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Scope: Prunus avium fruit is the richer source of phenolics known to exert anticancer and anti-invasive activities. The study aimed at elucidating antiproliferative and chemo-preventive potential of sweet cherries (P. avium) against the in vivo hepatocarcinoma model.

Methods and results: The quantification of ultrasound-assisted extract (UAE) of P. avium depicted anthocyanins, ferulic acid, gallic acid, quercetin, syringic acid and p- and m-coumaric acids as major phytochemicals. The hepatocarcinoma (HCC) was induced in rats through intraperitoneal administration of DMBA (20 mg/kg B.W) once a week for the period of eight weeks. The intragastric administration of P. avium UAE, as cotreatment (500 mg/Kg B.W) to treatment group, significantly (p < 0.01) attenuated the raised serum alpha-fetoprotein (AFP), carcinoembryonic antigen (CEA), alanine aminotransferase (ALT), aspartate aminotransferase (AST), lactate dehydrogenase (LDH) as well as total oxidative stress (TOS) and enhanced total antioxidant capacity TAOC in contrast to diseased rats. Moreover, microscopic examination of hepatic tissues confirmed the pleomorphism, nests of neoplastic hepatocytes and necrosis in HCC-bearing rats as compared to extract-fed rats, where these necrotic changes were suppressed. Besides, qRT-PCR analysis of hepatic tissues demonstrated the higher mRNA expression of CHEK1, CHEK2 and P21/CDKN1α genes, while downexpression of ATM gene in extract fed rats, further denoting the anti-mutagenic potential.

Conclusion: Consequently, the polyphenol-rich sweet cherries UAE exhibited antiproliferative and chemo-preventive potential by reducing tumor biomarkers, serum transaminases and oxidative stress, as well as enhancing antioxidant status. It further upregulated the downstream targets of ATM signaling cascade.
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GRAPHICAL ABSTRACT
 Practical application: The present work quantified the phytochemicals in P. avium fruit extract and explored its anticancer and chemotherapeutic potential using an in vivo hepatocarcinoma model. Conclusively, P. avium effectively attenuated the tumor biomarkers and upregulated the expression of genes involved in the DNA repair process. Therefore, P. avium inclusion in daily diet may improve general health and prevent degenerative diseases. Moreover, therapeutic potential of sweet cherries and its isolated bioactive metabolites against hepatic carcinoma can explore after clinical trials and standardization in higher animals.



1. Introduction

Cancer is characterized by rapid growth, proliferation, and invasion of malignant cells to other body tissues and organs. It has numerous and complex eventual causes; however, these are partially understood. However, aberrant gene expression and altered gene functionality are significant features of carcinogenesis (1). Hepatocarcinoma (HCC), one of the most lethal cancers (below 9% survival rate), resulted in the mortality of approximately 830,000 individuals in 2020. Viruses (hepatitis B or C), nitrosamines, or other carcinogens, aflatoxins, cirrhosis, non-alcoholic and alcoholic liver disease are responsible for its onset (2). Early detection results in curative surgical treatments, but diagnosis is difficult in most cases and only occurs at an advanced stage leading to death (3).

The demand for novel, safer, more efficient, and specific chemotherapeutic agents for cancer prevention is rising. Various epidemiologic studies suggested protective role of vegetables and fruit consumption against cancer due to bioactive compounds (4–9). Among natural molecules, phenolic acids, flavan-3-o, and anthocyanins have been widely studied for their anti-inflammatory, antioxidative, and anti-mutagenic potentials. They further inhibit cancer through modulation of cellular metabolism, induction of cell cycle arrest, inhibition of cellular growth and differentiation, and control of genes linked with tumor cell growth (10–12). This anti-mutagenic potential of phenolic compounds is associated with its enhanced antioxidant status. As evident, tumor cells generate more reactive oxygen species (ROS) and use their signals for initiating proliferation and other events involved in carcinogenesis progression. Phenolic substances mitigate the ROS levels in turn and influence the events involved in the progression of tumor cells (13, 14). Thus, natural products, richer sources of these bioactive molecules, such as sweet cherries, are the target of more profound and extensive studies aiming at discovering their biological capabilities. Prunus avium Linnaeus (sweet cherries), colorful perishable fruits belonging to the Rosaceae family, are widely appreciated due to taste, aroma, and nutritional value (15). Besides supplying essential micro and macronutrients, cherries possess significantly higher phytochemical content, such as anthocyanins, hydroxycinnamates and flavin-3-ols, etc. (16).

Owing to the presence of bioactive substances in a relatively higher proportion, it is not unanticipated that the consumption of cherries promotes general health and prevents or cures several degenerative ailments (17–19). Also, several studies suggested the anti-inflammatory potential of sweet cherries through the inhibition of cyclooxygenases (COX-1 and COX-2), prostaglandin E2 (PDE2), interleukin 6 (IL-6) and TNF-α (tumor necrosis factor-alpha), endothelin-1 and plasminogen activator inhibitor-1. This inhibitory effect is further related to the downregulation of mitogen-activated protein kinase (MAPK) and upstreaming of IL-2 and 4 (20, 21). Moreover, some peculiar anticancer effects include arresting the cell cycle, apoptosis induction, inhibiting oxidative stress-induced DNA damage, angiogenesis, and activating detoxification enzymes (phase II enzymes) (22). The intake of sweet cherries reduced the cellular growth via suppression of Akt (protein kinase B) and PLCγ-1 (Phospholipase C gamma 1) activation followed by enhanced Bax/Bcl-2 ratio consequently leading to activation of intrinsic and extrinsic apoptotic processes (23). Furthermore, sweet cherries anthocyanins exerted chemotherapeutic impact by downstreaming the mRNA expression of several metastatic biomarkers (Sp1, Sp4 and vascular cell adhesion molecule 1) (24).

Many plant species have already been employed for preventing or delaying the onset of cancer due to less or no toxicity (25–29). Moreover, apart from imposing financial burdens, chemotherapeutic agents are barely free of detrimental effects. Thus, alternative options have upsurged the researchers’ interest in utilizing indigenous therapies for cancer prevention, i.e., food antioxidants and plant-based drugs. Regrettably, only a few studies have explicated the anticancer and antiproliferative potential of P. avium against human colon cancer, prostate cancer (30), breast cancer (23, 24), as well as stomach (MKN45) cells (23, 24, 31–34). Also, a recent study established the hepatoprotective role of sweet cherries in HepG2 cells (35). To the best of our knowledge, no systematic scientific studies have been conducted regarding the in vivo impact of sweet cherries on HCC progression and proliferation though one animal study assessed the impact of sweet cherries supplementation on hepatic steatosis (36). Thus, apart from exploring the phytochemical content and antioxidant potential of P. avium, the current in vivo study was designed to assess the anti-tumorigenic potential of P. avium against chemically induced hepatocarcinoma in the animal model.



2. Materials and methods

Prunus avium (sweet cherries) fruits were purchased from a local supplier in Pakistan, and authentication of the it was carried out at the Institute of Horticultural Sciences, University of Agriculture, Faisalabad. All the required analytical grade chemicals and kits were purchased from Sigma-Aldrich (St. Louis, MO, United States), Merck, and Fisher Scientific (CHEMTREC®, United States).


2.1. Preparation of ultrasound-assisted extract of Prunus avium

The vacuum-dried P. avium samples (5 g) were extracted with 43% acidified ethanol (0.1% HCl) with a solid-to-liquid ratio of 1 g/15 mL using a sonicator as described by Milić, Daničić (37) with slight modifications. The volumetric flasks containing solutions were placed in an ultrasonic bath (Elmasonic E30H, GmbH, Germany) at a frequency of 30 kHz for 42 min at 54°C. Afterwards, the mixtures were centrifuged at 9000 rpm, 4°C for 10 min (MPW-352R, refrigerated laboratory centrifuge, United States). After the filtration of the extract with a vacuum filter, subsequent ethanol evaporation was carried out using a rotary evaporator under controlled conditions, i.e., 40°C temperature and 0.1 MPa pressure (EYELA Rotary Vacuum Evaporator N-N Series). The obtained extract was then stored at -20°C till further usage.



2.2. Phytochemical screening


2.2.1. In vitro antioxidant assay


2.2.1.1. 1,1-Diphenyl-2-Picrylhydrazyl radical scavenging activity

Briefly, 2 mL of DPPH solution (0.1 mM) was mixed with 50 μL of extract. After shaking vigorously, the mixture was allowed to stand in the dark for 30 min, and absorbance was measured at 517 nm with a UV–Visible spectrophotometer (PG instruments, T80) against a blank of ethanol (38).



2.2.1.2. Ferric ion reducing antioxidant power assay

Briefly, the freshly prepared FRAP reagent (2.08 mL) was mixed with 240 μL of distilled water and 80 μL of the test sample in the test tubes and vortexed. The absorbance of test samples was measured at 593 nm against a blank with a UV–Visible spectrophotometer (PG instruments, T80) (38).




2.2.2. Total anthocyanin content

The pH differentiation method was used to determine the TAC of P. avium fruit (39). Briefly, the ethanolic fraction of sweet cherries was mixed with 0.4 M sodium acetate buffer (pH 4.5) or 0.025 M potassium chloride buffer (pH 1.0), and absorbance was measured within 20 to 50 min at 700 nm and 520 nm, respectively, with UV–Visible spectrophotometer (PG instruments, T80). Cyaniding-3-glucoside was used as a standard for estimating TAC, and results were expressed as mg C3G/g.



2.2.3. Quantification of phytochemicals with HPLC

The ultrasonic extract of fruit was subjected to quantitative analysis to confirm the phenolics. Before subjecting the extract to HPLC analysis, the extract was hydrolyzed using the standard method (40). Gradient HPLC (LC-10A, Shimadzu, Japan) coupled with a C18 column and UV–visible detector was used to separate phenolic substances by keeping the flow rate of 1 mL/min. The identification of phenolic acids was performed by comparing retention time and spectra of the peak with previously injected standards, and quantification was established through external calibration.




2.3. In vivo study

A bio-efficacy trial was conducted to assess the anti-mutagenic potential of P. avium against DMBA-induced hepatocarcinogenesis. For this purpose, 40 male Wister albino rats weighing 180–200 g were procured. Acclimatization was provided for two weeks under optimal conditions, i.e., light (12 h light and dark cycle), temperature (27 ± 2°C), relative humidity (40–60%), and pathogen-free environment. During acclimatization, rats were supplied ad libtium water and feed intake. Rats (n = 40) were divided randomly into four groups, as mentioned in the treatment plan (Table 1). The hepatocarcinoma was induced through 7,12-dimethylbenz(a)anthracene procured from Tokyo Chemical Industries (TCI, Tokyo, Japan). Carcinogen was injected to experimental rats through the intraperitoneal route (1 mL syringe) mixed in corn oil (20 mg/Kg of B.W) once a week for eight weeks. The treatment group was supplemented with 500 mg/Kg of B.W of P. avium (sweet cherries) UAE intra-gastrically through gavage daily. Doxorubicin (2 mg/mL) procured from Pfizer Laboratories Ltd. Pakistan served as a chemotherapeutic agent. For this purpose, 0.54 mg/Kg dose of doxorubicin, equivalent to 20 mg/m2 of human dose, calculated according to Abd El-Moneim, Abd El-Rahim (41) was injected intravenously (lateral tail vein of rat) once a week throughout the experimental trial. At the end of the experimental trial, rats were decapitated by cervical dislocation to collect blood samples, and the liver was immediately preserved for further histopathological and gene analysis.



TABLE 1 Treatment plan for efficacy trial.
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2.3.1. Physical parameters

The weight, feed and water intake of the experimental rats were recorded weekly throughout the trial. The weight of the liver was recorded at the time of decapitation.



2.3.2. Biochemical parameters

Serum was analyzed for tumor biomarkers (AFP and CEA) using commercially available ELISA kits (42). Serum ALT and AST were determined using available Bioclin Diagnostic Kits (Germany) according to instructions provided by the manufacturer. However, serum LDH was assessed using commercial kits based on the conversion of lactate to pyruvate (43). Also, serum TOS and TAOC were assessed using the colorimetric method (44, 45).



2.3.3. Ultrasonography

For Sonographic examinations of the experimental rats, an ECM EXAGO (France) system with a high-resolution linear rectal imago probe (5–10 MHz) and 7.5 MHz frequency was used. Rats were kept under anesthesia. Hair clippers depilated the abdominal region, alcohol and the usual acoustic coupling gel assisted the ultrasound transmission. Outlining of the boundaries of the plane was carried out for each nodule (46).



2.3.4. Gross morphology and histopathology

Histology was done to illustrate the condition of hepatic tissues of DMBA-induced cancer-bearing rats. After decapitation, hepatic tissues were expurgated, and fixation with 10% formalin was done for 10 days. Afterwards, fixed tissues were dehydrated with the help of graded ethanol and after paraffin wax embedding, 5 μm thick sections of tissues were obtained by cutting with a rotary microtone. Staining of the tissue sections spread over glass slides was performed using hematoxylin and eosin dye. Finally, mounted and stained hepatic tissues were observed under the light microscope (BX51, Olympus Company, Japan) at 40X (47).



2.3.5. Gene expression analysis

TRIzol reagent was used to extract total RNA (ThermoFisher Scientific, Massachusetts, United States) from hepatic tissues (48). After extraction, nanodropping was done for the quantification of RNA. The obtained RNA was then utilized for cDNA synthesis using a RevertAid cDNA synthesis kit (ThermoFisher Scientific) according to the manufacturer’s instructions.

Quantitative real-time PCR (qRT-PCR) was thus performed by using the Maxima SYBR Green/ROX Mater Mix kit (ThermoFisher Scientific). Gene analyzed for their expression has been provided in Table 2 along with their primers sequence. All the forward and reverse primers for required genes were provided by Synbio Technologies (NJ, United States). β-actin played the role of a housekeeping gene. During PCR quantification, the cDNA template was denatured for 15 s (95°C) for all the mentioned genes, followed by 30 s (58°C) annealing. Furthermore, the extension was recorded at 20 s for 39 cycles (72°C). The obtained data set was analyzed using the 2*(−ΔΔct) method (49).



TABLE 2 Source and name of primers (Oligonucleotides).
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2.4. Statistical analysis

Analysis of variance and Post Hoc Tukey test at a p ≤ 0.05 were performed for in vivo study parameters, i.e., physical parameters, biochemical parameters and gene expression analysis. Besides, origin pro and graph pad prism 8.0 were used for graphical representation.




3. Results


3.1. Antioxidant potential and phytochemical screening of Prunus avium

The phytochemical screening of P. avium extract was performed, which revealed an extract yield of 14.67 ± 0.35%. Moreover, the assessment of antioxidant potential of P. avium exhibited 74.10 ± 1.78% DPPH inhibition and 56.00 ± 1.34 μM Fe2+/g FRAP values. Besides, 1.98 ± 0.05 mg C3GE/g anthocyanin content was obtained. The HPLC quantified phenolics, ferulic acid, quercetin, gallic acid, syringic acid, p and m coumaric acid are given in Table 3, while, Figure 1 represents the HPLC chromatogram for said compounds.



TABLE 3 HPLC quantification of polyphenols in P. avium ultrasound assisted extract.
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FIGURE 1
 HPLC Chromatogram for quantification of polyphenols in ultrasound assisted extract of P. avium.




3.2. Effect of Prunus avium extract on physical parameters

The weight of rats was significantly different (p < 0.01) among all the groups. The highest decline in body weight was observed in doxorubicin-treated rats, followed by diseased rats. However, the administration of UAE significantly maintained a healthy weight, as depicted in Figure 2A. Treatments exerted a nonsignificant effect on feed and water intake. The feed intake varied between 15.29 ± 0.61–19.33 ± 0.41 g/rat, and water intake ranged between 15.25 ± 0.46–18.30 ± 0.79 mL/rat (Figures 2B,C). The hepatic weight was assessed at the time of decapitation as alterations in it can help to detect and evaluate the effects of hepatotoxins. Hepatic weight was significantly (p < 0.01) different among all the groups, but doxorubicin-treated rats exhibited the highest maintenance of healthy hepatic weight, followed by extract-fed rats. The relative liver weight followed a similar trend, but extract-fed rats demonstrated the lowest relative liver weight, followed by doxorubicin-treated rats. Hepatic weight and relative liver weight were higher in untreated diseased rats.

[image: Figure 3]

FIGURE 2
 Physical parameters (A) Body weight (different letters designate significant variation between study groups and weeks. The capital letters designate differences among weeks in a group separately, whereas small letters represent differences among groups for weeks); (B) Feed intake; (C) Water intake: (D) Liver weight and relative liver weight of normal control (HCGo), negative control (HCG1 = DMBA), standard group (HCG2 = DMBA+Doxorubicin) and treatment group (HCG3 = DMBA+P. avium extract). NS = Non-significant (p > 0.05); * = Significant (p < 0.05); ** = Highly significant (p < 0.01).




3.3. Effect of Prunus avium extract on tumor biomarkers

The antiproliferative potential of P. avium polyphenols was assessed by measuring the concentrations of AFP and CEA in rat sera. The extract administration significantly (p < 0.01) attenuated the raised AFP and CEA levels (Figure 3) as compared to the diseased rats. The highest decline in levels of tumor biomarkers was observed in the doxorubicin-treated rats followed by UAE-fed rats.

[image: Figure 4]

FIGURE 3
 Serum AFP and CEA (ng/mL) (±SD) of normal control (HCGo), negative control (HCG1 = DMBA), standard group (HCG2 = DMBA+Doxorubicin) and treatment group (HCG3 = DMBA+P. avium extract). NS = Non-significant (p > 0.05); * = Significant (p < 0.05); ** = Highly significant (p < 0.01).




3.4. Effect of Prunus avium extract on hepatic enzymes

The hepatic transaminase activities were assessed in rats’ sera to evaluate the hepatoprotective impact of P. avium polyphenols. A significant (p < 0.01) decline in levels of ALT, AST and LDH (Figure 4) was elucidated in HCG3 rats. However, the model group exhibited a significant rise in serum ALT, AST and LDH levels.

[image: Figure 5]

FIGURE 4
 Serum ALT, AST, and LDH (U/L) (±SD) of normal control (HCGo), negative control (HCG1 = DMBA), standard group (HCG2 = DMBA+Doxorubicin) and treatment group (HCG3 = DMBA+P. avium extract). NS = Non-significant (p > 0.05); * = Significant (p < 0.05); ** = Highly significant (p < 0.01).




3.5. Effect of Prunus avium extract on oxidative stress biomarkers

The levels of TAOC and TOS in rats’ sera were assessed to observe the impact of P. avium extract on oxidative stress. Diseased rats showed a significant (p < 0.01) upsurge in TOS levels. The highest decline in serum TOS was observed in UAE-fed rats. Similarly, extract-fed rats exhibited the marked rise (p < 0.01) in serum TAOC due to phytochemicals, followed by the doxorubicin-treated group. However, a significant drop in the TAOC was monitored in cancer-bearing untreated rats (see Figure 5).

[image: Figure 6]

FIGURE 5
 Serum total antioxidant activity (mmol/L) and total oxidative stress (μmol/L) levels (±SD) of normal control (HCGo), negative control (HCG1 = DMBA), standard group (HCG2 = DMBA+Doxorubicin) and treatment group (HCG3 = DMBA+P. avium extract). NS = Non-significant (p > 0.05); * = Significant (p < 0.05); ** = Highly significant (p < 0.01).




3.6. Effect of Prunus avium extract on hepatic ultrasonography

The HCC was confirmed by scanning the liver of experimental rats using ultrasonography. The sonographic image of normal control is given in Figure 6A. The hepatic ultrasound of diseased rats (Figure 6B) showed a round and well-defined target lesion nodule. It also exhibited irregular heterogeneous hyperechoic mass surrounded by a hypoechoic halo. While Figure 6C (standard group rats) and Figure 6D (extract-fed rats) demonstrate the attenuating effect of both treatments.

[image: Figure 7]

FIGURE 6
 Ultrasound imaging of (A) normal control (HCGo), (B) negative control (HCG1 = DMBA), (C) standard group (HCG2 = DMBA+Doxorubicin) and (D) treatment group (HCG3 = DMBA+P. avium extract).




3.7. Effect of Prunus avium extract on hepatic histopathology

The gross morphology of the liver of experimental rats is presented in Figures 7A–D. The liver of the normal control and standard group rats (HCG2) were bright dark reddish brown in color with smooth surface (Figures 7A,C). Figure 7B demonstrates the gross anatomical changes in diseased rats (HCG1) in which liver had the presence of nodule like structures along with coarse surface and hepatic discoloration as compared to normal control. However, slight discoloration was observed in liver of P. avium UAE fed rats (HCG3) though hepatic surface was smooth (Figure 7D).

[image: Figure 8]

FIGURE 7
 (A–D): Gross anatomy of rat’s liver. (A) normal control (B) negative control (HCG1 = DMBA), (C) standard group (HCG2 = DMBA+Doxorubicin) and (D) treatment group (HCG3 = DMBA+P. avium extract).


In compliance with gross morphology, the histopathological examination of the hepatic tissues of experimental groups is represented in Figures 8A–D. The histopathology of liver tissues of normal control (Figure 8A) demonstrated hexagonal hepatocytes with central nuclei. Hepatic parenchyma and sinusoidal spaces were intact. The histopathology of the negative control (HCG1) rat’s liver tissues (Figure 8B) clearly showed pleomorphism, loss of lobular structure, and abnormal trabeculae to sinusoidal arrangements. Nests of hepatocytes with mixed growth patterns and hemosiderin macrophages were also present. Furthermore, necrotic debris accumulation was also observed. The photomicrograph of liver tissue for standard group is displayed in Figure 8C where hepatocytes with prominent nuclei were radiating from the central vein. Mild dilations in blood sinosoides with minimal congestion were also seen. The histopathological examination of treatment group rats (Figure 8D) indicated moderate damage in hepatic parenchyma cells along with moderate sinusoidal dilation. Furthermore, necrotic changes were reduced as compared to model group. Thus, extract supplementation prevented the neoplastic nests’ formation followed by the repairing of the tissues.

[image: Figure 9]

FIGURE 8
 (A–D): Histopathological examination of rat’s liver (H&E staining; 40X). (A) Histopathology of normal rat’s liver tissue (HCGo): hepatocytes with centered nuclei (black arrow) and sinusoidal spaces (arrowhead) (B) histopathology of HCC bearing rat’s liver tissue (HCG1): nests of hepatocytes (red arrow), necrosis (white arrow), hemosiderin macrophages (black arrows); congestion (black arrow head) (C) histopathology of drug treated rat’s liver tissue (HCG2): central vein (CV); nucleus (black arrow); sinusoidal spaces (arrowhead); hepatocytes (red arrow) (D) histopathology of P. avium fruit extract treated rat’s liver tissue (HCG3): central vein (CV); nucleus (black arrow); sinusoidal spaces (arrowhead); hepatocytes (red arrow).




3.8. Effect of Prunus avium extract on ATM cascade

The uncontrolled cell cycle is a hallmark of tumors contributing to cancer progression and invasion. Furthermore, the cell checkpoints, specifically G2, halt the cell’s progression into the mitosis phase, thereby allowing cells to repair and stop the proliferation of cancerous cells when DNA damage exists. The mRNA expressions of the ATM gene, CHEK2, CDKN1α(p21CIP/WAF1) gene, and CHEK1 gene were monitored for the ATM signaling pathway. The mRNA expression levels of CHEK1, CHEK2, and CDKN1α(p21CIP/WAF1) genes were significantly (p < 0.01) higher in the extract-fed rats as compared to cancer-bearing untreated rats (Figure 9) exhibiting reduced expression of aforementioned genes. However, mRNA expression levels of ATM gene were downexpressed in the extract-fed and standard groups, than diseased rats which showed significantly higher mRNA expression of said gene.

[image: Figure 10]

FIGURE 9
 Gene expression analysis. mRNA expression of (A) ATM: (B) CHEK1: (C) CHEK2 and (D) CDKN1α (±SD) of normal control (HCGo), negative control (HCG1 = DMBA), standard group (HCG2 = DMBA+Doxorubicin) and treatment group (HCG3 = DMBA+P. avium extract). NS = Non-significant (p > 0.05); * = Significant (p < 0.05); ** = Highly significant (p < 0.01).





4. Discussion

Owing to the significant rise in cancer incidence, developing novel treatments is becoming essential. Antineoplastic therapies have frequently involved administering anti-apoptotic drugs known for inhibition of proliferation, invasion, and metastasis. Dietary interventions are the main approach For preventing cancer development and enhancing survival rates (50, 51). Also, synthetic antineoplastic therapies are barely free of detrimental effects and impose a financial burden that has increased the researcher’s interest in alternative options (52). Evidences show that a diet rich in natural bioactive metabolites could reduce liver cancer risk. Polyphenols strictly perform the role of antioxidants through the induction of apoptosis and halting the events involved in proliferation, angiogenesis, invasion and metastasis. Carcinogenesis induced by chemicals is forcibly associated with excessive generation of ROS (reactive oxygen species), eliciting time-dependent necrosis by increasing the number of oxidized thiol proteins (28, 53).

Phytochemical screening of P. avium fruit extract revealed anthocyanins, ferulic acid, quercetin, m coumaric acid, syringic acid, gallic acid, and p coumaric acid as major bioactive metabolites. Flavonoids as well as phenolics are deemed valuable because of their indorsed antioxidant potential. Furthermore, their free radical scavenging potential augments their significance under oxidative stress, inflammatory disorders and cancer. Owing to cancer progression and its subsequent treatment, the body can display dramatic alterations in weight and composition. Cancer-based weight loss accompanies an equal loss of adipose tissues as well as skeletal muscle mass and affects 30–80% of cancer patients. Numerous cancers are correlated with cachexia, which embodies weight loss improperly impacting the lean body mass. It is usually attributed to the inflammatory cytokines associated with disease burdens, such as TNFα, IL-6, and IL-1α. It is considered an essential prognostic factor in neoplasm as the higher the rate of weight loss shorter is the survival time (54, 55). In the current trial, the UAE of P. avium prevented weight loss in rats as compared to the drug-treated and the diseased rats.

Furthermore, the maintenance of hepatic weight in the healthy range was also achieved through extract feeding. Since a significant gain in hepatic weight can be caused by the accumulation of lipids, glycogen or other substances or by cellular damage, congestion, hepatocellular hypertrophy, or hyperplasia, primary or secondary neoplasia can also be a reason for alterations in it. However, loss in hepatic weight is unusual and might be attributed to loss of functional mass associated with atrophy or lethal hepatocellular injury (acute injury) (56). The AFP and CEA are considered significant tumor biomarkers that have been reported to be increased in HCC-bearing rats. Also, AFP can regulate tumor growth, and suppressing it may be an effective treatment (57). In the current study, the oral administration of sweet cherries UAE dropped the concentrations of these tumor biomarkers.

DMBA could induce hepatic injury, resulting in the deterioration of cell membranes and ultimately causing the release of transaminases from hepatic tissues. Hepatic enzymes, including ALT, AST and LDH are major indicators of hepatic injury. LDH has been considered a metastasis marker, particularly in the liver and an independent, crucial prognostic indicator, i.e., the higher the LDH lesser the survival rate. Furthermore, the elevated LDH and raised AST and ALT concentrations are associated with massive hepatocyte damage. Also, elevated levels of LDH associated with elevated alkaline phosphatase (AP) suggest malignant hepatic infiltration (58). In the current trial, the UAE administration reduced AST, ALT and LDH as compared to the model group. The findings indicate that extract administration reduces liver transaminases by helping hepatic regeneration and maintaining the integrity of the cellular membrane. Thus, sweet cherries UAE possesses anti-mutagenic potential against DMBA-induced HCC. These findings are further supported by Cheng, Wang (59) and Li, Li (60) where mulberries polysaccharides and whole powder prevented the in vivo hepatocarcinogenesis. Also, sweet cherries exhibited reduced LDH oxidation and nitric oxide generation in Caco-2 cancer cells (61). Treatment of HepG2 cells with sweet cherry extract attenuated the LDH leakage (35). Besides, Song, Wu (36) further elaborated the protective effect of sweet cherries in hepatic steatosis-bearing rats. Phytochemicals alleviate necrotic cell death and protect against hepatic damage through the restoration of the cellular antioxidant defense system, modulation of oxidative stress, and consequently mitigate mitochondrial dysfunction and inflammation. Furthermore, they upregulate hepatic cholesterol 7α-hydroxylase expression and activate the potential LXRα-CYP7A1-bile acid excretion pathway (62, 63). This disease attenuating potential of sweet cherries may be attributed to these protective roles of phytochemicals.

The normal reactive oxygen species production (ROS), generation of hydrogen peroxides (H2O2), hydroxyl radicals as well as reactive nitrogen species is essential for tissue homeostasis and normal cellular functioning (13, 14). But any abnormality in their production or accumulation leads to oxidative stress and subsequent cellular damage. The continuous upshot of ROS has been linked to tumor onset, growth, proliferation as well as aggressiveness (64). DMBA induction resulted in raised TOS levels that were significantly dropped in extract-fed rats. A previous study by Wang, Li (65) assessing the antioxidant and anti-apoptotic effect of Prunus yedoensis (cherry blossom) fraction concluded a noticeable decline in reactive oxygen species and malondialdehyde levels. Also, bilberry extract significantly lowered the ROS production in hydrogen peroxide-treated AML12 cells by providing resistance against oxidative stress (66). The malvidin-3-galactoside from blueberries demonstrated the marked reduction in oxidative stress through suppressing the accumulation of ROS in Huh-7 HCC cell lines (67). Also, sweet cherry phenolic-rich fractions and isolated phenolics protected the MDCK-MDR1 and MDCK-II cells from the H2O2 and tert-butyl hydroperoxide-induced oxidative stress (68). Apart from reducing oxidative stress, extract administration significantly enhanced the TAOC in the current trial. Antioxidants can delay the oxidative process by acting as key inhibitors of initiation as well as propagation of oxidizing chain reactions (69).

Furthermore, histopathological examinations confirmed the pleomorphism, necrosis and formation of neoplastic lesions in DMBA-induced HCC-bearing rats. However, the P. avium fruits extract exerted a regenerative and preventive role as cherries possess higher concentrations of anthocyanins than other bioactive metabolites, which enhance their biological potential mainly due to multiple hydroxyl groups on the B ring (24, 31). Apart from anthocyanins, several non-colored phenolics such as hydroxycinnamic acids and quercetin derivatives have also been reported to exert anticancer potential against several human cancer cells (70–72). It is well known that phenolics have the structural capabilities for donating their hydrogen to radical species, thereby diminishing their effectiveness (12). Furthermore, the interaction among different phenolic sub-classes also enhances biological potential. Also, these moieties can cross the membrane barriers, thus scavenging the free radicals before their activity can initiate cellular damage and promote apoptosis (73, 74). Multiple hydroxyl group-based substitutions in the structure of phenolics can cause a pro-oxidant effect, thus intensifying the cytotoxic efficiency and inhibiting tumor cell growth (35, 75).

DNA injury is considered another critical mechanism involved in HCC initiation and progression. The arrest of the cell cycle at the G2/M phase indicates that intracellular DNA damage is difficult to repair. DMBA can result in DNA damage by generating double strand breaks (DSBs) in a dose dependent manner in extra-ovarian tissues (liver, peripheral lymphocytes, and skin cells) (76, 77). The DNA damage repair system (DDR) activates to repair as well as modulate the DNA damage, where the cellular checkpoints are the key regulatory mechanism. The cell checkpoints, specifically G2, halt the cell’s progression into the mitosis phase, thereby enabling cells to repair and stop the proliferation of cancerous cells when DNA damage exists (78–80). ATM/ATR cascade is widely believed to be activated because of intracellular DNA damage. Phosphorylation of DDR sensors (ATM and ATR), owing to DNA damage, inhibits the cell cycle through the activation of cellular checkpoints. The phosphorylation of Chk1 and Chk2, in turn, phosphorylate Cdc25C and inhibit their expression, thus, delaying the progression of the cell cycle at G2/M phase through the prevention of dephosphorylation of residues of CDK1 by keeping CDK1- Cyclin B1 complex in the inactivated state (78, 81, 82). Apart from this, cyclin kinases inhibitors (p21 and p27) also control the transition of G2/M phase by halting the activity of cyclin B1/Cdc2 complex (83, 84). Also, p21 activation is associated with cell cycle arresting at G1/S phase. This cell cycle arresting at G1/S and G2/M phase is crucial to prevent the passing of unpaired DNA mutations to daughter cells (85). Decreased expression of Cdc2 and increased expression of its form (non-active (Tyr15)-phosphorylated Cdc2) frequently exist at G2/M phase arrest and senescence (86). Also, autophosphorylated ATM leads to the activation of BRCA1 and ATF2, thereby promoting the DNA repair signaling cascades involving hundreds of sensors, transducers, and effectors (85). Several in vivo studies reported the role of plant-based phytoceuticals in cancer prevention via cell cycle arrest. Goji berries promoted the blocking of cancerous cells at G1 phase and induced apoptosis (87). Shen et al. (10) reported the arresting of cell cycle at M/G2 phase of HepG2 cells via inhibition of expression of Cdc25c by treating cancerous cells with Prunus persica. The anthocyanin rich blueberries extract arrested the cell cycle at G2/M phase and induced apoptosis in oral cancer cell lines in dose dependent manner (88). Conclusively, P. avium UAE upregulated the downstream targets of ATM signaling. Based on the findings of serum analysis, histopathology and gene expression analysis, P. avium fruit extract possesses the anti-oxidative, anti-inflammatroy and anticancer potential against chemical induced physiological alterations in hepatocarcinoma.



5. Conclusion

The current research provides scientifical evidence of the hepato-protective, anti-oxidative, anti-inflammatory and anti-cancer potential of sweet cherries polyphenol-rich fraction. Our findings demonstrated that P. avium extract exerted anticancer and anti-mutagenic potential via reduction of raised tumor markers as well as hepatic transaminases and enhancement of antioxidant capacity followed by increased expression of cellular checkpoint kinases (1 and 2) and P21, thereby reducing oxidative stress, hepatic malfunctioning, tumor cell growth and proliferation. Bio-equivalency among rodents and humans is unknown owing to species as well as metabolic rate differences. So, further studies in human subjects with HCC are required to ascertain the degree and spectrum of sweet cherry-derived clinical benefits.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material. Further inquiries can be directed to the corresponding author.



Ethics statement

The animal handling protocols used in current research work were approved by guidelines of National Biosafety Rules 2005, Punjab Biosafety Rules 2014, and Bioethics Protocols, Office of Research, Innovation, and Commercialization (ORIC), University of Agriculture, Faisalabad Pakistan.



Author contributions

RS: investigation, methodology, formal analysis, data curation, conceptualization, and writing–original draft. MK: conceptualization, funding acquisition, validation, supervision, visualization, and project administration. MB: conceptualization, writing–review and editing, supervision, and resources. MF: conceptualization, writing–review and editing, supervision, resources, and software. All authors contributed to the article and approved the submitted version.



Funding

The work has been sponsored by the Higher Education Commission under the project “Indigenous 5000 Fellowship Program”.



Acknowledgments

All the authors are grateful to the Higher Education Commission of Pakistan for supporting this study as part of RS PhD research (520-160212-2MD6-016). The authors are also grateful to the University of Agriculture, Faisalabad for providing a space at the National Institute of Food Science and Technology to conduct research work. Authors extend their special gratitude to Dr. Muhammad Salman Waqas, Department of Theriogenology, University of Agriculture for performing sonographic imaging throughout the experimental trial.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Cheng, Y, He, C, Wang, M, Ma, X, Mo, F, Yang, S , et al. Targeting epigenetic regulators for cancer therapy: mechanisms and advances in clinical trials. Signal Transduct Target Ther. (2019) 4:62. doi: 10.1038/s41392-019-0095-0 

 2. Lin, L, Yan, L, Qu, C, Li, H, and Ni, J. The burden and trends of primary liver cancer caused by specific etiologies from 1990 to 2017 at the global, regional, national, age, and gender level results from the global burden of disease Study 2017. Regional, National, Age, and Gender Level Results from the Global Burden of Disease Study (2017).


 3. Frager, S, and Schwartz, JM. Hepatocellular carcinoma: epidemiology, screening, and assessment of hepatic reserve. Curr Oncol. (2020) 27:138–3. doi: 10.3747/co.27.7181 

 4. Probst, YC, Guan, VX, and Kent, K. Dietary phytochemical intake from foods and health outcomes: a systematic review protocol and preliminary scoping. BMJ Open. (2017) 7:e013337. doi: 10.1136/bmjopen-2016-013337 

 5. Freedman, ND, Park, Y, Subar, AF, Hollenbeck, AR, Leitzmann, MF, Schatzkin, A , et al. Fruit and vegetable intake and head and neck cancer risk in a large united states prospective cohort study. Int J Cancer. (2008) 122:2330–6. doi: 10.1002/ijc.23319

 6. Boeing, H, Dietrich, T, Hoffmann, K, Pischon, T, Ferrari, P, Lahmann, PH , et al. Intake of fruits and vegetables and risk of cancer of the upper aero-digestive tract: the prospective epic-study. Cancer Causes Control. (2006) 17:957–9. doi: 10.1007/s10552-006-0036-4 

 7. Farvid, MS, Chen, WY, Rosner, BA, Tamimi, RM, Willett, WC, and Eliassen, AH. Fruit and vegetable consumption and breast cancer incidence: repeated measures over 30 years of follow-up. Int J Cancer. (2019) 144:1496–10. doi: 10.1002/ijc.31653 

 8. Zhao, L, Jin, L, Petrick, JL, Zeng, H, Wang, F, Tang, L , et al. Specific botanical groups of fruit and vegetable consumption and liver cancer and chronic liver disease mortality: a prospective cohort study. Am J Clin Nutr. (2023) 117:278–5. doi: 10.1016/j.ajcnut.2022.12.004 

 9. Bamia, C, Lagiou, P, Jenab, M, Aleksandrova, K, Fedirko, V, Trichopoulos, D , et al. Fruit and vegetable consumption in relation to hepatocellular carcinoma in a multi-centre, European cohort study. Br J Cancer. (2015) 112:1273–82. doi: 10.1038/bjc.2014.654 

 10. Shen, H, Wang, H, Wang, L, Wang, L, Zhu, M, Ming, Y , et al. Ethanol extract of root of Prunus persica inhibited the growth of liver cancer cell Hepg2 by inducing cell cycle arrest and migration suppression. Evid Based Complem Altern Med. (2017) 2017:1–7. doi: 10.1155/2017/8231936 

 11. Briguglio, G, Costa, C, Pollicino, M, Giambo, F, Catania, S, and Fenga, C. Polyphenols in cancer prevention: new insights. Int J Funct Nutr. (2020) 1:1. doi: 10.3892/ijfn.2020.9


 12. Gonçalves, AC, Rodrigues, M, Santos, AO, Alves, G, and Silva, LR. Antioxidant status, antidiabetic properties and effects on Caco-2 cells of colored and non-colored enriched extracts of sweet cherry fruits. Nutrients. (2018) 10:1688. doi: 10.3390/nu10111688 

 13. Zhang, J, Wang, X, Vikash, V, Ye, Q, Wu, D, Liu, Y , et al. Ros and ros-mediated cellular signaling. Oxidative Med Cell Longev. (2016) 2016:1–18. doi: 10.1155/2016/4350965 

 14. Magherini, F, Fiaschi, T, Marzocchini, R, Mannelli, M, Gamberi, T, Modesti, PA , et al. Oxidative stress in exercise training: the involvement of inflammation and peripheral signals. Free Radic Res. (2019) 53:1155–65. doi: 10.1080/10715762.2019.1697438 

 15. Acero, N, Gradillas, A, Beltran, M, García, A, and Mingarro, DM. Comparison of phenolic compounds profile and antioxidant properties of different sweet cherry (Prunus avium L.) varieties. Food Chem. (2019) 279:260–1. doi: 10.1016/j.foodchem.2018.12.008 

 16. Picariello, G, De Vito, V, Ferranti, P, Paolucci, M, and Volpe, MG. Species-and cultivar-dependent traits of Prunus avium and Prunus cerasus polyphenols. J Food Compos Anal. (2016) 45:50–7. doi: 10.1016/j.jfca.2015.10.002


 17. Piccolella, S, Crescente, G, Nocera, P, Pacifico, F, Manti, L, and Pacifico, S. Ultrasound-assisted aqueous extraction, Lc-Ms/Ms analysis and radiomodulating capability of autochthonous italian sweet cherry fruits. Food Funct. (2018) 9:1840–9. doi: 10.1039/C7FO01977G 

 18. Iglesias-Carres, L, Mas-Capdevila, A, Bravo, FI, Mulero, M, Muguerza, B, and Arola-Arnal, A. Optimization and characterization of royal Dawn Cherry (Prunus Avium) phenolics extraction. Sci Rep. (2019) 9:1–10. doi: 10.1038/s41598-019-54134-w


 19. Ockun, MA, Gercek, YC, Demirsoy, H, Demirsoy, L, Macit, I, and Oz, GC. Comparative evaluation of phenolic profile and antioxidant activity of new sweet cherry (Prunus avium L.) genotypes in Turkey. Phytochem Anal. (2022) 33:564–6. doi: 10.1002/pca.3110 

 20. Delgado, J, del Pilar, TM, Garrido, M, Barriga, C, Espino, J, Paredes, SD , et al. Jerte valley cherry-based product modulates serum inflammatory markers in rats and ringdoves. J Appl Biomed. (2012) 10:41–50. doi: 10.2478/v10136-011-0009-0


 21. Kelley, DS, Adkins, Y, Reddy, A, Woodhouse, LR, Mackey, BE, and Erickson, KL. Sweet bing cherries lower circulating concentrations of markers for chronic inflammatory diseases in healthy humans. J Nutr. (2013) 143:340–4. doi: 10.3945/jn.112.171371 

 22. Faienza, MF, Corbo, F, Carocci, A, Catalano, A, Clodoveo, ML, Grano, M , et al. Novel insights in health-promoting properties of sweet cherries. J Funct Foods. (2020) 69:103945. doi: 10.1016/j.jff.2020.103945 

 23. Layosa, MAA, Lage, NN, Chew, BP, Atienza, L, Mertens-Talcott, S, Talcott, S , et al. Dark sweet cherry (Prunus Avium) phenolics enriched in anthocyanins induced apoptosis in Mda-Mb-453 breast cancer cells through mapk-dependent signaling and reduced invasion via Akt and Plcγ-1 downregulation. Nutr Cancer. (2021) 73:1985–97. doi: 10.1080/01635581.2020.1817514 

 24. Lage, NN, Layosa, MAA, Arbizu, S, Chew, BP, Pedrosa, ML, Mertens-Talcott, S , et al. Dark sweet cherry (Prunus avium) phenolics enriched in anthocyanins exhibit enhanced activity against the most aggressive breast cancer subtypes without toxicity to normal breast cells. J Funct Foods. (2020) 64:103710. doi: 10.1016/j.jff.2019.103710


 25. Rajendran, P, Elsawy, H, Alfwuaires, M, and Sedky, A. Brassinin enhances apoptosis in hepatic carcinoma by inducing reactive oxygen species production and suppressing the Jak2/Stat3 pathway. Appl Sci. (2022) 12:4733. doi: 10.3390/app12094733


 26. Abu-Qatouseh, L
. Sulforaphane from Broccoli attenuates inflammatory hepcidin by reducing Il-6 secretion in human Hepg2 cells. J Funct Foods. (2020) 75:104210. doi: 10.1016/j.jff.2020.104210


 27. Romualdo, GR, de Souza, IP, de Souza, LV, Prata, GB, de Campos Fraga-Silva, TF, Sartori, A , et al. Beneficial effects of anthocyanin-rich peels of Myrtaceae fruits on chemically-induced liver fibrosis and carcinogenesis in Mice. Food Res Int. (2021) 139:109964. doi: 10.1016/j.foodres.2020.109964 

 28. Mansour, DF, Abdallah, HM, Ibrahim, BM, Hegazy, RR, Esmail, RS, and Abdel-Salam, LO. The carcinogenic agent diethylnitrosamine induces early oxidative stress, inflammation and proliferation in rat liver, stomach and colon: protective effect of ginger extract. Asian Pac J Cancer Prevent. (2019) 20:2551–61. doi: 10.31557/APJCP.2019.20.8.2551 

 29. Kim, J, Boushey, CJ, Wilkens, LR, Haiman, CA, Le Marchand, L, and Park, S-Y. Plant-based dietary patterns defined by a priori indices and colorectal Cancer risk by sex and race/ethnicity: the multiethnic cohort study. BMC Med. (2022) 20:1–14. doi: 10.1186/s12916-022-02623-7


 30. Silva, GR, Vaz, CV, Catalão, B, Ferreira, S, Cardoso, HJ, Duarte, AP , et al. Sweet cherry extract targets the hallmarks of cancer in prostate cells: diminished viability, increased apoptosis and suppressed glycolytic metabolism. Nutr Cancer. (2020) 72:917–1. doi: 10.1080/01635581.2019.1661502 

 31. Bastos, C, Barros, L, Dueñas, M, Calhelha, RC, Queiroz, MJR, Santos-Buelga, C , et al. Chemical characterisation and bioactive properties of Prunus avium L.: the widely studied fruits and the unexplored stems. Food Chem. (2015) 173:1045–53. doi: 10.1016/j.foodchem.2014.10.145


 32. Serra, AT, Seabra, IJ, Braga, ME, Bronze, M, de Sousa, HC, and Duarte, CM. Processing cherries (Prunus avium) using supercritical fluid technology. part 1: recovery of extract fractions rich in bioactive compounds. J Supercrit Fluids. (2010) 55:184–1. doi: 10.1016/j.supflu.2010.06.005


 33. Serra, AT, Matias, AA, Almeida, AP, Bronze, M, Alves, PM, de Sousa, HC , et al. Processing cherries (Prunus avium) using supercritical fluid technology. Part 2 evaluation of Scf extracts as promising natural chemotherapeutical agents. J Supercrit Fluids. (2011) 55:1007–13. doi: 10.1016/j.supflu.2010.06.006


 34. Pacifico, S, Di Maro, A, Petriccione, M, Galasso, S, Piccolella, S, Di Giuseppe, AM , et al. Chemical composition, nutritional value and antioxidant properties of autochthonous Prunus avium cultivars from campania region. Food Res Int. (2014) 64:188–9. doi: 10.1016/j.foodres.2014.06.020 

 35. Gonçalves, AC, Flores-Félix, JD, Costa, AR, Falcão, A, Alves, G, and Silva, LR. Hepatoprotective effects of sweet cherry extracts (Cv. Saco). Foods. (2021) 10:2623. doi: 10.3390/foods10112623


 36. Song, H, Wu, T, Xu, D, Chu, Q, Lin, D, and Zheng, X. Dietary sweet cherry anthocyanins attenuates diet-induced hepatic steatosis by improving hepatic lipid metabolism in mice. Nutrition. (2016) 32:827–3. doi: 10.1016/j.nut.2016.01.007 

 37. Milić, A, Daničić, T, Tepić Horecki, A, Šumić, Z, Bursać Kovačević, D, Putnik, P , et al. Maximizing contents of phytochemicals obtained from dried sour cherries by ultrasound-assisted extraction. Separations. (2021) 8:155. doi: 10.3390/separations8090155


 38. Lu, Y, Shipton, F, Khoo, T, and Wiart, C. Antioxidant activity determination of citronellal and crude extracts of Cymbopogon citratus by 3 different methods. Pharmacol Pharm. (2014) 5:395–400. doi: 10.4236/pp.2014.54047


 39. Siddiq, M, Iezzoni, A, Khan, A, Breen, P, Sebolt, A, Dolan, K , et al. Characterization of new tart cherry (Prunus cerasus L.): selections based on fruit quality, total anthocyanins, and antioxidant capacity. Int J Food Prop. (2011) 14:471–14. doi: 10.1080/10942910903277697


 40. Qayyum, A, Sarfraz, RA, Ashraf, A, and Adil, S. Phenolic composition and biological (anti diabetic and antioxidant) activities of different solvent extracts of an endemic plant (Heliotropium strigosum). J Chil Chem Soc. (2016) 61:2828–31. doi: 10.4067/S0717-97072016000100016


 41. Abd El-Moneim, OM, Abd El-Rahim, AH, and Hafiz, NA. Evaluation of selenium nanoparticles and doxorubicin effect against hepatocellular carcinoma rat model cytogenetic toxicity and DNA damage. Toxicol Rep. (2018) 5:771–6. doi: 10.1016/j.toxrep.2018.07.003 

 42. Unić, A, Đerek, L, Stančin, N, Serdar, T, Šprajc, N, and Romić, Ž. Comparison of Two Immunoassays for Ca19-9, Cea and Afp tumor markers. Biochem Med. (2010) 20:82–9. doi: 10.11613/BM.2010.010


 43. Stevens, J, Tsang, W, and Newall, R. Measurement of the enzymes lactate dehydrogenase and creatine kinase using reflectance spectroscopy and reagent strips. J Clin Pathol. (1983) 36:1371–6. doi: 10.1136/jcp.36.12.1371 

 44. Erel, O
. A novel automated direct measurement method for total antioxidant capacity using a new generation, more stable Abts radical cation. Clin Biochem. (2004) 37:277–5. doi: 10.1016/j.clinbiochem.2003.11.015 

 45. Erel, O
. A new automated colorimetric method for measuring total oxidant status. Clin Biochem. (2005) 38:1103–11. doi: 10.1016/j.clinbiochem.2005.08.008 

 46. Ranasinghe, K, Premarathna, A, Mahakapuge, T, Wijesundera, K, Ambagaspitiya, A, Jayasooriya, A , et al. In vivo anticancer effects of Momordica charantia seed fat on hepatocellular carcinoma in a rat model. J Ayurv Integ Med. (2021) 12:435–2. doi: 10.1016/j.jaim.2021.03.001 

 47. Bertke, EM, and Atkins, JH. Effect of centruroides sculpturatus venom upon rat tissue: a histopathologic study. Toxicon. (1964) 2:205–9. doi: 10.1016/0041-0101(64)90024-8


 48. Hatipoglu, OF, Yaykasli, KO, Dogan, M, Yaykasli, E, Bender, O, Yasar, T , et al. Nf-[Kappa] B and Mapks are involved in resistin-caused Adamts-5 induction in human chondrocytes. Clin Invest Med. (2015) 38:E248.


 49. Yildirim, D, Bender, O, Karagoz, ZF, Helvacioglu, F, Bilgic, MA, Akcay, A , et al. Role of autophagy and evaluation the effects of Micrornas 214, 132, 34c and prorenin receptor in a rat model of focal segmental glomerulosclerosis. Life Sci. (2021) 280:119671. doi: 10.1016/j.lfs.2021.119671 

 50. George, ES, Sood, S, Broughton, A, Cogan, G, Hickey, M, Chan, WS , et al. The association between diet and hepatocellular carcinoma: a systematic review. Nutrients. (2021) 13:172. doi: 10.3390/nu13010172 

 51. Bender, O, and Atalay, A. Polyphenol chlorogenic acid, antioxidant profile, and breast cancer. Cancer Elsevier. (2021):311–1. doi: 10.1016/B978-0-12-819547-5.00028-6


 52. Xu, H, Zou, S, and Xu, X. The Β-Glucan from lentinus edodes suppresses cell proliferation and promotes apoptosis in estrogen receptor positive breast cancers. Oncotarget. (2017) 8:86693–709. doi: 10.18632/oncotarget.21411 

 53. Aparicio-Bautista, DI, Pérez-Carreón, JI, Gutiérrez-Nájera, N, Reyes-Grajeda, JP, Arellanes-Robledo, J, Vásquez-Garzón, VR , et al. Comparative proteomic analysis of thiol proteins in the liver after oxidative stress induced by diethylnitrosamine. Biochim Biophys Acta Proteins Proteom. (2013) 1834:2528–38. doi: 10.1016/j.bbapap.2013.08.005 

 54. Dhanapal, R, Saraswathi, T, and Govind, RN. Cancer Cachexia. J Oral Maxillofac Pathol. (2011) 15:257–14. doi: 10.4103/0973-029X.86670 

 55. Mittelman, SD
. The role of diet in cancer prevention and chemotherapy efficacy. Annu Rev Nutr. (2020) 40:273–7. doi: 10.1146/annurev-nutr-013120-041149 

 56. Hall, A, Elcombe, C, Foster, J, Harada, T, Kaufmann, W, Knippel, A , et al. Liver hypertrophy: a review of adaptive (adverse and non-adverse) changes—conclusions from the 3rd International Estp expert workshop. Toxicol Pathol. (2012) 40:971–4. doi: 10.1177/0192623312448935


 57. Chen, T, Dai, X, Dai, J, Ding, C, Zhang, Z, Lin, Z , et al. Afp promotes Hcc progression by suppressing the hur-mediated Fas/Fadd apoptotic pathway. Cell Death Dis. (2020) 11:1–15. doi: 10.1038/s41419-020-03030-7


 58. Njoku, K, Ramchander, NC, Wan, YL, Barr, CE, and Crosbie, EJ. Pre-treatment inflammatory parameters predict survival from endometrial cancer: a prospective database analysis. Gynecol Oncol. (2022) 164:146–53. doi: 10.1016/j.ygyno.2021.11.009 

 59. Cheng, K-C, Wang, C-J, Chang, Y-C, Hung, T-W, Lai, C-J, Kuo, C-W , et al. Mulberry fruits extracts induce apoptosis and autophagy of liver cancer cell and prevent hepatocarcinogenesis in vivo. J Food Drug Anal. (2020) 28:84–93. doi: 10.1016/j.jfda.2019.06.002 

 60. Li, S, Li, Y, Sun, H, Jiang, Y, Pan, K, Su, Y , et al. Mulberry fruit polysaccharides alleviate diethylnitrosamine/phenobarbital-induced hepatocarcinogenesis in vivo: the roles of cell apoptosis and inflammation. Bioengineered. (2021) 12:11599–611. doi: 10.1080/21655979.2021.1993716 

 61. Leong, SY, Burritt, DJ, Hocquel, A, Penberthy, A, and Oey, I. The relationship between the anthocyanin and vitamin C contents of red-fleshed sweet cherries and the ability of Fruit Digests to reduce hydrogen peroxide-induced oxidative stress in Caco-2 cells. Food Chem. (2017) 227:404–2. doi: 10.1016/j.foodchem.2017.01.110 

 62. Li, S, Yin, S, Ding, H, Shao, Y, Zhou, S, Pu, W , et al. Polyphenols as potential metabolism mechanisms regulators in liver protection and liver cancer prevention. Cell Prolif. (2023) 56:e13346. doi: 10.1111/cpr.13346 

 63. Li, S, Tan, HY, Wang, N, Cheung, F, Hong, M, and Feng, Y. The potential and action mechanism of polyphenols in the treatment of liver diseases. Oxidative Med Cell Longev. (2018) 2018:1–25. doi: 10.1155/2018/8394818


 64. Klaunig, JE
. Oxidative stress and cancer. Curr Pharm Des. (2018) 24:4771–8. doi: 10.2174/1381612825666190215121712 

 65. Wang, Y, Li, W, Xu, S, Hu, R, Zeng, Q, Liu, Q , et al. Protective skin aging effects of cherry blossom extract (Prunus yedoensis) on oxidative stress and apoptosis in Uvb-irradiated hacat cells. Cytotechnology. (2019) 71:475–7. doi: 10.1007/s10616-018-0215-7 

 66. Haga, S, Yamaki, H, Jin, S, Sogon, T, Morita, N, and Ozaki, M. Extracts of bilberry (Vaccinium myrtillus L.) fruits improve liver steatosis and injury in mice by preventing lipid accumulation and cell death. Biosci Biotechnol Biochem. (2019) 83:2110–20. doi: 10.1080/09168451.2019.1634514 

 67. Lin, J, Tian, J, Shu, C, Cheng, Z, Liu, Y, Wang, W , et al. Malvidin-3-galactoside from blueberry suppresses the growth and metastasis potential of hepatocellular carcinoma cell Huh-7 by regulating apoptosis and metastases pathways. Food Sci Hum Wellness. (2020) 9:136–5. doi: 10.1016/j.fshw.2020.02.004


 68. Gonçalves, AC, Rodrigues, M, Flores-Félix, JD, Campos, G, Nunes, AR, Ribeiro, AB , et al. Sweet cherry phenolics revealed to be promising agents in inhibiting p-glycoprotein activity and increasing cellular viability under oxidative stress conditions: in vitro and in silico study, Sweet cherry phenolics revealed to be promising agents in inhibiting P‐glycoprotein activity and increasing cellular viability under oxidative stress conditions: in vitro and in silico study. J Food Sci. (2022) 87:450–5. doi: 10.1111/1750-3841.16001 

 69. Aslam, N, Faisal, MN, Khan, JA, and Majeed, W. Opuntia Ficus indica (L.) fruit extract alleviates oxidative stress through activation of dual oxidases and Keap1/Nrf2 Signaling cascades in high-fat-diet associated atherosclerosis rats. Toxicol Res. (2022) 11:920–14. doi: 10.1093/toxres/tfac070 

 70. Yen, G-C, Chen, C-S, Chang, W-T, Wu, M-F, Cheng, F-T, Shiau, D-K , et al. Antioxidant activity and anticancer effect of ethanolic and aqueous extracts of the roots of ficus beecheyana and their phenolic components. J Food Drug Anal. (2018) 26:182–2. doi: 10.1016/j.jfda.2017.02.002 

 71. Condello, M, Pellegrini, E, Spugnini, EP, Baldi, A, Amadio, B, Vincenzi, B , et al. Anticancer activity of “Trigno M”, extract of Prunus spinosa drupes, against in vitro 3d and in vivo colon cancer models. Biomed Pharmacother. (2019) 118:109281. doi: 10.1016/j.biopha.2019.109281 

 72. Sajadimajd, S, Bahramsoltani, R, Iranpanah, A, Patra, JK, Das, G, Gouda, S , et al. Advances on natural polyphenols as anticancer agents for skin cancer. Pharmacol Res. (2020) 151:104584. doi: 10.1016/j.phrs.2019.104584 

 73. Ferreres, F, Bernardo, J, Andrade, P, Sousa, C, Gil-Izquierdo, A, and Valentão, P. Pennyroyal and gastrointestinal cells: multi-target protection of phenolic compounds against T-Bhp-induced toxicity. RSC Adv. (2015) 5:41576–84. doi: 10.1039/C5RA02710A


 74. Bernardo, J, Ferreres, F, Gil-Izquierdo, Á, Valentao, P, and Andrade, PB. Medicinal species as Mtdls: Turnera diffusa Willd. ex schult inhibits cns enzymes and delays glutamate excitotoxicity in Sh-Sy5y cells via oxidative damage. Food Chem Toxicol. (2017) 106:466–6. doi: 10.1016/j.fct.2017.06.014


 75. de Graft-Johnson, J, and Nowak, D. Effect of selected plant phenolics on Fe2+−Edta-H2o2 system mediated deoxyribose oxidation: molecular structure-derived relationships of anti-and pro-oxidant actions. Molecules. (2016) 22:59–73. doi: 10.3390/molecules22010059


 76. Muqbil, I, Azmi, AS, and Banu, N. Prior exposure to restraint stress enhances 7, 12-Dimethylbenz (a) anthracene (Dmba) induced DNA damage in rats. FEBS Lett. (2006) 580:3995–9. doi: 10.1016/j.febslet.2006.06.030 

 77. Baskaran, N, Rajasekaran, D, and Manoharan, S. Coumarin Protects 7, 12-Dimethylbenz (a) anthracene-induced genotoxicity in the bone marrow cells of golden syrian hamsters. Int J Nutr Pharmacol Neurol Dis. (2011) 1:167–3. doi: 10.4103/2231-0738.84209


 78. Deng, L-J, Peng, Q-L, Wang, L-H, Xu, J, Liu, J-S, Li, Y-J , et al. Arenobufagin intercalates with DNA Leading to G2 cell cycle arrest via Atm/Atr pathway. Oncotarget. (2015) 6:34258–75. doi: 10.18632/oncotarget.5545 

 79. Hustedt, N, and Durocher, D. The control of DNA repair by the cell cycle. Nat Cell Biol. (2017) 19:1–9. doi: 10.1038/ncb3452


 80. Lezaja, A, and Altmeyer, M. Inherited DNA lesions determine G1 duration in the next cell cycle. Cell Cycle. (2018) 17:24–32. doi: 10.1080/15384101.2017.1383578


 81. Chashoo, G, and Saxena, A. Targetting Cdks in cancer: an overview and new insights. J Cancer Sci Ther. (2014) 6:488–6. doi: 10.4172/1948-5956.1000313


 82. Lukin, DJ, Carvajal, LA, Liu, W-j, Resnick-Silverman, L, and Manfredi, JJ. P53 promotes cell survival due to the reversibility of its cell-cycle checkpointsp53 Promotes Cell Survival. Mol Cancer Res. (2015) 13:16–28. doi: 10.1158/1541-7786.MCR-14-0177 

 83. Murray, AW
. Recycling the cell cycle: cyclins revisited. Cells. (2004) 116:221–4. doi: 10.1016/S0092-8674(03)01080-8


 84. Tsai, TC, Huang, HP, Chang, KT, Wang, CJ, and Chang, YC. Anthocyanins from Roselle extract arrest cell cycle G2/M phase transition via Atm/Chk pathway in P53-deficient Leukemia Hl-60 cells. Environ Toxicol. (2017) 32:1290–04. doi: 10.1002/tox.22324 

 85. Phan, LM, and Rezaeian, A-H. Atm: main features, signaling pathways, and its diverse roles in DNA damage response, tumor suppression, and cancer development. Genes. (2021) 12:845. doi: 10.3390/genes12060845 

 86. Li, W, Wang, W, Dong, H, Li, Y, Li, L, Han, L , et al. Cisplatin-induced senescence in ovarian cancer cells is mediated by Grp78. Oncol Rep. (2014) 31:2525–34. doi: 10.3892/or.2014.3147 

 87. Xiong, L, Deng, N, Zheng, B, Li, T, and Liu, RH. Goji berry (Lycium Spp.) extracts exhibit antiproliferative activity via modulating cell cycle arrest, cell apoptosis, and the P53 signaling pathway. Food Funct. (2021) 12:6513–25. doi: 10.1039/D1FO01105G 

 88. Qi, C, Li, S, Jia, Y, and Wang, L. Blueberry anthocyanins induce G2/M cell cycle arrest and apoptosis of oral cancer Kb cells through down-regulation methylation of P53. Yi chuan=. Hereditas. (2014) 36:566–3. doi: 10.3724/SP.J.1005.2014.0566 



OPS/images/fnut-10-1132356-t003.jpg
Phenolic compounds Quantity (ppm|

Ferulic aci 5.8976
Quercetin 48862
p-Coumaric acid 53247
Gallic acid 15839
‘m-Coumaric acid 09598

Syringic acid 0.6431





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Phytochemical screening of Prunus avium for its antioxidative and anti-mutagenic potential against DMBA-induced hepatocarcinogenesis



		1. Introduction



		2. Materials and methods



		2.1. Preparation of ultrasound-assisted extract of Prunus avium



		2.2. Phytochemical screening



		2.2.1. In vitro antioxidant assay



		2.2.1.1. 1,1-Diphenyl-2-Picrylhydrazyl radical scavenging activity



		2.2.1.2. Ferric ion reducing antioxidant power assay









		2.2.2. Total anthocyanin content



		2.2.3. Quantification of phytochemicals with HPLC









		2.3. In vivo study



		2.3.1. Physical parameters



		2.3.2. Biochemical parameters



		2.3.3. Ultrasonography



		2.3.4. Gross morphology and histopathology



		2.3.5. Gene expression analysis









		2.4. Statistical analysis









		3. Results



		3.1. Antioxidant potential and phytochemical screening of Prunus avium



		3.2. Effect of Prunus avium extract on physical parameters



		3.3. Effect of Prunus avium extract on tumor biomarkers



		3.4. Effect of Prunus avium extract on hepatic enzymes



		3.5. Effect of Prunus avium extract on oxidative stress biomarkers



		3.6. Effect of Prunus avium extract on hepatic ultrasonography



		3.7. Effect of Prunus avium extract on hepatic histopathology



		3.8. Effect of Prunus avium extract on ATM cascade









		4. Discussion



		5. Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fnut-10-1132356-t002.jpg
Source

Forward Sequence (5’

practin CGAGTACAACCTTCTTGCAGC TATCGTCATCCATGGCGAACTG
ATM CACCTTAAGGGTTCTCGTCG TCAGAACGTGCATCCTCACC
CHEKI CACAGGAGGGAAGGCAACAT TGAAGATAAACCACCCCCGC
CHEK2 GCATACGTGTGGGGTAGGA CCCTGAAGATGCGAAAGTGC

CDKNIa TGTGATATGTACCAGCCACAGG CAGACGTAGTTGCCCTCCAG





OPS/images/fnut-10-1132356-t001.jpg
Groups

HCGy: Normal control

HCG,: Negative control/model group.
HCGy: Standard group

HCG: Treatment group

Treatment

Normal feed

Normal feed + DMBA

Normal feed + DMBA+ Doxorubicin

Normal feed + DMBA+ Prunus avium

extract





OPS/images/fnut-10-1132356-g010.jpg
Untrasound-assissted
e ¢ s

runus avium e
(owast chertes) ﬂ>
darp.cea

darasTion
— 408

$1a0C






OPS/images/cover.jpg
’ frontiers | Frontiers in Nutrition

Phytochemical screening of
Prunus avium for its antioxidative
and anti-mutagenic potential

against DMBA-induced
hepatocarcinogenesis












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’frontiers ‘ Frontiers in Nutrition






OPS/images/fnut-10-1132356-g005.jpg
HCGOHCG, HCG, HCG;
Groups

Em HCGO
= HCG,
= HCG,
= HCG

TOS (umol/L)

HCGOHCG, HCG, HCG;
Groups

= HCGO
& HCG,
= HCG,
m HCGy





OPS/images/fnut-10-1132356-g006.jpg





OPS/images/fnut-10-1132356-g003.jpg
AFP (ng/mL)

HCGOHCG, HCG, HCG;

Groups

= HCGO
= HCG)
= HCG,
m HCG;

CEA (ng/m.

Groups

= HCGO
= HCG,
= HCG,
m HCG;





OPS/images/fnut-10-1132356-g004.jpg
= HCGO

= HCG;
HCG,
= HCGy
HCGOHCG, HCG,HCG; HCGOHCG, HCG,HCG;
Groups Groups
B HCGO
m HCG;
g =1 HCG,
5
et =3 HCGy

HCGOHCG, HCG, HCG;
Groups





OPS/images/fnut-10-1132356-g009.jpg
pression £SD

ds Change)

mRNA Expression £SD

(F

HCG,HCG, HCG, HCG,
Groups

Chk2

HCG,HCG, HCG, HCG,

Groups

3 HCG,
= HCG,
m HCG,
53 HCG,

= HCG,
= HCG,
m HCG,
= HCG,

Chk1

@ HCG,
= HCG,
m HCG,
&Y HCGy

Expression £SD
(Folds Change)

HCG,
HCG,
HCG,
HCG,

HCG,HCG, HCG, HCG,
Groups





OPS/images/fnut-10-1132356-g007.jpg





OPS/images/fnut-10-1132356-g008.jpg





OPS/images/fnut-10-1132356-g001.jpg
+ sovvne oo ZEE

» oorse fr

o wozz|

o s

6 sovk

EL

8 seror

s 095
v sory

min






OPS/images/fnut-10-1132356-g002.jpg
Weight of rat (g)

Week

260

220

200

= HCGo—e— HCG1—a— HCGZ—— HCG3]

3
=
Tz s 41 5 s 7 &
1
]
18 1 e
11
&
T 8 4185 & 7 &
H 16
=
H
15

= HCGO = HCG1 4 HCG2 v HCG3

(©

Liver weight (g)

d Intake g/rat

»

o

= HCGO =

HCGO HCG; HC, HCG,

Groups

HCG1

m HOGO
= HOG,
@ HeG;
@ HCG;

@

HCG2

H
£

HGO HCG, HCG,
Groups

HCG3|

Hes,





