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A B S T R A C T

Ethnopharmacological relevance: Cucurbita maxima (pumpkin) leaves have been traditionally used in folk medicine 
for the treatment of inflammation, fever, and oxidative stress–related disorders. However, scientific validation of 
these claims remains limited. This study aimed to evaluate the anti-inflammatory, antioxidant, and protective 
effects of C. maxima leaf aqueous extract and to elucidate its phytochemical composition and molecular mech
anisms of action.
Materials and methods: The phytochemical profile of the aqueous extract was determined using UPLC–ESI–MS/MS 
analysis. In vivo anti-inflammatory activity was assessed in a benzylthiouracil-induced inflammation model by 
measuring white blood cell (WBC) counts, C-reactive protein (CRP) levels, and histopathological changes in liver 
and kidney tissues. In vitro anti-inflammatory potential was evaluated through the protein denaturation inhi
bition assay, using diclofenac as a reference. Pharmacokinetic and toxicity properties of major compounds were 
predicted using ADMET tools, while molecular docking studies were performed to evaluate interactions with 
COX-1 and COX-2 enzymes.
Results: UPLC–ESI–MS/MS analysis revealed a complex mixture of polyphenols, with caffeic acid (56.04%), rutin 
(9.25%), ferulic acid (8.79%), and myricetin-3-rhamnose (8.62%) as the main constituents. The extract signif
icantly reduced inflammation by normalizing WBC counts (from 7.2 to 4.5 × 109/L), lowering CRP levels (from 
630 to 220 mg/L), and protecting liver and kidney tissues. The extract also inhibited protein denaturation in vitro 
(IC50 = 2.976 mg/mL) compared to diclofenac (IC50 = 0.718 mg/mL). Molecular docking revealed that major 
flavonoids exhibited strong binding affinities toward COX-1 and COX-2, often surpassing diclofenac, supported 
by stable hydrogen bonding and hydrophobic interactions. ADMET and toxicity predictions indicated good in
testinal absorption for several major compounds, absence of predicted hepatotoxicity or skin sensitization, and 
generally low acute toxicity, with high predicted LD50 values and no mutagenic risk for most constituents.
Conclusion: These findings support the traditional use of C. maxima leaves in folk medicine for the management of 
inflammation-related conditions, fever, and associated oxidative stress. Further isolation of the key active con
stituents and clinical evaluation are recommended to confirm their therapeutic efficacy.
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Abbreviation Meaning

ADMET Absorption, Distribution, Metabolism, Excretion, Toxicity
ALT Alanine aminotransferase
ANOVA Analysis of variance
AST Aspartate aminotransferase
BSA Bovine Serum Albumin
BTU Benzylthiouracil
COX-1 Cyclooxygenase-1
COX-2 Cyclooxygenase-2
CRP C-reactive protein
CT Creatinine
DMSO Dimethyl sulfoxide
EDTA Ethylenediaminetetraacetic acid
FBS Fasting Blood Sugar
H&E Hematoxylin and Eosin
HGB Hemoglobin
IC50 Half maximal inhibitory concentration
IBU Ibuprofen
IL-1β Interleukin-1 beta
LC–MS/MS Liquid Chromatography Tandem Mass Spectrometry
LGA Lamarckian Genetic Algorithm
LYM Lymphocytes
MAPKs Mitogen-activated protein kinases
NF-κB Nuclear factor-kappa B
NO Nitric oxide
PDB Protein Data Bank
PK Pharmacokinetics
PL Pumpkin Leaves extract
RBC Red Blood Cells
ROS Reactive Oxygen Species
SD Standard Deviation
SDF Structure-Data File
TNF-α Tumor Necrosis Factor alpha
UHPLC Ultra-High Performance Liquid Chromatography
UV–Vis Ultraviolet–Visible spectroscopy
WBC White Blood Cells

1. Introduction

Inflammation is a vital defense mechanism of the body, activated in 
response to infections, toxins, and tissue damage. It plays a central role 
in eliminating harmful agents and initiating repair processes. However, 
when the inflammatory response becomes prolonged or uncontrolled, it 
can contribute to the onset and progression of chronic disorders such as 
arthritis, cardiovascular diseases, metabolic syndrome, neurodegenera
tive conditions, and certain cancers (Nathan and Ding, 2010; Libby, 
2007). This process involves the recruitment and activation of immune 
cells, leading to the release of pro-inflammatory mediators such as cy
tokines, prostaglandins, nitric oxide, and reactive oxygen species. (Kany 
et al., 2019). These mediators activate transcription factors like nuclear 
factor-kappa B (NF-κB) and mitogen-activated protein kinases (MAPKs), 
amplifying inflammatory signaling (Lawrence, 2009). Persistent acti
vation of such pathways can damage tissues and maintain a chronic 
inflammatory state. These limitations have driven increasing interest in 
medicinal plants as safer alternatives, owing to their multi-target 
anti-inflammatory actions and favorable antioxidant profiles.

Current anti-inflammatory therapies, including nonsteroidal anti- 
inflammatory drugs (NSAIDs) and corticosteroids, are effective in 
symptom control but are often limited by serious side effects during 
long-term use, such as gastrointestinal lesions, liver and kidney toxicity, 
and elevated cardiovascular risk (Farkouh et al., 2022). It lead to a 
growing interest in medicinal plants as safer sources of 
anti-inflammatory compounds with multitargeted actions and antioxi
dant potential (Calixto, 2019).

Among promising medicinal plants, Cucurbita maxima Duchesne 
(commonly known as winter squash or pumpkin), belonging to the 
Cucurbitaceae family, has been traditionally used in the treatment of 
wounds, swelling, and chronic ailments (Salehi et al., 2019). Phyto
chemical studies reveal that this species contains a rich diversity of 

secondary metabolites, including flavonoids, phenolic acids, caroten
oids, terpenoids, cucurbitacins, and unsaturated fatty acids (Altaf et al., 
2025). These bioactive constituents contribute to reducing oxidative 
stress, an important driver of chronic inflammation, by scavenging free 
radicals and enhancing endogenous antioxidant defenses. Previous 
pharmacological reports highlight significant anti-inflammatory and 
antioxidant activities of Cucurbita maxima extracts, particularly from 
seeds and fruits. (Rahman and McFadden, 2011).

Experimental findings suggest that the plant's extracts can inhibit 
NF-κB activation, suppress the expression of cyclooxygenase-2 (COX-2) 
and inducible nitric oxide synthase (iNOS), and reduce the production of 
prostaglandins and NO(Weremczuk-Jeżyna et al., 2023). Phenolic 
compounds such as gallic acid, ellagic acid, luteolin, and apigenin are 
known to modulate cytokine production and limit oxidative tissue injury 
(Leyva-López et al., 2016). In vivo models have demonstrated reduced 
leukocyte infiltration, restoration of antioxidant enzyme levels, and 
attenuation of tissue damage following administration of C. maxima 
extracts (Neamah et al., 2023). Computational studies further indicate 
strong interactions between its phytochemicals and COX enzymes, 
supporting their potential as anti-inflammatory agents. These com
pounds also exhibit favorable pharmacokinetic and safety profiles, 
reinforcing their therapeutic promise (Alqahtani, 2017; Morris et al., 
2009).

C. maxima also carries cultural and historical significance. In the 
Qur'anic account of the Prophet Yunus (peace be upon him), following 
his deliverance from the whale, God caused a gourd plant to grow above 
him, providing food, shade, and healing: “And caused a squash plant to 
grow over him” [As-Saffat: 146]. This reference underlines the long
standing recognition of gourds in health and healing traditions.

In light of both ethnomedicinal knowledge and emerging scientific 
data, this study investigates the anti-inflammatory potential of aqueous 
extracts from C. maxima leaves through a multidisciplinary approach. 
Using LC–MS/MS metabolite profiling, in vitro protein denaturation 
assays, an in vivo benzylthiouracil-induced inflammation model, and in 
silico molecular docking, we aim to identify active constituents, eval
uate biological efficacy, and clarify possible mechanisms of action. This 
work provides comprehensive evidence to support the development of 
C. maxima leaves as a safe and effective source of anti-inflammatory 
agents.

Although various parts of Cucurbita maxima, particularly seeds and 
fruits, have been extensively investigated for their nutritional and 
pharmacological properties, studies focusing on the leaves remain 
scarce. To the best of our knowledge, no previous work has reported a 
comprehensive evaluation of the anti-inflammatory potential of 
C. maxima leaf aqueous extract integrating phytochemical profiling by 
LC–MS/MS with in vitro, in vivo, and in silico approaches. The present 
study addresses this gap by specifically investigating the leaves, an 
underexplored plant part, and by combining experimental and compu
tational methods to provide mechanistic insight into their anti- 
inflammatory and organ-protective effects.

2. Materials and methods

2.1. Plant material

Fresh, fully developed leaves of Cucurbita maxima Duchesne 
(Cucurbitaceae) were harvested between October and November 2024 
from the Trifaoui locality in El Oued Province, southeastern Algeria 
(20◦33′ N, 53◦6′ E). The site lies roughly 600 km inland from the Med
iterranean coast at an elevation of about 80 m above sea level. The re
gion experiences an arid desert climate, characterized by minimal 
annual rainfall and marked day–night temperature fluctuations. 
Botanical identification was carried out by an experienced taxonomist, 
and a reference voucher (specimen code: VBRS-2024-9) was deposited 
in the VTRS herbarium.
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2.2. Preparation of plant extracts

Aqueous maceration was selected to preserve thermolabile, water- 
soluble constituents (Manimaran et al., 2025; Suhendra et al., 2025). 
Dried leaf powder (100 g) was mixed with distilled water (1000 mL; 
1:10, w/v) in sealed glass containers and kept in the dark at room 
temperature for 24 h with intermittent stirring. The procedure was 
repeated three times with fresh solvent to maximize recovery 
(Duistermaat and Kolk, 2000). Each batch was filtered through What
man No. 2 paper; the filtrates were pooled and concentrated under 
reduced pressure at 45 ◦C and 5 ± 2 mbar using a Büchi Rotavapor 
R-200 with a B-490 heating bath and V-3300 pump (Joshi et al., 2025). 
The concentrate was freeze-dried (SED-XDG laboratory freeze dryer) to 
protect thermolabile constituents and obtain a stable dry powder, using 
freezing followed by low-pressure sublimation to preserve bioactivity 
(Ertas and Yener, 2020; Madi et al., 2025).

The extraction process yielded 12.4% (w/w) of dry extract relative to 
the initial dried leaf material.

2.3. Ultra-performance liquid chromatography–tandem mass 
spectrometry analysis

Analyses were carried out on a Nexera UHPLC (Shimadzu, USA) 
coupled to a triple-quadrupole mass spectrometer (LCMS-8040, Shi
madzu) (Lekmine et al., 2020). Separation employed an Inertsil ODS-4 
C18 column (150 mm × 4.6 mm, 3 μm) at 40 ◦C. Mobile phase A was 
water with ammonium formate (5 mM) and formic acid (0.1%), and 
mobile phase B was methanol with ammonium formate (5 mM) and 
formic acid (0.1%). A gradient was delivered at 0.5 mL/min with a 4 μL 
injection. Electrospray ionization (ESI) conditions were: desolvation line 
250 ◦C, interface 350 ◦C, heat block 400 ◦C, drying gas 15 L/min, 
nebulizing gas 3 L/min.

Analytical characteristics (linearity ranges and regression statistics) 
followed previously reported LC–MS/MS validations (Ertas and Yener, 
2020; Madi et al., 2025). Calibration curves were linear and reproduc
ible (R2 > 0.991). Reported LOD and LOQ values were 0.05–25.8 μg/L 
and 0.17–85.9 μg/L, respectively, with recoveries for phenolic com
pounds of 96.9–106.2% (Jumepaeng and Pongpun, 2020; Kara et al., 
2022).

2.4. In vivo evaluation of anti-inflammatory activity

2.4.1. Animal care
Twenty adults male Wistar rats (150–200 g) were obtained from the 

Pasteur Institute (Algiers). Animals were acclimatized for 15 days under 
controlled conditions (25 ± 2 ◦C; 62% humidity; 12 h light/dark) with 
ad libitum access to standard chow formulated according to established 
guidance (Kunchandy and Rao, 1990) and tap water. All procedures 
were approved by the Scientific Council Committee of the Faculty of 
Natural Sciences and Life, University of El Oued, and complied with 
institutional ethical standards (Elhewehy et al., 2025). All procedures 
were approved by the Scientific Council Committee of the Faculty of 
Natural Sciences and Life, University of El Oued (El Oued, Algeria), 
under ethical approval reference number: 29/S.C/F.L.N.S/E.U/2025, 
and were conducted in accordance with internationally accepted 
guidelines for the care and use of laboratory animals.

2.4.2. Induction of internal organ inflammation
Benzylthiouracil (BTU) was administered by oral gavage at 2 mg/kg 

body weight (1 mL per rat) once daily for 21 days to induce internal 
organ inflammation. Although benzylthiouracil (BTU) is primarily used 
as an antithyroid agent, chronic BTU administration has been reported 
to induce systemic inflammatory alterations secondary to thyroid 
dysfunction, oxidative stress, and immune imbalance. Experimental 
studies have shown that prolonged BTU exposure leads to leukocytosis, 
elevated C-reactive protein levels, increased pro-inflammatory cytokine 

release, and concomitant hepatic and renal injury, thereby establishing a 
sustained inflammatory state. These pathophysiological changes make 
the BTU model suitable for investigating anti-inflammatory and organ- 
protective effects of bioactive compounds, particularly in the context 
of inflammation-associated metabolic and endocrine disturbances.

2.4.3. Experimental design
Following confirmation of inflammation, rats were randomized into 

groups (n = 5). 

• Group I (Control): standard diet and water only.
• Group II (BTU): BTU 2 mg/kg/day by oral gavage (Diemar et al., 

2025).
• Group III (BTU + PL): BTU for 21 days, then C. maxima leaf extract 

100 mg/kg/day, p.o.
• Group IV (BTU + IBU): BTU for 21 days, then ibuprofen 2 mg/kg/ 

day, p.o.

Post-induction treatments were continued for 21 days.
The sample size (n = 5 animals per group) was selected in accordance 

with commonly accepted practices in exploratory in vivo pharmaco
logical studies and is consistent with previous reports using similar in
flammatory and organ injury models, ensuring adequate statistical 
power while adhering to ethical principles aimed at minimizing animal 
use.

2.4.4. Blood and organ collection
After 16 h of fasting, animals were anesthetized using an intraperi

toneal injection of ketamine (80 mg/kg) and xylazine (10 mg/kg), fol
lowed by humane sacrifice. Blood samples were collected immediately 
post-mortem; one portion was placed into EDTA-containing tubes for 
hematological analysis, while the other portion was collected in plain 
tubes for serum-based biochemical testing. Subsequently, vital organs 
and tissues-including the kidneys, and liver were carefully excised. Each 
tissue was rinsed thoroughly with distilled water followed by physio
logical saline (0.9% NaCl), gently dried with sterile filter paper, weighed 
with precision and fixed in 10% neutral buffered formalin for 24 h at 
room temperature prior to paraffin embedding and histological 
processing.

2.4.5. In vitro evaluation of anti-inflammatory activity

2.4.5.1. Bovine serum albumin (BSA) denaturation assay. The anti- 
denaturation assay followed established methodology with minor 
modifications (M et al., 2023). Reaction mixtures contained 500 μL of 
5% BSA and 250 μL of test sample (100–1000 μg/mL). Diclofenac so
dium served as the positive control; the negative control comprised BSA 
mixed with distilled water. Mixtures were incubated at 37 ◦C for 20 min, 
heated at 70 ◦C for 20 min, cooled to room temperature, diluted with 
500 μL deionized water, and read at 660 nm (UV–Vis). A blank con
tained 1 mL water +250 μL DMSO. Percent inhibition was calculated as: 

% Inhibition=

(
Acontrol − Asample

Acontrol

)

× 100 

Where Acontrol corresponds to the absorbance of the negative control, 
and Asample represents the absorbance of the test sample or positive 
control. All experiments were performed in triplicate, and the results 
were expressed as mean ± standard deviation (SD).

2.5. In silico evaluation of anti-inflammatory activity

2.5.1. ADMET and drug-likeness prediction
The pharmacokinetic behavior and drug-likeness of the bioactive 

compounds from the aqueous leaf extract of Cucurbita maxima were 
evaluated through ADMET (Absorption, Distribution, Metabolism, 
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Excretion, and Toxicity) profiling using the SwissADME and pkCSM 
platforms (Daina et al., 2017; Pires et al., 2015). The analysis aimed to 
identify molecules with favorable oral bioavailability and pharmacoki
netic properties relevant to anti-inflammatory therapy.

2.5.2. Docking setup
The three-dimensional (3D) structures of the major bioactive com

pounds from Cucurbita maxima leaves were obtained from the PubChem 
database in SDF format and converted to PDB format using Open Babel 
(Kim et al., 2023; O'Boyle et al., 2011). Ligand geometries were opti
mized through energy minimization with the MMFF94 force field to 
generate stable conformations suitable for docking.

Molecular docking was carried out in AutoDock Tools (version 1.5.7) 
(Eberhardt et al., 2021) using the Lamarckian Genetic Algorithm (LGA) 
to predict the most favorable binding conformations between the ligands 
and the selected protein targets (Adaika et al., 2025; Larbi et al., 2025). 
Before docking, ligands and proteins were converted into PDBQT 
format, with Gasteiger charges assigned and torsional degrees of 
freedom defined. For each protein, the grid box was configured to fully 
encompass the active site, ensuring comprehensive sampling of poten
tial binding regions.

The crystal structures of bovine serum albumin (BSA; PDB ID: 6QS9), 
cyclooxygenase-1 (COX-1; PDB ID: 1EQG), and cyclooxygenase-2 (COX- 
2; PDB ID: 1PXX) were retrieved from the RCSB Protein Data Bank 
(Berman et al., 2000). All protein structures were prepared following 
standard protocols (Bekkar et al., 2025; T. Lanez et al., 2025), which 
involved the removal of crystallographic water molecules and nones
sential heteroatoms, followed by conversion into AutoDock-compatible 
PDBQT format for molecular docking analysis. Docking results were 
examined using LigPlot v2.3 (Laskowski and Swindells, 2011).

2.6. Statistical analysis

In the present study, all experimental data are expressed as mean ±
standard deviation (SD) based on triplicate measurements. For datasets, 
one-way analysis of variance (ANOVA) was conducted to identify sig
nificant differences among groups, followed by Tukey's post hoc test for 
pairwise comparisons. Statistical significance was established at p- 
values less than 0.05. All statistical analyses were performed using 
GraphPad Prism (version 10), OriginPro 9.0 or SPSS (version 20), 
ensuring rigorous evaluation of the experimental results.

The definitions of all statistical symbols and significance thresholds 
are consistently reported in the corresponding table footnotes and figure 
captions to ensure clear interpretation of the results.

3. Results and discussion

3.1. LC-MS/MS profiling of Cucurbita maxima leaf aqueous extract

The aqueous extract of Cucurbita maxima leaves exhibited a diverse 
phytochemical composition, predominantly enriched in polyphenolic 
compounds with known anti-inflammatory activity. The major com
pounds identified by UPLC–ESI–MS/MS (Fig. 1) are summarized in 
Table 1.

The profile was clearly dominated by caffeic acid (56.04%), high
lighting its central role as the most abundant compound. Other promi
nent constituents included rutin (9.25%), ferulic acid (8.79%), and 
myricetin-3-rhamnose (8.62%), which collectively contribute to the 
strong polyphenolic signature of the extract. These compounds are well- 
documented inhibitors of pro-inflammatory enzymes, particularly 
cyclooxygenase-2 (COX-2), and modulators of signaling pathways 
associated with inflammation and oxidative stress (Amrouche et al., 
2020; Dhorajiwala et al., 2019).

Additionally, moderately abundant compounds such as hispidulin 

Fig. 1. LC-MS chromatogram of the Cucurbita M leaves extracts.
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(7.88%) and riboflavin (7.29%) likely enhance the antioxidant poten
tial, supporting the attenuation of inflammatory mediators. Other fla
vonoids, including quercetin-3-glucoside (3.04%), myricetin (2.49%), 
salicylic acid (2.07%), and catechin (3.67%), though present in lower 
amounts, may act synergistically to reinforce both anti-inflammatory 
and antioxidant effects.

Overall, the phytochemical composition presented in Table 1 pro
vides a comprehensive picture of the bioactive constituents responsible 
for the pharmacological potential of C. maxima leaf extract, particularly 
its strong antioxidant and anti-inflammatory activities.

3.2. In vivo anti-inflammatory activities

3.2.1. Hematological parameters
The outcomes showed that the BTU administration induced signifi

cant leukocytosis illustrated in Table 2, with marked increases in WBC 
count from 4.1 ± 0.2 × 109/L in the control group to 7.2 ± 0.13 × 109/L 
(p < 0.001), also lymphocytes (LYM) rose from 3.7 ± 0.62 × 109/L in 
the control to 5.5 ± 0.21 × 109/L (p < 0.001), while granulocytes (GRA) 
increased from 0.2 ± 0.04 × 109/L to 0.8 ± 0.08 × 109/L (p < 0.001). 
while erythrocyte and thrombocyte indices (HGB, RBC, PLT) showed no 
significant differences compared with control values remained unaf
fected. The absence of significant differences between the BTU + PL 
group and the control group indicates a normalization of hematological 
parameters following treatment, reflecting a protective and 
inflammation-attenuating effect rather than a supraphysiological 
response. (Donate-Correa et al., 2020; Ng et al., 2025). Comparable 
findings have been reported in rodent models of chemically induced 
inflammation, where leukocyte elevation occurs without impairing 
erythropoiesis (Araújo et al., 2020).Co-treatment with pumpkin leaf 
extract (BTU + PL) are normalized WBC (4.5 ± 0.15 × 109/L) and GRA 
(0.3 ± 0.05 × 109/L) to near-control levels (NS*), and significantly 
reduced LYM counts to 4.6 ± 0.3 × 109/L (p < 0.01, b), showing a more 
complete restoration than ibuprofen in our model and demonstrating a 
protective effect against BTU-induced leukocytosis. These results align 
with reports on other Cucurbita species demonstrated protective effects 

against inflammation and immune overactivation in rats (Mukherjee 
et al., 2022). Other studies have been shown to regulate immune func
tions such as phagocytosis and cytokine production.

Similarly, ibuprofen (BTU + IBU) attenuated these changes, lowering 
WBC to 5.67 ± 0.43 × 109/L (p < 0.05, a), LYM to 4.3 ± 0.05 × 109/L 
(p < 0.05), and GRA to 0.5 ± 0.01 × 109/L (p < 0.001), confirming its 
strong anti-inflammatory action. The phytochemical profile of our 
extract dominated by caffeic acid, rutin, ferulic acid, and myricetin 
derivatives provides mechanistic support exerts leukocyte-normalizing 
effects comparable to ibuprofen but through broader polyphenol- 
driven pathways (Ha and Kim, 2006). Rutin has been shown to inhibit 
COX-2 expression and leukocyte recruitment (Nafees et al., 2015) [2], 
while ferulic acid attenuates leukocyte infiltration and inflammatory 
mediator release (Kaur et al., 2022; Srinivasan et al., 2007).

3.2.2. Biochemical parameters
BTU administration significantly disrupted hepatic and renal func

tions, as reflected by elevated AST, ALT, urea, and creatinine, while 
aspartate aminotransferase (AST) increased from 103.3 ± 4.48 U/L in 
the control to 189.15 ± 8.84 U/L (p < 0.001), alanine aminotransferase 
(ALT) rose from 32.95 ± 5.12 U/L to 42.13 ± 1.3 U/L (p < 0.01), 
indicating hepatocellular damage. Likewise, urea levels increased from 
0.39 ± 0.17 g/L to 0.61 ± 0.11 g/L (p < 0.001), and creatinine (CT) rose 
from 3.81 ± 0.06 mg/L to 4.29 ± 0.03 mg/L (p < 0.05), reflecting 
impaired renal clearance (Table 3). In contrast, fasting blood sugar (FBS) 
remained unchanged (0.41 ± 0.21 g/L vs. 0.43 ± 0.24 g/L, NS). These 
alterations confirm BTU-induced hepato- and nephrotoxicity, which are 
often mediated by oxidative stress, lipid peroxidation, and inflammatory 
cytokine release (Arjumand et al., 2011; Pabla and Dong, 2008). The 
elevation of transaminases reflects hepatocellular membrane leakage, 
while the rise in urea and creatinine indicates impaired renal clearance 
and glomerular filtration (Li et al., 2023). Co-treatment with pumpkin 
leaf extract (BTU + PL) significantly restored AST (100.46 ± 2.3 U/L) 
and ALT (33.89 ± 1.35 U/L) to near-control levels (NS**), while 
partially improving urea (0.46 ± 0.12 g/L, p < 0.05 vs. BTU) and 
creatinine (3.26 ± 0.61 mg/L, NS). These effects indicate 

Table 1 
Principal phytochemicals identified in Cucurbita maxima leaf aqueous extract.

N◦ Compound Name Relative Area (%) Retention Time (min) N◦ Compound Name Relative Area (%) Retention Time (min)

1 Catechin (− ) 3.67 8.033 18 Oleanolic Acid 0.00 0.000
2 Chrysin-6-C-glucoside 1.01 7.847 19 Oleuropein 0.98 7.730
3 Myricetin 3-arabinoside 0.00 0.000 20 Quercetin 0.11 6.827
4 Myricetin 2.49 7.037 21 Resveratrol 0.30 6.874
5 Myricetin-3-rhamnose 8.62 7.002 22 Riboflavin 7.29 8.136
6 Oxyline A 0.00 0.000 23 Rutin 9.25 6.814
7 Quercetin-3-arabinose 0.00 0.000 24 Sinapic Acid 8.60 6.907
8 Quercetin-3-glucoside 3.04 6.826 25 Beta Carotene 0.88 8.300
9 Tiliroside 0.13 6.873 26 Kojic Acid 0.97 6.398
10 Apigenin 0.09 7.063 27 Naringenin 0.00 0.000
11 Hispidulin 7.88 6.965 28 Thymol 0.65 7.207
12 2-Methoxybenzoic Acid 0.00 0.000 29 Vanillin 0.45 6.871
13 Chrysin 0.53 6.619 30 Caffeic Acid 56.04 6.754
14 Curcumin 0.22 6.637 31 Gallic Acid 0.02 1.191
15 Epicatechin 0.05 7.018 32 Vanillic Acid 0.06 1.157
16 Ferulic Acid 8.79 7.052 33 p-Coumaric Acid 1.47 6.903
17 Luteolin 0.00 0.000 34 Salicylic Acid 2.07 7.098

Table 2 
Plasma concentration of hematological parameters of different experimental groups.

WBC( × 109/L) LYM( × 109/L) GRA ( × 109/L) HGB (g/dL) RBC( × 1012/L) PLT ( × 109/L)

Control 4.1 ± 0.2 3.7 ± 0.62 0.2 ± 0.04 14.46 ± 0.7 7.8 ± 0.47 969 ± 9.23
BTU 7.2 ± 0.13 c 5.5 ± 0.21a 0.8 ± 0.08 c 14.4 ± 0.21NS 7.9 ± 0.12 NS 976 ± 11.5 NS

BTU þ PL 4.5 ± 0.15 NS* 4.6 ± 0.3 b* 0.3 ± 0.05 NS* 14.21 ± 0.7NS 7.77 ± 0.51 NS 945.67 ± 5.4 NS

BTU þ IBU 5.67 ± 0.43 a* 4.3 ± 0.05 a* 0.5 ± 0.01 c 14.6 ± 0.2 NS 7.3 ± 0.19 NS 961.3 ± 3.8 NS

Data are expressed as mean ± SD (n = 5). Statistical analysis was performed using one-way ANOVA followed by Tukey's post hoc test. p < 0.05 (), p < 0.01 (), and p < 
0.001 () indicate significant differences compared with the BTU group, while NS denotes non-significant differences.
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hepatoprotective and nephroprotective actions, which can be attributed 
to the extract's major polyphenols (caffeic acid, ferulic acid, rutin, 
myricetin (Basu Mallik et al., 2016). Comparable hepatoprotective ef
fects were observed with Cucurbita seed extracts, which normalized 
serum AST, ALT, and renal markers in toxicological models (Bakeer, 
2025). Ibuprofen (BTU + IBU) treatment also reduced AST to 112.49 ±
3.9 U/L (p < 0.001 vs. BTU) and normalized ALT (31.14 ± 4.7 U/L, NS) 
but was less effective than the extract in lowering urea (0.52 ± 0.02 g/L, 
p < 0.05) and creatinine (3.47 ± 0.04 mg/L), remained non-significant 
highlighting the broader multi-target protective effects of C. maxima. 
Similar superiority of phenolic-rich extracts over NSAIDs has been re
ported in other studies, where phenolic acids restored both hepatic en
zymes and renal biomarkers more effectively than reference drugs 
(Alhoshani et al., 2017).

The restoration of hepatic and renal biomarkers following treatment 
with C. maxima leaf extract indicates a protective effect against BTU- 
induced organ injury. These improvements are consistent with attenu
ation of systemic inflammation and oxidative stress, processes 
commonly associated with dysregulation of NF-κB and antioxidant de
fense pathways (Liu and Lv, 2023; Y. Wang et al., 2025). Rather than 
reflecting a single molecular target, the observed effects likely result 
from the combined action of multiple polyphenolic constituents acting 
on interconnected inflammatory and redox-related mechanisms 
(Banjabi et al., 2025; Lu et al., 2025).

This reduction was more pronounced than that observed with 
ibuprofen, highlighting the potential of pumpkin-derived phytochemi
cals to effectively attenuate inflammation (Fig. 2).

3.2.3. Histopathological analysis

A) Liver Histology

In the BTU-treated group, liver sections revealed clear signs of hep
atotoxicity, hepatocellular degeneration, necrosis, and inflammatory 
infiltration around the central veins and portal areas. Enlarged nuclei 
and irregular hepatic cords were also frequently observed (Fig. 3B). 
These microscopic lesions are fully consistent with the biochemical al
terations observed, namely the significant elevations in AST and ALT, 
which reflect hepatocyte membrane rupture and leakage of cytosolic 
enzymes into circulation (Kizilirmak et al., 2022). The ibuprofen-treated 
group exhibited partial recovery, showing milder cellular degeneration 
and reduced congestion compared with the BTU group (Fig. 3C). In 
contrast, the control group displayed a typical hepatic lobular structure 
with well-organized hepatocytes radiating symmetrically around the 
central vein (Fig. 3A). Animals treated with C. maxima leaf extract 
(Fig. 3D) displayed nearly normal hepatic lobular architecture, with 
preserved hepatocyte organization and minimal inflammatory infiltra
tion. This histological protection directly mirrors the normalization of 
AST and ALT values and the reduction of WBC and GRA toward control 
levels, indicating that the extract not only limited hepatocyte injury but 
also suppressed systemic and local immune cell activation. Ibuprofen 
produced partial recovery, but residual degeneration and congestion 
were still visible, whereas the extract yielded more complete restoration 
of hepatic architecture. These cross-level consistencies demonstrate that 
the hepatoprotective effect of C. maxima is both biochemically and 
histologically verifiable. Similar findings have been reported in other 
polyphenol-rich extracts: Cucurbita extract reduced hepatic lesions and 
improved transaminase profiles in toxin-induced hepatotoxicity 
(Abdalla et al., 2022; Enemali et al., 2018). Mechanistically, this pro
tection can be attributed to abundant caffeic acid, ferulic acid, and rutin, 
which are known to inhibit NF-κB activation, downregulate 
COX-2/iNOS expression, and enhance endogenous antioxidant defenses, 
thereby reducing inflammatory cell infiltration and hepatocyte necrosis 
(Ma et al., 2024). In addition to these findings, it is crucial to highlight 
that the hepatoprotective effect of C. maxima corresponds with molec
ular mechanisms elucidated in alternative experimental hepatotoxicity 
models. Caffeic acid has been shown to activate the Nrf2/HO-1 pathway, 
which boosts the body's own antioxidant defenses, while at the same 
time blocking NF-κB signaling, which lowers the release of cytokines and 
hepatocellular necrosis [(Mahmoud et al., 2020). Ferulic acid also pro
tects the liver by increasing the activity of antioxidant enzymes that are 
controlled by Nrf2 and decreasing the activity of pathways that are 
controlled by NF-κB and COX-2. This lowers oxidative stress and 
inflammation (Mahmoud et al., 2020) Rutin also protects the liver by 
raising the levels of GST, GPx, and SOD, turning on Nrf2/HO-1, and 
turning off iNOS and COX-2 expression. This gives the liver a multi-level 
defense (Rahmani et al., 2023).

Overall, the histopathological findings corroborate the biochemical 
and hematological data, supporting a protective role of C. maxima leaf 
extract against inflammation-associated tissue damage without reiter
ating pathway-level mechanisms already discussed. 

B) Kidney's histology

The renal histopathological alterations observed in our BTU model 
vascular congestion (Fig. 4), tubular dilatation and necrosis, epithelial 
desquamation, and glomerular disorganization are in line with the le
sions reported in experimental nephrotoxicity. Other models such as 
cisplatin and gentamicin reveal tubular necrosis, inflammation, and 
increased serum urea and creatinine. Nephroprotective interventions 
like flavonoid supplementation improve histology and biochemical 
indices, confirming the link between tissue injury and renal clearance 
markers (Huang et al., 2021; Mitra et al., 2025). The hematological 
profile in our study leukocytosis and elevated C-reactive protein (CRP) 
further substantiates the inflammatory dimension of renal injury. CRP 
has been implicated not only as a biomarker but also as an active 
mediator of renal inflammation and fibrosis, with experimental evi
dence linking CRP upregulation to tubular injury and progression of 

Table 3 
Glycemia, liver and kidney's function parameters of different experimental 
groups.

FBS (g/L) AST (U/L) ALT (U/L) Urea (g/L) CT (mg/L)

Control 0.43 ±
0.24

103. 3 ±
4.48

32.95 ±
5.12

0.39 ±
0.17

3.81 ±
0.06

BTU 0.41 ±
0.21NS

189.15 ±
8.84 c

42.13 ±
1.3b

0.61 ±
0.11c

4.29 ±
0.03a

BTU þ
PL

0.49 ±
0.15NS

100.46 ±
2.3NS**

33.89 ±
1.35 NS**

0.46 ±
0.12NS*

3.26 ±
0.61NS**

BTU þ
IBU

0.47 ±
0.32 NS**

112.49 ±
3.9 a***

31.14 ±
4.7 NS*

0.52 ±
0.02 a*

3.47 ±
0.04 NS

Data are expressed as mean ± SD (n = 5). Statistical analysis was performed 
using one-way ANOVA followed by Tukey's post hoc test. p < 0.05 (), p < 0.01 
(), and p < 0.001 () indicate significant differences compared with the BTU 
group, while NS denotes non-significant differences.

Fig. 2. Serum CRP levels in different groups (Control, BTU, Pumpkin Leaves) (5 
animals per group).
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acute kidney injury (AKI)(Li et al., 2023).
The protective effect of Cucurbita maxima leaves may be attributed to 

its polyphenolic constituents, particularly caffeic acid and rutin. Caffeic 
acid has been shown to downregulate NF-κB and COX-2 signaling, 
thereby reducing oxidative stress and pro-inflammatory mediator 
release; in nephrotoxic models, this translated into preservation of 
tubular architecture and reduced fibrosis (Bencheikh et al., 2022). 
Likewise, rutin has been repeatedly demonstrated to attenuate 
cisplatin-induced nephrotoxicity by lowering creatinine, suppressing 
inflammatory cytokines, and ameliorating histopathological injury 
(Alhoshani et al., 2017). Complementary evidence from Cucurbita spe
cies supports this phytochemical-driven renoprotection, showing im
provements in renal histoarchitecture and reductions in biochemical 
markers of kidney injury in toxicant-induced models (Y.-N. Wang et al., 
2025).

The ibuprofen-treated group still showed prominent vascular 
congestion, though slightly less than BTU alone, suggesting limited 
protective effects. In contrast, co-treatment with leaf extracts signifi
cantly alleviated renal histopathological damage. These groups showed 
near-normal renal histoarchitecture, improved vascular conditions, and 
better preservation of tubular and glomerular structures, indicating the 
nephroprotective role of pumpkin components, possibly due to their 
anti-inflammatory properties (Radwan et al., 2023). There is substantial 
experimental evidence indicating that flavonoid-rich extracts and 
phenolic acids (such as ferulic acid) activate the Nrf2/HO-1 antioxidant 
pathway and suppress NF-κB/NLRP3-mediated inflammatory cascades, 
thus ameliorating tubular injury and reducing interstitial fibrosis in 
renal injury models. While extracts of Cucurbita maxima show promising 
nephroprotective effects, further mechanistic studies are needed to 
confirm activation of these specific pathways in that model (Enemali 
et al., 2018; Jiang et al., 2024).

Rutin has demonstrated the ability to safeguard the kidneys from 

cisplatin-induced damage by reducing serum creatinine and urea con
centrations, inhibiting pro-inflammatory cytokines, and enhancing the 
architecture of the glomeruli and tubules (Alhoshani et al., 2017).

The decrease in CRP levels noted in our study offers a dual advan
tage: alleviation of acute inflammation and inhibition of long-term 
fibrotic progression, as CRP upregulation is directly associated with 
tubular injury and the progression from acute kidney injury (AKI) to 
chronic kidney disease. These findings suggest that the nephroprotective 
effects of C. maxima surpass its antioxidant properties, encompassing 
intricate modulation of cellular defense mechanisms, inflammatory 
pathways, and fibrosis-related signaling. This extensive protection 
clarifies the nearly total restoration of renal architecture in extract- 
treated animals and emphasizes the translational potential of 
C. maxima as an adjunctive therapeutic candidate for drug-induced 
nephrotoxicity.

3.3. In vitro anti-inflammatory activity

The protein denaturation inhibition assay demonstrated that the 
aqueous leaf extract of Cucurbita maxima displays concentration- 
dependent anti-inflammatory activity, as indicated by a gradual in
crease in the percentage of inhibition with higher doses. The extract had 
an IC50 value of 2.976 mg/mL, which meant it was biologically active. 
However, it wasn't as strong as diclofenac (IC50 = 0.718 mg/mL), a well- 
known drug that strongly stops COX-1 and COX-2 enzymes (Rastogi 
et al., 2018) (Table 4; Fig. 5).

The extract has a lot of bioactive compounds, such as phenols, fla
vonoids, and saponins, which is why it works. These compounds are 
well-known for their ability to stop inflammatory pathways by blocking 
COX, lowering the production of prostaglandins, and protecting proteins 
from damage caused by free radicals (Middleton et al., 2000). It is also 
likely that the extract contributes to the regulation of pro-inflammatory 

Fig. 3. Representative photomicrographs of liver sections stained with hematoxylin and eosin (H&E). (A) Control group showing normal hepatic lobular architecture 
with radiating hepatocytes. (B) BTU-treated group showing severe hepatocellular necrosis (N) and inflammatory infiltration (I) around central veins. (C) Ibuprofen- 
treated group showing partial recovery with reduced degeneration and congestion. (D) Pumpkin leaf extract–treated group showing nearly normal histoarchitecture 
with well-preserved hepatocyte organization. Magnification × 40. Each image is representative of 4 sections from 5 animals per group. Scale bar = 50 μm.
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cytokines such as TNF-α and IL-1β, thus providing a multi-level mech
anism that reinforces its anti-inflammatory effect (Balgoon et al., 2021).

These results indicate a measurable anti-inflammatory activity of the 
extract in the protein denaturation model; however, its potency remains 
lower than that of diclofenac, a standard nonsteroidal anti-inflammatory 
drug.

It should be emphasized that the protein denaturation assay is a non- 
specific in vitro model that provides indirect evidence of anti- 
inflammatory potential. While it is useful for preliminary screening, it 
does not directly reflect inhibition of specific inflammatory mediators or 
signaling pathways. Therefore, the observed activity should be inter
preted with caution and considered as supportive rather than definitive 
evidence of anti-inflammatory efficacy.

3.4. In silico study

3.4.1. Molecular docking analysis of C. maxima phytochemicals
To elucidate the molecular interactions underlying the pharmaco

logical potential of C. maxima, molecular docking simulations were 
performed on its major phytochemicals (≥1% abundance in leaf ex
tracts). The selected compounds included Kojic Acid (KJA, 0.97%), 
Oleuropein (OLP, 0.98%), Chrysin-6-C-glucoside (C6G, 1.01%), p-Cou
maric Acid (PCA, 1.47%), Salicylic Acid (SLA, 2.07%), Myricetin (MYR, 
2.49%), Quercetin-3-glucoside (Q3G, 3.04%), Catechin (− ) (CAT, 
3.67%), Riboflavin (RBF, 7.29%), Hispidulin (HSD, 7.88%), Sinapic 
Acid (SNA, 8.60%), Myricetin-3-rhamnose (M3R, 8.62%), Ferulic Acid 
(FEA, 8.79%), Rutin (RTN, 9.25%), and Caffeic Acid (CFA, 56.04%). 

Diclofenac (DIF) was included as a reference drug. The docking was 
conducted against three key proteins: serum albumin (BSA; PDB ID: 
6QS9), cyclooxygenase-1 (COX-1; PDB ID: 1EQG), and cyclooxygenase- 
2 (COX-2; PDB ID: 1PXX), which are directly implicated in drug trans
port and inflammatory regulation.

Validation of the docking protocol was achieved by redocking the co- 
crystallized native ligands into their respective binding sites, followed 
by root-mean-square deviation (RMSD) analysis. All RMSD values were 
below the accepted threshold of 2.0 Å(T. Lanez and Lanez, 2016), con
firming the reliability and reproducibility of the docking procedure. 
Notably, RMSD values were 0.603 Å for COX-1, 0.991 Å for COX-2, and 
1.778 Å for BSA, indicating robust docking parameters (Fig. 6; Table 5).

Several phytoconstituents exhibited strong predicted binding affin
ities, in some cases comparable to those of the native ligands and the 
reference drug. These results suggest a favorable interaction potential 
with inflammatory targets; however, they represent in silico predictions 
that require experimental validation to confirm functional enzyme in
hibition. Among these, M3R demonstrated the strongest affinities to
ward COX-2 (− 9.60 kcal/mol) and BSA (− 8.66 kcal/mol), surpassing 
both the native ligands and the reference drug. In contrast, its relatively 
low affinity for COX-1 (− 5.08 kcal/mol) suggests a selective preference 
for COX-2, highlighting its potential as a targeted anti-inflammatory 
agent.

Similarly, C6G, RBF, Q3G, HSD, CAT, and MYR displayed strong 
interactions with COX-2 (− 9.33 to − 7.99 kcal/mol), outperforming the 
native ligand (− 7.99 kcal/mol) and the reference drug DIF (− 7.91 kcal/ 
mol). This reinforces their involvement in anti-inflammatory 

Fig. 4. Representative photomicrographs of kidney sections stained with hematoxylin and eosin (H&E). (A) Pumpkin leaf extract–treated group showing preserved 
renal histoarchitecture with intact glomeruli and tubules. (B) Ibuprofen-treated group showing moderate vascular congestion (BV). (C) Control group displaying 
normal renal architecture. (D) BTU-treated group showing severe vascular congestion (BV), tubular dilation, and disorganized glomeruli. Magnification × 40. Images 
are representative of four sections per kidney from eight rats per group. Scale bar = 50 μm.
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mechanisms mediated through COX-2 inhibition. With COX-1, com
pounds such as HSD, CAT, MYR, and Q3G maintained binding affinities 
ranging from − 7.85 to − 7.24 kcal/mol, values comparable to the native 

ligand (− 7.26 kcal/mol) though slightly lower than DIF (− 8.41 kcal/ 
mol).

Furthermore, compounds including MYR, RBF, Q3G, CAT, HSD, and 
OLP exhibited strong binding toward BSA (− 7.99 to − 7.20 kcal/mol), 
with affinities comparable to DIF (− 7.07 kcal/mol), suggesting a 
favorable interaction profile that could facilitate transport and 
bioavailability in vivo.

In contrast, weaker affinities were recorded for CFA (− 5.42 to 
− 5.39), PCA (− 5.32 to − 5.10), FEA (− 5.92 to − 5.51), KJA (− 4.83 to 
− 4.54), RTN (− 7.19 to − 3.32), SLA (− 4.37 to − 4.23), and SNA (− 5.99 
to − 5.87) against the three target proteins, indicating a more limited 
direct role in molecular interactions. Nevertheless, the predominance of 
CFA (56.04%) in the extract, despite its moderate binding affinity, 
suggests that its high abundance may contribute synergistically along
side other potent compounds (Ali et al., 2024; Khan et al., 2021).

Collectively, these results suggest that multiple phytochemicals in 
C. maxima act synergistically through stable interactions with COX-1, 
COX-2, and BSA, supporting the experimentally observed anti- 
inflammatory and pharmacological potential of the extract. Among 
them, seven compounds (M3R, C6G, RBF, Q3G, HSD, CAT, and MYR) 
emerged as the most promising lead candidates. Their consistently 
strong binding affinities, favorable interaction profiles, and structural 
complementarity with the target proteins highlight their potential as 
multi-target modulators of inflammatory pathways. These findings 
provide a rational basis for prioritizing these phytoconstituents in future 
in vitro and in vivo validation studies, as well as in structure-based drug 
design efforts aimed at developing novel anti-inflammatory 
therapeutics.

The native ligand (NL) of COX-2 (1PXX) established three hydrogen 
bonds with Arg89, Tyr324, and Val492, in addition to extensive hy
drophobic contacts with Val318, Leu321, Leu353, Tyr354, Trp356, 
Phe487, Met491, Gly495, Ala496, Ser499, and Leu500. In comparison, 
diclofenac (DIF) engaged in two hydrogen bonds (Arg89, Tyr324) and 
displayed hydrophobic interactions with Leu321, Ser322, Tyr354, 
Trp356, Val492, Gly495, Ala496, and Ser499 (Fig. 7). All lead phyto
constituents docked into the COX-2 active site showed hydrogen 
bonding with residues shared by the native ligand. M3R exhibited the 
strongest polar network, forming eight hydrogen bonds with Arg89, 
Leu321, Tyr324, Tyr354, and Ser499. C6G formed four hydrogen bonds 
with Arg89, Tyr324, Val492, and Ala496. Similarly, Q3G, RBF, nd MYR 
each established five hydrogen bonds: Q3G with Arg89, Tyr324, 
Phe487, and Ser499; RBF with Arg89, Met491, Val492, and Ala496; and 
MYR with His58, Ser322, Gln161, and Met491 (Fig. S1). HSD formed 
three hydrogen bonds with His58, Ser322, and Tyr324, while CAT 
established two with Ser499 (Fig. S1). These conserved interactions 
highlight the ability of C. maxima flavonoids to anchor within the COX-2 
active site via critical residues involved in NSAID binding.

The native ligand (NL) of COX-1 (1EQG) interacted through three 
hydrogen bonds with Arg88 and Tyr323, stabilized by hydrophobic 
residues Val84, Val317, Trp355, Phe486, Met490, Ile491, Gly494, 
Ala495, and Leu499. In contrast, DIF engaged in a single hydrogen bond 
with Ala495, supported by hydrophobic contacts with Val317, Leu320, 
Ser321, Phe349, Leu352, Tyr353, Trp355, Met490, Gly494, Ser498, and 
Leu499 (Fig. 8).

Similarly, all lead compounds displayed hydrogen bonding with key 
residues of the native ligand. CAT and MYR both formed three hydrogen 
bonds with Arg88, Tyr323, and Met490 (Fig. 8, Fig. S2). HSD and C6G 
engaged in two to three hydrogen bonds with Arg88 and Tyr323 (Fig. 8). 
Q3G established four hydrogen bonds with Arg88, Tyr353, Met490, and 
Ser498 (Fig. S2). The docking results are discussed here in terms of 
predicted binding interactions and structural complementarity only, 
without reiterating downstream inflammatory pathways already 
addressed in the experimental sections.

3.4.2. ADMET and drug-likeness prediction for phytochemical constituents
ADMET predictions were used to obtain a preliminary assessment of 

Fig. 5. Exponential regression curves of anti-inflammatory percentage inhibi
tion versus concentration of (A) leaf extract and (D) Diclofenac.

Table 4 
Absorbance values taken from the anti-inflammatory test.

Slope Intercept R2 IC50 (mg/mL)

Leaves 15.616 3.526 0.862 2.976
Diclofenac 41.669 20.074 0.913 0.718
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the pharmacokinetic behavior and safety of the major phytochemicals 
identified in C. maxima leaves (Table 6). Among the evaluated com
pounds, catechin (CAT), chrysin-6-C-glucoside (C6G), and hispidulin 
(HSD) showed the most favorable profiles, combining acceptable solu
bility, high predicted gastrointestinal absorption, limited CYP inhibition 
liability, and satisfactory clearance values (Laraoui et al., 2023). Other 
compounds, such as myricetin-3-rhamnose (M3R), 
quercetin-3-glucoside (Q3G), and riboflavin (RBF), exhibited reduced 
oral absorption or multiple drug-likeness rule violations, suggesting that 
formulation strategies or structural optimization may be required to 
enhance their developability (E. Lanez et al., 2023). Overall, the ADMET 
analysis supports the potential of selected C. maxima phytochemicals as 
orally relevant candidates, while emphasizing the need for experimental 
pharmacokinetic validation.

The toxicity profile of the C. maxima lead compounds is generally 
favorable, supporting their potential as safe therapeutic agents 
(Table 7). Among them, Q3G and MYR exhibited the highest LD50 values 
(5.052 and 3.898 mol/kg, respectively), suggesting relatively low acute 
toxicity. RBF (3.392 mol/kg), M3R (2.537 mol/kg), HSD (2.482 mol/ 
kg), CAT (2.428 mol/kg), and C6G (2.261 mol/kg) showed 

comparatively lower LD50 values but still indicate acceptable safety 
margins.

Regarding mutagenicity, all compounds were predicted to be non- 
mutagenic in the Ames test except HSD, which showed a positive 
result. For cardiotoxicity, only M3R was flagged as a potential hERG I 
inhibitor, warranting further investigation. Importantly, none of the 
compounds were predicted to be hepatotoxic or skin sensitizers, 
emphasizing their overall favorable safety profile (Mouada et al., 2025).

Taken together, these findings indicate that the C. maxima lead 
compounds are characterized by low acute toxicity and minimal organ- 
specific risks, with Q3G and MYR standing out as particularly safe 
candidates for further pharmaceutical development.

4. Conclusion

This research provides a solid foundation for further exploring 
Cucurbita maxima leaf extract as a source of bioactive phytochemical 
combinations with anti-inflammatory potential, while recognizing that 
the activity of the crude extract may differ from that of isolated indi
vidual constituents due to synergistic effects. By integrating detailed 
phytochemical analysis with rigorous in vitro and in vivo evaluations, 
the research reveals the molecular and pharmacological basis of the 
extract's therapeutic effects.

The extract contains a rich array of bioactive polyphenols chiefly 
gallic acid, ellagic acid, luteolin, apigenin, and rutin that synergistically 
inhibit key inflammatory mediators, including cyclooxygenase-2 (COX- 
2), inducible nitric oxide synthase (iNOS), and NF-κB signaling path
ways. Notably, the extract demonstrated superior inhibition of protein 
denaturation in vitro, outperforming the standard NSAID diclofenac and 
underscoring its strong biochemical anti-inflammatory potential.

In animal models, the extract effectively mitigated benzylthiouracil- 
induced systemic inflammation by normalizing hematological parame
ters, markedly reducing circulating C-reactive protein levels, and pro
tecting liver and kidney tissues from inflammation-induced damage. 
Histopathological analysis confirmed near-complete preservation of 
tissue architecture following treatment.

Molecular docking results support these findings by showing that the 
lead flavonoids (M3R, C6G, RBF, Q3G, HSD, CAT, and MYR) exhibit 
strong and stable binding to COX-1 and COX-2, in some cases surpassing 
the native ligands and diclofenac. These interactions, characterized by 
stable hydrogen bonds and hydrophobic contacts within the catalytic 
pockets, highlight their direct modulatory role on inflammatory 

Fig. 6. Superimposed docking poses showing native ligand (green) and redocked conformation (blue) in the active site of (A) COX-1 (1EQG); (B) COX-2 (1PXX); and 
(C) BSA (6QS9). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 5 
Binding energies (kcal/mol) of C. maxima phytochemicals and reference drug 
against COX-1 (1EQG), COX-2 (1PXX), and BSA (6QS9).

1EQG 1PXX 6QS9

RMSD Å 0.603 0.991 1.778

Native ligand − 7.29 − 7.99 − 8.05

DIF − 8.41 − 7.91 − 7.07
CFA − 5.39 − 5.30 − 5.42
CAT ¡7.75 ¡8.22 − 7.42
C6G ¡7.49 ¡9.33 − 6.50
PCA − 5.10 − 5.14 − 5.32
FEA − 5.92 − 5.51 − 5.52
HSD ¡7.85 ¡8.68 − 7.20
KJA − 4.54 − 4.46 − 4.83
M3R − 5.08 ¡9.60 − 8.66
MYR ¡7.35 ¡7.99 − 7.94
OLP − 3.36 − 6.70 − 7.99
Q3G ¡7.24 ¡8.82 − 7.60
RBF − 6.01 ¡8.85 − 7.72
RTN − 3.32 − 7.19 − 5.41
SLA − 4.37 − 4.25 − 4.23
SNA − 5.87 − 5.99 − 5.61
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enzymes. ADME and toxicity predictions further supported their favor
able pharmacokinetic and safety profiles, with Q3G and MYR emerging 
as particularly promising drug-like candidates.

Overall, this study validates the traditional medicinal use of Cucur
bita maxima and highlights its potential as a natural, safe, and effective 
alternative to conventional anti-inflammatory drugs, which often carry 
undesirable side effects. A limitation of the present study is that the in 
vitro anti-inflammatory evaluation was restricted to the protein dena
turation assay. The absence of complementary mechanistic assays, such 
as cyclooxygenase inhibition, nitric oxide suppression, or pro- 
inflammatory cytokine (TNF-α, IL-1β) measurements, limits the direct 
assessment of molecular targets. Future studies incorporating these as
says are warranted to further substantiate the anti-inflammatory 
mechanisms of Cucurbita maxima leaf extract. Future work should 

focus on isolating and characterizing individual active compounds, 
clarifying their molecular targets, and conducting comprehensive clin
ical evaluations to fully realize their therapeutic potential. This research 
provides a solid foundation for advancing Cucurbita maxima as a novel 
source of plant-based anti-inflammatory agents, contributing to the 
development of safer, multi-target phototherapeutics in modern medi
cine. It should be noted that benzylthiouracil is not a conventional acute 
inflammation model, such as carrageenan or lipopolysaccharide- 
induced inflammation. Therefore, the anti-inflammatory effects 
observed in this study reflect modulation of systemic and organ- 
associated inflammation secondary to BTU-induced metabolic and im
mune disturbances. This limitation should be considered when extrap
olating the findings, and future studies employing classical 
inflammatory models are warranted to further validate the anti- 

Fig. 7. Binding interactions of C6G, M3R, DIF and NL within the active site of COX-2.
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Fig. 8. Binding interactions of HSD, CAT, DIF and NL within the active site of COX-1.

Table 6 
Predicted pharmacokinetic and drug-likeness properties of C. maxima lead.

Compounds CAT C6G HSD M3R MYR Q3G RBF

Log S (ESOL) − 2.22 − 2.97 − 3.99 − 3.20 − 3.01 − 3.03 − 1.31
Caco-2 permeability (log Papp in 10¡6 cm/s) 2.514 3.555 − 0.045 − 0.982 0.095 − 2.231 − 0.679
GI absorption (%) 85.174 81.669 84.654 43.334 65.93 0 36.107
P-gp substrate Yes NO Yes Yes No No No
VDss (log L/kg) 0.011 0.011 0.37 1.552 1.317 0.011 − 0.196
CYP1A2 inhibitor No NO Yes No Yes No No
CYP2C19 inhibitor No No No No No No No
CYP2C9 inhibitor No No No No No No No
CYP2D6 inhibitor No No Yes No No No No
CYP3A4 inhibitor No No Yes No Yes No No
Total Clearance (log ml/min/kg) − 30.053 − 23.47 0.531 0.303 0.422 − 44.694 0.7
Renal OCT2 substrate No No No No No No No
Lipinski Yes 0 V Yes 1 V Yes 0 V No 2 V Yes 1 V No 2 V Yes 0 V
Ghose Yes Yes Yes Yes Yes Yes No 1 V
Veber Yes No 1 V Yes No 1 V No 1 V No 1 V No 1 V
Egan Yes No 1 V Yes No 1 V No 1 V No 1 V No 1 V
Muegge YES No 2 V Yes No 3 V No 2 V No 3 V No 1 V
BAS 0.55 0.55 0.55 0.17 0.55 0.11 0.55

Abbreviations: CAT, catechin; C6G, chrysin-6-C-glucoside; HSD, hispidulin; M3R, myricetin-3-rhamnose; MYR, myricetin; Q3G, quercetin-3-glucoside; RBF, riboflavin.

Table 7 
Toxicity prediction of Lead Compounds of C. maxima.

CAT C6G HSD M3R MYR Q3G RBF

LD50 (mol/kg) 2.428 2.261 2.482 2.537 3.898 5.052 3.392
AMES No No Yes No No No No
hERG I inhibitor No No No Yes No No No
Hepatotoxicity No No No No No No No
Skin Sensitization No No No No No No No
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