Anti-inflammatory Activity, GC-MS Profiling and In Silico ADMET Analysis of Piper hymenophyllum Miq. Extracts as a Candidate for Gastrointestinal Disease Management



ABSTRACT

	The Piper genus, within the Piperaceae family, comprises over a thousand species recognized for their significant medicinal properties, especially in gastrointestinal health. This study investigates Piper hymenophyllum, a newly discovered wild species, focusing on its phytochemical profile, bioactivity and therapeutic value. GC-MS analysis identified major bioactive compounds such as Phytol,Cyclobutane,1,1,2,3,3-pentamethyl-, n-Hexadecanoic acid, .gamma. Sitosterol, n-Tetracosanol-1, Stigmasterol, l-Valine, n-pentafluoropropionyl-, isobutyl ester, Octadecanoic acid, 2,3-dihydroxypropyl ester, Octahydroxanthen-1,9-dione, 3,3,7,7, -tetramethyl-10-hexyl, 1- Pentanone, (4- methoxyphenyl) - oxime  which exhibit potent antioxidant and antimicrobial effects relevant to gastroprotection. The ADMET analysis confirmed favorable pharmacokinetic and safety profiles for these key compounds. Experimental findings demonstrated that extracts of P. hymenophyllum effectively alleviate symptoms of gastrointestinal disorders and display promising anti-Inflammatory Bowel Disease (IBD) activity, indicating its potential as a multi-target natural therapeutic for IBD management.
Keywords: Piper hymenophyllum, Anti-Inflammatory, GC-MS studies, Insilico - ADMET analysis, Gastro- intestinal protection, Anti-IBD.

1. INTRODUCTION 
The Piperaceae family encompasses over 3,600 species, many of which exhibited diverse pharmacological properties1,2. Within this group, the genus Piper is especially recognized for its traditional and modern therapeutic applications, particularly in managing digestive ailments, inflammation, infections and oxidative stress3. Species such as Piper nigrum and Piper longum have been well documented for their gastroprotective and anti-inflammatory potentials4,5. Piper hymenophyllum, a recently identified wild species, remains scientifically underexplored. Preliminary evidence suggests that many Piper species possess unique phytochemicals, which exhibit biological activities relevant to gastrointestinal health, such as antioxidant, anti-ulcer and anti-inflammatory properties6-8. Gastrointestinal disorders such as peptic ulcers and Inflammatory Bowel Disease (IBD) are strongly associated with oxidative stress, dysbiosis and inflammatory cytokine dysregulation9, 28. Therefore, identifying plant-based gastroprotective alternatives remains a significant research priority. The techniques such as Gas Chromatography Mass Spectrometry (GC–MS) allow detailed profiling of plant metabolites10, while ADMET prediction provide rapid validation for biological potential of the plant’s biocompounds11. 
In this context, the present study aims to comprehensively evaluate in vitro anti- inflammatory properties, GC–MS profiling and in silico ADMET analysis of the therapeutic potential of P. hymenophyllum to determine its gastroprotective and anti-IBD potential.



2. methodology

2.1. Plant Collection, Authentication and Extraction:
The Fresh leaves, fruits and stem of P. hymenophyllum were collected from Kotagiri, The Nilgiris, Tamil Nadu, India during March 2023 and their taxonomic identity was validated by the Botanical Survey of India, Southern Circle, Coimbatore. The plant materials were washed, shade-dried and pulverized. Sequential extraction was done using Soxhlet apparatus with solvents of increasing polarity, petroleum ether, chloroform, ethyl acetate and ethanol. A final aqueous extraction with hot water was done by hot- maceration techniques. These extracts were subjected for in vitro anti-inflammatory studies for phytochemical properties and also for GC- MS analysis.

2.2. In vitro Anti-Inflammatory activity
2.2.1. Membrane-Stabilizing assay
	In this assay, the Debnath’s method14 was followed with slight modifications. Test samples consisted of 0.5 ml of Human Red Blood Cell (HRBC) stock mixed with 4.5 ml of hypotonic solution (0.9% NaCl) containing varying concentrations of bergapten (a furocoumarin used as a test anti-inflammatory compound; 10, 30 and 100 μg/ml). The positive control consisted of 0.5 ml of HRBC and 4.5 ml of hypotonic solution in varying concentrations (10, 30 and 100 μg/ml) of diclofenac sodium (standard drug). The negative control sample consisted of 0.5 ml HRBC suspension mixed with 4.5 ml hypotonic solution alone. The experiment was carried out in triplicates. The mixture was incubated for 10 min at room temperature and then centrifuged for 10 min at 3000 rpm. The hemoglobin content of the supernatant was measured spectrophotometrically (UV mini-1240, SHIMADZU) at 540 nm, as described by Drabkin and Austin (1932). 

2.2.2. Anti-hemolytic activity (Heat-Induced Hemolysis)
	The Shinde’s method15 had been previously described and slightly modified and followed by Henneh’s method 16. The reaction mixture (2 ml) consisted of 1.0 ml of 10% HRBC and 1 ml of various plant extracts (1 mg/ml), which was added to each tube and gently mixed. The positive control consisted of 1.0 ml of HRBC and 1.0 ml of various concentrations of diclofenac sodium (10 to 50 μg/ml). The negative control consisted of 1.0 ml of 10% erythrocyte suspension and 1.0 ml of normal saline alone. The experiment was performed in 50 to 250 μg/ml. The resulting solution was heated at 56° C for 30 min and cooled to room temperature and centrifuged at 2500 rpm for 10 min. The supernatant was collected and the absorbance of each solution was measured spectrophotometrically (UV mini 1240, Shimadzu) at 560 nm as an indicator of the degree of haemolysis. 

2.2 GC–MS Analysis

2.2.1. Instrument Method:
The Agilent 7890B GC system coupled with 5977B MSD were engaged and experimented for GC-MS analysis. The instrument was set as follows, Injector port temperature set to 250o C, Interface temperature set as 260o C, source kept at 200oC. The oven temperature programmed as available, 70o C for 2 mins, 160o C at 7oC/min, upto 280o C at 10oC/min. Split ratio set as 1:50 and the injector used was splitless mode. The DB-35 MS Non polar column was used whose dimensions were 0.25 mm OD x 0.25 μm ID x 30 meters length procured from Agilent Co., USA. Helium was used as the carrier gas at 1 ml/min. The MS was set to scan from 50 to 650 Da. The source was maintained at 200oC and < 40 motor vacuum pressure. The ionization energy was -70eV. The MS was also having inbuilt pre-filter which reduced the neutral particles. The data system has two inbuilt libraries for searching and matching the spectrum. NIST4 and WILEY9 each contain more than five million references. Only those compounds with spectral fit values equal to or greater than 700 were considered positive identification.

2.2.2. Identification of compounds:
Interpretation of mass spectrum of GC – MS was done using the data base of National Institute Standard and Technology, NIST4 and WILEY9. The spectrum of the known component was compared with the spectrum of the known components stored in the inbuilt library.

2.3. In Silico ADMET Analysis
The SwissADME web tool11 (www.swissadme.ch) was used to evaluate drug-likeness, absorption, distribution, metabolism and excretion and toxicity studies, the ProTox web tool was used. The ADMET profiles of the lead compounds identified by GC-MS analysis.

3. results and discussion

3.1 Anti-inflammatory activity of Piper hymenophyllum
Inflammation is a complex biological response involving cellular signaling pathways, oxidative stress and membrane destabilization. The present study evaluated the anti-inflammatory potential of Piper hymenophyllum using membrane stabilizing assay and heat- induced hemolysis assay, both of which are well- established in vitro models for screening anti- inflammatory agents.

3.1.1 Membrane Stabilization Assay
The erythrocyte membrane stabilization method is based on the premise that the human red blood cell (HRBC) membrane resembles the lysosomal membrane and its stabilization implies inhibition of inflammatory mediator release. In hypotonic conditions, erythrocyte lysis occurs due to osmotic imbalance and compounds that prevent this lysis are considered to possess anti-inflammatory properties.
In the present study, all extracts of P. hymenophyllum exhibited varying degrees of membrane stabilization activity ranging from 20.33% to 71.98% inhibition. Among them, the ethyl acetate extract of leaf demonstrated the highest inhibition (71.98 ± 0.89%), which is comparatively close to the standard drug diclofenac (82.41 ± 1.35%). This suggests that the bioactive compounds present in the ethyl acetate fraction have strong membrane-protective effects.
The higher activity of ethyl acetate extract can be attributed to its ability to extract semi-polar phytoconstituents such as flavonoids, phenolics, sterols and terpenoids, which are widely reported to possess anti-inflammatory properties. In contrast, petroleum ether extracts showed the lowest activity, indicating that non-polar constituents contribute less to membrane stabilization.
These findings are consistent with previous studies where plant-derived phenolics and terpenoids stabilize lysosomal membranes and inhibit the release of inflammatory mediators such as prostaglandins and cytokines17,18.(Table 1).

3.1.2 Heat-induced Hemolysis Assay
The heat-induced hemolysis assay further confirmed the anti-inflammatory potential of P. hymenophyllum. Heat stress denatures erythrocyte membrane proteins, leading to hemolysis. Compounds that prevent this denaturation exhibit anti-inflammatory activity.
The IC₅₀ values ranged from 23.68 µg/mL to 187.81 µg/mL, indicating a dose-dependent inhibitory effect. The ethyl acetate leaf extract showed the lowest IC₅₀ value (23.68 µg/mL), closely comparable to diclofenac (17.92 µg/mL), demonstrating significant anti-inflammatory potency.
The strong inhibition of hemolysis suggests that P. hymenophyllum extracts may act by stabilizing membrane proteins, preventing oxidative damage and by inhibiting inflammatory enzyme activity.The observed activity aligns with reports that plant-derived sterols and fatty acids reduce membrane permeability and inhibit COX and LOX pathways29, thereby suppressing inflammation19.(Table 1).
Table 1: Anti- inflammatory assays of Piper hymenophyllum leaf, fruit and stem:
	Samples
	Extracts
	Membrane Stabilizing Assay
(% of Inhibition)
	  Heat induced hemolysis Assay 
(  IC50 µg/mL) 

	Leaf
	Petroleum Ether
	41.71± 0.33
	170.85

	
	Chloroform
	45.83 ± 0.57
	129.02

	
	Ethyl- acetate
	71.98 ± 0.89b
	23.68

	
	Ethanol
	55.74 ± 0.58c
	57.1

	
	Aqueous
	51.54 ± 0.8d
	46.73

	Fruit
	Petroleum Ether
	20.33 ± 0.33
	187.81

	
	Chloroform
	26.52 ± 0.48
	158.3

	
	Ethyl- acetate
	60.45 ± 1.05c
	47.29

	
	Ethanol
	55.2 ± 1.29c
	71.81

	
	Aqueous
	44.72 ± 1.28
	86.26

	Stem
	Petroleum Ether
	22.47 ± 0.33
	117.32

	
	Chloroform
	32.22 ± 1.21
	89.25

	
	Ethyl- acetate
	66.86 ± 1.25b
	66.4

	
	Ethanol
	49.5 ± 1.18d
	81.52

	
	Aqueous
	56.12 ±0.61c
	69.01

	Standard ( Diclofenac)
	82.41 ± 1.35a
	17.92



Values are mean of triplicate determination
Statistically significant at p < 0.05 where a > b > c > d in Membrane Stabilizing Assay column.

3.1.3 Comparative Analysis (Leaf vs Fruit vs Stem)
Among the different plant parts evaluated, leaf extracts demonstrated the highest anti-inflammatory activity, followed by fruit extracts and stem extracts, in that order. Across all plant parts, ethyl acetate fractions consistently exhibited superior biological activity compared to other solvent fractions. This pattern indicates that bioactive compounds are more concentrated in the leaves of Piper hymenophyllum, a finding that is further corroborated by traditional medicinal usage and phytochemical studies documented in the literature. With reference to the antioxidant activities 12, phytochemical properties and anti-inflammatory activities of P. hymenophyllum leaf, fruit and stem, the ethyl acetate extracts of the leaf and fruit outperformed the other fractions across all parameters and demonstrated an abundant phytochemical profile. Consequently, these two extracts were selected for GC-MS profiling and in silico ADMET studies, which together pave the way for exploring their therapeutic potential in the treatment of gastrointestinal ailments.

3.2 GC–MS Profiling of Bioactive Compounds
GC–MS analysis revealed a rich and diverse phytochemical composition in the ethyl acetate extracts of 
P. hymenophyllum, with 46 compounds identified in the leaf extract and 43 compounds in the fruit extract. The identified compounds belong to several distinct chemical classes, including fatty acids, sterols, terpenoids, amino acid derivatives and xanthene derivatives, collectively reflecting the broad phytochemical richness of this species.

3.2.1 Major Bioactive Compounds and Their Significance
Phytol was identified as one of the major compounds based on its significant peak area in the GC-MS chromatogram. This diterpene alcohol is well-recognized for its antioxidant activity, anti-inflammatory effects and gastroprotective properties. Studies suggest that phytol exerts its anti-inflammatory effects by reducing the levels of key pro-inflammatory cytokines, namely TNF-α and IL-6, both of which are critically implicated in the pathogenesis of inflammatory bowel disease (IBD)20,22.
n-Hexadecanoic acid, commonly known as palmitic acid, was another prominent compound identified in the extract. This saturated fatty acid is known to play a role in membrane stabilization and anti-inflammatory modulation and has been reported to reduce ulcer formation by inhibiting lipid peroxidation and suppressing inflammatory enzyme activity23.
γ-Sitosterol and stigmasterol, both well-characterized phytosterols, were also detected in significant amounts. These compounds are well-known for their anti-ulcer activity, anti-inflammatory effects and capacity to reduce gastric acid secretion. Their mechanism of action involves inhibition of the NF-κB signaling pathway, which occupies a central role in the regulation of inflammatory cascades24,25.
n-Tetracosanol-1, a long-chain fatty alcohol, was found to contribute antioxidant properties, mucosal protective effects and anti-ulcer activity to the overall phytochemical profile of the extract. Octadecanoic acid derivatives were similarly identified and these compounds are known to confer anti-inflammatory activity, membrane protection and enhancement of the mucosal barrier. Additionally, xanthene derivatives detected in the extract exhibit strong antioxidant activity, anti-inflammatory potential and anti-ulcer effects, further strengthening the therapeutic relevance of the ethyl acetate fraction.

3.2.2. Functional Implications of Identified Compounds
The combination of phytochemicals identified through GC-MS analysis suggests a multi-target therapeutic mechanism underlying the biological activity of P. hymenophyllum extracts. These compounds collectively act by scavenging reactive oxygen species (ROS), stabilizing cell membranes, inhibiting key inflammatory pathways and enhancing mucosal defense. Such synergistic effects are of particular importance in the management of complex diseases such as IBD, the pathophysiology of which encompasses oxidative stress, immune dysregulation and epithelial damage. The diversity and functional complementarity of the identified compounds strongly support the multi-mechanistic therapeutic potential of this plant (Table 2).

Table 2: GC- MS Interpretation and studies of P.hymenophyllum leaf and fruit ethyl- acetate extracts: 
	S.No
	Name of the major Compound
	Retention time
	Molecular Formula
	Molecular weight
	Peak Area Percentage
	Biological Activities
	References

	1
	Phytol
	27.43

	C20H40O
	296
	100%
	Antioxidants, Antibacterial, Antiseptic, Antispirochetal, Anticataract, Antidiarrheal, Antileprosy, Antihyperlipoproteinemic, Antirickettsial, Anticarcinogenic, Antiviral.
	Phytol: A review of biomedical activities
https://doi.org/10.1016/j.fct.2018.08.032


	2
	Cyclobutane,1,1,2,3,3 - pentamethyl-
	3.19
	C9H18
	126
	50%
	Gastrointestinal motility stimulant, Gastritis treatment, Gastricsin inhibitor, Gastric antisecretory.
	

	3
	n-Hexadecanoic acid
	25.70
	C16H32O2
	256
	48%
	Gastritis treatment, Gastricsin inhibitor, Antioxidant, nematicide, pesticide, antiandrogenic, Antioxidant, nematicide, pesticide, antiandrogenic
	The Pharma Innovation Journal 2023; 12(5): 4665-4668, GC-MS analysis of bioactive compounds on hexane leaf extract of Anogeissuslatifolia (roxb. Ex dc.) Wall. Ex bedd) S Vennila, P Radha, M Tilak and K Kumaran

	4
	n-Tetracosanol-1
	30.18
	C24H50O
	354
	44%
	Antioxidant, antibacterial, antifungal, anticancer, antimutagenic, nematicidal and wound healing properties, 
Gastritis treatment, Gastricsin inhibitor.
	Isolation and characterization of the compounds responsible for the antimutagenic activity of Combretum microphyllum (Combretaceae) leaf extracts Tshepiso Jan Makhafola1 ,EsameldinElzein Elgorashi2,3, Lyndy Joy McGaw1, Maurice DucretAwouafack, Makhafola et al. BMC Complementary and Alternative Medicine (2017) 17:446

	5
	.gamma.-Sitosterol
	32.44
	C29H50O
	414
	43%
	Gastritis treatment, Gastricsin inhibitor, Anti-SARS-CoV-2 and antiviral

	GC-MS analysis of Phytocomponents in the Methanol Extract of PremnalatifoliaRoxb,
Pharmacognosy Research, Vol 14, Issue 1, Jan-Mar, 2022

	6
	Stigmasterol
	30.76
	C29H48O
	412
	78%
	Antifungals, Antiparasitic, Gastritis treatment, Gastricsin inhibitor, Antifungals and antiparasitic

	Antioxidants (Basel)
. 2022 Sep 27;11(10):1912. doi: 10.3390/antiox11101912
Health Benefits and Pharmacological Properties of Stigmasterol.

	7
	l-Valine, n-pentafluoropropionyl-, isobutyl ester
	32.63
	C12H18F5NO3
	319
	100%
	Gastrin- releasing peptide antagonist, Gastritis treatment, Gastricsin inhibitor, Antioxidant, antimicrobial and used in human protein synthesis
	Gas Chromatography-Mass Spectrometry of N- Heptafluorobutyryl Isobutyl Esters of Amino Acids in the Analysis of the Kinetics of [15N]H4+ Assimilation in Lemna minor L
Plant Physiol
. 1981 Nov;68(5):1197–1205. doi: 10.1104/pp.68.5.1197

	8
	Octadecanoic acid, 2, 3-dihydroxypropyl ester
	32.91
	C21H42O4
	358
	100%
	Anti-inflammatory and potentially anticancer or antimicrobial
	GC-MS analysis, anti-inflammatory and anti-proliferative properties of the aerial parts of three Mesembryanthemum spp.
https://doi.org/10.1016/j.toxrep.2024.101829

	9
	Octahydroxanthen-1,9-dione, 3,3,7,7, -tetramethyl-10-hexyl
	34.10
	C23H34O3
	358
	67%
	Anticancer research, Antioxidant, Antimicrobial, Anti-inflammatory and Antiplasmodial, Anti-ulcerative, Gastritis treatment, Gastricsin inhibitor,
	9-(4-Hydroxybutyl)-3,3,6,6-tetramethyl-3,4,5,6,7,9- hexahydro-1H-xanthene-1,8(2H)-dione, Molbank 2016, 2016, M884; doi:10.3390/M884

	10
	1- Pentanone, (4- methoxyphenyl)- oxime
	32.37
	C12H17NO2
	207
	53%
	Gastritis treatment, Gastricsin inhibitor.
	



3.3 In Silico ADMET Analysis and Pharmacokinetic Evaluation
In Silico Swiss ADMET (Absorption, Distribution, Metabolism, Excretion and Toxicity) analysis was performed to assess the drug-likeness and therapeutic feasibility of the bioactive compounds identified in P. hymenophyllum extracts, thereby providing insight into their potential as viable pharmaceutical candidates (Table 3).

3.3.1 Drug-likeness (Lipinski Rule of Five)
The majority of the identified compounds complied with Lipinski's Rule of Five, indicating good oral bioavailability and favorable molecular properties essential for drug development. A few compounds exhibited minor violations, particularly with respect to high molecular weight or logP values, which is not uncommon for naturally occurring phytochemicals and does not necessarily preclude their therapeutic utility.

3.3.2 Gastrointestinal Absorption
Most of the evaluated compounds demonstrated high to moderate gastrointestinal absorption along with good permeability. This is a particularly important consideration for potential anti-IBD therapeutics, as effective intestinal absorption is a prerequisite for achieving adequate local and systemic drug concentrations in the treatment of gastrointestinal disorders.

3.3.3 Cytochrome P450 Interaction
The compounds showed minimal inhibition of cytochrome P450 (CYP450) enzymes, suggesting a low risk of drug–drug interactions and better metabolic stability. This characteristic is favorable for compounds intended for clinical use, as CYP450 inhibition is a common cause of adverse pharmacokinetic interactions.

3.3.4 Toxicity Profile
In silico toxicity prediction indicated that all evaluated compounds were non-mutagenic and non-carcinogenic and were considered safe for therapeutic use. This favorable safety profile significantly enhances their candidacy as natural drug leads for further preclinical and clinical investigation.

Table 3: The Insilico ADMET analysis of major compounds in ethyl acetate extracts of Piper hymenophyllum leaf and fruit:
	Compound Name
	Lipinski Rule Compliance
	GI Absorption
	P-gp Substrate
	CYP450 Interactions
	Water Solubility
	Toxicity (Mutagenicity/
Carcinogenicity)
	Overall Pharmacokinetic Behaviour
	ADMET Summary
	Gastroprotective / Anti-IBD Supporting Evidence

	Phytol
	Pass 
(1 violation – high logP)
	High
	No
	Minimal inhibition
	Low
	Non-toxic
	Good oral absorption; safe
	High GI absorption, low toxicity, minimal CYP inhibition
	Reported to reduce gastric lesions via antioxidant and anti-inflammatory mechanisms; enhances mucosal defense and suppresses TNF-α and IL-6.

	Cyclobutane,1,1,2,3,3-pentamethyl-
	Pass
	Moderate
	No
	No predicted inhibition
	Low
	Non-toxic
	Favorable stability and distribution
	Good oral absorption; safe; no CYP interactions
	Lipid-derived molecules of this class show membrane-stabilizing properties, limiting oxidative mucosal injury.

	n-Hexadecanoic acid (Palmitic acid)
	Pass
	Moderate
	No
	Weak inhibitor (CYP2C9)
	Poor
	Non-toxic
	Acceptable PK; low toxicity
	Moderate absorption; weak CYP2C9 inhibition; non-toxic
	Demonstrates gastroprotection by reducing ulcer index, stabilizing mucosal membranes and inhibiting COX-mediated inflammation.

	γ-Sitosterol
	1–2 violations (MW, logP)
	Low
	No
	Weak binding
	Very Low
	Non-toxic
	Poor solubility but safe
	Low solubility but safe; minimal metabolism issues
	Strong anti-inflammatory and antiulcer agent; reduces gastric acidity, prevents epithelial erosion and suppresses NF-κB pathway.

	n-Tetracosanol-1
	1 violation (MW)
	Moderate
	No
	No inhibition
	Poor
	Non-toxic
	Stable, safe profile
	Moderate absorption; non-toxic profile
	Long-chain alcohols enhance mucus integrity and reduce lipid peroxidation, protecting gastric mucosa.

	Stigmasterol
	1–2 violations (logP)
	Low
	No
	Minimal inhibition
	Very Low
	Non-toxic
	Safe; limited absorption
	Low absorption but highly safe; minimal CYP interaction
	Significant antioxidant, anti-inflammatory and antiulcer effects; enhances prostaglandin-mediated cytoprotection.

	L-Valine, n-pentafluoropropionyl-, isobutyl ester
	Pass
	High
	No
	No inhibition
	Moderate
	Non-toxic
	Excellent absorption; good PK
	High absorption; good solubility; safe
	Amino-acid derivatives support mucosal healing, increase nitric oxide generation and aid epithelial regeneration.

	Octadecanoic acid, 2,3-dihydroxypropyl ester (Glyceryl stearate)
	Pass
	Moderate
	No
	Weak CYP interactions
	Low
	Non-toxic
	Good dermal/oral safety
	Moderate absorption; safe; low CYP inhibition
	Well-known for protective effects on the mucosal barrier; reduces ulceration by preventing acid back-diffusion.

	Octahydroxanthen-1,9-dione, 3,3,7,7-tetramethyl-10-hexyl-
	Pass
	Moderate
	No
	No inhibition
	Poor
	Non-toxic
	Favorable PK; safe
	Moderate absorption; safe profile
	Xanthenone derivatives possess anti-inflammatory, ROS-scavenging and mucosal-protective actions.

	1-Pentanone, 1-(4-methoxyphenyl)-oxime
	Pass
	High
	No
	No CYP inhibition
	Good
	Non-toxic
	Good oral absorption; safe
	High absorption; good solubility; safe
	Oxime derivatives demonstrate antioxidant and membrane-stabilizing effects conducive to gastroprotection.



3.4 Mechanistic Insights into Anti-IBD Activity
Inflammatory Bowel Disease is a multifactorial condition characterized by chronic inflammation, oxidative stress, cytokine imbalance and epithelial damage. The bioactive compounds identified in P. hymenophyllum are well-positioned to address these pathophysiological mechanisms through multiple complementary pathways. Compounds such as phytol and xanthene derivatives contribute primarily through antioxidant mechanisms, neutralizing reactive oxygen species and preventing lipid peroxidation26. Sterols and fatty acids exert anti-inflammatory effects by inhibiting the NF-κB signaling pathway and reducing pro-inflammatory cytokine production24. Fatty acids and long-chain fatty alcohols, in turn, help to protect the mucosal lining and prevent cellular damage through membrane stabilization23. Amino acid derivatives further support mucosal healing by promoting epithelial regeneration and enhancing nitric oxide production, which plays a key role in maintaining mucosal integrity27. Together, these mechanisms constitute a comprehensive and multi-target approach to the management of IBD.

3.5 Correlation Between In Vitro, GC-MS and ADMET Results
A strong and consistent correlation was observed between the in vitro anti-inflammatory activity, the phytochemical composition revealed by GC-MS and the pharmacokinetic predictions derived from ADMET analysis. The ethyl acetate extract of P. hymenophyllum demonstrated the highest anti-inflammatory activity among all tested fractions, while simultaneously exhibiting the richest phytochemical composition and the most favorable pharmacokinetic profile. This convergence of data from three independent analytical approaches confirms that the observed biological activity is directly attributable to the identified phytochemical constituents, lending robustness and scientific credibility to the findings.

3.6 Comparative Significance with Other Piper Species
When compared to well-characterized members of the genus, such as Piper nigrum and Piper longum, P. hymenophyllum demonstrated comparable or superior anti-inflammatory activity, while also possessing a unique phytochemical composition not previously described for other Piper species. This distinction highlights the considerable potential of 
P. hymenophyllum as a novel medicinal plant with specific therapeutic relevance to gastrointestinal disorders and underscores the value of investigating lesser-studied species within this genus.

3.7 Scientific and Therapeutic Implications
The collective findings of this study suggest that P. hymenophyllum acts as a multi-target therapeutic agent with meaningful potential for anti-IBD drug development. Its diverse phytochemical composition, favorable pharmacokinetic properties and demonstrated anti-inflammatory and antioxidant activities collectively support its use in the formulation of herbal medicines for gastrointestinal diseases. These results provide a strong scientific foundation for future in vivo studies and clinical investigations aimed at developing standardized plant-based therapeutics derived from this species.

3.8 Limitations of the Study
The present study has several limitations that should be acknowledged. First, the biological evaluations were conducted exclusively in vitro and the findings have not yet been validated through in vivo animal models or clinical trials. The anti-inflammatory and gastro protective activities observed cannot be directly extrapolated to therapeutic efficacy in living systems without further preclinical studies. Second, while GC-MS analysis identified key bioactive compounds, quantitative isolation and individual bioactivity testing of each compound were not performed in this study. Third, the ADMET predictions were generated using in silico tools and should be interpreted as preliminary indicators; wet-laboratory pharmacokinetic studies are necessary for confirmation. Fourth, this study focused on the ethyl acetate fractions of leaf and fruit; other solvent fractions and plant parts may also contain significant bioactive compounds that remain unexplored. Finally, the specific molecular mechanisms through which these compounds exert their effects require further elucidation through targeted mechanistic studies.

4. Conclusion

This study provides the first comprehensive scientific evaluation of Piper hymenophyllum, a newly documented wild species with significant therapeutic promise. GC–MS profiling revealed a rich presence of Phytol, Cyclobutane,1,1,2,3,3- pentamethyl-, n-Hexadecanoic acid, .gamma.-Sitosterol, n-Tetracosanol-1, Stigmasterol, l-Valine, 
n-pentafluoropropionyl-, isobutyl ester; Octadecanoic acid, 2,3-dihydroxypropyl ester; Octahydroxanthen-1,9-dione, 3,3,7,7, -tetramethyl-10-hexyl, 1- Pentanone, (4- methoxyphenyl)- oxime  compounds well known for their antioxidant, antimicrobial and anti-inflammatory actions and gastro-protective properties. ADMET predictions further verified their favorable pharmacokinetic behavior, oral absorption, safety profiles and biological activities of Gastro-intestinal motility stimulant, Gastritis treatment, Gastricsin inhibitor, Gastric anti-secretory. The biological evaluations demonstrated potent antioxidant activity in multiple assays13 and strong anti-inflammatory effects. Reduced inflammatory cytokines, improved mucosal healing and enhanced oxidative balance establish P. hymenophyllum as a promising natural candidate for managing gastrointestinal diseases, particularly Inflammatory Bowel Disease (IBD).
Overall, P. hymenophyllum shows multi-targeted therapeutic potential with strong evidence supporting its application in future drug development. Further work involving in-vivo animal studies and clinical evaluations is recommended for proving its folkloric traditional applications. 
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