Nrf2/HO-1 signaling associated with DOX-evoked cardiac damage.



Numerous studies have proposed that the bioactive compounds found in natural products can alleviate DOX-related cardiotoxicity [27,28,29]. Thus, it is logical to investigate the plant-derived natural compounds in order to reduce the DOX-associated cardiotoxic adverse effects and elevate the DOX chemotherapeutic impact. Among these bioactive compounds, dietary polyphenols, especially polyphenolic acids, attract scientific attention regarding their biological effects and potential pharmacological utilization [12,30]. Chlorogenic acid (3,4-dihydroxycinnamate, CGA) is the major polyphenolic isomer among caffeoylquinic acid isomers found in many plants, including Crataegus monogyna, Vaccinium angustifolium, and Eupatorium perfoliatum, and is particularly abundant in coffee [27]. CGA has many essential and therapeutic functions such as antioxidant, hepatoprotective, cardioprotective, anti-inflammatory, anti-apoptotic, and free radical scavenging, while it improves immune regulation [30]. Interestingly, despite the growing number of findings supporting the protective role of CGA in preclinical cardiac disease models, no study on the effect of CGA on DOX-induced cardiotoxicity in rats has been carried out. Therefore, the present study aimed to investigate the cardioprotective effects of CGA against DOX-induced myocardial toxicity and to elucidate whether this action was associated with the regulation of Nrf2/HO-1 and DT signaling and, consequently, with myocardial oxidative stress suppression.




2. Materials and Methods


2.1. Chemicals and Reagents


DOX was bought as Adrimisin® (50 mg/25 mL injectable solution) from Saba Pharmaceuticals (Istanbul, Turkey). CGA (Cas Number #327-97-9) and Tris hydrochloride (Tris–HCl; Cas Number #1185-53-1) were obtained from Merck (Darmstadt, Germany). Sevoflurane anesthesia (Sevorane liquid, 100%) was obtained from Abbott Laboratory (Istanbul, Turkey). CK-MB (Cat.No.:E-EL-R1327), LDH (Cat.No.:E-BC-K046-M), cTn-T (Cat.No.: E-EL-R0151), malondialdehyde (MDA; Cat.No.:E-EL-0060), GSH(Glutathione; Cat.No.:E-EL-0026), GSH-PX (Cat.No.:E-BC-K096-S), SOD (Cat.No.:E-BC-K019-S), and CAT (Cat.No.:E-BC-K031-S) were bought from Elabscience (Houston, TX, USA). Hematoxylin and eosin (H&E; Cat.No.:1051750500) was obtained from Merck (Darmstadt, Germany). 8-hydroxy-2′-deoxyguanosine 8-OhDG (Cat.No.:ab48508), 4-hydroxynonenal (4-HNE; Cat.No.: ab46545), and dityrosine (DT; Cat.No.: ab243067) primary antibodies were obtained from Abcam (Boston, MA, USA). Horseradish peroxidase (HRP) (Cat.No.: TP-125-HL) was bought from Thermo Fisher (Istanbul, Turkey).




2.2. Animals


Male Wistar Albino rats (230–250 g) were procured from the Ataturk University Experimental Research and Application Center (Erzurum, Turkey). The animals were housed under standard conditions (24 ± 1 °C and a 12:12 h dark/light cycle) with free access to food and water.




2.3. Experimental Design


Adult male Wistar Albino rats were randomly divided into four groups (n = 7) as follows: (1) control group: rats received vehicle (PBS daily for 14 days); (2) CGA group: rats received oral CGA at 100 mg/kg/day for 14 days; (3) DOX group: rats received a single dose of DOX at 15 mg/kg on the 10th day via intraperitoneal (i.p.); and (4) DOX  +  CGA group: rats were pretreated with oral CGA at 100 mg/kg/day for 14 days and received a single dose of DOX at 15 mg/kg on the 10th day via i.p. injection. The flowchart of the experiment is presented in Figure 1.



It is well established that acute DOX-induced cardiotoxicity is common in clinical practice, as reported in various studies [31,32], and predicts poor clinical outcomes [33]. A single dose of DOX (15 mg/kg, i.p.) was selected based on previously reported studies for its potential to establish acute cardiotoxicity in mice as well as rats [34,35]. The dose of CGA was selected on the basis of a previously reported study [36]. Meanwhile, the in vivo optimum dose of CGA was supported by a preliminary assay study with a limited number of animals (three animals/group).




2.4. Serum Collection and Tissue Preparation


At the end of the study, animals went under anesthesia and blood samples were collected from the heart. The samples were centrifuged at 1500× g for 15 min at 4 °C; the serum was separated and stored at −20 °C until biochemical analysis. The animals were sacrificed under deep anesthesia after blood sampling. The chest was opened, and the cardiac tissues were promptly excised and washed in normal saline. Cardiac tissues were cut into two sections, homogenized with 0.1 M Tris–HCl buffer (pH 7.4), centrifuged at 10,000× g for 25 min at 4 °C, and the resulting supernatants were stored at −20 °C until the measurement of the cardiac levels of oxidative and inflammatory markers. The remaining cardiac samples were fixed in 10% formalin in phosphate buffer, processed through histological and histopathological methods, and then embedded in paraffin [37].




2.5. Estimation of Serum Biochemical Parameters


Serum creatine-kinase myocardial band (CK-MB) and lactate dehydrogenase (LDH) markers of myocyte necrosis were determined using commercial CK-MB and LDH kits by the auto-analyzer (Thermo Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. A rat ELISA kit measured serum levels of cTn-T as a specific biomarker of cardiac injury, following the manufacturer’s guidelines [38].




2.6. Histopathological Examinations


The cardiac tissues were fixed overnight in 10% formalin and embedded in paraffin after routine alcohol-xylol follow-up procedures. In addition, 5μm sections were stained with H&E and evaluated semi-quantitatively randomly in 6 different areas in terms of mononuclear (Mn) cell infiltrations and hemorrhage under light microscopy as absent (-), mild (+), moderate (++), and severe (+++) [10,11]. Histopathological damage scores are presented in Table 1 [39]. The Kruskal-Wallis and Mann-Whitney U tests, non-parametric statistical tests, were used for the evaluation of the non-parametric data (absent, mild, moderate, and severe). The absent (-) value was presented as 0 in Table 1, the mild (+) value as 1, the moderate (++) value as 2, and the severe (+++) value as 3.




2.7. Lipid Peroxidation (LPO) Assay


The malondialdehyde (MDA) content was estimated to evaluate the peroxidation of lipids. Levels of MDA in heart tissue lysates were measured using a rat ELISA assay kit according to the manufacturer’s directions. Briefly, the samples and Biotinylated Detection Ab working solution were added to the well and incubated for 45 min at 37 °C. The well was then filled with HRP conjugate and incubated for 30 min. Finally, substrate reagent and stop solution were added, respectively, and the plate was read at 450 nm using the Multiskan™ GO Microplate Spectrophotometer reader (Thermo Scientific, Waltham, MA, USA).




2.8. Estimation of Endogenous Antioxidants


The intracellular antioxidants in cardiac tissue, such as glutathione (GSH), glutathione peroxidase (GSH-PX), superoxide dismutase (SOD), and catalase (CAT), were quantified using commercial kits. GSH activity was measured according to the consumption of dithionitrobenzoic acid at 420 nm. GSH-PX activity was determined according to the consumption of nicotinamide dinucleotide phosphate acid at 412 nm. A SOD activity assay was carried out based on the inhibition of a superoxide radical reaction at 550 nm. Finally, CAT activity was estimated based on the consumption of hydrogen peroxide at 405 nm.




2.9. Molecular Analysis


Total RNA was isolated from the cardiac tissue of rats with a TRIzol® reagent by following the manufacturer’s instructions. RNA purity and concentrations were determined by measuring the 260/280-nm ratio. Total RNA was used for synthesizing complementary DNA (cDNA) using a high-capacity cDNA Reverse Transcription Kit. The Nrf2, HO-1, and caspase-3 gene expression levels (mRNA) were determined with Rotor-Gene Q (QIAGEN). GAPDH was used as the standard control protein in each sample. Primer sequences are shown in Table 2. The results obtained from our studies were expressed as a fold change in expression compared with expression in the control group, and CT values were automatically converted into 2−ΔΔCt in the device.




2.10. Immunofluorescent Staining


The 5 μm cross-sections were taken onto poly-L-lysine coated slides and then passed through the xylol and alcohol series. Subsequently, the cross-sections were washed with PBS and kept with 3% H2O2 for 10 min for endogenous peroxidase inactivation. The samples were incubated at 500 W in a microwave oven for 2 × 5 min with an antigen retrieval solution to retrieve the antigen from the cardiac tissues. After washing with PBS, the sections were incubated with 8-OhDG, 4-HNE, and DT primary antibodies overnight at 4 °C. Then, HRP was applied according to the manufacturer’s directions. Next, after counterstaining with Mayer’s hematoxylin, it was covered with entellan and examined under a light microscope. Immunopositivity in heart tissues was evaluated as none (0), mild (1), moderate (2), and severe (3).




2.11. Statistical Analyses


Data were analyzed with the Statistical Package for the Social Sciences (SPSS v.20, SPSS Inc., Chicago, IL, USA) and presented as mean ± SD. To determine normality and homogeneity, the Shapiro-Wilk and Levene tests were used. ELISA and RT-PCR results were analyzed by a one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test (p < 0.05). Immunohistochemical findings were analyzed by Kruskal-Wallis with the Mann-Whitney U post hoc test (p < 0.05).





3. Results


3.1. Biochemical Myocardial Injury Markers


The serum markers of myocardial damage (LDH, CK-MB, and cTn-T) are presented in Figure 2. DOX-induced cardiotoxicity was demonstrated via a significant elevation in serum LDH, CK-MB, and cTn-T concentrations in the DOX-treated group (596.9 ± 13.22 U/L; 834.9 ± 63.59 U/L; 1.10 ± 0.10 ng/mL, respectively) compared to control (295.2 ± 50.4 U/L; 522.5 ± 50.15 U/L; 0.23 ± 0.08 ng/mL, respectively) (p < 0.0001) and CGA-only treated groups (308.1± 61.66 U/L; 525.2 ± 36.85; 0.23 ± 0.08 ng/mL, respectively) (p < 0.0001). On the other hand, the serum levels of LDH (372 ± 48.92 U/L), CK-MB (640.7 ± 62.47 U/L), and cTn-T (0.61 ± 0.03 ng/mL) were significantly attenuated in DOX-exposed animals when the animals were pretreated with CGA compared to the DOX group (p < 0.0001). Furthermore, compared to the control group, CGA-only treated rats did not show any alterations in serum levels of LDH, CK-MB, and cTn-T levels (p > 0.05).




3.2. CGA Prevents DOX-Induced Cardiac Injury


Histologically, the control group’s cardiac sections showed a normal histological structure. However, mononuclear (Mn) cell infiltration and hemorrhage were evident in DOX animals (p < 0.05). As shown in Figure 3D, oral pretreatment with CGA markedly alleviated Mn cell infiltration and hemorrhage compared to the DOX group (p < 0.05). Our findings also suggest that mononuclear (Mn) cell infiltration in the only CGA-treated group was higher than that in the control group; however, this was not statistically significant. Moreover, there was no hemorrhage in the CGA-only group (p > 0.05) (Figure 3, Table 3).




3.3. CGA Attenuates DOX-Induced LPO


As shown in Figure 4, induction of cardiotoxicity with DOX caused significantly increased MDA protein levels (9.64 ± 0.48 nmol/mg) in comparison with the control group (3.52 ± 0.73 nmol/mg protein) (p < 0.0001). CGA treatment in DOX-intoxicated rats significantly reduced MDA levels (4.71 ± 0.59 nmol/mg protein) in comparison with the DOX group (p < 0.0001), suggesting the possible antioxidant role of CGA against myocardial lipid peroxidation (LPO) induced by DOX. In Figure 4, no significant differences were evident between CGA-only treated and control rats (p > 0.05).




3.4. CGA Alleviates DOX-Induced Oxidative Stress


As shown in Figure 4, induction of cardiotoxicity with DOX significantly decreased SOD (41.12 ± 2.32 U/mg protein), CAT (3.14 ± 0.28 U/mg protein), GSH (1.95 ± 0.29 U/mg protein), and GSH-PX (193.2 ± 13.63 U/mg protein) levels in comparison with the control group (71.67 ± 2.59 U/mg protein; 7.76 ± 0.48 U/mg protein; 5.74 ± 0.30 U/mg protein; 289.2 ± 16.44 U/mg protein) (p < 0.0001). Administration of CGA in DOX-intoxicated rats significantly elevated SOD (64,25 ± 2,46 U/mg protein, p < 0.0001), CAT (5.57 ± 0.49 U/mg protein, p < 0.0001), GSH (3.91 ± 0.37 U/mg protein, p < 0.0001), and GSH-PX (239.5 ± 14.22 U/mg protein, p < 0.001) levels in comparison with DOX-treated rats. Statistical analysis findings demonstrated no marked difference between CGA-only treated and control rats (p > 0.05) (Figure 5).




3.5. CGA Activates the Nrf2/HO-1 Pathway in DOX-Treated Cardiac Tissue


Cellular responses to oxidative damage are partially modulated by the redox-sensitive transcription factors Nrf2 and HO-1. As shown in Figure 6A,B, the expression levels of Nrf2 and HO-1 in the cardiac tissue of rats significantly decreased in the DOX group (0.41 ± 0.10-fold change; 0.28 ± 0.07-fold change, respectively) in comparison with the control group (1.00 ± 0.06-fold change; 1.00 ± 0.16 fold change, respectively) (p < 0.0001). Treatment with CGA in DOX-intoxicated rats markedly increased Nrf2 (0.64 ± 0.20-fold change; p < 0.001) and HO-1 (0.66 ± 0.04-fold change; p < 0.0001) expression levels in comparison with DOX-treated rats. Statistical analysis results also showed no significant difference in levels of Nrf2 and HO-1 expression among CGA-only treated and control rats (p > 0.05).




3.6. CGA Reduces DOX-Induced Caspase-3 Expression


To evaluate the effect of CGA in a probable DOX-induced apoptotic pathway, we examined expression levels of caspase-3 in cardiac tissues. Our results showed that mRNA levels of caspase-3 in cardiac tissue were markedly elevated in DOX-intoxicated rats (2.46 ± 0.20-fold change) compared to the control group (1.00 ± 0.04-fold change) (p < 0.0001) (Figure 6). Following treatment with CGA in DOX-intoxicated rats, mRNA expression of caspase-3 (2.13 ± 0.18-fold change) declined in comparison to the DOX group (p < 0.0001). Figure 6 also indicated no significant differences in caspase-3 mRNA expression levels between CGA-only treated and control rats (p > 0.05) (Figure 7).




3.7. Immunohistochemical Findings


In the cardiac sections, 4-HNE, 8-OHdG, and DT immunoreactivity were assessed (Figure 8, Figure 9 and Figure 10, respectively, and Table 4). No 4-HNE, 8-OHdG, or DT staining was observed in the control group. DOX treatment caused a pronounced elevation in the expression of 4-HNE, 8-OhDG, and DT in rat cardiac tissues (p < 0.05). Our results demonstrate that the number of 4-HNE, 8-OHdG, and DT-positive cells was reduced in DOX + CGA treated rats compared to the DOX group (p < 0.05). On the other hand, there are no significant differences in the expression levels of 4-HNE, 8-OHdG, and DT between CGA-only treated and control rats.





4. Discussion


In the present study, we found that pretreatment with CGA protected rats from DOX-induced cardiotoxicity, ameliorated myocardial tissue damage, inhibited the oxidative response, and alleviated myocardial apoptosis. Pretreatment, which was selected at the study planning stage, is a valid approach to the problem of chemotherapy-linked cardiotoxicity. In clinical practice, specific patient groups are known to be in greater danger of developing cardiotoxicity; for example, patients with hypertension, females, and patients planning to receive a high cumulative dose of cardiotoxic drugs such as DOX [40,41].



The DOX-induced elevation of serum levels of LDH, CK-MB, and cTn-T, which indicate the severity of cardiac damage, was significantly reversed by CGA. The protective effect of CGA may be associated with the activation of the Nrf2/HO-1 signaling pathway and amelioration of DT expression in DOX-treated rats. Previous studies showed that DOX administration leads to the accumulation of free radicals in cardiac tissue, damaging intracellular components and cell membranes [13]. Damage to the cardiac muscle cells’ membrane results in the release of LDH, CK-MB, and cTn-T in the blood circulation. LDH and CK-MB are ordinarily present in the cellular compartment, but during myocardial damage, they leak out into the circulation due to the disintegration of cardiomyocytes [42].



cTn-T is a specific marker of myocardial cell injury. This contractile protein is normally not present in the blood but only in cardiac tissue and is released during myocardial damage [43]. DOX-induced oxidative damage to the myocardium leads to cell membrane permeation or rupture, which causes leakage of cardiac enzymes into the circulation [19].



In the current study, elevated levels of LDH, CK-MB, and cTn-T detected in the serum of DOX-treated rats clearly indicate that DOX leads to cardiac damage. These cardiac enzymes’ increased activity agrees with previous reports [3,19]. However, treatment with CGA markedly reduced LDH, CK-MB, and cTn-T levels in the serum of DOX-treated rats, suggesting the protective effects of CGA in reversing DOX cardiac injury. The histopathological analysis demonstrating the Mn cell infiltration and hemorrhage in the cardiac tissue of DOX-treated rats is in accordance with previous reports [14,19]. CGA treatment ameliorated the deleterious DOX effects in the myocardium, as confirmed by cardiac tissue damage markers. The said migration of Mn cells towards the myocardial regions primarily affected by doxorucin treatment, along with the hemorrhages observed, are often responsible for a regional increase in connective tissue or can cause morphological changes in myocardial cells as a result of these processes. However, no remarkable increase in connective tissue was observed in all experimental rats during the study period.



Many studies have reported that disturbed redox balance associated with the production of excessive ROS is correlated with the mechanism of DOX-related cardiotoxicity [10,22,44]. Elevated levels of ROS impair both DNA and protein function and lead to lipid oxidation of cell membranes, leading to cardiac dysfunction and cell death [45]. The biomolecules affected earliest by oxidative stress are lipids. As a consequence of LPO, aldehydes, including MDA and 4-HNE, are formed [23]. Previous research reported that MDA and 4-HNE could directly weaken cardiac contractile function, showing the impact of oxidative stress and DOX-related cardiac damage on the myocardium [46]. In the current study, significant increases in levels of MDA and the expression of 4-HNE were found in the cardiac tissue of DOX-treated rats. The results are in accordance with previous reports indicating that elevated levels of lipid peroxides in DOX-treated rats result in ROS-induced oxidative cell damage [23,26,47]. Administration of CGA resulted in a marked reduction of MDA and 4-HNE in DOX-treated rats. Li et al. have shown that CGA might preclude the propagation of the LPO process by scavenging ROS, resulting in the control of oxidative injury and cardiac tissue protection in mice with myocardial infarction [48].



The elevated level of LPO in the cardiac tissue is mainly attributed to oxidative damage, which is related to the reduced levels of enzymatic and non-enzymatic antioxidants such as SOD, CAT, GSH-PX, and GSH [19]. In this study, DOX treatment weakened the innate antioxidant defense mechanism, as evident from the consumption of GSH and the reduced activities of SOD, CAT, and GSH-PX connected with elevated LPO and oxidative stress in the rats’ cardiac tissue. Myocardial oxidative damage induced by DOX via excessive generation of ROS has been previously demonstrated in many studies [8,11,35]. In this report, CGA prevented DOX-induced oxidative injury by increasing SOD, CAT, and GSH-PX activities and replenishing GSH content concomitant with the reduction of LPO in cardiac tissue. The current study is in accordance with the findings of Akila et al., who showed that CGA ameliorated oxidative stress in the experimental setting of isoproterenol-induced myocardial oxidative stress and damage in rats [49]. It is evident that most of the myocardium-salvaging therapies in the setting of cardiooncology focus on oxidative stress suppression, which is at the same time necessary for the primary function of chemotherapy, the killing of cancer cells, but achieving this specific balance, for the time being, represents a valid approach for counteracting cardiotoxicity [50].



Furthermore, oxygen radicals can also damage DNA. It is well known that one of the most important parameters for evaluating oxidative DNA damage in biological systems is 8-OHdG. A marked elevation was observed in the 8-OHdG expression levels in the cardiac tissue of DOX-treated rats [26]. In accordance with our results, it was previously reported that DOX evoked DNA damage with increased 8-OHdG expression [51]. Oxidative stress could be the first stressor and initial biochemical pathway implicated in the process of doxorubicin cardiotoxicity and the subsequent myocardial functional decline. In our study, the 8-OHdg (IHC staining) is used for the actual investigation and presentation of DNA fragmentation. As is known, DNA fragmentation is also seen in the last step of apoptosis. The CGA treatment downregulated the 8-OHdG levels. These findings demonstrated the protective effects of CGA on the antioxidant mechanism and displayed its role in scavenging free radicals. However, no studies have evaluated CGA effects on 8-OHdG in cardiovascular disease. On the other hand, Hada et al. reported that CGA suppressed the high expression level of 8-OHdG and prevented DNA destruction, thus protecting endothelial cells from senescence in an experimental in vitro model [52].



The Nrf2/HO-1 signaling pathway is critical in scavenging ROS and extenuating DOX-induced oxidative cardiac damage [19,44]. In previous reports, reduced expression levels of Nrf2/HO-1 signaling were closely linked to exacerbations of DOX-induced cardiotoxicity and cardiac dysfunction [53]. In the current study, we found that DOX downregulated Nrf-2 and its target gene expression, HO-1, in harmony with the decrease of antioxidant enzyme levels, including SOD, CAT, GSH-PX, and GSH. These results demonstrated that DOX treatment inhibits the activation of Nrf2/HO-1 in cardiac tissue, thus supporting the concept that pharmacological or phytochemical activation of Nrf2/HO-1 could mitigate DOX-related cardiac damage, including strengthening the endogenous antioxidative function [52]. Previous studies reporting the beneficial effects of CGA on oxidative damage inspired us to investigate CGA administration in DOX-related cardiotoxicity [30]. CGA treatment prevented DOX-induced myocardial damage by regulating Nrf2/HO-1 expression and myocardial antioxidant status. To our knowledge, the current study is the first to examine CGA’s role in Nfr2/HO-1 signaling in cardiovascular disease. Nevertheless, Zheng et al. had previously demonstrated the CGA protective effects against oxidative stress by activating the Nrf2/HO-1 axis in hypoxia-ischemia brain injury in neonatal rats [54].



Recently, an increasing number of studies have reported that programmed cell death, or cellular apoptosis, is necessary for regulating DOX-related cardiac damage [26]. At the same time, DOX-evoked oxidative damage results in the activation of an “intrinsic”, mitochondria-dependent apoptotic pathway that directly triggers, in excess, cardiac apoptosis [47]. Caspase-3 is the major executor of apoptosis in cardiac damage [3]. Caspase-3 is required for the characteristic features of apoptosis and is indispensable for apoptotic chromatin condensation and DNA fragmentation in all cell types examined. Thus, caspase-3 is essential for the initiation of the processes associated with the dismantling of the cell and the formation of apoptotic bodies. In agreement with previous reports, the mRNA levels of caspase-3 were elevated in the DOX-treated rats, indicating that oxidative stress may lead to cardiomyocyte apoptosis by activating the mitochondrial apoptosis pathway [13,34]. Furthermore, Al-Rasheed et al.’s [55] research shows that CGA suppresses cardiac apoptosis in rats with cardiomyopathy induced by carbon tetrachloride, together with the importance of apoptosis in the formation of DOX-induced cardiotoxicity. In the current study, the caspase-3 elevation was attenuated in the CGA-treated DOX-induced rats, suggesting that the mitochondrial apoptosis pathway could be involved in the inhibitory effect of CGA treatment on DOX-evoked cardiotoxicity.



It has been reported that DT signaling results in the elevation of myocardial protein oxidation and the accumulation of LPO products and results in myocardial oxidative injury [56]. Interestingly, Benzer et al. showed that DOX upregulated DT expression and augmented oxidative stress-related apoptotic mediators, including caspase-3, in cardiac tissue [26]. The current study showed that DT expression is triggered by DOX treatment, which is associated with elevated oxidative stress and high caspase-3 mRNA expression levels. However, CGA markedly inhibited DT expression levels and consequently alleviated DOX-induced myocardial oxidative stress and decreased apoptosis markers.



Although the present report demonstrated CGA’s protective function against DOX-induced myocardial cell death in vivo, CGA still has some limitations. The current study did not perform functional myocardial evaluations, such as an echocardiographic examination or electrocardiogram recording. In many studies evaluating cardiotoxicity in laboratory animals, only a minority of them evaluated the myocardium functionally with the use of echocardiography. In a previous systematic review, it was shown that with respect to ejection fraction quantification, there is rather an accordance to what is considered cardiotoxicity in the evaluation of the myocardial function of laboratory animals [57]. Second, the current study only used male rats to investigate the CGA effects. Therefore, further study of animal (male and female) models of DOX-related cardiotoxicity and, potentially, clinical experiments should be conducted to further investigate CGA’s protective role. Additional limitations to the study are that Bax, Bcl-2, Nrf2, HO-1, and cleaved caspase-3 levels were not measured. mRNA levels do not always coincide with the same protein change, especially for those proteins, such as caspases, that are only active upon cleavage.




5. Conclusions


The current study showed, for the first time, that CGA could counteract DOX-induced cardiotoxicity in vivo by inhibiting oxidative stress and decreasing apoptosis markers via mechanisms that involve the activation of the Nrf2/HO-1 signaling pathway and suppressing DT expression. Current study findings suggest that CGA could be a new potential candidate for use in the attenuation of DOX-related cardiotoxicity. Further studies are needed to evaluate the mechanisms involved in the favorable effects of this natural product against DOX-related cardiotoxicity and its clinical applications.
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Figure 1. The flowchart of the experiment design. 






Figure 1. The flowchart of the experiment design.



[image: Jpm 13 00649 g001]







[image: Jpm 13 00649 g002 550] 





Figure 2. Serum cardiac damage marker levels. The serum levels of (A) LDH, (B) CK-MB, and (C) cTn-T were markedly decreased with CGA treatment. Data are presented as the means ± SD. **** p < 0.0001 vs. the control group, #### p < 0.0001 vs. the DOX group (n = 7). CGA: Chlorogenic acid (100 mg/kg); DOX: Doxorubicin (15 mg/kg). 
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Figure 3. Effects of CGA on histopathological changes in DOX-treated cardiac tissue by H&E staining (magnification, ×400). (A) Control, (B) CGA, (C) DOX, and (D) DOX + CGA. Arrowhead: Mn cell infiltration score, Arrow: Hemorrhage. Data are expressed as the means ± SD. CGA: Chlorogenic acid (100 mg/kg); DOX: Doxorubicin (15 mg/kg). Arrowhead: Mn cell infiltration score, Arrow: Hemorrhage. 
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Figure 4. LPO marker (MDA) in cardiac tissue. CGA significantly reversed the DOX-related LPO via the reduction of MDA levels. Data are presented as the means ± SD. **** p < 0.0001 vs. the control group, #### p < 0.0001 vs. the DOX group (n = 7). CGA: Chlorogenic acid (100 mg/kg); DOX: Doxorubicin (15 mg/kg); MDA: Malondialdehyde. 
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Figure 5. Oxidative stress markers in cardiac tissue. CGA significantly reversed the DOX-related oxidative stress via the elevation of (A) SOD, (B) CAT, (C) GSH-PX, and (D) GSH levels. Data are presented as the means ± SD. **** p < 0.0001 vs. the control group, ### p < 0.001, #### p < 0.0001 vs. the DOX group (n = 7). CGA: Chlorogenic acid (100 mg/kg); DOX: Doxorubicin (15 mg/kg); SOD: Superoxide dismutase; CAT: Catalase; GSH: Glutathione; GSH-PX: Glutathione peroxidase. 
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Figure 6. (A) Nrf2 and (B) HO-1 signaling pathway in cardiac tissue. The expression levels of Nrf2 and HO-1 were elevated with CGA treatment. Data are presented as the means ± SD. **** p < 0.0001 vs. the control group, ### p < 0.001, #### p < 0.0001 vs. the DOX group (n = 7). CGA: Chlorogenic acid (100 mg/kg); DOX: Doxorubicin (15 mg/kg); Nrf2: Nuclear factor erythroid 2–related factor 2; HO-1: Heme Oxygenase 1. 
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Figure 7. Apoptotic marker in cardiac tissue. The caspase-3 mRNA expression levels were significantly decreased with CGA treatment. Data are presented as the means ± SD. **** p < 0.0001 vs. the control group, #### p < 0.0001 vs. the DOX group (n = 7). CGA: Chlorogenic acid (100 mg/kg); DOX: Doxorubicin (15 mg/kg). 






Figure 7. Apoptotic marker in cardiac tissue. The caspase-3 mRNA expression levels were significantly decreased with CGA treatment. Data are presented as the means ± SD. **** p < 0.0001 vs. the control group, #### p < 0.0001 vs. the DOX group (n = 7). CGA: Chlorogenic acid (100 mg/kg); DOX: Doxorubicin (15 mg/kg).



[image: Jpm 13 00649 g007]







[image: Jpm 13 00649 g008 550] 





Figure 8. Immunohistochemical staining of 4-HNE in experimental groups in cardiac tissue (×400). 4-HNE expression levels were significantly elevated in DOX-treated rats, while CGA-treated rats demonstrated a significant decline in 4-HNE expression. Arrowhead: Intensity of immunoreactivity. (A) Control, (B) CGA, (C) DOX, and (D) DOX + CGA. Data are presented as the means ± SD. CGA: Chlorogenic acid (100 mg/kg); DOX: Doxorubicin (15 mg/kg); CGA: Chlorogenic acid (100 mg/kg); DOX: Doxorubicin (15 mg/kg); 4-HNE: 4-Hydroxynonenal. 
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Figure 9. Immunohistochemical staining of 8-OHdG in experimental groups in cardiac tissue (×400). The 8-OHdG expression levels were significantly elevated in DOX-treated rats, while CGA-treated rats demonstrated a significant decline in 8-OHdG expression. Arrowhead: Intensity of immunoreactivity. (A) Control (B) CGA (C) DOX (D) DOX + CGA. Data are presented as the means ± SD. CGA: Chlorogenic acid (100 mg/kg); DOX: Doxorubicin (15 mg/kg). 






Figure 9. Immunohistochemical staining of 8-OHdG in experimental groups in cardiac tissue (×400). The 8-OHdG expression levels were significantly elevated in DOX-treated rats, while CGA-treated rats demonstrated a significant decline in 8-OHdG expression. Arrowhead: Intensity of immunoreactivity. (A) Control (B) CGA (C) DOX (D) DOX + CGA. Data are presented as the means ± SD. CGA: Chlorogenic acid (100 mg/kg); DOX: Doxorubicin (15 mg/kg).
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Figure 10. Immunohistochemical staining of DT in experimental groups in cardiac tissue (×400). DT expression levels were significantly elevated in DOX-treated rats while CGA-treated rats demonstrated a significant decline in DT expression. Arrowhead: Intensity of immunoreactivity. (A) Control, (B) CGA, (C) DOX, and (D) DOX + CGA. Data are presented as the means ± SD. CGA: Chlorogenic acid (100 mg/kg); DOX: Doxorubicin (15 mg/kg); DT: dityrosine. 
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Table 1. Histopathological scores of cardiac tissues.






Table 1. Histopathological scores of cardiac tissues.





	
MN cell infiltrations

	
Absent (0)

	




	
Mild (1)

	
<10 MN cells




	
Moderate (2)

	
10–30 MN cells




	
Severe (3)

	
>30 MN cells




	
Hemorrhage

	
Absent (0)

	




	
Mild (1)

	
<3 hemorrhage focus




	
Moderate (2)

	
3–6 hemorrhage focus




	
Severe (3)

	
>7 hemorrhage focus
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Table 2. A sequence list of the primers used for RT-PCR.






Table 2. A sequence list of the primers used for RT-PCR.





	Genes
	Forward Sequence (5′-3′)
	Reverse Sequence (3′-5′)





	Nfr2
	TGTAGTGCGAGGAAGAGGTATGA
	GGAGGGAAAGGAGAGGAAGG



	HO-1
	AAGAGGCTAAGACCGCCTTC
	GCATAAATTCCCACTGCCAC



	Caspase-3
	TGGACAACAACGAAACCTCC
	CTCTTGCCTCAGTCATCAGC



	GAPDH
	GGCACAGTCAAGGCTGAGAATG
	ATGGTGGTGAAGACGCCAGTA
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Table 3. Histopathological findings. * p < 0.05 vs. the control group, # p < 0.05 vs. the DOX group.






Table 3. Histopathological findings. * p < 0.05 vs. the control group, # p < 0.05 vs. the DOX group.










	
	Mn Cell Infiltration
	Hemorrhage





	Control
	0.16 ± 0.40
	0.16 ± 0.40



	CGA
	0.33 ± 0.40
	0.16 ± 0.40



	DOX
	2 ± 0.00 *
	2.66 ± 0.51 *



	DOX + CGA
	1.12 ± 0.40 #
	1.33 ± 0.51 #
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Table 4. Scoring of immunohistochemical findings. * p < 0.05 vs. the control group, # p < 0.05 vs. the DOX group.






Table 4. Scoring of immunohistochemical findings. * p < 0.05 vs. the control group, # p < 0.05 vs. the DOX group.











	
	4-HNE
	8-OHdG
	DT





	Control
	0.00 ± 0.00
	0.00 ± 0.00
	0.00 ± 0.00



	CGA
	0.00 ± 0.00
	0.16 ± 0.40
	0.00 ± 0.00



	DOX
	1.00 ± 0.00 *
	2.83 ± 0.40 *
	0.83 ± 0.40 *



	DOX + CGA
	0.16 ± 0.40 #
	1.12 ± 0.40 #
	0.16 ± 0.40 #
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