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A B S T R A C T

Pomegranate (Punica granatum L.) has been valued for its medicinal and nutritional benefits across traditional 
healing systems. This study investigated the phytochemical profile, antioxidant capacity, and enzyme inhibitory 
potential of mature pomegranate leaves. Methanol and ethanol extracts were prepared and analyzed using UPLC- 
MS/MS, multiple antioxidant assays (Fe3+ reduction, CUPRAC, FRAP, DPPH•, ABTS•+, DMPD•+), and targeted 
enzyme inhibition tests. The methanol extract exhibited the highest phenolic and flavonoid content (409.44 μg 
GAE/mg and 64.52 μg QE/mg), with ellagic acid, gallic acid, syringic acid, and luteolin identified as major 
compounds. Both extracts showed concentration-dependent antioxidant activity, with the methanol extract 
demonstrating a significantly stronger Fe3+ reducing capacity (p < 0.05) and superior ABTS•+ scavenging ac
tivity compared to standard antioxidants (p < 0.05). For carbonic anhydrase I and II, the extracts showed notable 
inhibition (IC₅₀ = 0.0221, 0.0344 μg/mL), although not reaching the efficacy of acetazolamide (IC₅₀ = 0.0061, 
0.0072 μg/mL). Both extracts exhibited potent acetylcholinesterase inhibitory activity (IC₅₀ = 0.0017 μg/mL), 
closely approximating the efficacy of tacrine (IC₅₀ = 0.0010 μg/mL). The ethanol extract also showed remarkable 
α-glucosidase inhibition (IC₅₀ = 0.0052 μg/mL), being 2.8-fold more potent than the acarbose (IC₅₀ = 0.0147 μg/ 
mL)—a noteworthy result, as natural compounds rarely exceed pharmaceuticals in such assays. Molecular 
docking confirmed ellagic acid’s interaction with the target enzymes. These findings underscore pomegranate 
leaves as a valuable natural source of bioactive compounds, with promising applications in the management of 
diabetes, neurodegenerative disorders, and glaucoma —attributable to their rich phenolic content, strong anti
oxidant capacity, and notableenzyme inhibitory activities.

1. Introduction

Punica granatum L. (pomegranate) is a perennial medicinal plant of 
Mediterranean origin belonging to the Lythraceae family and is widely 
cultivated throughout the world. This species has been extensively used 
by many civilizations throughout history for the treatment of various 
ailments such as infections and inflammatory diseases, as well as 
atherosclerosis, diabetes, hypertension, hyperlipidemia, and cancer (Ge 
et al., 2021; Machado et al., 2023). The diverse biological properties 

identified in the fruit, peel, juice, flowers, roots, and leaves of 
P. granatum demonstrate the potential of this species in therapeutic and 
food applications (Saparbekova et al., 2023). Leaves, as the main part 
responsible for maintaining the vital functions of the plant, are a 
reservoir of various bioactive components, including phenolic com
pounds, fatty acids, and essential oils (Machado et al., 2023). These 
leaves are traditionally used in the treatment of throat infections, thrush, 
urinary tract infections, fever, flu, and pneumonia (Battineni et al., 
2017). This widespread use in traditional medicine has also inspired 
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modern scientific research.
Research has established numerous health benefits of pomegranate 

leaf extracts across various therapeutic areas. Studies indicate these 
extracts can maintain weight equilibrium and reduce cholesterol levels 
(Wang et al., 2018), offer protection against diabetic kidney complica
tions, and provide anti-inflammatory, enzyme-inhibiting, and cell- 
toxicity effects (Bekir et al., 2013). Multiple investigations have 
confirmed their efficacy against bacterial infections (Trabelsi et al., 
2020) and regulating blood glucose levels (Pottathil et al., 2020). Sci
entists have also recognized their tumor-suppressing capabilities (Wong 
et al., 2021), along with dermatological applications such as the pre
vention of scalp disorders and the potential to promote hair growth 
(Bhinge et al., 2021). The diverse medicinal properties stem from a rich 
array of bioactive substances, particularly phenolic compounds, flavo
noid structures, and tannic constituents (Ge et al., 2021; Trabelsi et al., 
2020; Wang et al., 2018; Zhang et al., 2010). While composition varies 
depending on growth location, extraction methodology, and harvest 
timing, researchers consistently identify several key compounds, 
including ellagic and gallic acids, punicalagin, and catechin variants. 
Notably, ellagic acid and related molecules provide cell protection by 
preventing oxidative damage, stabilizing lipid, and promoting cell sur
vival mechanisms (Yu et al., 2024). P. granatum leaves contain a wide 
range of bioactive compounds, which have attracted significant atten
tion due to their potential therapeutic benefits. However, the extraction 
of these compounds presents severalchallenges. Factors such assolvent 
selection, extraction duration, and variability in raw materials can 
significantly affect the yield and stability of bioactive compounds. The 
solvent used may not extract all bioactive components equally, and 
prolonged extraction times may lead to the degradation of sensitive 
compounds when exposed to light, heat, or oxygen. Additionally, vari
ations in plant growth conditions, harvest time, and geographical origin 
contribute to inconsistency in the bioactive content, making standardi
zation of the extraction process difficult. These challenges represent 
significant barriers to reproducible results and optimizing of P. granatum 
leaf extracts for pharmacological applications (Du et al., 2025; Marce
lino et al., 2023; Pirzadeh et al., 2021).

Recent research has shown a strong correlation between the phenolic 
composition of various medicinal plants and their antioxidant and 
enzyme-inhibitory activities (Huyut et al., 2017; Saravanakumar et al., 
2019; Şenol et al., 2023; Taslimi & Gulçin, 2018). Similarly, Llorent- 
Martínez et al., 2017 emphasized that the superior biological activities 
of plant extracts are directly related to their high phenolic content. The 
enzymes we focused on in our study, carbonic anhydrase (CAs) I-II, 
acetylcholinesterase (AChE), and α-glycosidase (α-Gly), have significant 
clinical value. CA-inhibiting agents, which play roles in various physi
ological processes such as intraocular pressure regulation, bone 
resorption, and acid-base balance, are widely used in the treatment of 
glaucoma (Ghorai et al., 2020). AChE inhibitors are used to alleviate 
symptoms of Alzheimer’s disease (Jha et al., 2018). Consistent with the 
findings of Ojo et al., molecular docking analyses demonstrated that 
ellagic acid exhibited strong binding affinities toward key target pro
teins, highlighting its potential as a promising bioactive compound (Ojo 
et al., 2021). α-Gly is an intestinal enzyme involved in carbohydrate 
digestion, and its inhibition is considered a valuable therapeutic strategy 
for reducing postprandial hyperglycemia in diabetes management (Yu 
et al., 2024).

Despite their significant therapeutic and bioactive potential, 
P. granatum leaves have not been sufficiently researched and evaluated 
in the development of food and pharmaceutical products (Machado 
et al., 2023). Additionally, while the season-independent availability of 
pomegranate leaves provides an important advantage, studies on stan
dardization and technological development related to the species’ eth
nopharmacopoeia remain limited. A critical gap in the current literature 
is the absence of comprehensive studies that concurrently assess the 
phytochemical profile, antioxidant capacity through multiple mecha
nisms, and enzyme inhibitory potential of pomegranate leaf extracts 

against diverse therapeutic targets. Furthermore, there is insufficient 
comparative data on how different extraction solvents like methanol and 
ethanol affect the resulting biological activities of pomegranate leaf 
extracts, even when detailed phytochemical profiling is available for one 
extract type.

In the present study, methanol and ethanol were selected as extrac
tion solvents based on their established efficiency in extracting a wide 
range of bioactive compounds from plant materials (Patra et al., 2022). 
The choice of appropriate solvents plays a critical role in the efficient 
extraction of polyphenols. Methanol, being more polar, efficiently ex
tracts lower molecular weight polyphenols, anthocyanins, terpenoids, 
saponins, and flavones, while ethanol effectively extracts tannins, 
polyphenols, flavanols, and alkaloids Additionally, ethanol offers ad
vantages for potential pharmaceutical and food applications due to its 
safety for human consumption (Dai & Mumper, 2010). Using both sol
vents provides a more comprehensive evaluation of extractable bioac
tive compounds from pomegranate leaves, as the polarity of targeted 
compounds is a critical factor in extraction efficiency (Altemimi et al., 
2017; Azmir et al., 2013).

This study aims to determine the comprehensive phytochemical 
profile of P. granatum leaf methanol (PGM) and ethanol (PGE) extracts, 
evaluate their antioxidant capacities through various mechanisms, and 
investigate their inhibitory potential against enzymes associated with 
diabetes, neurodegenerative diseases, and glaucoma. In this context, the 
reducing powers of the extracts (through Fe3+ reduction, CUPRAC, and 
FRAP analyses), radical scavenging capacities (with DPPH•, ABTS•+, 
and DMPD•+ tests), and inhibitory effects on selected target enzymes 
(CA I-II, AChE, and α-Gly) were evaluated. Additionally, the phyto
chemical composition of the leaf extracts was characterized in detail by 
UPLC-MS/MS analysis, and the interaction mechanisms of the main 
bioactive components with target enzymes were aimed to be elucidated 
through molecular docking studies.

2. Materials and methods

2.1. Chemicals and reagents

Acetylcholinesterase from electric eel (Electrophorus electricus) with a 
purity of ≥100 units/mg protein (Type VI-S), acetylcholine iodide, α-Gly 
from Saccharomyces cerevisiae with a purity of ≥10 units/mg protein, 
and p-nitrophenyl-D-glucopyranoside were acquired from Sigma- 
Aldrich (Steinheim, Germany). CA I and CA II were purified from 
human erythrocytes isolated and supplied by a certified blood bank. The 
purification was performed using Sepharose-4B-L-tyrosine affinity 
chromatography according to established protocols (Burmaoglu et al., 
2022). (1,1-diphenyl-2-picrylhydrazyl (DPPH•), 2,2′-azino-bis (3-ethyl
benzothiazoline-6-sulfonic acid) (ABTS•þ), N,N-dimethyl-p-phenyl
enediamine (DMPD•þ), and 2,9-dimethyl-1,10-phenanthroline 
(Neocuproine)) and reference standards (butylated hydroxyanisole 
(BHA), butylated hydroxytoluene (BHT), Trolox, α-tocopherol) were 
purchased from Sigma-Aldrich. Standard phenolic compounds for UPLC- 
MS/MS analysis were obtained from Sigma-Aldrich. Additional reagents 
and solvents were sourced from either Sigma-Aldrich or Merck (Darm
stadt, Germany).

2.2. Plant material and extraction procedure

P. granatum mature leaves were harvested from Şanlıurfa Province 
(Bozova District), Türkiye, in September 2023. The collected leaves 
were dried at room temperature in a shaded, dry area. After drying, the 
leaves were ground to a fine powder using liquid nitrogen and a por
celain mortar. For extraction, 50 g of the powdered leaf material was 
combined with 250 mL of solvent (methanol or ethanol). The extraction 
process was conducted in a shaking water bath at 50 ◦C over a 72-h 
period. The mixture underwent filtration every 24 h, with fresh sol
vent added following each filtration step (Aggul et al., 2022; Demir 
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et al., 2016). The filtered extracts were combined and concentrated 
using a rotary evaporator (SCILOGEX RE100-Pro, USA) at 50 ◦C. The 
resulting dry extract was transferred to an amber glass container and 
maintained at 4 ◦C until further analysis.

2.3. Phytochemical compound characterization using UPLC-MS/MS

Phenolic compound profiling of P. granatum leaf extract was per
formed using an Agilent 1290 Infinity UPLC system paired with an 
Agilent 6460 Triple Quadrupole mass spectrometer (Agilent Technolo
gies, Santa Clara, CA, USA). The mass spectrometer was equipped with 
an electrospray ionization (ESI) source and operated in negative multi
ple reaction monitoring (MRM) mode according to previously described 
methods (Tohma et al., 2019). Separation was achieved on a Zorbax SB- 
C18 column (4.6 × 100 mm, 3.5 μm) at a column temperature of 30 ◦C. 
The mobile phase consisted of solution A (0.1 % formic acid in water) 
and solution B (0.1 % formic acid in acetonitrile). The gradient program 
was set as follows: initial 5 % B maintained until 4 min; increased to 20 
% B by 7 min; increased to 90 % B by 14 min; held at 90 % B until 15 
min; decreased to 5 % B at 15.1 min; and maintained at 5 % B until 17 
min for column re-equilibration. For each analysis, 5 μL of sample was 
injected at a flow rate of 0.4 mL/min with a total analysis time of 17 min. 
The mass spectrometer parameters were established as follows: nitrogen 
gas temperature of 350 ◦C with 12 L/min flow rate; sheath gas tem
perature of 250 ◦C with 5 L/min flow rate; and nebulizer pressure of 55 
psi. A full mass scan was conducted in the range of 50–1300 m/z. The 
Agilent MassHunter Workstation software was utilized for data collec
tion and processing. MRM transitions and detailed UPLC-MS/MS vali
dation parameters for all targeted phenolic compounds are indicated in 
Supplementary File S1.

2.4. Determination of total phenolic content

The total phenolic content of P. granatum leaf extracts was quantified 
using a modified version of the method described by Singleton and Rossi 
(1965), with adjustments as outlined by Gülçin et al. (2005). Results 
were expressed as gallic acid equivalents (GAE) (Köksal et al., 2017). 
The assay procedure involved combining 0.5 mL of the extracts with 1.0 
mL of Folin-Ciocalteu reagent according to the protocol detailed by 
Çakmakçı et al. (2015). The solution was then supplemented with 0.5 
mL of 1 % sodium carbonate solution and thoroughly mixed. Following a 
2-h incubation period at room temperature under dark conditions, 
absorbance measurements were taken at 760 nm, using water as the 
blank reference. The phenolic content was calculated and reported as 
mg GAE per gram of extract.

2.5. Determination of total flavonoid content

Total flavonoid content was measured using the aluminum chloride 
(AlCl₃) colorimetric method as described by Gülçin et al. (2019). The 
assay was performed by combining 0.5 mL of the extracts (PGM and 
PGE) solution with 1.5 mL of 95 % methanol, followed by the addition of 
1.5 mL of 10 % AlCl₃ solution, 0.5 mL of 1.0 M potassium acetate so
lution, and 2.3 mL of distilled deionized water. The mixture was incu
bated in the dark at 25 ◦C for 40 min, after which absorbance was 
recorded at 415 nm, with distilled water serving as the blank reference. 
Results were calculated and presented as mg quercetin equivalent (QE) 
per gram of extract, according to the method outlined by Kalin et al. 
(2015).

2.6. Antioxidant assays

Multiple complementary antioxidant assays were employed to 
ensure comprehensive evaluation, as no single method can fully reflect 
the overall antioxidant potential. The selected methods represent 
different reaction mechanisms: (1) electron transfer-based assays (Fe3+

reduction, CUPRAC, and FRAP) that measure the reducing capacity of 
antioxidants, and (2) radical scavenging assays (DPPH, ABTS, and 
DMPD) that evaluate the ability to neutralize different types of free 
radicals. These assays were chosen based on sample compatibility, 
analytical sensitivity, and widespread use in literature (Gülçin, 2012; 
Munteanu & Apetrei, 2021). To prevent radical stability issues, we 
maintained controlled incubation conditions (temperature and light).

2.6.1. Fe3+ reducing assay
The ferric ion (Fe3+) reducing the power of P. granatum leaf extracts 

was assessed using a modified method based on protocols established by 
Oyaizu (1986) and subsequently modified by Gülcin (2020). This assay 
measures the capacity of extracts to reduce Fe3+(CN− )₆, resulting in the 
formation of Perl’s Prussian blue following the addition of excess Fe3+

ions. For the procedure, varying concentrations (10–30 μg/mL) of 
P. granatum leaf extracts (0.75 mL) were mixed with 1.25 mL of phos
phate buffer (0.2 M, pH 6.6) and 1.25 mL of potassium ferricyanide (1 % 
K₃Fe(CN)₆). After incubation at 50 ◦C for 30 min, the reaction mixture 
was supplemented with 1.25 mL of 10 % trichloroacetic acid (TCA). 
Finally, 0.5 mL of 0.1 % FeCl₃ was added, and the absorbance of the 
resulting solution was determined spectrophotometrically at 700 nm.

2.6.2. Cupric ions (Cu2+) reducing capacity – CUPRAC assay
The cupric ions (Cu2+) reducing capacity of P. granatum leaf extracts 

was evaluated using the CUPRAC assay, alongside reference antioxi
dants (BHA, BHT, α-tocopherol, and Trolox). This method utilizes neo
cuproine as the chromogenic oxidizing agent for the detection of 
antioxidant activity (Ak & Gülçin, 2008; Apak et al., 2006). The assay 
protocol involved combining 1.0 M acetate buffer, 10 mM CuCl₂ solu
tion, and 7.5 mM neocuproine solution with extract samples at con
centrations ranging from 10 to 30 μg/mL. After thorough 
homogenization of the reaction mixture, distilled water was added to 
bring the final volume to 2 mL. The solution was then maintained at 
room temperature for an incubation period of 30 min. Measurements 
were conducted against deionized water, which served as the blank 
reference. The antioxidant capacity was determined based on the in
crease in absorbance (450 nm) values observed for the samples.

2.6.3. Fe3+-TPTZ reducing ability – FRAP assay
The Fe3+-reducing antioxidant power (FRAP) assay was employed to 

evaluate the ability of P. granatum leaf extracts to reduce the TPTZ-Fe3+

complex under acidic conditions. Standard antioxidants, including BHA, 
BHT, α-tocopherol, and Trolox, were used as positive controls for com
parison. The assay was conducted by combining 10 mM TPTZ (2,4,6- 
tripyridyl-s-triazine) solution, 20 mM FeCl₃ solution, and 0.3 M phos
phate buffer (pH 3.6) with the extracts at concentrations between 10 and 
30 μg/mL. The reaction mixture was subjected to incubation at 37 ◦C for 
a period of 30 min. Subsequently, absorbance measurements were 
recorded at 593 nm, with buffer solution serving as the blank reference. 
As noted by Göçer and Gülçin (2011), the absorbance readings 
demonstrated a concentration-dependent increase, indicating higher 
reducing capacity with increasing extract concentration.

2.6.4. 1,1-Diphenyl-2-picrylhydrazyl (DPPH) free radical scavenging 
activity

The DPPH• scavenging method was utilized to assess the free radical 
neutralizing capacity of P. granatum leaf extracts, alongside reference 
antioxidants BHA, BHT, α-tocopherol, and Trolox. This assay evaluates 
the ability of compounds to donate hydrogen atoms to the stable DPPH 
radicals, resulting in their reduction. For experimental implementation, 
extracts at various concentrations (10 to 30 μg/mL) were combined with 
0.1 mM DPPH• solution. The resulting mixtures were maintained at 
room temperature under dark conditions for 30 min. Following incu
bation, spectrophotometric measurements were taken at 517 nm, with 
ethanol employed as the blank reference. As described by Gaurav et al. 
(2023), the scavenging efficiency is inversely related to absorbance 
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values, where lower absorbance readings indicate greater DPPH radical 
neutralization by the test samples.

2.6.5. N,Nˊ-dimethyl-p-phenylenediamine dihydrochloride (DMPD˖+) 
deradicalization activity

The ability of P. granatum leaf extracts to inhibit DMPD˖̟+ cation 
radical formation was evaluated using the DMPD˖̟+ scavenging assay. 
For the preparation of DMPD˖̟+ solution, 105 mg of DMPD˖̟+ was dis
solved in 5 mL of solution, and subsequently, 1 mL of this preparation 
was combined with 100 mL of acetate buffer (0.1 M, pH 5.3). The 
mixture was then subjected to 10 min of agitation under dark conditions. 
The DMPD˖̟+ scavenging capacity assessment involved combining a 
mixture of 0.1 M phosphate buffer (pH 5.3), 0.05 M FeCl₃, and DMPD˖̟+

solution with the extracts (PGM and PGE) and reference antioxidants 
(BHA, BHT, α-tocopherol, and Trolox) at concentrations between 10 and 
30 μg/mL. Following a 1-h incubation period, absorbance was measured 
spectrophotometrically at 505 nm, with buffer solution used as the blank 
reference. The observed absorbance values were used to calculate the 
DMPD˖̟+ scavenging efficiency of the samples (Fogliano et al., 1999; 
Karagecili et al., 2023).

2.6.6. Azino-bis (3-ethylbenzo-thiazoline-6-sulfonic acid) radical 
(ABTS˖+) scavenging activity

The capacity of P. granatum leaf extracts to neutralize ABTS˖̟+ radi
cals was evaluated according to the protocol established by Re et al. 
(1999), alongside reference antioxidants BHA, BHT, α-tocopherol, and 
Trolox. The ABTS˖̟+ was generated through the reaction between 7.0 
mM ABTS˖̟+ solution and 2.45 mM potassium persulfate (K₂S₂O₈). Before 
testing, the absorbance of the ABTS˖̟+ solution was standardized to 0.750 
± 0.025 at 734 nm by dilution with 0.1 M buffer (pH 7.4). Extract 
samples at concentrations ranging from 10 to 30 μg/mL were then 
introduced to this adjusted ABTS˖̟+ solution. The reaction mixtures were 
maintained for 30 min, after which absorbance measurements were 
recorded at 734 nm. Ethanol was employed as the blank reference for 
measurements. The efficacy of ABTS˖̟+ radical scavenging was deter
mined by monitoring the reduction in absorbance values, with greater 
decreases indicating enhanced radical neutralization capacity (Gaurav 
Anwar et al., 2023; Re et al., 1999).

2.7. Enzyme inhibitory capacity assays

The inhibition of CA I and II isoenzymes was evaluated using en
zymes purified from human erythrocytes via Sepharose-4B-L-Tyrosine 
sulphonamide affinity chromatography. The purification process 
involved precipitating erythrocytes by centrifugation, separating serum, 
and adjusting pH to 8.7 with solid Tris. The prepared sample was loaded 
onto an affinity column equilibrated with Tris-Na₂SO₄/HCl (22 mM/25 
mM, pH 8.7). CA I and II isoenzymes were eluted using sodium acetate/ 
NaClO₄ solution with pH adjusted to 5.6 at 25 ◦C. Protein concentration 
was determined using the Bradford method, and enzyme purity was 
verified by SDS-PAGE analysis. The esterase activity of CA I and II iso
enzymes, as well as inhibition by extracts, was monitored through 
absorbance measurements at 348 nm (Huyut et al., 2017; Şenol et al., 
2023; Taslimi & Gulçin, 2018).

The AChE inhibition analysis employed Ellman et al. (1961) utilizing 
acetylthiocholine iodide as the primary substrate. The analytical prin
ciple relies on quantifying the yellow chromophore produced through 
the DTNB (5,5′-dithiobis (2-nitrobenzoic) acid) reaction. The experi
mental procedure involved preparing reaction mixtures containing 
P. granatum leaf extracts (50–200 μL), Tris-HCl buffer solution (100 μL, 
1.0 M, pH 8.0), and AChE enzyme preparation. Following thermal 
equilibration at 20 ◦C for 10 min, the reaction was initiated by intro
ducing substrate and DTNB solutions (50 μL each). Enzyme inhibition 
was quantified through spectrophotometric measurements at 412 nm 
(Karageçili et al., 2023).

For α-Gly inhibition analysis, the method described by Tao et al. 

(2013) was employed, using p-nitrophenyl-D-glycopyranoside (p-NPG) 
as the substrate. The reaction mixture was prepared by combining 40 μL 
of extract with 200 μL of phosphate buffer-containing enzyme (0.15 EU/ 
mL, pH 7.4). After pre-incubation, 50 μL of p-NPG solution (5 mM in 
phosphate buffer, pH 7.4) was added. Following incubation at 30 ◦C, the 
enzymatic reaction was monitored spectrophotometrically at 405 nm to 
determine inhibition rates (Özaslan et al., 2022).

2.8. Molecular docking studies

Molecular docking analysis was performed to investigate in
teractions between ellagic acid (the major compound) and target en
zymes (CA I, CA II, AChE, and α-Gly) using the Schrödinger Molecular 
Modeling Suite Maestro 13.5 program (https://doi.org/10.1002/slct. 
202303054). The workflow comprised: (i) Ligand preparation: Chemi
cal structures of ellagic acid and reference inhibitors (acetazolamide, 
tacrine, and acarbose) were retrieved as SMILES codes from PubChem 
and optimized using Maestro’s LigPrep software (Schrödinger Release 
2023–1: LigPrep, LLC, New York, NY 2023). (ii) Protein preparation: 
Crystal structures of target enzymes were obtained from the RCSB Pro
tein Data Bank (PDB IDs: 4WR7 for CA I, 5AML for CA II, 4TVK for AChE, 
and 3L4Y for α-Gly) and processed using Protein Preparation Wizard in 
Schrödinger software (v.13.5.128) to optimize structures. (iii) Grid 
generation: Active site regions were defined using the receptor grid 
generation tool in Maestro 13.5. (iv) Docking simulations: Binding af
finities and potential interactions between ligands and enzymes were 
calculated using the ligand docking module of Schrödinger Molecular 
Modeling Suite.

The re-docking approach is used to validate the molecular docking 
methodology. In this process, co-crystal ligands are separated from 
target proteins for further processing and re-docked to their respective 
proteins to validate successful docking. After performing the re-docking 
procedure, the best conformations of target compounds are super
imposed with co-crystal ligands. In the validation process, poses with 
RMSD values below 2 Å are generally accepted as a criterion for deter
mining correct binding structure prediction (Guney et al., 2023).

2.9. Statistical analysis and data evaluation

All experiments were performed in triplicate, and results were 
expressed as mean ± standard deviation. In antioxidant activity tests, 
differences between PGM, PGE, and standard antioxidants were evalu
ated using One-Way ANOVA followed by Tukey’s post-hoc test (SPSS 25, 
IBM). Values of p < 0.05 were considered significant. In radical scav
enging tests (DPPH, ABTS, and DMPD) and enzyme inhibition studies, 
IC₅₀ values were calculated using regression analysis in Excel. The 
concentration-response relationship was evaluated by the regression 
coefficient (r2).

3. Results

3.1. Phytochemical analysis

3.1.1. Total phenolic and flavonoid contents
Quantitative analysis revealed that PGM contained substantially 

higher levels of bioactive compounds compared to PGE. Specifically, 
PGM contained 409.44 μg GAE/mg of total phenolic compounds and 
64.52 μg QE/mg of flavonoids. In comparison, PGE contained 265.00 μg 
GAE/mg of phenolic compounds and 50.86 μg QE/mg of flavonoids.

3.1.2. UPLC-MS/MS profile of phytochemical compounds
Detailed phytochemical profiling of PGE using UPLC-MS/MS iden

tified and quantified 10 phytochemical compounds out of 35 standard 
compounds analyzed, as presented in Table 1 and Fig. 1. Ellagic acid was 
identified as the major compound (34,695.8928 ng/mL), in agreement 
with previous findings on pomegranate leaves, as discussed in detail in 
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Section 4. Other phenolic compounds detected in significant quantities 
included gallic acid (3408.1290 ng/mL), syringic acid (495.6746 ng/ 
mL), fumaric acid (387.9811 ng/mL), and p-coumaric acid (375.4048 
ng/mL). Flavonoids, including luteolin (325.7642 ng/mL), quercetin 
(75.5758 ng/mL), and apigenin (11.1540 ng/mL), were also identified. 
Additionally, quinic acid (14.3158 ng/mL) and ferulic acid (32.0906 ng/ 
mL) were detected in minor amounts.

3.2. Antioxidant activity

3.2.1. Fe3+ reduction, CUPRAC, and FRAP reducing abilities results
The reducing abilities of PGM and PGE were evaluated using three 

complementary assays (Fe3+ reducing, CUPRAC, and FRAP) and 
compared with standard antioxidants (BHA, BHT, Trolox, and 
α-Tocopherol) across concentrations ranging from 10 to 30 μg/mL as 
presented in Fig. 2, with the results at 30 μg/mL specifically detailed in 
Table 2. Both extracts showed concentration-dependent reducing ability 
in all assays, with activity increasing proportionally with concentration 
from 10 to 30 μg/mL. The comparative analysis between extracts and 
standards was most pronounced at the highest tested concentration (30 
μg/mL).

In the Fe3+ reducing assay, the methanol extract (30 μg/mL) 
exhibited significantly stronger reducing capacity (2.64 ± 0.06) 
compared to the ethanol extract (1.74 ± 0.08, p < 0.05). The methanol 
extract demonstrated comparable activity to the standard antioxidant 
BHA (2.78 ± 0.04, p > 0.05), while showing higher reducing ability than 
Trolox (1.71 ± 0.12, p < 0.05) and α-Tocopherol (1.16 ± 0.01, p <
0.05). However, BHT displayed the strongest Fe3+ reducing capacity 
(3.26 ± 0.06) among all tested samples, significantly higher than both 
extracts (p < 0.05). The high correlation coefficients (r2 > 0.9400) 
confirmed the reliability of these measurements.

The CUPRAC assay revealed that both methanol (2.54 ± 0.04) and 
ethanol (2.49 ± 0.02) extracts exhibited comparable Cu2+ ion reducing 
capacities (p > 0.05). Moreover, both extracts significantly out
performed the standard antioxidants BHA (1.80 ± 0.02, p < 0.05), 
Trolox (0.97 ± 0.04, p < 0.05), and α-tocopherol (1.44 ± 0.02, p <
0.05). Only BHT (3.11 ± 0.09) showed significantly higher activity than 
both extracts (p < 0.05). The correlation coefficients (r2 > 0.9200) 
validated the accuracy of these results.

For the FRAP assay, which measures Fe3+ reducing antioxidant 
power, the methanol extract (1.86 ± 0.02) showed slightly higher ac
tivity than the ethanol extract (1.80 ± 0.01), though this difference was 
not statistically significant (p > 0.05). Both extracts exhibited compa
rable reducing ability to Trolox (1.87 ± 0.05, p > 0.05) and α-Tocoph
erol (1.68 ± 0.06, p > 0.05), while BHA (1.99 ± 0.01) and particularly 
BHT (2.75 ± 0.02) demonstrated significantly stronger Fe3+ reducing 
capacity (p < 0.05 for both compared to the extracts). The high corre
lation coefficients (r2 > 0.9520) confirmed the reliability of the FRAP 
assay data.

3.2.2. DPPH•, ABTS•+, and DMPD•+ scavenging results
The multi-radical scavenging capacity of PGM and PGE was 

Table 1 
Phytochemical profiling and quantification of phytochemical compounds in 
Punica granatum L. leaf extract using UPLC-MS/MS.

No Analytes RT PGE 
(ng/mL)

1 Quinic Acid 2.359 14.3158
2 Fumaric Acid 3.971 387.9811
3 Gallic Acid 5.490 3408.1290
4 Pyrogallol 6.609 n.d.
5 Keracyanin Chloride 10.436 n.d.
6 Cyanidin-3-o-glucoside 10.452 n.d.
7 Chlorogenic Acid 10.860 n.d.
8 Catechin 11.167 n.d.
9 Peonidin-3-o-glucoside 11.220 n.d.
10 4-OH-Benzoic Acid 11.290 n.d.
11 Epicatechin 11.298 n.d.
12 Epigallocatechin Gallate 11.408 n.d.
13 Caffeic Acid 11.534 n.d.
14 Vitexin 11.699 n.d.
15 Vanillic Acid 11.840 n.d.
16 Hesperidin 12.030 n.d.
17 Naringin 12.031 n.d.
18 Ellagic Acid 12.036 34,695.8928
19 Syringic Acid 12.185 495.6746
20 p-Coumaric Acid 12.318 375.4048
21 Taxifolin 12.397 n.d.
22 Ferulic Acid 12.447 32.0906
23 Rosmarinic Acid 12.497 n.d.
24 Sinapic Acid 12.518 n.d.
25 Vanillin 12.638 n.d.
26 Myricetin 12.759 n.d.
27 Resveratrol 13.185 n.d.
28 Luteolin 13.356 325.7642
29 Quercetin 13.470 75.5758
30 Apigenin 13.966 11.1540
31 Naringenin 13.994 n.d.
32 Isorhamnetin 14.122 n.d.
33 Chrysin 15.489 n.d.
34 Galangin 15.546 n.d.
35 Curcumin 15.613 n.d.

R.T.: Retention time, PGE: Punica granatum L. leaf ethanol extract, n.d.: not 
detected.

Fig. 1. UPLC-MS/MS multiple reaction monitoring chromatograms of phenolic compounds from Punica granatum leaf ethanol extract.
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evaluated using three different radical systems (DPPH•, ABTS•+, and 
DMPD•+) and compared with standard antioxidants. Fig. 3 illustrates 
the concentration-dependent radical scavenging effects across different 
concentrations, demonstrating clear dose-response relationships for 
both extracts, while Table 3 summarizes the IC50 values derived from 
these inhibition curves.

In the DPPH• assay, both extracts demonstrated potent activity with 
IC50 values of 6.9315 μg/mL (methanol) and 7.3739 μg/mL (ethanol). 
The methanol extract showed 1.2-fold and 1.7-fold stronger DPPH•

scavenging ability than BHA (IC50: 8.3512 μg/mL) and BHT (IC50: 
11.9508 μg/mL), respectively, while the ethanol extract was 1.1-fold 
and 1.6-fold more potent. Statistical analysis confirmed significant dif
ferences between the extracts and BHT (p < 0.05), with the methanol 
extract also showing significantly better activity than BHA (p < 0.05). 
The methanol extract’s activity was comparable to Trolox (IC50: 7.0015 
μg/mL), while the ethanol extract’s activity matched α-Tocopherol 
(IC50: 7.3739 μg/mL). The high correlation coefficients (r2 > 0.9350) 
confirmed the reliability of these findings.

In the ABTS•+ assay, both extracts exhibited exceptional radical 
scavenging activity, with the ethanol extract (IC50: 2.8063 μg/mL) being 

1.1-fold more effective than the methanol extract (IC50: 3.0535 μg/mL). 
Both extracts substantially surpassed the standard antioxidants, with the 
methanol extract being 2.1-fold, 1.7-fold, and 8.7-fold more potent than 
BHA (IC50 = 6.3591 μg/mL), Trolox (IC50: 5.1727 μg/mL), and 
α-Tocopherol (IC50: 26.6595 μg/mL), respectively. The ethanol extract 
showed even greater potency, being 2.3-fold, 1.8-fold, and 9.5-fold more 
effective than BHA, Trolox, and α-Tocopherol, respectively. The activity 
of BHT (IC50: 2.9496 μg/mL) was comparable to that of the extracts 
(1.03-fold difference with methanol extract and 1.05-fold difference 
with ethanol extract). Statistical analysis of absorbance measurements 
confirmed that both extracts performed significantly better than Trolox 
and DMPD (p < 0.05). The strong correlation coefficients (r2 > 0.93) 
validated the accuracy of these results.

In the DMPD•+ assay, both extracts showed moderate activity, with 
the methanol extract (IC50: 49.5105 μg/mL) performing slightly better 
than the ethanol extract (IC50: 53.3190 μg/mL). However, both extracts 
exhibited significantly lower activity than standard antioxidants (p <
0.05), with the methanol extract being 2.0-fold and 3.8-fold less potent 
than BHA (IC50: 24.7553 μg/mL) and Trolox (IC50: 13.0783 μg/mL), 
respectively. Similarly, the ethanol extract was 2.2-fold and 4.1-fold less 

Fig. 2. The reducing capabilities of Punica granatum leaf ethanol, methanol extract and standards: Fe+3 reduction (A), Cu+2 reduction (B), Fe+3-TPTZ reduction (C). 
Values represent mean ± SD (n = 3). BHA: butylated hydroxyanisole; BHT: butylated hydroxytoluene. PGE: Punica granatum L. leaf ethanol extract, PGM: Punica 
granatum leaf methanol extract.

Table 2 
The reducing abilities Punica granatum L. leaf extracts (30 μg /mL).

Assay Unit Extracts BHA BHT Trolox AT

Methanol Ethanol

Fe3+ reducing
λ700 2.64 ± 0.06b 1.74 ± 0.08 a 2.78 ± 0.04b 3.26 ± 0.06a,b 1.71 ± 0.12a 1.16 ± 0.01a,b

r2 0.9868 0.9942 0.9815 0.9474 0.9832 0.9993

CUPRAC λ450 2.54 ± 0.04 2.49 ± 0.02 1.80 ± 0.02a,b 3.11 ± 0.09a,b 0.97 ± 0.04a,b 1.44 ± 0.02a,b

r2 0.9984 0.9990 0.9292 0.9604 0.9990 0.9952

FRAP
λ593 1.86 ± 0.02 1.80 ± 0.01 1.99 ± 0.01a,b 2.75 ± 0.02a,b 1.87 ± 0.05 1.68 ± 0.06a,b

r2 0.9912 0.9842 0.9522 0.9798 0.9739 0.9998

AT: α-Tocopherol, BHA: butylated hydroxyanisole; BHT: butylated hydroxytoluene.
Values are mean ± SD (n = 3). One-way ANOVA with Tukey’s test (p < 0.05). a p < 0.05 vs. PGM, b p < 0.05 vs. PGE.
AT: α-Tocopherol, BHA: butylated hydroxyanisole; BHT: butylated hydroxytoluene.
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effective. BHT and α-Tocopherol activities were not determined in this 
assay. The high correlation coefficients (r2 > 0.9720) confirmed the 
reliability of these measurements.

3.3. Enzyme inhibition results

The enzyme inhibition properties of PGM and PGE were evaluated 
against four physiologically important enzymes: CAs I and II, AChE, and 
α-Gly. Fig. 4 illustrates the concentration-dependent inhibition profiles, 
while Table 4 presents the calculated IC50 values compared with refer
ence inhibitors.

For CA I isoenzyme inhibition, both extracts showed activity with 
IC50 values of 0.0221 μg/mL and 0.0234 μg/mL for PGM and PGE, 
respectively. Reference inhibitor Acetazolamide exhibited an IC50 value 
of 0.0061 μg/mL, with PGM and PGE showing approximately 3.6-fold 
and 3.8-fold higher IC50 values.

In the CA II isoenzyme inhibition assay, PGE showed an IC50 value of 
0.0240 μg/mL compared to PGM (IC50: 0.0344 μg/mL), representing a 
1.4-fold difference. Both extracts showed higher IC50 values than 

Acetazolamide (IC50: 0.0072 μg/mL), with PGM being 4.8-fold and PGE 
3.3-fold higher.

Both extracts displayed AChE inhibition with identical IC50 values 
(0.0017 μg/mL), which was 1.7-fold higher than the reference inhibitor 
tacrine (IC50: 0.0010 μg/mL).

In the α-Gly inhibition assay, both extracts demonstrated inhibitory 
activity with IC50 values of 0.0073 μg/mL (PGM) and 0.0052 μg/mL 
(PGE). Compared to the clinical reference inhibitor acarbose (IC50: 
0.0147 μg/mL), PGM and PGE showed 2.0-fold and 2.8-fold lower IC50, 
respectively.

3.4. Molecular docking analysis of ellagic acid interactions with target 
enzymes

Table 5 presents the computational analysis of binding interactions 
between ellagic acid (the major bioactive compound) and four target 
enzymes (CA I, CA II, AChE, and α-Gly), while Fig. 5 illustrates these 
interactions in both 2D and 3D formats. For CA I (PDB: 4WR7), ellagic 
acid exhibited a reasonable binding affinity with a docking score of 

Fig. 3. Comparison of radical scavenging activities (IC50, μg/mL) of Punica granatum leaf ethanol, methanol extract and reference antioxidants against (A) DPPH•, 
(B) ABTS•+, and (C) DMPD•+ radicals. 
Values represent mean ± SD (n = 3). BHA: butylated hydroxyanisole; BHT: butylated hydroxytoluene. PGE: Punica granatum L. leaf ethanol extract, PGM: Punica 
granatum leaf methanol extract.

Table 3 
Multi-radical scavenging activity assessment of Punica granatum L. leaf extracts.

Assay Unit Extract BHA BHT Trolox AT

Methanol Ethanol

DPPH• IC50, μg/mL 6.9315 7.3739 8.3512 11.9508 7.0015 7.3739
r2 0.9930 0.9971 0.9817 0.9992 0.9359 0.9994

ABTS•+ IC50, μg/mL 3.0535 2.8063 6.3591 2.9496 5.1727 26.6595
r2 0.9419 0.9948 0.9786 0.9354 0.9936 0.9158

DMPD•+ IC50, μg/mL 49.5105 53.3190 24.7553 – 13.0783 –
r2 0.9892 0.9998 0.9724 – 0.9896 –

AT: α-Tocopherol, BHA: butylated hydroxyanisole; BHT: butylated hydroxytoluene.
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− 5.2 kcal/mol, though this was less favorable than acetazolamide (− 6.0 
kcal/mol). For CA II (PDB: 5AML), ellagic acid demonstrated a stronger 
binding affinity (− 5.6 Kcal/mol) compared to acetazolamide (− 4.2 
Kcal/mol). For AChE (PDB: 4TVK), ellagic acid showed an impressive 
binding affinity (− 11.5 Kcal/mol), approaching that of tacrine (− 13.8 
Kcal/mol). In the case of α-Gly (PDB: 3L4Y), ellagic acid showed mod
erate binding affinity (− 6.226 Kcal/mol) compared to acarbose 
(− 14.705 Kcal/mol).

3.5. Docking validation studies

The re-docking method was applied in this study to verify the ac
curacy of the docking process. As shown in Fig. 6, the RMSD (root mean 
square deviation) values for ligands 3TV, 51 J, TJH, and NR4 were 
calculated as 1.0595, 1.8722, 1.7187, and 1.6261 Å, respectively.

4. Discussion

Our analysis demonstrates significant levels of beneficial compounds 
in pomegranate leaf extracts, with methanol-based extraction yielding 
409.44 μg GAE/mg phenolics and 64.52 μg QE/mg flavonoids, while 
ethanol-based methods produced 265.00 μg GAE/mg phenolics and 
50.86 μg QE/mg flavonoids. Such findings align with existing research 
documenting the substantial bioactive properties of these plant mate
rials (Machado et al., 2023; Saparbekova et al., 2023; Trabelsi et al., 
2020; Yu et al., 2024; Zhang et al., 2010). When examining relative 
concentrations, pomegranate foliage often surpasses both conventional 
medicinal herbs and standard fruit plants in phenolic and flavonoid 
abundance. Turkish investigators identified methanol-extracted 

Fig. 4. Enzyme inhibitory activities (IC50, μg/mL) of Punica granatum leaf ethanol, methanol extract and reference inhibitors against (A) CA I, (B) CA II, (C) AChE, 
and (D) α-Gly. 
Values represent mean ± SD (n = 3). CA: carbonic anhydrase, AChE: acetylcholinesterase, α-Gly: α-glycosidase, PGE: Punica granatum L. leaf ethanol extract, PGM: 
Punica granatum leaf methanol extract.

Table 4 
Enzyme inhibition activities of Punica granatum L. leaf extracts.

Enzyme Extract IC50 (μg/mL) Reference 
Inhibitor

References 
IC50 (μg/mL)

Methanol Ethanol

CA I 0.0221 
(r2:0.9906)

0.0234 
(r2:0.9901)

Acetazolamide 0.0061 
(r2:0.9983)

CA II 0.0344 
(r2:0.9873)

0.0240 
(r2:0.9892)

Acetazolamide 0.0072 
(r2:0.9850)

AChE
0.0017 
(r2:0.9912)

0.0017 
(r2:0.9947) Tacrine

0.0010 
(r2:0.9856)

α-Gly
0.0073 
(r2:0.9895)

0.0052 
(r2:0.9946) Acarbose

0.0147 
(r2:0.9922)

Reference inhibitors: Acetazolamide for carbonic anhydrases (CAs) I and II, 
tacrine for acetylcholinesterase (AChE), and acarbose for α-glycosidase (α-Gly)

Table 5 
Molecular docking interactions of the major phenolic compound of Punica 
granatum L. (Ellagic acid) with CAs I and II, AChE, α-Gly.

Ligand – 
Protein 
complex

PDB 
id

Affinity 
(Kcal/mol)

Interactions at the active pocket

Type of 
interaction

Residue 
information

Ellagic acid – 
CA I

4WR7 − 5.2 H Bond GLN 92, HIE 67, 
ASN 69

Ellagic acid – 
CA II

5AML − 5.6 π-π stacking 
H Bond

PHE 13 (5.14 Å) 
ASN 67 (1.96 Å)

Ellagic Acid – 
AChE

4TVK − 11.5 π-π stacking 
H Bond

THR 121(5.17 Å) 
PHE 330 (4.40, 
5.15, 5.02 Å), 
TYR 121(5.17 Å), 
TYR 334 (4.98, 
5.46 Å) 
PHE 288 (2.05 Å)

Ellagic Acid – 
α-Gly

3L4Y − 6.2 H Bond ASP 203 (1.79 Å) 
ARG 526 (2.07 Å)

*CA: Carbonic anhydrase, AChE: Acetylcholinesterase, α-Gly: α-glycosidase.
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pomegranate leaves as containing the highest phenolic levels among 
various fruit tree foliage samples (Uysal et al., 2016). Similarly, Thai 
researchers found ethanol-derived pomegranate leaf material contained 
superior concentrations of both compound types (3.13 mg GAE/g phe
nolics; 237 μg QE/g flavonoids) when comparing ten plant species with 
known health benefits (Kaewnarin et al., 2014). Examinations of Tuni
sian Gabsi varieties revealed leaf phenolic acid measurements (721.9 mg 
FAE/kg) substantially exceeding those from peel and flower components 
(164.5 and 173.3 mg FAE/kg) (Fellah et al., 2018; Fellah et al., 2020) 
Indian samples showed regional variations, with Maharashtra specimens 

yielding 126.667 mg RE/g flavonoids (Mestry & Juvekar, 2017) and 
Gujarat material containing 102.02 mg QE/g (Ankita et al., 2015). Our 
measured flavonoid values (64.52 and 50.86 μg QE/mg) appear 
comparatively lower, though such differences likely result from cultivar 
selection, growing location, harvest timing, and processing methodol
ogy rather than analytical discrepancies.

As a result of UPLC-MS/MS analysis, 10 phytochemical compounds 
were identified in PGE, among which ellagic acid stood out as the major 
bioactive compound. The dominance of ellagic acid is particularly 
noteworthy given its well-characterized antioxidant, anti-inflammatory, 

Fig. 5. Molecular docking analysis showing 2D and 3D interactions of ellagic acid with target enzymes: (A) CA I, (B) CA II, (C) AChE, and (D) α-Gly. 
CA: carbonic anhydrase; AChE: acetylcholinesterase; α-Gly: α-glycosidase.

Fig. 6. Re-docking validations of enzyme-ligand complexes: (A) CA I-3TV, (B) CA II-51 J, (C) AChE-TJH, (D) α-Gly-NR4, Co-crystallized ligands are shown in gray, 
while re-docked ligands are represented as ball and stick models in green. The zinc ion (Zn2+) is depicted as a gray sphere. 
CA: carbonic anhydrase; AChE: acetylcholinesterase; α-Gly: α-glycosidase. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.)
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and enzyme inhibitory properties (Mohammadinejad et al., 2022). The 
detected value (34,695.8928 ng/mL) is significantly higher than the 
ellagic acid content reported in pomegranate peels grown in Tunisia 
(35.89 mg/100 g) (Elfalleh et al., 2011). The presence of ellagic acid in 
such high concentration is consistent with the literature, as it is among 
the most frequently identified phenolic acids in pomegranate leaves 
along with gallic acid (Pottathil et al., 2020). Similarly, in our study, 
gallic acid (3408.1290 ng/mL) was detected as the compound with the 
second-highest concentration in the extract after ellagic acid. It has been 
reported that punicalagin and gallagic acid concentrations in leaf ex
tracts of the Wonderful variety in Israel were higher than ellagic acid 
and gallic acid (Orgil et al., 2014). This difference may be related to the 
fact that ellagic acid and gallic acid are precursors for ellagitannins such 
as punicalagin (Ono et al., 2012) and reflect the influence of the 
pomegranate variety used growing conditions, and extraction method. 
Additionally, other phenolic compounds such as syringic acid 
(495.6746 ng/mL), fumaric acid (387.9811 ng/mL), and p-coumaric 
acid (375.4048 ng/mL) were detected in notable amounts in the extract. 
A study from Turkey demonstrated that aqueous extracts of pome
granate leaves contained significantly higher concentrations of gallic 
acid (6.92 mg/g vs. 0.73 mg/g) and chlorogenic acid (22.25 mg/g vs. 
3.32 mg/g) compared to methanol extracts (Uysal et al., 2016). The 
choice of extraction solvent is a critical factor in the extraction of 
phenolic compounds, as some phenolic acids are specific to certain 
solvents: p-hydroxybenzoic acid and benzoic acid were found only in 
methanolic P. granatum leaf extract, while ferulic acid was found only in 
water extracts (Uysal et al., 2016). Flavonoids such as luteolin 
(325.7642 ng/mL), quercetin (75.5758 ng/mL), and apigenin (11.1540 
ng/mL) were also detected at lower concentrations. These findings are 
consistent with the main flavonoids identified in pomegranate leaves in 
the literature; apigenin, luteolin, quercetin, rutin, catechin, and 
kaempferol and their derivatives have been commonly detected in 
various pomegranate leaf extracts (Ankita et al., 2015; Farag et al., 
2014; Mestry & Juvekar, 2017; Pottathil et al., 2020). In the literature, it 
has been reported that pomegranate peel contains tannins ranging from 
193 to 420 mg/g and flavonoids ranging from 84 to 134 mg/g in dry 
matter (Pottathil et al., 2020). The high phenolic content we detected in 
leaf extracts in our study confirms that not only the fruit of pomegranate 
but also its leaves are a valuable source of bioactive compounds. These 
findings are also consistent with the content detected by de Lima et al. 
(2021) in their phytochemical analysis of the crude extract and different 
fractions (hexanoic, ethyl acetate, and aqueous fractions) of P. granatum 
leaves.

In the Fe3+ reduction test, it was observed that PGM (2.64 ± 0.06) 
exhibited a significantly stronger reduction capacity compared to PGE 
(1.74 ± 0.08, p < 0.05). PGM demonstrated a reduction capability 
comparable to the standard antioxidant BHA (p > 0.05) and significantly 
higher than Trolox (p < 0.05) and α-Tocopherol (p < 0.05). The effect of 
solvent choice on the antioxidant potential of extracts was most evident 
in this test. This finding is consistent with the study by Kaneria et al. 
(2012), the researchers showed that different extraction techniques and 
solvents significantly affected the antioxidant capacity of pomegranate 
leaves. They particularly noted that sequential extraction with acetone 
was especially effective in extracting antioxidants from P. granatum 
leaves obtained from India, showing higher DPPH• and stronger FRAP 
compared to pomegranate stem. The CUPRAC method measures the 
capacity of extracts to reduce Cu2+ ions, and in this test, PGM (2.54 ±
0.04) and PGE (2.49 ± 0.02) were observed to exhibit similar activity (p 
> 0.05). Both extracts demonstrated significantly superior Cu2+ reduc
tion capabilities compared to standard antioxidants BHA, Trolox, and 
α-Tocopherol (p < 0.05). In the FRAP analysis, PGM (1.86 ± 0.02) 
showed a slight superiority compared to PGE (1.80 ± 0.01, p > 0.05), 
and both extracts exhibited Fe3+ reduction power comparable to Trolox 
and α-Tocopherol (p > 0.05). The fact that the FRAP test measures 
antioxidant capacity, particularly in acidic environments indicates that 
the extracts maintain their efficacy under different pH conditions. When 

the results of the three reduction tests are evaluated holistically, it be
comes apparent that the capacity of P. granatum leaf extracts to reduce 
metal ions is a crucial component of their antioxidant mechanism.

Our antioxidant evaluation revealed exceptional free radical 
neutralization capabilities in both pomegranate leaf extracts. Against 
DPPH• radicals, PGM demonstrated superior performance (IC50: 6.93 
μg/mL) compared to PGE (IC50: 7.37 μg/mL), both significantly sur
passing reference antioxidants BHA and BHT (p < 0.05). This extraction 
solvent-dependent variation aligns with Zhang et al. (2010) observa
tions regarding the relationship between phenolic/flavonoid concen
trations and antioxidant potential. Even more remarkable were the 
results from ABTS•+ radical scavenging assessments, where both ex
tracts achieved impressive neutralization rates (IC50: 2.81–3.05 μg/mL), 
significantly exceeding the effectiveness of BHA, Trolox, and 
α-Tocopherol (p < 0.05). These findings align with research by Yu et al. 
(2021), who documented Portuguese pomegranate leaf preparations 
outperform established medicinal herbs, such as sage and rosemary, in 
terms of antioxidant capability. Multiple comparative analyses support 
this pattern of exceptional antioxidant activity. Kolar et al. (2021) and 
Rummun et al. (2013) independently confirmed that pomegranate’s 
non-edible tissues, particularly the leaves, exhibit stronger antioxidant 
properties than the traditionally used peel and seeds. de Lima et al. 
(2021) further established a direct connection between the chemical 
constituents identified in foliar tissue and the electron-donating mech
anisms observed during both DPPH• and ABTS•+ testing protocols. 
When challenged with DMPD•+ radicals, however, the extracts showed 
less pronounced scavenging abilities (IC50: 49.51–53.32 μg/mL), per
forming significantly worse than BHA and Trolox (p < 0.05), suggesting 
that their protective mechanisms may function selectively depending on 
the specific reactive species encountered. Despite the methanol extract 
containing higher levels of phenolic compounds (409.44 vs. 265.00 μg 
GAE/mg) and flavonoids (64.52 vs. 50.86 μg QE/mg), the ethanol 
extract demonstrated comparable or superior activity in several assays, 
particularly ABTS. This suggests that antioxidant capacity depends not 
only on the quantity of phenolics but also on their specific structures, 
potential synergistic interactions, and possibly non-phenolic antioxi
dants not detected by standard assays (Gülcin, 2020).

The integration of molecular docking with enzyme inhibition data 
provided insights into potential inhibitory mechanisms, though docking 
scores alone cannot predict actual biological activity. For CA I, the 
predicted binding affinity of ellagic acid (− 5.2 Kcal/mol) was lower 
compared to acetazolamide (− 6.0 Kcal/mol), which aligns with our 
findings where PGM and PGE (IC50: 0.0221 and 0.0234 μg/mL, 
respectively) were approximately 3.6–3.8 fold less potent than acet
azolamide (IC50: 0.0061 μg/mL).

Interestingly for CA II, the docking score of ellagic acid (− 5.6 kcal/ 
mol) was stronger than acetazolamide (− 4.2 Kcal/mol), yet experi
mentally, PGM and PGE (IC50: 0.0344 and 0.0240 μg/mL, respectively) 
were still 3.3–4.8 fold less potent than acetazolamide (IC50: 0.0072 μg/ 
mL). This discrepancy highlights the limitations of single-compound 
docking simulations, which cannot fully capture the complex in
teractions that occur in multi-component extracts, including potential 
allosteric effects, binding site competition, or cooperative interactions 
between different compounds.

For AChE, the docking results suggested a high binding affinity of 
ellagic acid (− 11.5 Kcal/mol) compared to tacrine (− 13.8 Kcal/mol), 
which correlates well with our experimental findings where the extracts 
(IC50: 0.0017 μg/mL) were only 1.7-fold less potent than tacrine (IC50: 
0.0010 μg/mL). This value is consistent with the strong AChE inhibition 
activity of the ethanol extract of pomegranate leaves reported by Bekir 
et al. (2013). These findings highlight the extraordinary potential of 
pomegranate leaf as an AChE inhibitor, particularly for disorders char
acterized by cholinergic deficiency, such as Alzheimer’s disease. In 
research conducted by Jha et al. (2018), they found that ellagic acid was 
safe in the neuroblastoma (SH-SY5Y) cell line and exhibited strong 
antioxidant activity in the DPPH• test. Additionally, ellagic acid was 
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reported to effectively inhibit the AChE enzyme obtained from the 
electric eel (Electrophorus electricus). More importantly, it was reported 
that administration of ellagic acid (30 days, 50 mg/kg, oral) to rats in a 
streptozotocin-induced Alzheimer’s disease model provided significant 
decreases in oxidative stress, inflammatory markers (GFAP, and CRP), 
AChE activity, and amyloid-β plaque formation, increased levels of 
synaptophysin, a neural connection marker, and protected neural 
structures. This suggests that pomegranate leaf extracts may exhibit 
protective effects in neurodegenerative diseases not only through 
enzyme inhibition but also by reducing neuroinflammation and oxida
tive stress.

The most intriguing discrepancy between docking predictions and 
experimental results was observed in α-Gly inhibition. Despite ellagic 
acid showing a substantially lower docking score (− 6.2 Kcal/mol) 
compared to acarbose (− 14.7 Kcal/mol), the extracts (PGM and PGE 
with IC50: 0.0073 and 0.0052 μg/mL, respectively) exhibited approxi
mately 2- and 2.8-times stronger inhibition than acarbose (IC50: 0.0147 
μg/mL). The superior inhibitory activity likely results from synergistic 
effects among multiple compounds in the extracts, as gallic acid, 
luteolin, and quercetin also possess α-Gly inhibitory properties (Proença 
et al., 2017). Additionally, compounds may bind to allosteric sites or 
through multiple binding modes not captured in our single-compound 
docking simulation, or the extracts may contain unidentified potent 
inhibitors (Jhong et al., 2015; Rasouli et al., 2017).

The ability of pomegranate leaf extract to inhibit the α-Gly in vitro 
suggests a potential mechanism for regulating postprandial blood 
glucose levels, as this enzyme plays an important role in polysaccharide 
digestion (Yu et al., 2024). In a study conducted by Patel et al. (2014), 
the ethyl acetate fraction of pomegranate leaf extract showed multiple 
effects in experimental models, including enzyme inhibition, increased 
glycogenesis, improved glucose uptake by muscles, and reduced intes
tinal glucose absorption independent of pancreatic insulin release. These 
findings, while promising, require validation in clinical settings. Simi
larly, the strong enzyme inhibitory activity by silver nanoparticles 
synthesized with aqueous pomegranate leaf extract, as reported by 
Saratale et al. (2018), represents an interesting approach that warrants 
further investigation. From a theoretical perspective, our observed 
2.0–2.8-fold greater in vitro potency compared to acarbose could be 
advantageous, considering that acarbose therapy (50–100 mg thrice 
daily) often causes gastrointestinal side effects in up to 30 % of patients 
(Derosa & Maffioli, 2012). While our findings suggest potential thera
peutic applications, further studies on bioavailability, safety, and in vivo 
efficacy would be necessary before clinical consideration.

Evaluating the safety profile of pomegranate leaf extracts used in our 
study is of critical importance for their potential therapeutic applica
tions. Pomegranate leaves have long been used in traditional medicine 
and are generally considered safe. In vitro studies conducted by Elba
tanony et al. (2019) have shown that pomegranate leaf extracts are safe 
in normal and cancer cells at certain concentrations; however, Bekir 
et al. (2013) indicated that cytotoxic effects may vary depending on the 
extraction solvent used. In vivo, acute toxicity tests conducted by Das 
and Barman (2012) revealed a non-toxic profile at certain doses in an
imal models. A systematic review conducted by Zare et al. (2024), 
including 66 clinical studies, indicated that pomegranate and its extracts 
are generally safe, with gastrointestinal problems and allergic reactions 
occurring rarely. However, the insufficiency of clinical studies specif
ically focusing on the therapeutic and toxicological properties of 
pomegranate leaves indicates that more comprehensive research is 
needed in this area. Additionally, the potential risks of residues from 
organic solvents used in extraction processes should be considered, and 
appropriate purification processes should be applied for human use (Yu 
et al., 2024).

Although this study reveals the rich phytochemical profile and 
various biological activities of pomegranate leaf extracts, several limi
tations should be acknowledged. Our research is limited to in vitro 
conditions, and it is important to emphasize that these results may not 

directly translate to in vivo efficacy or clinical outcomes due to complex 
physiological factors, including absorption, metabolism, and excretion. 
Extraction challenges, including solvent selection effects, compound 
degradation during processing, and raw material variability due to 
growth conditions, impact the standardization of results. The absence of 
cytotoxicity and safety assessments is another significant limitation, as is 
the potential presence of solvent residues that could affect the extracts’ 
safety profile. Additionally, the poor bioavailability of phenolic com
pounds remains a challenge for therapeutic applications. Compounds 
detected in our analysis may not represent all bioactive components, and 
our molecular docking focused only on ellagic acid, overlooking po
tential contributions from other compounds. Being limited to samples 
from a single geographical region further restricts the generalizability of 
our findings. Future research should address these limitations through in 
vivo validation, safety assessments, bioavailability enhancement strate
gies, and more comprehensive mechanistic studies to fully realize the 
therapeutic potential of this valuable plant resource.

The antioxidant and enzyme inhibitory effects observed in pome
granate leaf extract suggest its potential use as a dietary supplement in 
the management of oxidative stress-related diseases. Furthermore, the 
inhibition of α-glycosidase and acetylcholinesterase enzymes indicates 
that the bioactive compounds in the leaf may serve as lead candidates for 
drug development. These findings support the pharmacological poten
tial of pomegranate leaf and provide a scientific basis for translational 
studies.

5. Conclusion

This study has comprehensively compared for the first time the in
hibition activity of P. granatum leaves on CA I, CA II, AChE, and α-Gly, 
revealing superior efficacy to acarbose, especially in α-Gly inhibition. 
The high ellagic acid content and rich bioactive component profile 
determined by UPLC-MS/MS analysis explain the molecular basis of 
these activities, while the presence of other metabolites like gallic acid 
likely contributes to the synergistic effects observed. While these find
ings support the potential pharmaceutical applications of P. granatum 
leaves, particularly for diabetes management, our in vitro results require 
in vivo validation, and concerns regarding solvent residues and 
bioavailability need to be addressed. Clinical trials are needed to 
confirm efficacy and safety before therapeutic use. With these consid
erations, pomegranate leaves represent a promising resource for natural 
therapeutic development that warrants further investigation.
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