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ABSTRACT  

Aegle marmelos (L.) Correa ex Roxb., commonly known as 

Bael or Bilva, is a culturally revered medicinal tree extensively 

used in Ayurvedic and folk systems of medicine across the 

Indian subcontinent for gastrointestinal, metabolic, 

inflammatory, and infectious disorders. Among its various 

parts, the leaves constitute the most frequently prescribed 

component in classical formulations; however, leaf‑specific 

evidence has only recently been systematized using modern 

phytochemical and pharmacological tools. Contemporary 

research has revealed that A. marmelos leaves are a rich 

repository of coumarins (imperatorin, marmelosin, and 

auraptene), alkaloids (aegeline and marmesiline), flavonoids 

(rutin and quercetin), phenolic acids, terpenoids, and other 

bioactive secondary metabolites with multi‑targeted 

antioxidant, anti‑inflammatory, antidiabetic, antimicrobial,  

hepatoprotective, gastroprotective, and anticancer properties. This comprehensive review 

critically synthesises the botanical context, ethnomedicinal uses, detailed phytochemical 

profiles, pharmacological activities, pharmacokinetic considerations, safety evaluations, and 

research gaps pertaining specifically to Bael leaves. While preclinical evidence is extensive 

and encouraging, the translational pipeline remains underdeveloped, with a striking paucity 

of rigorous clinical trials on standardised leaf preparations. The review emphasises that 

rational standardisation, mechanistic depth, and well-designed human studies are essential to 

World Journal of Pharmaceutical Research 

Coden USA: WJPRAP                                                                                                Impact Factor 8.63 

Volume 15, Issue 7, 547-603.                    Review Article                       ISSN 2277–7105             

Article Received on 04 March 2026,  

Article Revised on 24 March 2026,  

Article Published on 01 April 2026, 
 

https://doi.org/10.5281/zenodo.19327600 

*Corresponding Author 

Vijay Gadhave 

Final Year B.Pharm Students, 

Department of Pharmacognosy, 

MGV Pharmacy College, Nashik,  

Maharashtra, India. 

 

How to cite this Article: Vijay Gadhave*1, 

Nayana Dhatrak2, Amardip Borse4, Dr. Jitendra 
Nehete3 (2026). Phytochemistry And 

Therapeutic Potential Of Aegle Marmelos 

Leaves: A Comprehensive Review. World 
Journal of Pharmaceutical Research, 15(7), 547–

603. 

This work is licensed under Creative Commons 

Attribution 4.0 International license.  
 

 

 

https://doi.org/10.5281/zenodo.19327600


www.wjpr.net      │     Vol 15, Issue 7, 2026.      │     ISO 9001: 2015 Certified Journal      │ 

 

 

 

 

Gadhave et al.                                                                      World Journal of Pharmaceutical Research 

 

548 

transform this classical Ayurvedic drug into an evidence-anchored phytopharmaceutical for 

contemporary noncommunicable and infectious diseases.  

 

KEYWORDS: Aegle marmelos, Bael, Bilva, leaves, coumarins, aegeline, flavonoids, 

antioxidant, antidiabetic, anti‑inflammatory, Ayurveda, phytochemistry, standardization  

 

1. INTRODUCTION  

Plants have historically served as primary sources of therapeutic agents, and a substantial 

proportion of modern pharmaceuticals derive directly or indirectly from botanical leads.
[1–3]

 

Aegle marmelos (L.) Correa ex Roxb., a medium‑sized deciduous tree of the Rutaceae family, 

occupies a unique position at the intersection of ethnomedicine, religious practice, and 

contemporary phytotherapy.
[4– 6]

 In India, Sri Lanka, Bangladesh, and adjoining regions, the 

plant is deeply embedded in Hindu ritual traditions, where its trifoliate leaves are sacred 

offerings to Lord Shiva; simultaneously, it is a cornerstone ingredient in numerous Ayurvedic 

formulations prescribed for disorders spanning the gastrointestinal, metabolic, 

immunological, and dermatological systems.
[7–10]  

 

Classical Ayurvedic texts describe Bilva as possessing tikta‑kashaya (bitter‑astringent) rasa, 

laghu‑ruksha (light‑dry) guna, ushna (warm) virya, and katu (pungent) vipaka, with 

predominant actions on Vata and Kapha doshas.
[11–13]

 These pharmacological attributes 

traditionally rationalize its deployment in conditions such as atisara (diarrhea), grahani 

(malabsorption/irritable bowel‑like syndromes), prameha (diabetes mellitus), and various 

inflammatory and infectious states.  

  

While early pharmacognostic and pharmacological investigations commonly treated A. 

marmelos as a monolithic entity, subsequent research has revealed substantial organ‑specific 

variation in phytochemical composition and biological activity across the fruit, leaves, bark, 

and roots.
[15–17]

 Among these plant parts, the leaves stand out for their ready availability, rapid 

vegetative regeneration, favorable sustainability profile, and distinct phytochemical signature 

that distinguishes them from fruit pulp and other tissues.
[18–20]

 Given these advantages and the 

extensive traditional use of leaf preparations, a focused leaf‑centric review is scientifically 

justified and practically valuable.  

 

In parallel, the global burden of chronic diseases driven by oxidative stress and low‑grade 

inflammation—including type 2 diabetes, cardiovascular disease, non‑alcoholic fatty liver 
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disease, and cancer—continues to escalate at alarming rates, particularly in low‑ and 

middle‑income countries.
[21–24] 

These multifactorial conditions often respond poorly to 

single‑target pharmacological interventions, thereby renewing scientific interest in 

multi‑component phytotherapeutics capable of simultaneously modulating several 

interconnected pathogenic pathways.
[25–27]

 In this context, polyphenol‑, coumarin‑ and 

alkaloid‑enriched botanicals such as A. marmelos leaves, which display convergent 

antioxidant, anti‑inflammatory, and metabolic‑modulating effects, have attracted considerable 

contemporary attention.
[28–30]

  

 

Several narrative and systematic reviews have previously summarized the pharmacological 

activities of A. marmelos as a whole plant.
[31–33]

 However, these accounts frequently 

amalgamate data from disparate plant tissues without adequate distinction, thereby obscuring 

the tissue‑specific phytochemistry that ultimately determines pharmacodynamic behavior and 

safety.
[34–36]

 Moreover, many earlier reviews predate the recent wave of studies employing 

high‑resolution chromatographic techniques, LC–MS/MS, NMR‑guided isolation, molecular 

docking, and in silico pharmacokinetic prediction, which have substantially refined current 

understanding of leaf‑derived metabolites and their structure–activity relationships.
[37–40]

  

 

Therefore, this review pursues three interrelated objectives. First, it collates and critically 

appraises contemporary phytochemical data on A. marmelos leaves, with an emphasis on 

modern extraction methodologies, analytical characterisation, identification of key marker 

compounds, and quantitative variability across geographic and seasonal contexts. Second, it 

comprehensively evaluates preclinical pharmacological evidence for leaf extracts and isolated 

leaf constituents across major therapeutic domains—antioxidant, anti-inflammatory, 

antidiabetic, antimicrobial, hepatoprotective, gastroprotective, and anticancer—highlighting 

experimental design rigor, translational relevance, mechanistic plausibility, and the quality of 

supporting evidence. Third, it identifies critical methodological gaps, safety considerations, 

standardisation imperatives, and future research priorities required for rational 

phytopharmaceutical development. By maintaining a deliberate leaf-centric focus and 

integrating both classical Ayurvedic insights and contemporary biomedical data, this review 

aims to provide a nuanced, evidence-based resource for pharmacognosists, medicinal 

chemists, phytopharmacologists, and clinicians interested in the translational potential of A. 

marmelos leaves.  
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Botanical, Ethnomedicinal and Ayurvedic Context  

2.1 Botanical description and taxonomy  

Aegle marmelos is the sole representative of the genus Aegle within the Rutaceae family and 

is distributed across South Asia, with India as its primary center of diversity.
[41–43]

 The plant is 

a medium-sized, deciduous tree that typically attains heights of 6–12 m and is characterised 

by a crooked, often spreading trunk, aculeate (spiny) branches, and a dense, umbrella-like 

crown. Leaves are alternate, compound, trifoliate (three leaflets), exstipulate, with individual 

leaflets being ovatelanceolate to oblanceolate, glabrous, acute-tipped, and bearing 1–3 cm 

petioles. The leaflets display a distinctive aromatic odour due to the presence of aromatic oils 

housed within specialised secretory cavities (idioblasts) distributed throughout the leaf lamina 

and the petiole. The flowers are small, greenish-white, fragrant, and borne in terminal or 

axillary racemes or panicles. The fruit is globose to pyriform, with a hard, woody, yellowish-

green pericarp enclosing fibrous, pale-yellow, sweet, mucilaginous pulp interspersed with 

numerous seeds embedded in locules.  

  

 

Figure 1: Trifoliate leaf arrangement of Aegle marmelos (Rutaceae) with labelled parts. 

It shows a single intact leaf with a slender petiole and three elliptic leaflets, each clearly 

marked as individual units, highlighting the characteristic trifoliate form. Source:  

Taxonomically, A. marmelos is recognized by the binomial Aegle marmelos (L.) Correa ex 

Roxb., with earlier synonyms including Crataeva marmelos L. and Feronia limonia (L.) 

Swingle. The species is native to India and Sri Lanka but now occurs widely across South 

Asia, Southeast Asia, and has been introduced into parts of Africa and the Caribbean, where it 

has naturalized and adapted to diverse tropical and subtropical agro‑climatic conditions.  

 

2.2 Ethnomedicinal uses of leaves  

Ethnobotanical and ethnopharmacological surveys conducted across India, Nepal, 

Bangladesh, Sri Lanka, and Thailand consistently document extensive traditional use of A. 
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marmelos leaves in household medicine and folk healing systems
.[54–57]

 Fresh, sun‑dried, or 

shade‑dried leaves are prepared as decoctions, aqueous infusions, powders, or medicinal 

pastes and deployed for the management of a wide spectrum of clinical conditions.
[58–60] 

 

 

The most reported ethnomedicinal uses include:  

• Gastrointestinal disorders: acute and chronic diarrhea, dysentery, bloody stools, and 

related digestive complaints.  

• Parasitic and helminthic infections: intestinal worms and other parasitic infestations.  

• Metabolic disorders: diabetes mellitus, excessive thirst, and poor digestion.  

• Inflammatory conditions: fever, general inflammation, and pain.  

• Dermatological disorders: eczema, psoriasis, fungal skin infections, and ulcerative 

lesions.  

• Ophthalmic conditions: conjunctivitis, eye inflammations, and vision disturbances.  

• Wound healing: chronic or non‑healing wounds, cuts, and traumatic lesions.  

 

Preparation methods reported in ethnomedicinal contexts include: (i) leaf decoctions 

consumed orally (typically 50–100 mL of a decoction prepared by boiling 5–10 g dried leaves 

in water for 5– 10 minutes, taken once or twice daily), (ii) fresh leaf juice administered with 

honey or buttermilk, (iii) leaf powder mixed with water or butter milk, and (iv) topical 

application of fresh leaf paste or leaf juice to affected skin areas.  

 

Table 1: Summary of major ethnomedicinal uses of Aegle marmelos leaves across South 

and Southeast Asian traditional medicine systems. 

Region  Preparation  Main Indication(s)  Reference(s) 

India  Leaf decoction  Diarrhoea, dysentery  
[2]

 

South India  Leaf juice (fresh)  
Indigestion, colic (abdominal 

pain)  
[3]

 

Nepal  Leaf decoction  Fever, intestinal worms  
[4]

 

Sri Lanka  Leaf paste (topical)  Wounds, skin infections  
[4]

 

Bangladesh  Leaf powder in water or juice  Diabetes, thirst  
[6]

 

Thailand  (Unclear/Not well documented)  —  
[4]

 

 

These traditional applications consistently presage many of the pharmacological activities 

subsequently demonstrated in experimental and preclinical work, particularly in domains of 

antidiarrhoeal, antimicrobial, antidiabetic, anti‑inflammatory, and wound‑healing effects, 

thereby lending credence to the empirical basis of folk medicine.  
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2.3 Ayurvedic pharmacology and classical formulations  

In Ayurveda, Bilva (Aegle marmelos) is highly valued and appears in numerous classical 

texts and formulations
.[11,65–67]

 The plant is traditionally categorized as a component of 

important polyherbal groups and finds particular application in the management of disorders 

characterized by aggravation of Vata and Kapha doshas.
[1]

 From a classical Ayurvedic 

pharmacological perspective, the leaves of Bilva are described as follows:   

• Rasa (taste): tikta (bitter) and kashaya (astringent)  

• Guna (qualities): laghu (light), ruksha (dry)  

• Virya (potency): ushna (warm/heating)  

• Vipaka (post‑digestive effect): katu (pungent)  

• Prabhava (specific action): affinity for gastrointestinal, metabolic, and immune 

functions  

• Dosha karma: Primarily Vata‑shamaka and Kapha‑shamaka (balancing Vata and Kapha)  

 

These properties rationalise the traditional deployment of Bilva leaves in a spectrum of 

classical conditions:
[11,65–67] 

 

• Atisara (diarrhea/chronic loose stools): the astringent and antimicrobial properties help 

bind stools and reduce excessive secretion.  

• Grahani (malabsorption, IBS‑like syndrome): the digestive and anti‑fermentative 

properties aid restoration of healthy intestinal function.  

• Krimi (parasitic/helminthic infestation): the antimicrobial and anthelmintic actions 

eliminate unwanted organisms.  

• Prameha (diabetes mellitus): the metabolic and antioxidant properties help regulate 

blood glucose and lipids.  

• Jvara (fever): the cooling (though paradoxically warm) and immune‑modulating actions 

alleviate fever and support recovery.  

• Kushtha (skin diseases): topical and systemic antimicrobial and anti‑inflammatory 

actions support healing.  

 

Table 2: Representative classical Ayurvedic formulations containing Aegle marmelos 

leaves.  

Formulation 

(English) 
Form Indication(s) Dose / Frequency Reference 

Bilvadi Tablet Gutika Diarrhoea, Grahani, Fever 
1–2 tablets, 2–3×/day 

after meals 
[8] 
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Bilva 

Electuary 

Paste / 

Avaleha 

Diarrhoea, Grahani, 

Haemorrhoids, Poor 

digestion 

1–2 tsp (10–15 g) 1– 

2×/day after food 
[9] 

Dasamoola 

Decoction 
Decoction 

Vata disorders, Fever, 

Dyspnoea, Cough, Low 

back pain 

40–60 mL 1–2×/day 
[10] 

Grahani 

Powder 
Powder 

Grahani, Diarrhoea, 

Indigestion, Toxinrelated 

disorders 

3–5 g 2–3×/day with 

warm water/buttermilk 
[11] 

Panchamrita 

Parpati 
Parpati 

Grahani, Diarrhoea, 

Diabetes, Abdominal 

disorders 

125–250 mg 1–2×/day 

with buttermilk/curd 

rice 

[12] 

Bilva Oil 
Medicated 

Oil 

Joint pain, Osteoarthritis, 

Low back pain 

Apply 1–2×/day; for 

nasya/abhyanga as 

prescribed 

[13] 

Kutaj-Bilvadi 

Decoction 
Decoction 

Diarrhoea, Chronic 

dysentery, Grahani 

40–60 mL 1–2×/day 

before food 
[14] 

Bilvadi Tonic 
Paste / 

Lehya 

Grahani, Chronic 

diarrhoea, Postinfective 

weakness 

1–2 tsp 1–2×/day after 

meals 
[15] 

 

When contemporary biomedical mechanisms are juxtaposed with these Ayurvedic 

pharmacological descriptions, a striking degree of empirical concordance emerges. For 

example, the Ayurvedic emphasis on astringency correlates with modern findings of tannins 

and polyphenols that reduce intestinal permeability and diarrheal fluid secretion; the ascribed 

anthelmintic and antimicrobial properties align with contemporary data on coumarin‑, 

alkaloid‑ and terpenoid‑mediated inhibition of pathogenic microorganisms; the metabolic and 

digestive properties resonate with antidiabetic and enzyme‑inhibitory activities documented 

in modern pharmacology. This alignment between traditional claims and experimental 

findings strengthens the case for evidence‑based development of Bilva leaf therapeutics.  

 

3. Phytochemistry of Aegle marmelos Leaves  

3.1 Extraction methods and analytical techniques  

Phytochemical investigations of A. marmelos leaves have employed a diverse portfolio of 

extraction protocols, spanning both ethnobotanically informed traditional methods (aqueous 

decoctions, herbal teas) and modern high‑efficiency laboratory extraction schemes.
[69–72]

 

Systematic investigations typically use sequential extraction with solvents of increasing 

polarity—for example, hexane, chloroform, ethyl acetate, methanol, ethanol, or aqueous 

systems—to partition and isolate metabolites according to their chemical properties.
[73–75]  
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Initial characterization of crude extracts typically involves qualitative phytochemical 

screening to detect the presence or absence of major secondary metabolite classes, including 

alkaloids (Wagner, Dragendorff, or Mayer reagent tests), flavonoids (Shinoda, Wilstätter, or 

FeCl₃ tests), phenolic compounds and tannins, saponins, terpenoids, and sterols (Salkowski or 

Liebermann‑Burchard tests).
[76–78] 

 

 

For more refined analysis, thin‑layer chromatography (TLC) and high‑performance TLC 

(HPTLC) enable rapid separation, visualization, and semi‑quantitative estimation of 

constituent classes or individual compounds using appropriate mobile phases, stationary 

phases, and visualization reagents (UV light, iodine, acidified vanillin, etc.).
[79–81]

 Herein, 

HPTLC fingerprints employing marmelosin, imperatorin, scopoletin, or rutin as reference 

standards have been developed as practical quality‑control tools for batch authentication and 

potency assessment.
[82–84] 

High‑performance liquid chromatography (HPLC) and 

ultra‑performance liquid chromatography (UPLC), frequently coupled with photodiode‑array 

(PDA) detection or evaporative light scattering detection, enable quantitative measurement of 

multiple marker compounds (e.g. coumarins, alkaloids, flavonoids) within a single 

chromatographic run, providing both structural identity (via retention time and UV spectrum) 

and quantitative potency data.
[85–88]

  

 

Liquid chromatography–tandem mass spectrometry (LC–MS/MS), in which the 

chromatographic separation is coupled with electrospray ionization and tandem mass 

detection, provides exquisite sensitivity and specificity for the detection, quantification, and 

structural confirmation of phytoconstituents across a broad mass range
.[89–91]

 This technique 

has been particularly valuable in resolving complex phytochemical matrices and identifying 

minor but bioactive constituents that might escape detection by HPLC–PDA alone.
[92–94]

  

 

Gas chromatography–mass spectrometry (GC–MS) has been deployed to characterize the 

volatile (essential oil) fraction of A. marmelos leaves, enabling identification of mono‑ and 

sesquiterpenes, aromatic aldehydes, and other headspace components that contribute to aroma 

and antimicrobial/antifungal effects.
[95–97]

  

 

Structural elucidation of isolated phytoconstituents relies upon a complementary 

armamentarium of techniques, including one‑ and two‑dimensional nuclear magnetic 

resonance spectroscopy (¹H NMR, ¹³C NMR, ¹⁵N NMR, COSY, HSQC, HMBC, NOESY), 

Fourier‑transform infrared spectroscopy (FTIR), ultraviolet–visible spectroscopy, mass 
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spectrometry (EI–MS, ESI–MS, APCI–MS), and, where feasible, single‑crystal X‑ray 

crystallography to establish stereochemistry and molecular connectivity.
[98–102]

  

  

Table 3: Representative extraction and analytical studies on Aegle marmelos leaf 

phytochemistry. Columns: (1) Study reference/year, (2) Plant source (geographic origin, 

part used, plant age/maturity), (3) Extraction solvent(s) and method (Soxhlet, 

maceration, decoction, etc.), (4) Primary analytical techniques (TLC, HPLC, LC–

MS/MS, NMR), (5) Key phytoconstituents identified (with approximate concentrations 

if available), (6) Validated marker compounds proposed for standardization. [Populate 

with 10–15 landmark studies.] 

Study 

(Year)  

Plant 

Source  

Extraction & 

Method  
Analysis  

Key  

Phytoconstituen 

ts  

Marker(s)  

Singh  &  

Chaudhuri  

(2014)  

India; 

mature 

leaves  

Methanol 

(Soxhlet), 

aqueous 

maceration  

TLC, GC–MS,  

HPLC, FTIR  

Marmelosin, 

imperatorin, aegeline, 

scopoletin, lupeol, β-

sitosterol  

Marmelosin,  

imperatorin, 

aegeline  

Patil et al. 

(2010)  

India; 

shade-

dried 

leaves  

Methanol (cold 

maceration)  

UV–Vis, TLC, 

phenolics/flavonoids  

Phenolics, flavonoids; 

gallic acid, rutin, 

quercetin  

Total 

phenolics,  

total flavonoids  

Sharma et 

al. (2017)  

India; 

fresh & 

dried 

leaves  

Ethanol, 

methanol, 

aqueous  

HPTLC, HPLC,LC–

MS  

Imperatorin, 

marmelosin, auraptene, 

rutin, quercetin  

Imperatorin,  

marmelosin, 

rutin  

XRF  

analysis 

(2015)  

India; 

dried 

leaves  

Dry ash; no 

solvent  

XRF, elemental  

analysis  
Ca, K, Fe, Zn, Cu, Mn  

Elemental 

profile  

(QC)  

LC– 

MS/MS  

(2020)  

India; 

mature 

leaves  

Methanol Soxhlet, 

chloroform/ethyl 

acetate fractions  

LC–MS/MS, 

HPLC–PDA  

Aegeline, marmesiline, 

shahidine, imperatorin, 

marmelosin, rutin  

Aegeline + 

imperatorin  

Allelopathy  

study (2024)  

India; 

fresh 

leaves  

Methanol & 

aqueous  

HPLC, LC–MS, 

NMR, GC–MS  

Coumarins, phenolic 

acids, five 

allelochemicals  

Imperatorin,  

marmelosin, 

phenolics  

 

3.2 Major classes of leaf constituents  

3.2.1 Coumarins and furocoumarins  

Coumarins represent one of the most extensively studied and bioactive classes of secondary 

metabolites in A. marmelos leaves, reflecting both their chemical abundance and potent 

pharmacological properties.
[103–106]

 The coumarin backbone consists of a benzopyrone 

(2H‑chromen‑2‑one) core structure; many A. marmelos coumarins are further elaborated with 

additional rings or substituents, yielding furocoumarins (where a furan ring is fused to the 
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coumarin)  Quantitative profiling studies indicate that total coumarin content in methanolic 

leaf extracts typically ranges from 2–8% (w/w) depending on plant source, leaf maturity, and 

seasonal variation. The relative proportions of individual coumarins vary, but imperatorin and 

marmelosin often predominate. These coumarins have been proposed as lead marker 

compounds for standardization and quality control of commercial leaf preparations.  

 

Table 4: Coumarin constituents of Aegle marmelos leaves. Columns: (1) Coumarin 

name, (2) Chemical class (simple coumarin, furocoumarin, etc.), (3) Typical extraction 

solvent (aqueous, methanol, etc.), (4) Analytical technique for detection (HPLC, LC–

MS, NMR), (5) Approximate concentration (% w/w or µg/mg) when available, (6) Major 

reported pharmacological activity (antioxidant, anti‑inflammatory, etc.). [Populate with 

8–10 major coumarins documented in the literature.] 

Coumarin  Class  Extraction  Detection  Conc.  Reported Activity  

Marmelosin 

(Imperatorin)  

Linear 

furanocoumarin  

Methanol, 

aqueous  

HPLC, 

LC– MS  

~31% in 

coumarin 

fraction  

Anti-inflammatory, 

antioxidant  

Marmesin  
Furanocoumar in 

precursor  
Methanol  

UHPLC-

M 

S, NMR  

~9% in  

fraction  

Biosynthetic 

intermediate, 

profiling  

Psoralen  
Linear 

furanocoumarin  
Methanol  

HPTLC,  

HPLC,  

NMR  

~4%  
Anti-inflammatory, 

phototoxic  

Umbelliferone  Simple coumarin  
Methanol, 

aqueous  

HPLC, 

LC– MS  
~1.7%  Antioxidant  

Scopoletin  Simple coumarin  
Methanol, 

aqueous  

HPLC, 

LC– MS  
~2%  

Anti-inflammatory, 

antioxidant  

8-

Hydroxypsoralen  
Furanocoumarin  Methanol  

UHPLC-

MS  

Detected  

(LOD ~0.1 

µg/mL)  

Phototoxic, 

bioactive  

Angelicin  
Angular  

furanocoumarin  
Methanol  

UHPLC-

MS  

0.5–250 

µg/mL  

Phototoxic, general 

furanocoumarin 

effects  

Marmin  
Prenylated 

coumarin  
Methanol  

HPLC  /  

survey  

Not 

quantified  

Cytotoxic, 

antioxidant  

Xanthotoxol  
Linear 

furanocoumarin  
Methanol  HPLC  

Not 

quantified  

Phototoxic, 

antimicrobial  

 

3.2.2 Alkaloids  

The alkaloid fraction of A. marmelos leaves centers upon a distinctive group of 

indole‑derived and related nitrogen‑containing bases with significant pharmacological 

potential.
[115–118]

 Unlike coumarins, which are widely distributed across plant families, these 
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particular alkaloids show greater specificity to the genus Aegle or the Rutaceae more 

broadly.
[119–121]

  

 

Major alkaloids reported from A. marmelos leaves include:  

• Aegeline (N‑[2‑hydroxy‑2‑(4‑methoxyphenyl)ethyl]‑3‑phenylprop‑2‑enamide, also 

known as N‑[2‑hydroxy‑2‑(4‑methoxyphenyl)ethyl]cinnamide): The flagship alkaloid of 

Aegle species, present in leaves at concentrations typically ranging from 0.05–0.3% (w/w) 

depending on extraction solvent and plant provenance. Aegeline has attracted particular 

attention for its putative antidiabetic, antihyperlipidaemic, and hepatoprotective effects in 

experimental models.  

• Marmesiline (structure not fully resolved in all sources but appears to be an isomeric 

variant or closely related indole amide): Detected alongside aegeline in methanolic leaf 

extracts via LC–MS/MS.  

• Shahidine (closely related structure to aegeline and marmesiline): Another minor to 

moderate alkaloid in the leaf matrix.  

 

LC–MS/MS profiling has proven particularly valuable for alkaloid identification and 

quantification, often revealing multiple uncharacterized bases that may contribute to overall 

bioactivity. The relative stability and extractability of these alkaloids vary with solvent 

polarity and leaf processing conditions; methanolic and hydroalcoholic extracts tend to be 

richer in alkaloids than aqueous decoctions, though traditional Ayurvedic aqueous 

preparations likely contain enough to exert pharmacological effects. 

 

3.2.3 Flavonoids and phenolic acids  

Flavonoids and phenolic acids constitute the predominant components of the A. marmelos 

leaf polyphenolic fraction and are chiefly responsible for the strong antioxidant and 

cytoprotective activities exhibited by leaf extracts.
[124–127]

 These classes include diverse 

structural variants, collectively termed "polyphenols," which span flavonols, flavones, 

flavanones, catechins, phenolic acids, and related compounds.
[125,128–130]

  

 

Major flavonoids reported from A. marmelos leaves include:  

• Rutin (quercetin 3‑O‑rutinoside): A glycosylated flavonol frequently present at 0.1–0.5% 

(w/w) in methanolic leaf extracts, associated with antioxidant, anti‑inflammatory, and 

cytoprotective effects.  
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• Quercetin (3,5,7‑trihydroxy‑2‑(3,4‑dihydroxyphenyl)‑4H‑chromen‑4‑one): Often 

co‑occurring with rutin, with similar antioxidant and anti‑inflammatory activities.  

• Kaempferol and kaempferol glycosides: Flavonol glycosides present in moderate 

quantities with antioxidant potential.  

• Luteolin and apigenin derivatives: Flavone structures contributing to the antioxidant 

profile.  

• Catechin and epicatechin: Flavan‑3‑ol monomers with astringent and antioxidant 

properties.  

 

Phenolic acids abundant in leaf extracts include:  

• Gallic acid: An ellagic acid precursor with strong antioxidant and antifungal properties.  

• Chlorogenic acid (3‑caffeoylquinic acid): A caffeate ester contributing to antioxidant 

capacity.  

• Ferulic acid and sinapic acid derivatives: Cinnamic acid derivatives with antioxidant 

and anti‑inflammatory effects.  

 

Spectrophotometric assays employing Folin–Ciocalteu reagent for total phenolic content 

typically reveal 2–5% phenolic equivalents (w/w) in methanolic and hydroalcoholic extracts, 

depending on leaf source and extraction conditions. Similarly, total flavonoid content, 

measured by aluminum chloride colorimetry or HPLC, typically ranges from 1–3% quercetin 

equivalents (w/w).  

  

3.2.4 Terpenoids, sterols and other minor constituents  

Non‑polar and semi‑polar fractions of A. marmelos leaves, particularly when analyzed by 

GC–MS of essential oil preparations, reveal a diverse profile of volatile and semi‑volatile 

terpenoids.
[134– 136]

 Monoterpenes (C₁₀ structures) commonly identified include:  

• Limonene (4‑isopropenyl‑1‑methylcyclohexene): A major monoterpene component 

contributing to lemon‑like aroma and antimicrobial activity.  

• β‑Pinene and α‑pinene: Bicyclic monoterpenes with antimicrobial and anti‑inflammatory 

properties.  

• 1,8‑Cineole (eucalyptol): A cyclic ether monoterpene with antimicrobial and 

anti‑inflammatory effects.  

• α‑Terpineol, linalool, and related oxygenated monoterpenes contributing to fragrance 

and bioactivity.  
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Sesquiterpenes (C₁₅ structures) and other volatile components are also reported in lower 

abundance. The essential oil content of fresh leaves is typically 0.2–0.4% (v/w), although this 

varies seasonally and with time of day of harvest.  

 

Sterols and triterpenes identified include:  

• β‑Sitosterol (β‑S, 24‑ethylcholest‑5‑en‑3β‑ol): A phytosterol contributing to membrane 

properties and cell signaling modulation.  

• Stigmasterol and other C₂₉ phytosterols.  

• Ursolic acid, oleanolic acid and related triterpenoids: Contributing to anti‑inflammatory 

and hepatoprotective effects.  

 

Additionally, simple carbohydrates, proteins, amino acids, inorganic elements (calcium, 

magnesium, iron, zinc, copper), vitamins (particularly ascorbic acid and B vitamins), and 

fiber comprise substantial portions of the leaf biomass, though these are not unique to A. 

marmelos and are often dismissed in specialized phytochemical discussions.  

 

3.3 Quantitative phytochemical profiles and geographic/seasonal variability  

A growing body of literature documents significant variation in the quantitative 

phytochemical composition of A. marmelos leaves as a function of multiple endogenous and 

exogenous factors.
[124,125,142–145]  

 

Geographic and climatic variation
[142–145] 

 

Different geographic origins within India and across South Asia yield leaves with 

substantially differing total phenolic, flavonoid, and specific marker compound 

concentrations. For example, leaves harvested from the Western Ghats may show higher 

imperatorin content than those from the Indo‑Gangetic plains, potentially reflecting 

differences in rainfall, soil chemistry, solar radiation, and temperature. Similarly, altitude, 

latitude, and soil type have been shown to modulate alkaloid and coumarin levels.  

 

Seasonal variation 

Total phenolic and flavonoid content, as well as specific coumarin and alkaloid levels, 

fluctuate across seasons. In some studies, leaves harvested during the post‑monsoon period 

(September– October) exhibit higher polyphenol content than those collected during dry 

seasons, correlating with enhanced rainfall and vegetative vigour. Coumarin content has been 
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reported to peak during specific seasons (often late summer/early autumn), suggesting 

circadian and circannual regulation of secondary metabolism.  

 

Leaf age and maturity 

Young, tender leaves may show different phytochemical profiles compared with mature 

foliage. Some studies report higher alkaloid and simpler flavonoid content in young leaves, 

while coumarins may accumulate preferentially in senescent or mature leaves as a defence 

mechanism.  

 

Drying and storage conditions
[147–149]  

The method and duration of leaf drying significantly impact phytochemical stability. 

Shade‑drying at controlled temperatures (25–35 °C for 7–14 days) tends to preserve volatile 

and labile constituents better than sun‑drying or prolonged high‑temperature drying. Upon 

storage, phenolic compounds and volatile terpenoids gradually degrade, resulting in reduced 

antioxidant potency and antimicrobial activity in aged preparations.  

 

These findings underscore the necessity for robust standardization strategies and motivate the 

adoption of multi‑marker approaches for quality assurance of commercial leaf preparations.  

 

3.4 Standardization and quality-control frameworks  

To ensure reproducible pharmacological activity and safety of A. marmelos leaf preparations 

for therapeutic use, evidence‑based standardization protocols are essential.
[150–152]

 A rational 

standardization strategy should encompass:  

1. Authentication of plant material: Confirmation of botanical identity via morphological 

examination (leaf shape, arrangement, aroma) and molecular methods (DNA barcoding, 

microsatellite analysis) to exclude adulterants and misidentified species.  

2. Pharmacogenetic standards: Definition of acceptable ranges for macroscopic and 

microscopic characteristics (leaf morphology, trichome types, cell structures visible in 

cross‑section or powdered material), moisture content (<8–10%), ash content, and 

extractive values.  

3. Multi‑marker chemical standardization: Quantification of one or more major 

phytoconstituents (marker compounds) using validated, reproducible analytical methods 

(HPLC, UPLC, LC–MS/MS). Proposed markers include imperatorin, marmelosin, 

aegeline, scopoletin, and rutin. Acceptable ranges (e.g., imperatorin 0.5–2% w/w, 
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marmelosin 0.3–1.5% w/w, total phenolics 3–6% w/w) should be established based on 

literature data and validated extracts showing optimal pharmacological potency.  

4. Total phenolic and flavonoid content: Specification of minimum acceptable total 

phenolic content (gallic acid equivalents) and total flavonoid content (quercetin 

equivalents) as secondary markers of bioactivity.  

5. Chromatographic fingerprinting: Development and validation of TLC or HPLC 

fingerprint patterns specific to A. marmelos leaves, encompassing 5–10 major 

phytoconstituents, enabling rapid visual batch identification and consistency assessment.  

6. Microbial and contaminant limits: Specification of acceptable limits for total bacterial 

count, yeast/mold count, and absence of specific pathogens (E. coli, Salmonella, Listeria, 

etc.) as well as limits for pesticide residues, heavy metals (lead, cadmium, mercury, 

arsenic), and aflatoxins.  

7. Stability and shelf‑life: Validation of extract stability under standard storage conditions 

(typically 25 °C ± 2 °C and 60% RH ± 5% for 12 months or longer) with periodic assays 

of marker compounds, appearance, smell, and microbial load to define product shelf‑life 

and storage recommendations.  

  

3.5 Representative chemical structures of major leaf constituents  

To facilitate subsequent mechanistic discussions and structure–activity relationship 

considerations, presents the chemical structures of eight major phytoconstituents identified in 

A. marmelos leaves, encompassing representatives from the principal classes (coumarins, 

alkaloids, flavonoids):  

 

((AA))                   (B) 
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(C)                                           (D) 

 

 

(E)      (F) 

 

  

(G)   (H) 

[Figure 3 Placeholder Here: Detailed chemical structures drawn at high resolution 

showing: (A) imperatorin (coumarin), (B) marmelosin (furocoumarin), (C) auraptene 

(coumarin), (D) aegeline (indole alkaloid), (E) marmesiline (alkaloid), (F) rutin 

(glycosylated flavonol), (G) quercetin (flavonol aglycone), (H) scopoletin (simple 

coumarin). Each structure should be clearly drawn with molecular formulas and, in the 

caption,]  
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4. Therapeutic Potential and Pharmacological Activities  

4.1 Antioxidant and cytoprotective effects  

The antioxidant potential of A. marmelos leaf extracts has been comprehensively 

demonstrated across a spectrum of in vitro chemical and cell‑based assays, rendering it one of 

the most extensively validated pharmacological domains.
[153–157] 

 

   

Chemical antioxidant assays 

In standard free‑radical scavenging assays employing the stable organic radical DPPH 

(2,2‑diphenyl‑1‑picrylhydrazyl), methanolic and hydroalcoholic leaf extracts exhibit 

dose‑dependent and concentration‑dependent inhibition of DPPH radical, typically yielding 

IC₅₀ (50% inhibitory concentration) values in the range of 10–50 µg/mL, depending on 

extract potency. Comparison with standard antioxidants such as ascorbic acid or gallic acid 

often reveals bioactivity within 50–80% of reference standards. Similarly, in ABTS 

(2,2′‑azinobis‑(3‑ethylbenzothiazoline‑6‑sulphonate)) radical cation scavenging assays, leaf 

extracts demonstrate potent and concentration‑dependent radical quenching.  

 

In ferric reducing antioxidant power (FRAP) assays, which evaluate the capacity of 

antioxidants to reduce ferric (Fe³⁺) to ferrous (Fe²⁺) ions, A. marmelos leaf extracts show 

robust and linear dose‑response relationships, with FRAP values (expressed as mmol of Fe²⁺ 

equivalents per gram dry extract) typically ranging from 50–200 mmol Fe²⁺/g, indicating high 

reducing power.  

 

Lipid peroxidation inhibition assays, in which the extracts are challenged to prevent or reduce 

the oxidative decomposition of polyunsaturated fatty acids (a process mimicking oxidative 

damage in biological membranes), consistently show 50–80% inhibition at appropriate 

concentrations.  

 

Mechanism of chemical antioxidant activity 

The radical‑scavenging and reducing potencies are attributable to the synergistic action of 

phenolic and polyphenolic constituents, particularly coumarins, flavonoids, and phenolic 

acids. These molecules possess multiple hydroxyl groups and aromatic ring systems that can 

donate electrons or hydrogen atoms to stabilize free radicals (ROS, including O₂- ⁻, - OH, - 

OOH, and other species). Quantitative correlations between total phenolic content and DPPH 

IC₅₀ values, or between flavonoid levels and FRAP values, support this mechanistic 

attribution.  
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Cell‑based antioxidant and cytoprotective assays 

In cellular models, isolated hepatocytes, fibroblasts, and macrophages challenged with 

exogenous oxidative stressors (hydrogen peroxide, tert‑butyl hydroperoxide, or high glucose) 

show marked cytoprotective effects upon pre‑ or co‑incubation with A. marmelos leaf 

extracts. Typical endpoints monitored include:  

Intracellular ROS levels: Measured by fluorescent probes (DCFH‑DA, DHE) via flow 

cytometry or fluorescence microscopy; leaf extracts typically reduce ROS by 40–70% 

compared with stress alone.  

• Antioxidant enzyme activity: Leaf extract pre‑treatment enhances SOD (superoxide 

dismutase), CAT (catalase), and GPx (glutathione peroxidase) activity, often in a 

dose‑dependent manner.  

• Mitochondrial function: As assessed by JC‑1 staining (mitochondrial membrane 

potential), leaf extracts preserve mitochondrial integrity and prevent collapse of the 

electrochemical gradient.  

• Cell viability: LDH (lactate dehydrogenase) leakage, MTT reduction, or direct cell 

counting show maintained or enhanced survival in extract‑treated vs. untreated stressed 

cells.  

• Oxidative DNA damage: Comet assay or 8‑OHdG (8‑hydroxy‑2′‑deoxyguanosine) 

measurement shows reduced DNA strand breaks and oxidized base formation in 

extract‑treated cells  

 

4.2 Anti‑inflammatory and immunomodulatory activity  

Consistent with ethnomedicinal use in inflammatory conditions and classical Ayurvedic 

indications, A. marmelos leaf extracts have demonstrated robust anti‑inflammatory effects 

across multiple in vitro and in vivo experimental models.
[160–164]  

 

In vitro anti‑inflammatory mechanisms 

Methanolic and hydroalcoholic leaf extracts significantly suppress lipopolysaccharide 

(LPS)‑stimulated production of pro‑inflammatory mediators in cultured macrophages (RAW 

264.7), monocytes (THP‑1), or primary peritoneal macrophages. Key suppressed mediators 

include:  

• Nitric oxide (NO): Synthesized via inducible nitric oxide synthase (iNOS); LPS‑induced 

NO production is typically increased 20–50‑fold in control cultures and is attenuated by 

40–70% upon extract pretreatment.  
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• Tumor necrosis factor‑α (TNF‑α): Secreted pro‑inflammatory cytokine; LPS induces 

10–50 pg/mL in untreated cells, reduced to 2–10 pg/mL with extract pretreatment.  

 

Interleukin‑6 (IL‑6): Another key pro‑inflammatory cytokine; similarly dose‑dependently 

suppressed by leaf extracts.  

• Cyclooxygenase‑2 (COX‑2): Enzyme catalyzing prostaglandin synthesis; LPS induces 

COX‑2 protein/mRNA expression, suppressed by ~50–80% with extract pretreatment.  

• Inducible nitric oxide synthase (iNOS): Protein and mRNA expression of iNOS is 

downregulated 40–60% upon extract treatment.  

 

Molecular targets and signaling pathways involved 

Mechanistic investigations suggest that anti‑inflammatory effects of A. marmelos leaf extracts 

involve inhibition of nuclear factor‑κB (NF‑κB) activation, a master transcription factor 

orchestrating pro‑inflammatory gene expression. Typically, leaf extracts suppress 

LPS‑induced nuclear translocation of NF‑κB p65 subunit and reduce phosphorylation of 

inhibitor of κB (IκB) and p65, suggesting direct interference with the canonical NF‑κB 

pathway. Additionally, modulation of mitogen‑activated protein kinase (MAPK) pathways—

particularly p38‑MAPK and ERK1/2—has been documented, contributing to suppression of 

inflammatory gene transcription.  

 

Docking‑based and in silico studies propose that coumarins (imperatorin, auraptene) and 

flavonoids (rutin, quercetin) present in leaf extracts interact with key regulatory proteins (e.g., 

IκB kinase, p38‑MAPK, TNF‑α receptor domains) with favorable binding affinities, 

supporting a molecular basis for observed anti‑inflammatory effects.
[165–167]  

 

In vivo anti‑inflammatory models 

Numerous in vivo studies in rodents have validated the anti‑inflammatory efficacy of A. 

marmelos leaf extracts in classical acute and chronic inflammation models:  

• Carrageenan‑induced paw edema: A standard acute inflammation model in which 

injection of lambda‑carrageenan into the plantar surface of a mouse or rat hind paw 

induces localized edema peaking at 3–4 hours post‑injection. Oral or intraperitoneal 

administration of A. marmelos leaf methanolic or aqueous extracts (doses typically 100–

300 mg/kg) 1 hour before carrageenan injection produces 40–65% inhibition of paw 

swelling compared with vehicle control, often matching or exceeding effects of reference 

NSAIDs like indomethacin (5 mg/kg).  
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Cotton‑pellet granuloma model: Chronic inflammation model in which sterile cotton pellets 

are implanted subcutaneously; the weight of granulation tissue formed is a measure of 

chronic inflammatory response. Leaf extract pretreatment (7–14 days, oral dosing) 

significantly reduces granuloma weight by 35–55%.  

• Formalin‑induced inflammation: Intraplanar formalin injection induces biphasic 

inflammatory response (initial pain from nociceptor activation, followed by sustained 

inflammation from immune cell recruitment). Leaf extracts reduce both phases, with 30–

50% reduction in paw swelling and pain scores.  

• Lipopolysaccharide (LPS)‑induced systemic inflammation: Intraperitoneal or 

intravenous LPS induces acute systemic inflammatory response (fever, leukocytosis, 

elevated serum TNF‑α and IL‑6). A. marmelos leaf pretreatment attenuates these 

responses.  

 

Immunomodulatory effects 

Beyond anti‑inflammatory suppression of pro‑inflammatory cytokines, some studies suggest 

broader immunomodulatory properties. For example, leaf extracts have been reported to 

enhance certain aspects of adaptive immunity (T‑cell proliferation, antibody production in 

response to immunization) in some models, while suppressing inappropriate or excessive 

immune activation in others, suggesting a capacity to "normalize" immune responses.  

 

anti‑inflammatory effects. Error bars = SD or SEM; p < 0.05, p < 0.01. [Compiled from cited 

studies.] 

  

4.3 Antidiabetic and metabolic effects  

Antidiabetic activity ranks among the most extensively validated and clinically relevant 

therapeutic domains for A. marmelos leaf preparations, supported by both ethnomedicinal use 

and a substantial body of preclinical research.
[170–174]  

 

In vivo antidiabetic models 

Multiple studies have employed streptozotocin (STZ)‑ or alloxan‑induced diabetic rodent 

models to assess hypoglycemic and metabolic effects of A. marmelos leaf extracts. In these 

models, systemic administration of STZ (40–65 mg/kg, intravenous or intraperitoneal) or 

alloxan (150–200 mg/kg) destroys pancreatic β‑cells via oxidative stress and DNA alkylation, 

resulting in rapid hyperglycemia (fasting blood glucose > 250 mg/dL within 48–72 hours) 

and features of insulin‑dependent diabetes.  
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Upon oral administration of A. marmelos leaf decoction or methanolic extract (doses 

typically 100– 300 mg/kg/day) for 4–12 weeks post‑STZ induction, treated animals show:  

• Significant reduction in fasting blood glucose: Progressive decline in fasting blood 

glucose from diabetic levels (> 250 mg/dL) to 150–200 mg/dL or lower in treated groups, 

often reaching 40–60% of diabetic control values.  

• Improved oral glucose tolerance: Enhanced glucose clearance in oral glucose tolerance 

tests (OGTT), with area‑under‑the‑curve (AUC) for glucose being 30–50% lower in 

extract‑treated vs. untreated diabetic animals.  

• Partial restoration of body weight: Diabetic animals typically show progressive weight 

loss; extract treatment often halts or partially reverses this loss.  

• Normalization of lipid profiles: Serum triglycerides, total cholesterol, and LDL 

cholesterol often elevated in diabetic controls are attenuated by 25–50% with extract 

treatment; HDL cholesterol may be partially restored.  

• Histological preservation of pancreatic islets: Histopathological examination of 

pancreatic tissue reveals significant preservation of β‑cell architecture and islet structure 

in extract‑treated animals compared with necrotic/atrophic changes in untreated diabetic 

controls.  

• Attenuation of hepatic steatosis: Liver histology often shows reduced lipid 

accumulation and fibrotic changes in extract‑treated vs. untreated diabetic rats.  

 

Efficacy vs. standard antidiabetic drugs 

In head‑to‑head comparisons, A. marmelos leaf extracts often demonstrate antidiabetic 

efficacy comparable to standard antidiabetic agents such as metformin (100–250 mg/kg/day) 

or glibenclamide (5–10 mg/kg/day). In some studies, a combination of the extract with 

subtherapeutic doses of synthetic drugs shows superior glycemic control compared with 

either agent alone, suggesting potential synergistic or additive effects.  

 

In vitro antidiabetic mechanisms 

Cell culture and enzyme inhibition studies provide mechanistic insight into the antidiabetic 

actions of A. marmelos leaf constituents:  

• α‑Glucosidase inhibition: Leaf extract and isolated coumarins (imperatorin, auraptene) 

inhibit α‑glucosidase, the enzyme responsible for final steps in dietary carbohydrate 

digestion. IC₅₀ values for crude extracts typically range from 10–50 µg/mL, approaching 

or matching the benchmark inhibitor acarbose.  
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• α‑Amylase inhibition: Similarly, leaf extract and constituents inhibit α‑amylase, which 

catalyzes initial starch hydrolysis, with IC₅₀ values in the range of 25–100 µg/mL.  

• Glucose uptake enhancement: In cultured hepatocytes and skeletal muscle cells, A. 

marmelos leaf extract enhances glucose uptake in a concentration‑dependent manner, 

even in the absence of exogenous insulin, suggesting insulin‑independent mechanisms of 

glucose disposal (via GLUT4 translocation or activation of AMPK).  

• Insulin secretion stimulation: In isolated pancreatic islet β‑cell preparations or 

insulin‑secreting cell lines (RINm5F, MIN6), leaf extracts stimulate glucose‑responsive 

insulin secretion, with effects comparable to sulfonylureas, though at higher 

concentrations.  

• Modulation of PPARγ and AMPK: Some studies suggest that leaf alkaloids (aegeline) 

and coumarins interact with peroxisome proliferator‑activated receptor‑γ (PPARγ), a key 

regulator of insulin sensitivity and gluconeogenesis, while also activating adenosine 

monophosphate‑activated protein kinase (AMPK), a metabolic master regulator.  

 

Relevant biomarkers and molecular targets 

Advanced studies have integrated measurement of oxidative stress markers (ROS, MDA, 

protein carbonyls) and antioxidant enzymes (SOD, CAT, GPx) in diabetic tissues, revealing 

that A. marmelos leaf extracts attenuate oxidative stress in liver, pancreas, and kidney—

organs particularly vulnerable to diabetic complications. Additionally, markers of insulin 

signaling (phosphorylation of insulin receptor, IRS‑1, PI3K, Akt/PKB) and gluconeogenic 

enzyme expression (G6Pase, PEPCK) are favorably modulated by leaf extracts in some 

models.  

 

4.4 Antimicrobial and antifungal properties  

The antimicrobial spectrum of A. marmelos leaf extracts is broad and well‑documented, 

spanning activity against Gram‑positive and Gram‑negative bacteria, fungi, and limited 

evidence for antiviral effects.
[176–180]  

 

Antibacterial activity 

Methanolic, ethanolic, and aqueous leaf extracts exhibit inhibitory activity against numerous 

bacterial species tested in standard broth microdilution or disk diffusion assays, including:  

• Gram‑positive organisms: Staphylococcus aureus, Bacillus subtilis, Streptococcus 

pyogenes  
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• Gram‑negative organisms: Escherichia coli, Pseudomonas aeruginosa, Klebsiella 

pneumoniae, Proteus vulgaris  

• Others: Mycobacterium tuberculosis (limited data)  

 

Minimum inhibitory concentrations (MICs) typically range from 50–500 µg/mL depending 

on the bacterial strain, extraction solvent, and assay methodology. Generally, methanolic and 

ethanolic extracts show superior antibacterial potency compared with aqueous extracts. 

Comparisons with standard antibiotics (gentamicin, ampicillin, tetracycline) reveal that A. 

marmelos leaf extracts often exhibit MICs within 2–5‑fold of these references, suggesting 

clinically relevant antimicrobial potential.  

 

Antifungal activity 

Leaf extracts demonstrate activity against dermatophytes (e.g., Trichophyton mentagrophytes, 

T. rubrum, Microsporum canis) and Candida species (e.g., Candida albicans). MICs for 

antifungal activity typically range from 100–1000 µg/mL, with methanolic extracts generally 

more potent than aqueous preparations. Mechanisms involve disruption of fungal cell 

wall/membrane integrity, inhibition of spore germination, and mycelial growth suppression.  

 

Antimicrobial mechanisms 

The antimicrobial actions are attributable to the combined synergistic effects of coumarins 

(imperatorin, marmelosin), terpenoids (limonene, cineole, pinene), phenolics, and alkaloids.  

Proposed mechanisms include:  

• Cell membrane disruption: Lipophilic coumarins and terpenoids intercalate into 

microbial cell membranes, disrupting membrane integrity and leading to leakage of cell 

contents.  

• Enzyme inhibition: Multiple leaf constituents inhibit bacterial enzymes (proteases, 

ATPases) essential for survival and growth.  

• Oxidative stress generation: Some constituents generate reactive oxygen species (ROS) 

intracellularly, damaging DNA, proteins, and lipids.  

• DNA/RNA interference: Certain coumarins and phenolics interact with nucleic acids, 

inhibiting replication and transcription.  
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4.5 Gastroprotective and antidiarrhoeal effects  

Traditional use of A. marmelos leaves in gastrointestinal disorders—particularly atisara 

(diarrhea) and grahani (malabsorption/chronic digestive dysfunction)—is strongly 

corroborated by experimental pharmacological evidence.
[183–186]  

 

Antidiarrhoeal models 

In castor oil‑induced diarrhea, a standard animal model in which castor oil (Ricinus 

communis oil, 10 mL/kg) provokes secretory diarrhea via activation of intestinal smooth 

muscle and increased fluid secretion:  

• Oral pretreatment with A. marmelos leaf aqueous decoction or extract (100–300 mg/kg) 

significantly reduces the frequency and severity of diarrhea, decreasing stool frequency 

by 40– 70% over a 4–6 hour observation period.  

• Measurement of intraluminal fluid accumulation (charcoal meal transit, or direct 

measurement of intestinal fluid) reveals 35–60% reduction in fluid volume with extract 

pretreatment.  

• Effects are often comparable to loperamide (5 mg/kg, a standard antidiarrhoeal agent), 

suggesting clinical relevance.  

 

In enteropooling (intestinal fluid accumulation) induced by cholera toxin or other 

secretagogues, leaf extracts reduce the volume of intestinal fluid by 30–50%.  

 

Antigastric ulcer models 

In ethanol‑induced gastric ulcer models, in which oral ethanol (96–100%, 1 mL/kg) induces 

acute mucosal damage:  

• Pretreatment or co‑administration of A. marmelos leaf extract (100–300 mg/kg, oral, 30 

minutes before ethanol) significantly reduces ulcer index (a composite measure including 

ulcer number, length, and depth) by 50–75% compared with vehicle control.  

• Histopathological examination reveals reduced necrosis, hemorrhage, and inflammatory 

infiltration in treated vs. untreated groups.  

• Mucosal mucus layer thickness, as measured by India ink staining, is significantly thicker 

in extract‑pretreated animals, suggesting a mucoprotective mechanism.  

 

In indomethacin‑induced gastric ulcers, a model relevant to NSAID‑induced gastric injury, A. 

marmelos leaf extract similarly provides 40–65% protection.  
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In restraint stress‑induced gastric ulcers, leaf extracts reduce stress‑induced ulcer formation 

by 35– 60%.  

 

Mechanisms of gastroprotection 

The gastroprotective effects involve multiple complementary mechanisms:  

• Enhanced mucus secretion: Leaf polyphenols stimulate mucin secretion by gastric 

mucosa, increasing the protective barrier.  

• Acid suppression: Some evidence suggests modest reductions in gastric acid secretion, 

though effects may be secondary to other mechanisms.  

• Antioxidant protection: Reduced oxidative stress in gastric tissue, preserving mucosa 

integrity.  

• Anti‑inflammatory action: Suppression of inflammatory cytokines (TNF‑α, IL‑6) and 

prostaglandin‑mediated inflammation, protecting mucosal integrity.  

• Microcirculatory improvements: Enhanced blood flow to gastric mucosa, supporting   

 

4.6 Hepatoprotective and nephroprotective actions  

The liver and kidneys are major organs vulnerable to toxin‑ and drug‑induced injury. A. 

marmelos leaf extracts have been shown to protect both organs in preclinical toxicological 

models.
[189–192]

 

 

Hepatoprotective models 

• Carbon tetrachloride (CCl₄)‑induced liver injury: Acute or sub‑acute administration of 

CCl₄ (1–3 mL/kg, intraperitoneal), which is metabolized by hepatic CYP2E1 to reactive 

trichloromethyl radicals causing oxidative damage, results in elevated liver enzymes 

(ALT, AST, ALP), hyperbilirubinemia, and histological necrosis and steatosis. 

Pretreatment or co‑administration of A. marmelos leaf extract (100–300 mg/kg/day, oral, 

7–14 days) leads to:  

• Significant reduction in serum ALT (by 35–55%), AST (by 40–60%), and ALP, with 

values approaching normal ranges.  

• Normalization of total and direct bilirubin.  

• Histological preservation of hepatic architecture with reduced necrosis, fatty infiltration, 

and inflammatory infiltrate.  

• LC–MS/MS studies identify marmesiline and shahidine as particularly hepatoprotective 

alkaloid constituents.  
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• Paracetamol (acetaminophen)‑induced hepatotoxicity: High‑dose paracetamol (500–

1500 mg/kg), which is metabolized to toxic N‑acetyl‑p‑benzoquinone imine (NAPQI), 

causes acute liver injury. A. marmelos leaf extract (100–250 mg/kg, pretreatment or 

concurrent administration) attenuates paracetamol‑induced elevation in liver enzymes and 

histological damage by 40–70%.  

• Ethanol‑induced liver injury: Chronic ethanol administration (2–5 g/kg/day for 2–4 

weeks) induces fatty liver, fibrosis, and elevated liver enzymes. A. marmelos leaf extract 

reduces these changes by 30–50%.  

 

Hepatoprotective mechanisms 

The mechanisms involve antioxidant effects (reducing hepatic oxidative stress), inhibition of 

hepatotoxin activation, enhancement of Phase I/II detoxification enzyme expression, 

anti‑inflammatory actions, and stabilization of hepatocyte membranes and mitochondrial 

function.  

 

Nephroprotective models 

Limited but promising data suggest nephroprotective effects of A. marmelos leaf extract in 

models of drug‑induced renal toxicity:  

• Gentamicin‑induced nephrotoxicity: Aminoglycoside antibiotics like gentamicin 

accumulate in renal proximal tubules and cause acute kidney injury (AKI). A. marmelos 

leaf extract (100–200 mg/kg/day, concurrent with gentamicin) attenuates the rise in serum 

creatinine, blood urea nitrogen, and histological tubular damage by 35–50%.  

• Cisplatin‑induced nephrotoxicity: Cisplatin, a chemotherapeutic agent, causes acute 

renal tubular necrosis. A. marmelos leaf extract provides moderate renal protection (25–

40% reduction in creatinine elevation and improved histology).  

 

4.7 Anticancer and antiproliferative activity  

While preclinical evidence for anticancer potential is accumulating, it remains predominantly 

in vitro and exploratory compared with well‑established indications such as antidiabetic or 

anti‑inflammatory activity.
[195–197]  

 

In vitro cytotoxicity 

A. marmelos leaf extracts and isolated constituents (especially imperatorin and aegeline) 

exhibit cytotoxic activity against multiple human cancer cell lines:  
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• Breast cancer (MCF‑7, MDA‑MB‑231): IC₅₀ values typically 10–50 µg/mL (for 

extracts) or 1–10 µM (for isolated compounds).  

• Cervical cancer (HeLa): IC₅₀ values 15–60 µg/mL.  

• Hepatocellular carcinoma (HepG2): IC₅₀ values 10–40 µg/mL.  

• Colorectal cancer (HT‑29, Caco‑2): IC₅₀ values 15–50 µg/mL.  

• Leukemia (HL‑60, K562): IC₅₀ values 5–30 µg/mL.  

 

Mechanisms of cytotoxicity 

• Apoptosis induction: Flow cytometric analysis of Annexin V/PI staining, or TUNEL 

assay, reveals apoptotic cell death at 20–50% of treated cells at cytotoxic concentrations.  

• Mitochondrial depolarization: JC‑1 staining shows loss of mitochondrial membrane 

potential, a hallmark of intrinsic apoptosis.  

• Caspase activation: Activation of caspase‑3, caspase‑8, and caspase‑9, implicating both 

extrinsic and intrinsic apoptotic pathways.  

• Cell cycle arrest: Flow cytometric analysis reveals G0/G1 or G2/M phase arrest, 

depending on cell line and extract.  

• ROS generation: Treatment induces intracellular ROS accumulation, which may trigger 

apoptosis.  

• NF‑κB and PI3K/Akt pathway inhibition: Docking and limited biochemical data 

suggest interference with pro‑survival signaling.  

 

Cardioprotective and vasorelaxant effects 

Limited studies suggest that A. marmelos leaf extracts or isolated coumarins may provide 

cardioprotection in models of ischemia–reperfusion injury and possess vasorelaxant 

properties in isolated blood vessel preparations, potentially relevant to hypertension 

management. However, rigorous mechanistic work and in vivo disease models are lacking.  

 

Radioprotective effects 

A few reports indicate that A. marmelos leaf extracts may mitigate radiation‑induced cellular 

damage in rodent models, possibly via antioxidant mechanisms. Potential applications in 

cancer radiotherapy or radiation accident protection are speculative at this stage.  
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Neuropharmacological effects 

Preliminary reports describe sedative, anxiolytic, and anticonvulsant properties of A. 

marmelos leaf preparations in animal models, attributed to coumarin and alkaloid 

constituents. No robust clinical evidence or clear mechanistic understanding currently exists.  

 

Anti‑fertility and reproductive effects 

Some traditional use data and a few experimental reports suggest possible anti‑fertility or 

antifertilizing effects of high‑dose A. marmelos preparations in animals. Such effects require 

cautious interpretation, particularly regarding maternal and fetal safety.  

  

5. Pharmacokinetics, ADME, Safety and Standardisation  

5.1 Pharmacokinetic and ADME data  

The pharmacokinetic profile of A. marmelos leaf constituents remains substantially 

understudied, with only scattered reports of in vivo absorption, distribution, metabolism, and 

excretion kinetics.
[208–210]  

 

Available in vivo pharmacokinetic studies 

• Imperatorin: A single rodent study reported oral bioavailability of imperatorin at 

approximately 20–35%, with peak plasma concentrations (Cmax) around 1–2 µM 

achieved within 1–2 hours post‑oral administration of a 50–100 mg/kg dose, and 

elimination half‑life (t´) of approximately 4–6 hours.  

• Aegeline: Extremely limited PK data exists; preliminary in vitro metabolism studies 

suggest metabolism via hepatic CYP3A4 and possibly CYP2D6.  

 

In silico ADME predictions
[210–212] 

 

Computational ADME prediction tools (e.g. SwissADME, pkCSM, admetSAR) applied to 

major leaf constituents generally yield:
[210–212] 

 

• Imperatorin, marmelosin, auraptene: Favorable drug‑likeness (Lipinski's rule 

compliance), moderate to good predicted oral absorption, moderate lipophilicity (LogP 3–

4.5), potential for metabolic clearance via CYP3A4.  

• Aegeline: Borderline drug‑likeness (polar surface area slightly elevated), predicted oral 

absorption moderate, metabolic liability via CYP3A4 and CYP2D6.  

• Rutin, quercetin: Poor predicted oral bioavailability due to high molecular weight, low 

lipophilicity, and extensive intestinal first‑pass metabolism, though in vivo data shows 

some bioavailability likely via active transport mechanisms.  



www.wjpr.net      │     Vol 15, Issue 7, 2026.      │     ISO 9001: 2015 Certified Journal      │ 

 

 

 

 

Gadhave et al.                                                                      World Journal of Pharmaceutical Research 

 

575 

Predicted herb–drug interactions 

Computational screening suggests potential for CYP3A4 and CYP2D6 inhibition by 

coumarins and alkaloids, raising the possibility of interactions with drugs metabolized by 

these enzymes (e.g., statins, antiretrovirals, calcium channel blockers, certain 

antidepressants). However, experimental validation of such interactions is lacking.  

 

5.2 Safety and toxicology  

While crude A. marmelos leaf extracts generally exhibit favorable acute toxicity profiles in 

animal studies, comprehensive chronic, reproductive, and genotoxic assessments remain 

limited.
[213–216]

 

 

Acute toxicity 

• Oral LD₅₀ values for methanolic leaf extract in mice or rats are typically > 2000–5000 

mg/kg, indicating relatively low acute toxicity (Globally Harmonized System category IV 

or V, i.e., "relatively non‑toxic").  

• Intraperitoneal or intravenous routes yield similarly elevated LD₅₀ values (> 1000–3000 

mg/kg).  

• Gross necropsy typically reveals no organ‑specific pathology at doses up to LD₅₀/2 or 

higher.  

 

Sub‑acute toxicity 

• 14–28-day oral dosing studies in rodents at doses up to 500–1000 mg/kg/day generally 

report no treatment‑related mortality, clinical signs of toxicity, or significant pathological 

findings in liver, kidney, heart, or other organs.  

• Serum chemistry (ALT, AST, ALP, BUN, creatinine) and hematology parameters typically 

remain within normal ranges.  

• Histopathological examination reveals no or only minimal, non‑specific findings.  

 

Genotoxicity and mutagenicity 

• Limited genotoxicity testing (Ame’s assay, micronucleus test) of A. marmelos leaf 

extracts typically yields negative results, indicating low inherent genotoxic potential.  

• However, comprehensive test batteries (e.g., full OECD guideline-compliant genotoxicity 

panels) have not been uniformly conducted.  
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Reproductive and developmental toxicity 

• Very limited data are available on reproductive toxicity or effects on fetal development. 

Anecdotal reports of traditional use in women during pregnancy exist, but no prospective, 

controlled studies have been conducted.  

• Prudent recommendations would counsel against use in pregnant or nursing women in the 

absence of definitive safety data.  

  

Allergenicity and skin sensitization 

• Topical application of A. marmelos leaf extracts generally does not induce allergic contact 

dermatitis or skin sensitization in standard animal models.  

• Furocoumarins (imperatorin, psoralen) present in leaf extracts have potential for 

photochemical toxicity (phototoxicity) if skin is exposed to UV radiation 

post‑application; however, therapeutic doses of leaf extracts rarely result in sufficient 

furanocoumarin levels to pose significant risk under normal use conditions.  

 

Concerns regarding specific alkaloids 

• Occasional regulatory and safety concerns have been raised specifically regarding 

aegeline, particularly in commercial supplements of unclear provenance or with 

non‑standardized alkaloid content.  

• High concentrations of aegeline (well above those found in traditional leaf preparations) 

have been reported to cause hepatotoxicity or other adverse effects in isolated case 

reports, though causal attribution remains uncertain.  

• Well‑characterized, standardized leaf extracts with defined alkaloid content appear safe at   

 

5.3 Standardisation and quality assurance framework  

To ensure consistent potency, safety, and regulatory acceptability of A. marmelos leaf 

preparations destined for therapeutic use, a comprehensive standardization strategy is 

essential.
[220–224]  

 

1. Chromatographic fingerprinting 

o HPTLC profile incorporating 5–10 major phytoconstituents, with Rf values and 

densitometric patterns specific to A. marmelos leaves, enabling rapid quality assessment 

and batch consistency verification  

o HPLC fingerprint with standardized mobile phase, column, and detection parameters for 

regulatory submission  
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2. Microbial and contaminant safety limits: o Total aerobic microbial count: < 10⁴ CFU/g o 

Total yeast and mold count: < 10³ CFU/g  

o Absence of specific pathogens (E. coli, Salmonella, Listeria monocytogenes,  

Staphylococcus aureus)  

o Heavy metals (lead, cadmium, mercury, arsenic): below pharmacopoeial limits (typically  

< 0.5–1 ppm each)  

o Aflatoxins (B1, B2, G1, G2): < 0.02 mg/kg total or < 0.01 mg/kg for aflatoxin B1 alone  

 

3. Stability and shelf‑life assessment 

o Storage at 25 °C ± 2 °C and 60% RH ± 5% for 12–24 months  

o Periodic assays (monthly for 6 months, then quarterly) of primary marker compounds, 

total phenolics, microbial load, and appearance/smell  

o Definition of acceptable degradation limits (e.g., not more than 10–15% loss of primary 

markers over shelf‑life)  

 

6. Critical Appraisal and Research Gaps  

While the preclinical pharmacological dossier on A. marmelos leaves is impressive in its 

breadth and has largely vindicated traditional ethnomedicinal uses, the literature is 

constrained by several recurrent methodological limitations and translational gaps.
[225–229]  

 

6.1 Methodological heterogeneity and quality concerns  

Variability in plant material and extraction methods 

Many published studies employ plant material of unspecified or inadequately documented 

provenance, maturity, or seasonal origin, without formal botanical authentication, voucher 

specimens, or DNA barcoding verification. Similarly, extraction protocols vary substantially 

across studies—solvent type, solvent‑to‑plant ratio, extraction duration, temperature, pH, and 

post‑extraction processing (filtration, concentration, drying) all remain inconsistent. Such 

heterogeneity makes it difficult to compare results across studies or to identify optimal 

extraction conditions for therapeutic use.  

 

Incomplete chemical characterization 

While recent studies increasingly employ HPLC or LC–MS/MS for chemical profiling, many 

older or resource‑limited investigations rely on preliminary screening and non‑standardized 

TLC without quantitative marker analysis. This heterogeneity compromises the ability to 
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correlate phytochemical composition with pharmacological outcomes and to define potency 

standards.  

 

Experimental design and statistical rigor 

A substantial proportion of published preclinical work utilizes small sample sizes (n = 5–10 

animals per group), lacks formal randomization and blinding, omits essential methodological 

details (animal strain, housing conditions, timing of observations), and employs inadequate 

statistical analysis (e.g., ANOVA without appropriate multiple comparison corrections). Such 

limitations reduce the reproducibility and reliability of reported findings.  

  

6.2 Limited translational research and absence of human data  

The most striking gap in the evidence base for A. marmelos leaves is the near‑complete 

absence of rigorous clinical trials and formal pharmacokinetic studies in human subjects.
[229–

231]  

 

Lack of systematic clinical evaluation 

Although traditional use of A. marmelos leaves in Ayurveda and folk medicine is extensive 

and anecdotally positive, prospective, randomized, controlled clinical trials are virtually 

non‑existent. A PubMed or Google Scholar search yields only a handful of published human 

studies, and most of these are either small pilot trials, open‑label observations, or studies of 

whole‑plant combinations that confound attribution of effects to leaf extract alone.  

 

Absence of standardized preparations in clinical context 

Clinical studies of A. marmelos, where they exist, often employ non‑standardized leaf 

preparations of uncertain potency, rendering comparison with other trials and meta‑analysis 

impossible. The absence of widely available, GMP‑certified, pharmacopoeially standardized 

leaf extracts has hindered clinical investigation.  

 

Pharmacokinetic data gap in humans 

No published human pharmacokinetic studies of A. marmelos leaf constituents (imperatorin, 

aegeline, coumarins, flavonoids) currently exist, making it impossible to define appropriate 

clinical dosing regimens or to predict drug interactions in human subjects.  

  

7. Future Perspectives and Conclusions  

The contemporary phytochemical and pharmacological evidence on A. marmelos leaves 

represents a substantial body of work that increasingly validates traditional ethnomedicinal 
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and Ayurvedic claims and opens promising avenues for evidence‑based drug development. 

Nevertheless, realizing the full therapeutic potential of this medicinal plant requires deliberate 

investment in several interconnected research and development priorities.  

 

7.1 Phytochemical and chemical research directions  

Systems‑level metabolomics and multi‑omic approaches
[232–235] 

 

Future phytochemical investigations should move beyond targeted identification of isolated 

compounds toward comprehensive metabolomic profiling, integrating untargeted LC–MS, 

GC–MS, and NMR approaches to capture the full spectrum of leaf metabolites, including 

minor but potentially bioactive constituents. Integration with genomic, transcriptomic, and 

proteomic data from A. marmelos plants grown in diverse environments could illuminate the 

regulation of secondary metabolism and identify optimal cultivation conditions for enhanced 

phytochemical production. 

  

Structure–activity relationship (SAR) studies 

Systematic synthesis of coumarin and alkaloid derivatives, coupled with high‑throughput 

screening against validated disease targets, could yield optimized analogs with enhanced 

potency, selectivity, and bioavailability compared with natural products.  

 

Nanoformulation and delivery innovation 

Development of nanoparticle‑ or liposome‑based formulations of A. marmelos leaf extracts or 

isolated constituents could improve bioavailability, tissue targeting, and therapeutic index, 

particularly for poorly absorbed compounds like flavonoids.  

 

7.2 Mechanism‑oriented pharmacological research  

Target‑centric mechanistic studies
[237–239] 

 

Rather than relying on generic antioxidant explanations or docking predictions alone, future 

work should employ target‑validation approaches (e.g. surface plasmon resonance, 

fluorescence polarization, cellular thermal shift assays) to definitively establish binding of 

leaf constituents to specific molecular targets and to validate predicted mechanisms through 

functional assays and knockout/knockdown experiments.
[237–239] 
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Omics integration and systems pharmacology
[239–241] 

 

Integration of transcriptomics, proteomics, phosphoproteomics, and metabolomics in treated 

vs. control cells and tissues could reveal the systems‑level impact of leaf extracts, generating 

mechanistic insights beyond single‑target or pathway‑centric views.
[239–241]  

 

In vivo disease models and therapeutic endpoints
[241–243] 

 

Future animal studies should move toward more clinically relevant disease models (e.g., 

diet‑induced obesity and type 2 diabetes in mice/rats, rather than acute STZ models; 

lipopolysaccharide tolerance or chronic low‑grade inflammation models; spontaneous or 

transgenic tumor models) and should incorporate patient‑centered therapeutic endpoints 

(quality of life, functional capacity) rather than only biochemical markers.
[241–243]  

 

7.3 Translational and clinical research imperatives  

Phase I/II human trials
[243–245] 

 

Well‑designed, placebo‑controlled or comparator‑controlled phase I and II clinical trials of 

standardized A. marmelos leaf extracts are essential to evaluate safety, tolerability, 

pharmacokinetics, and preliminary efficacy in key disease indications identified in preclinical 

work (antidiabetic, hepatoprotective, anti‑inflammatory effects).
[243–245]

 Such trials should 

incorporate biomarker‑based endpoints (glycemic control, liver enzyme normalization, 

inflammatory marker reduction) alongside patient‑reported outcomes.  

 

Standardization and regulatory harmonization
[244–246] 

 

Harmonization of extraction methods, quantitative specifications, and quality‑control 

parameters through development of official pharmacopoeial monographs and international 

standards would facilitate regulatory approval and clinical investigation.
[244–246] 

Engagement 

with regulatory agencies (FDA, EMA, Indian regulatory authorities) early in the development 

pipeline is essential.  

 

Long‑term safety surveillance and pharmacovigilance 

Post‑marketing surveillance systems and pharmacovigilance programs should be established 

to monitor long‑term safety, adverse event profiles, and herb–drug interactions in large 

populations using standardized leaf preparations.  
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7.4 CONCLUSION  

Aegle marmelos leaves represent a chemically diverse, pharmacologically multi‑targeted 

botanical resource whose traditional uses across centuries are increasingly supported by 

contemporary preclinical pharmacology. The leaves are enriched in bioactive coumarins 

(imperatorin, marmelosin, auraptene), indole alkaloids (aegeline, marmesiline), flavonoids 

(rutin, quercetin), phenolic acids, and terpenoids that collectively exert potent antioxidant, 

anti‑inflammatory, antidiabetic, antimicrobial, hepatoprotective, gastroprotective, and 

antiproliferative effects in cellular and animal models.
[248–250]

  

 

While methodological heterogeneity and incomplete mechanistic depth constrain the current 

literature, the cumulative evidence base is sufficiently robust to justify investment in rigorous 

standardization, phytochemical optimization, mechanistically driven experimentation, and 

clinical validation
.[248–250]

 Strategic pursuit of these objectives—particularly the conduct of 

well‑designed phase I/II human trials of standardized leaf preparations in disease indications 

with strong preclinical support (type 2 diabetes, non‑alcoholic fatty liver disease, 

inflammatory bowel disease)—has realistic potential to transform A. marmelos leaves from a 

traditionally used herbal remedy into a globally recognized, evidence‑anchored 

phytopharmaceutical.  

 

The integration of Ayurvedic wisdom with contemporary biomedical science, coupled with 

rigorous analytical, preclinical, and clinical investigation, positions A. marmelos leaves as a 

valuable model for rational phytopharmaceutical development in the 21st century.  
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