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Abstract  

This study aims to deepen the understanding of the pharmacological properties of the aqueous 

extract derived from the peel of Punica granatum L., sourced from eastern Morocco. Chemical 

analysis using ultra-high-performance liquid chromatography (UHPLC) led to the identification 

of 30 compounds, mainly phenolic acids and flavonoids. The major constituents were quercetin 

(23.32%), gallic acid (12.85%), caffeic acid (12.44%), and hesperetin (12.11%). The 

antimicrobial activity of the extract was evaluated using the broth microdilution method, 

revealing strong efficacy against Gram-positive bacteria, particularly Bacillus cereus (MIC = 

0.781 mg/mL) and Staphylococcus aureus (MIC = 1.56 mg/mL), while Escherichia coli 

exhibited higher resistance (MIC = 3.125 mg/mL). Cytotoxicity assessment showed greater 

inhibition of splenocytes (IC50 = 708.7 ± 49.46 µg/mL) compared to myeloma P3 cell lines 

(IC50 = 950.3 ± 43.8 µg/mL), suggesting potential selectivity. An in silico study was conducted 

to explore the pharmacokinetic and toxicological properties of the main compounds. Hesperetin 
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and gallic acid were predicted to be non-toxic and exhibited strong binding affinities to 

antibacterial target proteins and to BCL-2, a key regulator of apoptosis. Hesperetin 

demonstrated more stable and diverse interactions with BCL-2, indicating superior potential as 

an inhibitor. These findings suggest that pomegranate peel extract may serve as a promising 

source of bioactive compounds for the development of new antimicrobial and anticancer agents. 

Keywords: Punica granatum, UHPLC, antimicrobial activity, cytotoxicity, and natural bioactives. 

1. Introduction  

Pomegranate (Punica granatum L.) is a significant fruit crop known for its adaptability to 

diverse agro-climatic environments. This deciduous, fruit-producing shrub—or occasionally a 

small tree—belongs to the Punicaceae family. While its origins trace back to Iran, the 

pomegranate is now widely cultivated in countries such as Tunisia, Turkey, Spain, Egypt, 

Morocco, the United States, China, India, Argentina, and South Africa (Kahramanoglu and 

Usanmaz 2016). The pomegranate tree is widely regarded as a medicinal plant, and its fruit—

often referred to as nature’s power fruit—is globally recognized for its delightful taste and 

remarkable health benefits (Karimi, Sadeghi, and Kokini 2017). With growing public 

awareness of its exceptional therapeutic properties, the production and consumption of 

pomegranate have risen significantly (Kahramanoglu and Usanmaz 2016). Pomegranate is rich 

in phenolic compounds, which are known for their health-promoting properties. The fruit, 

shaped like a grenade, contains numerous deep red, juice-filled arils encased in a glossy, 

leathery peel known as the pericarp, and topped with a distinctive, persistent calyx. It can be 

enjoyed fresh—either raw or as juice—or incorporated into various food products such as 

beverages, jams, and jellies. The health benefits of pomegranate extend beyond its edible arils; 

in fact, the non-edible parts, particularly the peel, contain even higher concentrations of 

bioactive compounds than the arils themselves (Akhtar et al., 2015, Abid et al., 2017).  

The peel of the pomegranate makes up approximately 30–40% of the total fruit and is typically 

considered a byproduct following juice extraction (Çam, İçyer, and Erdoğan 2014). Currently, 

fruit peels are recognized as valuable sources of bioactive compounds within the fruit 

processing industry, gaining increasing attention due to their significant economic potential. 

There is growing interest in exploring the beneficial phytochemicals found in fruit peels, with 

the aim of utilizing them in the food, pharmaceutical, and cosmetic industries. Pomegranate 

peel is known for its rich array of extraordinary phytochemicals, which have both medicinal 

and nutritional value. In particular, the variety of phenolic compounds present in the peel, 



recognized for their natural antioxidant properties, has garnered significant interest from 

researchers and medical professionals (Singh et al. 2018). Both the consumable and non-

consumable parts of the pomegranate plant exhibit significant phytotherapeutic and 

pharmacological effects, largely attributed to the presence of various phytochemical 

compounds such as flavonoids, hydrolysable tannins, alkaloids, and phenolic acids (Abdul 

Qahir et al., 2021, Brighenti et al., 2017, Borges & Crozier, 2012). The bark of P. granatum, as 

highlighted in scientific literature, has shown promising health benefits, including anti-

inflammatory, antihypertensive (Wang et al. 2018), antihyperglycemic (Laaraj et al. 2022), 

antihyperlipidemic and antioxydant (Leesombun et al., 2022, Elkoraichi et al., 2022, Benchagra 

et al., 2021) and antithrombotic properties (Lafdil et al. 2025). 

The primary objective of this study is to deepen the understanding of the pharmacological 

properties of the aqueous extract derived from the peel of Punica granatum L., sourced from 

the eastern region of Morocco. This will be achieved through the analysis of its chemical 

composition using ultra-high-performance liquid chromatography (UHPLC), as well as the 

evaluation of its anticancer potential by assessing its ability to protect against cytotoxicity. 

Additionally, the antibacterial activity will be examined to identify the extract’s antimicrobial 

properties, potentially paving the way for medicinal applications. Finally, an in silico study will 

be conducted to virtually screen the compounds present in the extract against selected protein 

targets, offering insights into potential mechanisms of action. Together, these investigations 

aim to support the potential use of this extract in medical and pharmaceutical research. 

2. Materiels and methods 

2.1.  Collection of plant material and extraction of the aqueous crude extract of P. granatum peel  

P. granatum fruits were collected in Guercif (Morocco) in December 2020. The plant was 

taxonomically identified at the Biology Department of the Faculty of Sciences, Mohammed 

First University (Oujda, Morocco) by Professor Mostafa ELACHOURI, and a voucher 

specimen was registered under the reference number HUMPOM237. The entire fruit was first 

dried, after which the seeds were separated from the bark. A total of 40 g of bark powder was 

subjected to decoction at 40 °C in 400 ml of distilled water for 72 hours. The mixture was then 

filtered through filter paper, and the obtained filtrate was concentrated under reduced pressure 

using a rotary evaporator (Heidolph Instruments, Germany) at 45 °C. The concentrated extract 

was subsequently dried in an oven at 40 °C overnight. The extraction process yielded 7.25%. 

2.2.  LC-MS/MS Analysis of the aqueous crude extract of P. granatum peel  



The chemical composition of the aqueous extract of P. granatum peel (aqE-PGP) was analyzed 

using ultra-high-performance liquid chromatography (UHPLC) coupled with high-resolution 

mass spectrometry (LCMS8060, Shimadzu Italy, Milan). Instrumental parameters were set as 

follows: nebulizing gas flow at 2.9 L/min, heating gas flow at 10 L/min, interface temperature 

at 300 °C, Linear Ion Trap (LIT) detector temperature at 250 °C, thermal block temperature at 

400 °C, and drying gas flow at 10 L/min. A custom internal database of polyphenol derivatives 

was constructed to facilitate qualitative analysis. Compound separation was achieved using a 

C18 column (3 × 100 mm, 2.6 µm particle size; Phenomenex, Torrance, CA, USA). The mobile 

phase consisted of acetonitrile (solvent A) and water containing 0.01% formic acid (solvent B). 

The aqE-PGP was dissolved in a 1:1 mixture of acetonitrile and water. From this solution, 20 

µL was further diluted with 980 µL of acetonitrile prior to injection into the analytical system. 

A compound was considered present if its peak area exceeded that of the blank control. For 

compounds with closely related structures, identification was based on retention time, with the 

instrument set to detect molecular mass in the third quadrupole (Kandsi et al. 2021).  

2.3.  Molecular Docking 

An in-silico investigation was carried out to assess the principal bioactive compounds, namely: 

Caffeic acid, Hesperetin, Quercetin, and Gallic acid, which were isolated from the peel of 

Punica granatum. These compounds demonstrated AUC values of 12.44%, 12.11%, 23.32%, 

and 12.85%, respectively. The physicochemical characteristics and pharmacokinetic profiles of 

Absorption, Distribution, Metabolism, Excretion, and Toxicity parameters were systematically 

evaluated using SwissADME and pkcsm servers and Egan’s boiled egg model (Ed-Dahmani et 

al. 2024; Fadili et al. 2022; Kandsi et al. 2022) Compounds identified as safe were further 

subjected to molecular docking studies targeting four pathogenic strains: Escherichia coli, 

Staphylococcus aureus, Candida albicans, and Bacillus cereus, then docked to the crystal 

structure of BCL-2 (PDB ID of 6O0K) (Lakka et al. 2023), to understand how mutations or 

drug interactions modulate BCL-2’s role in apoptosis, which is critical in cancer progression 

and treatment resistance. Docking simulations were conducted using AutoDock software (El 

fadili et al. 2024; El fadili et al. 2024) with proteins prepared according to standardized 

protocols, including the removal of water molecules, the addition of Gasteiger charges, and the 

elimination of co-crystallized ligands (El fadili et al. 2022; Ed-Dahmani et al. 2024). 

2.4.  Antimicrobial activity assay of P. granatum peel 

The antimicrobial activity was evaluated against a panel of bacterial and fungal strains using 

the broth microdilution method. The bacterial strains employed in this study were previously 



isolated from food sources and referenced as American Type Culture Collection (ATCC). These 

included Escherichia coli ATCC 25922 (Gram-negative), Staphylococcus aureus ATCC 

29213, and Bacillus subtilis ATCC 6633 (both Gram-positive). In addition, Candida albicans 

obtained as a clinical isolate, was included in the screening. 

2.4.1. Determination of the Minimum Inhibitory Concentration (MIC) 

Minimum Inhibitory Concentration (MICs) was determined in sterile 96-well microplates using 

microdilution assay, as reported by (Chraibi et al. 2021). Bacteriological agar at 0.15% (w/v) 

was used as an emulsifier for the tested extracts, previously dissolved in DMSO. First, 50 µL 

of Muller Hinton broth was added to all test wells, except the first well, which contained only 

100 µL of the extracts (25 mg/mL). The extracts were serially diluted by transferring 50 µL 

from the first well to the to the 10th well (Concentrations ranging from 0.097 to 50 mg/mL). 

The 11th well served as growth control, and the 12th was used as sterility control. Then, 50 μl 

of bacterial inoculum, adjusted to 0.5 McFarland standard (106 CFU/ml), was added to each 

well (from the first to 11th). After incubation at 37°C for 20-24 hours, 15 μl of the bacterial 

growth indicator (resazurin) was added to each well. For yeast, the MIC was determined 

according to the protocol described by (Zhang et al. 2008) with slight modifications. First, the 

extracts were serially diluted in broth (YPG), supplemented with agar at 0.15% (w/v), to 

achieve final concentrations ranging from 0.097 to 50 mg/mL. Then, 50 μl of inoculum was 

added to each well to achieve a final concentration of 103 CFU/ml. Finally, the microplate was 

incubated at 30 ◦C for 48 h.  

2.4.2. Determination of Minimum Bactericidal Concentration (MBC) and 

Minimum Fungicidal Concentration (MFC)  

The Minimal Bactericide and Fungicide Concentration (MBC/MFC) were determined by 

inoculating 6 μl from each negative well onto LB plates for bacteria, which were incubated at 

37°C for 20-24 hours, and onto YPG plates for yeast, that were incubated at 30°C for 48 hours. 

All experiments were performed in triplicate. 

2.5.  Evaluation of cytotoxicity Assay 

2.5.1. Ethical statement 

All animal procedures were conducted in accordance with internationally recognized ethical 

standards, including the guidelines of the International Association for the Study of Pain (IASP) and 

national regulations governing the care and use of laboratory animals. 

Prior to the start of the study, a detailed ethics application was submitted to the Comité d’Éthique 

de la Recherche Biomédicale (CERB) of the Faculty of Medicine and Pharmacy, Hassan II University 



of Casablanca.  The protocol received formal approval under the registered IRB number 

IRB00002504. This study is reported in compliance with the ARRIVE guidelines 

(https://arriveguidelines.org) to ensure rigorous and transparent reporting of animal research. 

2.5.2. Cell line and culture conditions 

Murine myeloma cells, P3X63Ag8.653, were acquired from the Laboratory of Genetic and 

Cellular Engineering, Faculty of Medicine and Pharmacy, Casablanca, Morocco. Standard 

culture conditions were established using RPMI 1640 medium, supplemented with 10% FBS 

to provide essential growth factors. To ensure optimal cellular metabolism and prevent bacterial 

contamination, the medium was further supplemented with D-(+) glucose, L-glutamine, sodium 

pyruvate, HEPES, Na₂EDTA, NaHCO3, and antibiotics (penicillin and streptomycin sulfate). 

Trypan blue dye exclusion was employed to determine cell viability, differentiating between 

live and dead cells. Cells were incubated at 37°C within a humidified, 5% CO₂ environment 

(Souhaili et al. 2008).  

2.5.3. Splenic mononuclear cells and culture conditions  

To assess the cytotoxic potential of the extracts, splenic mononuclear cells, were isolated from 

the spleens of two adult BALB/c mice (6 weeks old, 27 g). Mice were euthanized using an 

intraperitoneal injection of ketamine (100 mg/kg) to ensure rapid and humane sacrifice, and 

their spleens were aseptically excised and placed in separate Petri dishes. The spleens were then 

rinsed and cells were released from the spleen tissue by gentle perfusion with 15 mL of RPMI 

medium. To remove erythrocytes, the cell suspension was treated with a red blood cell lysis 

solution. The resulting cell suspension was then diluted to 10 mL with RPMI medium and 

centrifuged at 1500 rpm for 10 minutes. This centrifugation and supernatant aspiration process 

was repeated twice to ensure a pure cell population (Zandonai et al. 2010). 

2.5.4. Treatment with the aqueous crude extract of P. granatum peel 

For dose-dependent viability assessment, 100 µL P3 cells (4 x 10^4 cells/well in 96-well plates) 

were seeded and incubated for 24 hours to achieve a stable growth phase, as described by 

(Elouaddari et al. 2019). Subsequently, aqE-PGP, prepared in 100 µL of RPMI medium at 

concentrations ranging from 125 to 2000 µg/mL, were applied for 48 hours. In contrast, PBMC 

cells were seeded at a density of 8.105 cells/well and treated immediately without a pre-

incubation period. Melphalan, a standard chemotherapeutic, was included as a positive control 

to verify the assay's capacity to accurately detect cell death. To control for potential medium-

induced effects, cells were also treated with culture medium alone (negatif control). Cell 

mortality was expressed as a percentage, determined by the following formula: 

https://arriveguidelines.org/


% 𝐶𝑒𝑙𝑙 𝑚𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦 = 100 − 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠 − 𝐵𝑙𝑎𝑛𝑘 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠 − 𝐵𝑙𝑎𝑛𝑘 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒  𝑋 100 

2.5.5. MTT assay 

Cellular viability was assessed by quantifying mitochondrial activity through the colorimetric 

reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) after 48h of 

exposure. Following treatment, cells were incubated 4h with MTT, leading to the formation of 

formazan crystals in metabolically active cells (Mosmann 1983). The resulting crystals were 

then solubilized in dimethyl sulfoxide (DMSO), and absorbance, directly correlating with 

viable cell number, was measured spectrophotometrically at 492 nm. 

3. Results  

3.1.  Phytochemical Analysis 

The phytochemical analysis of the aqueous extract of pomegranate peel (aqE-PGP) led to the 

identification of a total of 30 compounds, detailed in Table 1. The corresponding 

chromatograms are provided as Supplementary File S1. The detected compounds primarily 

belong to the phenolic acids and flavonoid families, both well-known for their bioactive 

properties. Among these, four compounds were found in relatively high abundance, as 

estimated by the proportion of the area under the chromatographic curve. These major 

constituents include quercetin (23.32%), gallic acid (12.85%), caffeic acid (12.44%), and 

hesperetin (12.11%). 

Table 1: Phytochemical composition of the aqueous extract of P. g revealed by LC-

MS/MS 

Compounds Formula Classes of 

compounds 

(M-H)- AUC % AUC 

Syringic acid C9H10O5 Phenolic acid 198.9000 803904 0.55 

p-coumaric acid C9H8O3  Phenolic acid 162.9000 3965031 2.75 

Trans-ferulic acid C10H10O4 Phenolic acid 193.0000 1427040 0.98 

Arbutin C12H16O7 glycoside 271.2000 1052242 0.72 

Rosmarinic acid C18H16O8 Phenolic acid 359.0000 810608 0.56 

Apigenin C15H10O5  flavonoid 269.0000 1168327 0.81 

Amentoflavone C30H18O10 flavonoid 537.1000 1318641 0.91 

Luteolin C15H10O6 Flavonoid 284.9000 553957 0.38 

Quercetin-3'-o-glucuronide C21H18O13  flavonoid 477.0000 1140592 0.79 

https://pubchem.ncbi.nlm.nih.gov/#query=C9H10O5
https://pubchem.ncbi.nlm.nih.gov/#query=C9H8O3
https://pubchem.ncbi.nlm.nih.gov/#query=C10H10O4
https://pubchem.ncbi.nlm.nih.gov/#query=C12H16O7
https://pubchem.ncbi.nlm.nih.gov/#query=C18H16O8
https://pubchem.ncbi.nlm.nih.gov/#query=C15H10O5
https://pubchem.ncbi.nlm.nih.gov/#query=C30H18O10
https://pubchem.ncbi.nlm.nih.gov/#query=C15H10O6
https://pubchem.ncbi.nlm.nih.gov/#query=C21H18O13


quercetin-3-O-deoxyhexosyl(1-

2)pentoside 

C26H28O15  flavonoid 609.1000 3150699 2.18 

Isorhamnetin-3-O-rutinoside C28H32O16 flavonoid 623.1000 883420 0.6 

Vanillic acid C8H8O4 Phenolic acid 167.0000 383684 0.26 

Salicylic Acid C7H6O3 Phenolic acid 137.0000 805604 0.55 

Sinapic acid C11H12O5 Phenolic acid 223.0000 987753 0.68 

Ferulic acid C10H10O4 Phenolic acid 193.0000 1035911 0.71 

catechin gallate C22H18O10 flavonoid 441.0000 842047 0.58 

Procyanidin C30H26O13 flavonoid 577.0000 860153 0.59 

Myricetin C15H10O8  Flavonoid 317.0000 619298 0.42 

kaempferol C15H10O6 Flavonoid 285.0000 605209 0.41 

Naringin C27H32O14 Flavonoid 579.0000 4611913 3.19 

rutin C27H30O16 Flavonoid 609.0000 3097288 2.14 

Gallocatechin C15H14O7 Flavonoid 305.0000 4964368 3.44 

Caffeic acid C9H8O4 Phenolic acid 179.0000 17947221 12.44 

Luteolin 7-O-glucoside C21H20O11 Flavonoid 447.1000 6017591 4.17 

isorhamnetin 7-O-glucoside C22H22O12 Flavonoid 447.1000 6045113 4.19 

Kaempferol-3-O-glucoside C21H20O11 Phenolic acid 609.1000 3133379 2.17 

Quercetin-3-O-glucoside C21H20O12 Flavonoid 463.1000 6319954 4.38 

hesperetin C16H14O6 Flavonoid 301.3000 17467657 12.11 

quercetin C15H10O6 Flavonoid 301.0000 33626392 23.32 

Gallic acid C7H6O5 Phenolic acid 168.9000 18529726 12.85 

These findings are generally consistent with previously published data, although certain 

differences were noted regarding the relative abundance of compounds and the presence of 

specific molecules. Such variations are commonly observed and may be attributed to factors 

such as environmental conditions at the time of harvest, the botanical variety of the fruit, and 

the extraction methods employed. (Cruz-Valenzuela et al. 2022) conducted a maceration-based 

extraction of pomegranate peels collected in Mexico. Analysis of aqueous and ethanolic 

extracts using UPLC-DAD revealed seven polyphenolic compounds, with chlorogenic acid and 

gallic acid being the most abundant. Similarly, investigated 14 cultivated pomegranate varieties 

from the United States. The peels underwent hydroalcoholic extraction, followed by HPLC 

analysis. Out of 14 tested standards, four phenolic compounds were identified and quantified: 

https://pubchem.ncbi.nlm.nih.gov/#query=C26H28O15
https://pubchem.ncbi.nlm.nih.gov/#query=C28H32O16
https://pubchem.ncbi.nlm.nih.gov/#query=C8H8O4
https://pubchem.ncbi.nlm.nih.gov/#query=C11H12O5
https://pubchem.ncbi.nlm.nih.gov/#query=C10H10O4
https://pubchem.ncbi.nlm.nih.gov/#query=C22H18O10
https://pubchem.ncbi.nlm.nih.gov/#query=C30H26O13
https://pubchem.ncbi.nlm.nih.gov/#query=C15H10O8
https://pubchem.ncbi.nlm.nih.gov/#query=C27H32O14
https://pubchem.ncbi.nlm.nih.gov/#query=C27H30O16
https://pubchem.ncbi.nlm.nih.gov/#query=C15H14O7
https://pubchem.ncbi.nlm.nih.gov/#query=C9H8O4
https://pubchem.ncbi.nlm.nih.gov/#query=C21H20O11
https://pubchem.ncbi.nlm.nih.gov/#query=C22H22O12
https://pubchem.ncbi.nlm.nih.gov/#query=C21H20O11
https://pubchem.ncbi.nlm.nih.gov/#query=C21H20O12
https://pubchem.ncbi.nlm.nih.gov/#query=C16H14O6
https://pubchem.ncbi.nlm.nih.gov/#query=C7H6O5


ellagic acid, gallic acid, punicalagin A, and punicalagin B (Shahkoomahally et al. 2023). In 

Tunisia, (Khemakhem et al. 2021) analyzed pomegranate peels from three distinct regions. 

HPLC analysis revealed the presence of 16 phenolic compounds, among which rutin, 

isoquercitrin, ferulic acid, and chlorogenic acid were particularly abundant. Furthermore, 

(Özcan et al. 2021) conducted a study on pomegranate seeds harvested in Turkey. HPLC 

analysis identified 16 polyphenolic compounds, with the most abundant being gallic acid, 3,4-

dihydroxybenzoic acid, (+)-catechin, 1,2-dihydroxybenzene, and quercetin. Although the plant 

matrices differ (seeds vs. peels), the recurrence of certain compounds such as quercetin and 

gallic acid highlights their ubiquity across various parts of the fruit. Taken together, these 

findings are in line with our results and support the hypothesis that polyphenols—particularly 

those found in high concentrations in aqE-PGP—may significantly contribute to the associated 

biological activities, notably antioxidant, antimicrobial, and anti-inflammatory effects, as 

widely reported in the literature(Bahmanzadegan et al. 2023; Aleksandrova et al. 2023; Kiran 

et al. 2024). 

3.2.  In silico predictions of ADMET features  

The prediction of the physicochemical properties of the main compounds extracted from the peel of 

Punica granatum indicates that Caffeic acid, Hesperetin, Quercetin, and Gallic acid, labeled as C1, C2, 

C3, and C4 respectively, possess the desired physicochemical characteristics, fully complying with 

Lipinski’s rules (Aloui et al. 2024;  El fadili et al. 2023) as shown in Table 2. The compounds 

were also evaluated for their ADMET pharmacokinetic profiles (El fadili, Er-rajy, Ali Eltayb, 

et al. 2023) revealing good human intestinal absorption (HIA), particularly for Hesperetin and 

Quercetin. Metabolism studies showed that none of the major compounds inhibit cytochrome 

enzymes 1A2, 2C9, 2C19, 2D6, and 3A4, except for Quercetin (C3), which demonstrated a 

positive inhibitory effect on cytochromes 1A2 and 3A4. Toxicity assessments confirmed that 

Hesperetin (C2) and Gallic acid (C4) are free from risks of skin sensitization and hepatotoxicity. 

Although Caffeic acid (C1) and Quercetin (C3) were also predicted to be non-hepatotoxic and 

non-sensitizing, they tested positive in the AMES prediction, suggesting a potential mutagenic 

risk by inducing DNA mutations in bacteria, which could imply carcinogenic potential in 

humans, as detailed in Table 3.  Additionally, the predictive model of the boiled egg of Egan 

as a fast and visual way to predict if a molecule can be absorbed by the intestine or cross into 

the brain based on just its size and polarity, confirms that all four examined compounds are 

failing into the white area of the Egan egg, which demonstrates that are supposed to have good 

intestinal absorptions, as shown in Figure 1. 



Table 2. Lipinski’s rules for the major compounds extracted from the Punica granatum peel 
plant. 

 TPSA n- Rotatable Bonds MW Log P n-HBA n-HBD Violations Lipinski 
Rule <140 A² <10 <500 D.a ≤5 <10 <5 ≤2 

C1 77.76 2 180.16  0.97  4 3 Yes 

C2 77.83 1  302.28 2.51 6 3 Yes 

C3 131.36 1  302.24 1.63 7 5 Yes 

C4 97.99  1 170.12  0.21 5 4 Yes 

 

Table 3. ADME and Toxicity pharmacokinetic features of four major compounds extracted 
from the Punica granatum peel plant. 

models 

ADME and Toxicity Properties 

Absorption Distribution Metabolism Excretion Toxicity 

Intestinal 
absorption 
(human) 

BBB 
permeability 

CNS 
permeability 

CYP450 

Total 
clearance 

AMES 
toxicity 

Hepatot
oxicity 

Skin 
sensitization 

Substrate Inhibitor 

2D6 3A4 1A2 2C19 2C9 2D6 3A4 

Unity 
Numeric 

(%absorbed) 
Numeric 
(Log BB) 

Numeric 
(Log PS) 

Categorical (YES/NO) 
Numeric (log mL 

min-1kg-1) 
Categorical 

(yes/no) 

Predicted values 

C1 59.008 -0.816 -3.361 No No No No No No No 0.558 Yes No No 

C2 78.513 -0.952 -3.356 No No No No No No No 0.473 No No No 

C3 74.994 -1.355 -3.432 No No Yes No No No Yes 0.578 Yes No No 

C4 40.154 -1.111 -4.157 No No No No No No No 0.625 No No No 



 

Figure 1. The BOILED-Egg predictive model for Caffeic acid (molecule 1), Hesperetin 

(molecule 2), Quercetin (molecule 3), and Gallic acid (molecule 4). 

3.3.  Molecular docking simulations  

Docking simulations were carried out to explore the potential binding modes and affinities of 

the safe extracted compounds toward selected biological targets. For this purpose, Hesperetin 

(C2) and Gallic acid (C4), predicted as safe agents with good physicochemical and 

pharmacokinetic profiles, were docked to the crystal structure of Staphylococcus aureus gyrase 

(5BS3.pdb)(Lebrazi et al. 2025) the crystal structure of the FimH lectin domain from 

Escherichia coli (4XO8.pdb) (Jeddi et al. 2023; Nouioura et al. 2024) the secreted aspartic 

protease from Candida albicans (1ZAP.pdb) (El-Assri et al. 2025) and the crystal structure of 

Bacillus cereus (3U3W.pdb) (Er-rahmani et al. 2024) Both Hesperetin and Gallic acid were 

first docked to the antibacterial protein responsible for the Staphylococcus aureus pathogenic 

strain, with binding energies of -8.2 and -5.01 kcal/mol, respectively, revealing one common 

hydrogen bond detected with the Ser1098 amino acid residue (A.A.R), more than one Pi-alkyl 

bond fixed with Phe1097 A.A.R as shown in Figure 2. Secondly, the candidate compounds 

were also docked to the targeted protein of the Escherichia coli pathogenic strain, with binding 



energies of -6.07 and -4.73 kcal/mol, respectively, exhibiting similar intermolecular 

interactions, including two conventional hydrogen bonds created towards Asp37 and Asn23 

A.A.Rs, more than one alkyl bond fixed with Val22 A.A.R, as displayed in Figure 3. Both 

small molecules were docked again to the secreted aspartic protease from Candida albicans 

strain, with binding energies of -5.48 and -4.63 kcal/mol, revealing three common hydrogen 

bonds created with Gln329, Asn269, and Ser182 A.A.Rs, as shown in Figure 4. Finally, the 

examined ligands were docked to the crystal structure of the Bacillus cereus receptor, with 

binding energies of -8.14 and -4.06 kcal/mol, respectively, revealing one common Pi-Sigma 

bond detected with Met272 A.A.R, in addition to one Pi-Alkyl bond formed with Lys87 A.A.R, 

and one conventional hydrogen bond created towards Asn230 A.A.R, as presented in Figure 5. 

The molecular docking analysis of compounds Hesperetin) and Gallic acid against the anti-

apoptotic protein BCL-2 (PDB ID: 6O0K) revealed distinct binding interactions within the 

BH3-binding groove of the protein with binding energies of -6.83 and -4.96 kcal/mol, 

respectively. Both compounds exhibited favorable binding orientations and interactions that 

support their potential as BCL-2 inhibitors, where the Hesperetin compound demonstrated a 

well-defined binding conformation, interacting with several key amino acid residues within the 

BH3-binding groove of BCL-2. Hydrogen bonds were observed with ALA100, ASN143, and 

TYR202, while additional stabilizing hydrophobic and π–π stacking interactions were formed 

with PHE104, VAL148, and ARG107. While Gallic acid displayed a different interaction 

profile, favoring a more polar binding environment. It formed several hydrogen bonds with 

SER117, HIS120, and LEU119, and engaged in strong electrostatic interactions with GLU160 

and ARG164 via its carboxylic and hydroxyl groups, as shown in Figure 6. 

 

C2 



 

Figure 2. 2D and 3D views of docking results for C2 and C4 in complex with the crystal 

structure of S.A. gyrase protein (PDB ID of 5BS3). 

 

 

 

 

 

C4 

C2 



 

Figure 3. 2D and 3D views of docking results for C2 and C4 in complex with the crystal 

structure of the FimH lectin domain from Escherichia coli protein (PDB ID of 4XO8). 
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Figure 4. 2D and 3D views of docking results for C2 and C4 in complex with the secreted 

aspartic protease from Candida albicans protein (PDB ID of 1ZAP). 
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Figure 5. 2D and 3D views of docking results for C2 and C4 in the complex with the crystal 

structure of Bacillus cereus protein (PDB ID of 3U3W). 

 

 

 

 

Figure 6. 2D and 3D views of docking results for C2 and C4 in the complex with the crystal 

structure of BCL-2 (PDB ID of 6O0K). 
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In-silico investigations play a crucial role in modern drug discovery and development by 

enabling the rapid and cost-effective assessment of compounds' pharmacokinetic properties and 

potential toxicity. These computational approaches, such as ADMET modeling and molecular 

docking, provide valuable insights into a molecule's behavior within biological systems, helping 

to prioritize the most promising candidates for further experimental validation. By predicting 

absorption, distribution, metabolism, excretion, and toxicity early in the research process, in-

silico methods significantly reduce the risk of late-stage failures, accelerate the identification 

of lead compounds, and enhance the overall efficiency of therapeutic development. Through 

these investigations, we concluded that two compounds are predicted to be toxic, while 

Hesperetin (C2) and Gallic acid (C4) are predicted to be non-toxic. Both compounds 

demonstrated the ability to interact with antibacterial proteins targeting Escherichia coli, 

Staphylococcus aureus, Candida albicans, and Bacillus cereus pathogenic strains, exhibiting 

strong inhibition mechanisms supported by very low binding energies (in the range of 

kcal/mol). Notably, compound C2 consistently displayed lower binding energies compared to 

compound C4, indicating a stronger interaction with the targeted receptors. Both Hesperetin 

(C2) and Gallic acid (C4) showed promising inhibitory potential against the BCL-2 protein, 

engaging in key interactions within its binding groove. While C4 primarily formed hydrogen 

bonds and electrostatic interactions, C2 demonstrated a more favorable binding mode through 

multi-point anchoring with both hydrophobic and polar residues. This suggests that C2 may 

exhibit superior efficacy as a BCL-2 inhibitor due to its stronger and more diverse molecular 

interactions. 

3.4.  Antimicrobial activity of P. granatum peel 

The minimum inhibitory concentration (MIC), minimum bactericidal concentration (MBC), 

and minimum fungicidal concentration (MFC) of the aqueous peel extract of P. granatum L. 

(aqE-PGP) were determined using the broth microdilution method. The results presented in 

Table 6, showed that the extract had strong antibacterial effects, particularly against Gram-

positive bacteria. Bacillus cereus and Staphylococcus aureus were highly susceptible, with MIC 

values of 0.781 mg/mL and 1.56 mg/mL, respectively. In contrast, Escherichia coli showed 

greater resistance, with a higher MIC of 3.125 mg/mL. 

The MBC values were consistent with the MIC results, further confirming the bactericidal 

properties of the extract, particularly against Gram-positive bacteria. These results suggest that 

P. granatum peel extract could be an effective antimicrobial agent, especially for treating Gram-

positive bacterial infections. 



 

 

Table 4. Antimicrobial effects of the aqueous leaf extract of P. granatum peel  

 MIC : Minimum inhibitory concentration (mg/mL) ; MBC : Minimum bactericidal 

concentration (mg/mL) 

a Final bacterial density was around 106 CFU/mL. 

Concerning the bacterial activity, our results demonstrate that the aqueous peel extract of P. 

granatum (aqE-PGP) exhibits notable antimicrobial activity, particularly against Gram-

positive bacteria. The Minimum Inhibitory Concentration (MIC) values of 0.781 mg/mL for 

Bacillus cereus and 1.56 mg/mL for Staphylococcus aureus indicate potent antibacterial effects. 

In contrast, Escherichia coli displayed greater resistance with a higher MIC of 3.125 mg/mL. 

These findings align with previous studies that have reported varying degrees of antimicrobial 

activity of pomegranate peel extracts against different bacterial strains. For instance, a study by 

(Khan and Hanee 2011) found that pomegranate peel extracts exhibited high antimicrobial 

activity against E. coli and S. aureus, with inhibition zones of 21.8 mm and 23.7 mm, 

respectively. Similarly, a study by (Nasreddine et al. 2018) reported that pomegranate peel 

extracts had significant antibacterial activity against both Gram-positive and Gram-negative 

bacteria, including S. aureus and E. coli. These studies support our findings and suggest that 

pomegranate peel extracts possess broad-spectrum antimicrobial properties. The higher 

resistance observed in E. coli in our study is consistent with findings from other research. For 

example, a study by (Kupnik et al. 2021) found that pomegranate peel extracts exhibited varying 

degrees of antimicrobial activity against different bacterial strains, with E. coli showing higher 

resistance compared to S. aureus. This difference in susceptibility may be attributed to the 

structural differences between Gram-positive and Gram-negative bacteria, as well as the 

presence of efflux pumps and outer membrane barriers in Gram-negative bacteria that can limit 

 aqE-PGP Chloramphenicol (μg/mL) 

 MICa (mg/mL) MBC (MFC---- C. albicans) 

(mg/mL) 

MIC(μg/mL) 

E. coli 3.125 6.25 50 

B. cereus 0.781 1.562 25 

S. aureus 1.56 3.125 50 

C.albicans 12.5 12.5 - 



the penetration of antimicrobial compounds. The consistency between the MIC and Minimum 

Bactericidal Concentration (MBC) values further supports the bactericidal properties of the 

aqE-PGP, particularly against Gram-positive bacteria. In conclusion, the aqueous peel extract 

of Punica granatum shows promising antimicrobial activity, especially against Gram-positive 

bacteria. These findings suggest that pomegranate peel extract could be explored as a potential 

natural antimicrobial agent.  

3.5.  Cytotoxicity assay 

In this study, we evaluated the cytotoxic potential of aqE-PGP on myeloma (P3) cell lines and 

splenocytes. The results, presented in Figure 7 and Table 5, indicate that P. granatum extract 

exhibited greater cytotoxicity toward splenocytes compared to P3 cell lines (p < 0.001). 

Specifically, the extract achieved a maximum inhibition of 71.12 ± 3.53% with an IC50 of 708.7 

± 49.46 µg/mL in splenocytes, whereas in P3 cell lines, the maximum inhibition was 63.95 ± 

2.54%, with an IC50 of 950.3 ± 43.8 µg/mL. 

Figure 7. Evaluation of anticancer activity of Punica granatum on P3 cancer cell lines (A) and 

splenocytes (B) using MTT Assay. 

Table 5. The cytotoxic effect of P. granatum on P3 cancer cell lines and splenocytes, expressed 

as IC50 (µg/mL). 

 
P. granatum 

IC50 (µg/mL) 

Melphalan 

IC50(µg/mL) 

Myeloma (P3) cell lines 950.3 ± 43.8* 200.76 ± 11.95 

Splenocytes 708.7 ± 49.46* 173.8 ± 27.4 

aqE-PGP aqE-PGP 



Results are presented as mean ± SD (n=3). * p < 0.0002, P3 cell lines treated with P. granatum 

extract vs splenocytes treated with P. granatum extract by Ordinary one-way ANOVA test. 

Evaluating the anticancer properties of medicinal plants is a key step in the search for natural 

therapeutic agents. This process is fundamental for identifying bioactive compounds with 

promising effects against different cancer types. It allows researchers to explore the 

mechanisms of action, cytotoxic effects, and overall biological activities of plant extracts. Such 

investigations not only deepen our understanding of how natural compounds interact with 

cancer cells but also support the development of innovative, plant-based treatments that could 

complement or improve current cancer therapies (Bajpai et al. 2024). In this study, we evaluated 

the cytotoxic potential of P. granatum extract on myeloma (P3) cell lines and splenocytes. Our 

findings demonstrate that P. granatum extract exhibits cytotoxic effects on both cell types, with 

a more pronounced effect on normal cells. The higher sensitivity of splenocytes to P. granatum 

extract might be attributed to differences in cellular metabolism and antioxidant defenses 

between normal and cancerous cells. Splenocytes, as normal immune cells, may be more 

vulnerable to oxidative stress and phytochemical-induced apoptosis compared to the more 

resilient, rapidly dividing P3 myeloma cells (Reuter et al. 2010). Furthermore, the UHPLC-

MS/MS analysis of P. granatum extract reveals a diverse profile of bioactive polyphenols, 

including phenolic acids and flavonoids, which likely contribute to its cytotoxic effects on both 

myeloma (P3) cell lines and splenocytes. In fact, these compounds exert anticancer effects by 

triggering apoptosis in malignant cells by inducing oxidative stress, they may also induce 

cytotoxicity in normal immune cells due to their pro-oxidant activity at high concentrations 

(Upadhyay, Singh, and Vishwakarma 2024). Additionally, we can suggest that myeloma (P3) 

cells, often develop resistance mechanisms, such as upregulated antioxidant systems (e.g., 

glutathione, superoxide dismutase) and enhanced DNA repair pathways, which could 

contribute to their relatively higher IC₅₀ values. This may explain why the P3 cells require 

(Pelicano, Carney, and Huang 2004). Finally, the cytotoxic effects of P. granatum extract on 

myeloma (P3) cells and splenocytes are likely mediated by its rich polyphenolic composition. 

While these compounds exhibit anticancer properties through oxidative stress induction, 

apoptosis, and inhibition of proliferation, their effects on normal immune cells, such as 

splenocytes, should be carefully considered. Further studies should focus on optimizing the 

selectivity of P. granatum extract for cancer cells while minimizing its impact on normal 

immune function. 

Conclusion  



This study demonstrates the significant pharmacological potential of the aqueous peel extract 

of Punica granatum L., collected from eastern Morocco. The UHPLC analysis revealed a high 

content of bioactive phenolic and flavonoid compounds, with hesperetin and gallic acid 

emerging as key constituents due to their notable biological activities. The extract exhibited 

strong antimicrobial effects, especially against Gram-positive bacterial strains, and showed 

selective cytotoxicity, indicating possible cell-type specificity. Additionally, in silico 

evaluations reinforced the therapeutic relevance of several identified compounds through their 

high binding affinity to antimicrobial and anticancer targets, including the BCL-2 protein. 

These insights support the potential use of pomegranate peel extract as a natural source for 

developing new antimicrobial and anticancer therapeutics. However, further research, 

particularly in vivo and clinical studies, is essential to confirm their efficacy and safety in 

practical medical applications. 
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