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ABSTRACT:

Objectives: To investigate the hepatoprotective and metabolic effects of a standardized
ethanolic extract of Aegle marmelos Corréa fruit in a high-fat diet and fructose-induced
experimental model of nonalcoholic fatty liver disease in Wistar rats.

Methods: Male Wistar rats (150-180 g) were fed an HFD (60% energy from fat, 5.00
kcal/g) with 10% w/v fructose in drinking water for 16 weeks to induce NAFLD.
Following 8 weeks of dietary induction, rats received the ethanolic extract of A. marmelos
(250 mg/kg, p.o., once daily) for 8 weeks, with pioglitazone (20 mg/kg, p.o.) as the
positive control. The extract, obtained by successive Soxhlet extraction (petroleum ether
— cthyl acetate — ethanol) of ripe fruit pulp, was standardized by HPLC. Body mass
index, body weight, fasting glucose, insulin, HOMA-IR, serum lipids, hepatic triglycerides,
liver function parameters, oxidative stress and antioxidant status, pro-inflammatory

cytokines, and hepatic histopathology were assessed.

Results: Chronic HFD/fructose administration produced significant metabolic and
hepatic abnormalities, including increased body weight (420.0 g vs. 250.0 g at week 16),
body mass index, fasting blood glucose (187.5 + 3.81 mg/dL vs. 97.5 £ 3.81 mg/dL),
insulin and HOMA-IR, dyslipidaemia, hepatic triglyceride accumulation, oxidative stress
(elevated MDA with depleted SOD, catalase, GSH), elevated cytokines (TNF-a, IL-18,
1L-6), and hepatocellular injury with vacuolar degeneration and inflammatory infiltration
(all p < 0.0001 vs. normal control). A. marmelos treatment significantly attenuated these
abnormalities — reducing body weight (360.0 g), BMI (0.7545 % 0.0088 vs. 0.8698 +
0.0120), fasting glucose (162.5 + 3.81 mg/dL), HOMA-IR, hepatic triglycerides, total
cholesterol, triglycerides, and LDL-C while raising HDL-C restored hepatic antioxidant
defenses and plasma total protein, suppressed pro-inflammatory cytokines, and returned
liver histology to no abnormality detected. HPLC confirmed umbelliferone (39.38 ppm),
quercetin (19.48 ppm), and aegeline (18.32 ppm) as marker constituents. Pioglitazone

produced greater improvements in several glycaemic and metabolic endpoints.
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Conclusions: The standardized ethanolic A. marmelos extract exerted broad metabolic,
antioxidant, anti-inflammatory, and hepatoprotective effects in HFD/fructose-induced
NAFLD, mediated by the synergistic bioactivity of its marker compounds, supporting
further investigation of the extract as a potential adjunctive therapeutic candidate for
NAFLD and associated metabolic disorders.

1. INTRODUCTION

Non-alcoholic fatty liver disease has become the most prevalent chronic liver disorder worldwide, encompassing a spectrum
that extends from simple hepatic steatosis through non-alcoholic steatohepatitis—defined by hepatocyte injury, lobular
inflaimmation and variable fibrosis—to cirrhosis and hepatocellular carcinoma [1,2]. The disease is closely intertwined with
obesity, insulin resistance, dyslipidaemia, type 2 diabetes mellitus and the metabolic syndrome, and is increasingly regarded as
the hepatic manifestation of systemic metabolic dysfunction rather than an isolated hepatic entity [1,3,4]. Recent systematic
reviews and meta-analyses estimate the global prevalence of NAFLD at approximately 30—-32% of the adult population, with
an incidence of 47 cases per 1,000 person-years, higher rates in males (40%) than in females (26%), and regional prevalence
exceeding 40% in the Americas and South-East Asia; prevalence has risen from 26% in studies published up to 2005 to 38%
in studies published from 2016 onwards, with further increases projected by 2030 [5]. Recognising the metabolic basis of the
disease, a multisociety Delphi consensus has proposed replacing the term NAFLD with metabolic dysfunction-associated
steatotic liver disease, defined by hepatic steatosis together with at least one cardiometabolic risk factor [6]. Population-based
data indicate that roughly 99% of patients diagnosed with NAFLD satisfy the MASLD criteria [7].

The pathogenesis of NAFLD is multifactorial and is best desctibed by the "multiple-hit" model, in which insulin resistance
promotes excessive triglyceride accumulation within hepatocytes through increased peripheral lipolysis, enhanced hepatic de
novo lipogenesis and impaired fatty-acid oxidation [8]. These metabolic perturbations are compounded by parallel processes—
mitochondrial dysfunction, oxidative stress, endoplasmic reticulum stress, adipose-tissue dysfunction with aberrant adipokine
secretion, and altered gut-liver signalling—that together drive hepatocellular injury, inflammation and fibrogenesis [8].
Oxidative stress occupies a central position in this cascade: clinical and experimental studies consistently demonstrate elevated
lipid peroxidation products, depleted glutathione and reduced activities of superoxide dismutase, catalase and glutathione
peroxidase in NAFLD [9-11]. Reactive oxygen species and lipid peroxidation activate redox-sensitive transcription factors such
as nuclear factor-yB, which upregulates pro-inflaimmatory cytokines, notably tumour necrosis factor-o and interleukin-o,
amplifying hepatocyte damage and recruiting inflammatory cells [8]. In rats fed a high-fat diet, this oxidative—inflammatory

imbalance is reflected in increased lipid peroxidation, protein carbonyl formation and increased NADPH oxidase activity [11].

Animal models are indispensable for dissecting NAFLD pathogenesis and for the preclinical evaluation of candidate
interventions [12]. The high-fat diet-fed rat recapitulates the principal features of diet-associated human NAFLD, including
weight gain, insulin resistance, dyslipidaemia, hepatic steatosis and oxidative stress, and is widely used to model the metabolic
consequences of chronic overnutrition [10]. Feeding Wistar rats a high-fat diet induces hepatic steatosis with biochemical and
histopathological changes that mirror the eatly metabolic phase of human disease [13]. Dietary models, however, require
prolonged feeding, generally reproduce inflammation and fibrosis only to a limited and variable degree, and cannot fully capture
the genetic and clinical heterogeneity of human NAFLD; these limitations must be considered when extrapolating results [12].

Weight reduction through lifestyle modification remains the cornerstone of NAFLD management, yet sustained weight loss is
difficult to achieve and maintain [14,15]. At present, no pharmacological agent is licensed specifically for NAFLD or NASH
[14]. International guidelines therefore recommend the off-label use of pioglitazone (30-45 mg/day) ot vitamin E (800 IU/day)
in selected patients with biopsy-proven NASH—pioglitazone preferentially when diabetes coexists and vitamin E in non-
diabetic patients—although both agents carry safety and tolerability concerns [14,16]. Numerous investigational drugs targeting
steatosis, oxidative stress, inflammation, the gut-liver axis and fibrosis are in clinical development, but cost, adverse-effect
profiles and unproven long-term efficacy continue to motivate the search for safe, accessible alternatives, including plant-
derived products [12].

Aegle marmelos Corréa, commonly known as bael or bel, is a tree native to the Indian subcontinent with a long history of use in
Ayurvedic, Siddha and Unani systems of medicine [17]. Its leaves, fruit pulp, bark, roots and seeds contain a rich array of
phytochemicals, including flavonoids (rutin, kaempferol-3-O-rutinoside), phenolic acids, alkaloids (aegeline, aegelin, shahidine),
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coumarins (marmelosin, marmesin, imperatorin, psoralen) and terpenoids [18,19], among which coumarins and flavonoids—
particularly marmelosin and rutin—have been reported among its bioactive constituents [18].

A substantial body of preclinical evidence documents antihyperlipidaemic, antidiabetic, antioxidant, anti-inflammatory and
hepatoprotective activities of A. marmelos extracts [20-26]. In hypetlipidaemic rats, ethanolic leaf extract (125 and 250 mg/kg)
significantly reduced serum total cholesterol and triglycerides and raised HDL-cholesterol in Triton WR-1339- and HFD-
induced models, with effects comparable to gemfibrozil [27,28], while aqueous leaf and fruit extracts lowered serum and tissue
lipids in streptozotocin-induced diabetic rats [29—31]. Antihyperglycaemic mechanisms include enhanced insulin secretion, o-
amylase inhibition and retardation of intestinal glucose absorption [32,33]. Directly relevant to NAFLD pathophysiology, a
rutin-standardised hydroalcoholic leaf extract attenuated fructose-induced hepatic insulin resistance in rats—improving
downstream insulin signalling and modulating hepatic AMPK, SREBP-1¢ and FoxO1 [34]—and modulated PI3K/STAT-
3/mTOR signalling in HepG2 cells [21]. Hepatoprotective effects have been reported against catbon tetrachloride- and
cisplatin-induced hepatic injury, with restoration of antioxidant defences and improvement of hepatic histopathology [19,35].
Most recently, marmelosin (the principal coumarin; 99.32% purity) improved glycaemia, insulin resistance, lipid profile,
antioxidant status and inflammatory cytokines (ITNF-o, IL-1, IL-6) in HFD- and streptozotocin-induced diabetic rats [36], and
aqueous leaf extract attenuated HFD-induced weight gain, dyslipidaemia, hyperleptinaemia and liver-enzyme elevation in obese
rats [37]. It must be emphasised, however, that efficacy in these models—which do not replicate the full NAFLD phenotype—
does not by itself establish efficacy against HFD-induced NAFLD.

Despite this body of evidence, the specific effect of A. marmelos on chronic, diet-induced NAFLD remains inadequately
characterised. Earlier hepatoprotective studies relied predominantly on chemical hepatotoxins such as carbon tetrachloride or
paracetamol, whose acute mechanisms of hepatocellular necrosis differ fundamentally from the metabolic injury of NAFLD
[38], [39], and studies in HFD-fed rats largely focused on body weight and serum lipids without comprehensive assessment of
hepatic oxidative stress, steatohepatitis histopathology or lipid-metabolism markers [37]. Because the antioxidant, anti-
inflammatory, insulin-sensitising and lipid-lowering properties of A. marmelos map directly onto the principal pathogenic drivers
of HFD-induced hepatic injury, evaluation of a phytochemically characterised extract in an HFD-fed Wistar rat model is
scientifically well founded [27,34,36].

Accordingly, the present study was designed to investigate the ameliorative effect of Aegle marmelos extract on high-fat diet-
induced NAFLD in Wistar rats. Our hypothesis is that treatment with the extract may attenuate HFD-associated hepatic
steatosis and the accompanying biochemical and oxidative disturbances, in a manner consistent with its established antioxidant,

anti-inflammatory, insulin-sensitizing and lipid-lowering activities [40].
2. MATERIALS AND METHODS
Chemicals and Reagents

The reagent kits for rat tumor necrosis factor-alpha (TNF-o GENLISA™ ELISA), rat interleukin-18 (IL-13 GENLISA™
ELISA), rat interleukin-6 (IL-6 GENLISA™ ELISA), and rat insulin (INS GENLISA™ ELISA) were purchased from
Krishgen Biosystems Private Limited. The triglyceride, direct LDL cholesterol, Alanine Aminotransferase (ALT), Aspartate
Aminotransferase (AST), Alkaline Phosphatase (ALP), and glucose reagent kits were purchased from Transasia Bio-Medicals
Ltd. (Erba Mannheim); the total cholesterol and total protein reagent kits were purchased from ARKRAY Healthcare Pvt. Ltd.;
the direct HDL-C reagent kit was purchased from Pathozyme Diagnostics. The high-fat diet (VRKHFD 60) and normal chow
pellet diet were purchased from VRK Nutritional Solutions, Pune, Maharashtra. Pioglitazone hydrochloride was procured from
Dr. Reddy's Laboratories. Marker compounds aegeline, quercetin and umbelliferone were purchased from Yucca Enterprises,
Mumbai.

Plant Material and Extraction

Healthy, ripe fruits of Aegle marmelos were collected from local areas of Nashik, Maharashtra, during the winter season. The
plant material was authenticated by the Western Regional Centre, Botanical Survey of India (BSI), Pune, and a voucher specimen
(BSI/WRC/Tech./2025/ PSB-110/ Specimen No. 02) was deposited in the herbatium of the Western Regional Centre,

Botanical Survey of India, Pune.

The collected ripe fruits were thoroughly washed under running tap water, followed by rinsing with distilled water to remove
adhering dirt, soil, and surface impurities. The hard outer shell (pericarp) was carefully cracked open, and the fruit pulp, along
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with the rind, was separated (seeds were removed). The fruit pulp was cut into small uniform pieces and shade-dried at room
temperature (and subsequently dried in a hot air oven at a controlled temperature of 40-45°C) until completely dehydrated to
a constant weight. The dried fruit material was pulverized into a coarse, uniform powder using an electric mixer grinder.
Approximately 500 g of dried fruit powder was obtained and stored in clean, airtight glass containers at room temperature,
protected from direct sunlight, until further extraction.

For successive Soxhlet extraction, approximately 200 g of the dried, powdered ripe fruit material of Aegle marmelos was accurately
weighed, uniformly packed into a cellulose extraction thimble, and placed into the Soxhlet extraction chamber. The apparatus
was fitted with a 500 mL round-bottom flask containing approximately 350—-400 mL of the respective solvent. Successive
extraction was carried out using solvents in increasing order of polarity: petroleum ether, ethyl acetate, and ethanol. The
powdered fruit material was first extracted with petroleum ether for approximately 18—24 h, or until the solvent in the siphoning
chamber became clear and colorless. After completion of this step, the plant residue (marc) was separated and thoroughly air-

dried at room temperature to remove residual non-polar solvent before proceeding to the next solvent.

The dried marc was subsequently extracted with 350—-400 mL of ethyl acetate for approximately 18—24 h under continuous
Soxhlet extraction. Upon completion, the residue was again air-dried and subjected to extraction with 350—400 mL of ethanol
for approximately 18—24 h. The successive use of petroleum ether, ethyl acetate, and ethanol facilitated the systematic extraction
of non-polar (lipids/fatty acids), modetately polar, and polar phytoconstituents (alkaloids, flavonoids, tannins, and
carbohydrates/pectins), respectively [41]. This solvent sequence is consistent with the reported phytochemistry of A. marmelos
fruit, whose pulp is rich in bioactive substances including phenolics, alkaloids, pectins, tannins, coumarins, flavonoids, and

terpenoids, with reducing sugars and carotenoids also documented in the fruit [42].

Each solvent extract obtained after Soxhlet extraction was filtered through Whatman No. 1 filter paper to remove residual
particulate matter. The filtrates were concentrated under reduced pressure using a rotary evaporator at a controlled temperature
of 40—45°C to prevent thermal degradation of thermolabile constituents. The concentrated extracts were further dried to obtain
the respective crude extracts. Each dried extract was accurately weighed, and the percentage yield was calculated relative to the
initial dry powder weight. Successive Soxhlet extraction of 200 g of powdered ripe fruits of Aegle marmelos yielded petroleum
ethet, ethyl acetate, and ethanolic extracts in quantities of 4.80 g (2.40% w/w), 8.40 g (4.20% w/w), and 19.60 g (9.80% w/w),

respectively.

Ethanol demonstrated the highest extraction efficiency for the fruit matrix compared to methanol and aqueous solvents [43].
All crude extracts were separately transferred into clean, airtight glass containers, labeled appropriately, and stored at 2-8°C,

protected from direct light, moisture, and contamination until further phytochemical screening and biological evaluation.
HPLC Analysis

The Aegle marmelos extract was standardized by HPLC using aegeline, quercetin, and umbelliferone as marker compounds, three
constituents with established biological relevance to the extract's anticipated hepatometabolic activity [44]. . Analysis was
performed on an HPLC 3000 Series system equipped with a binary-gradient pump (P-3000M), UV-3000M detector, manual
injector, and HPLC Workstation software. Separation was achieved on a Cosmosil C18 column (250 X 4.6 mm, 5 um) using

methanol:water (70:30, v/v) as the mobile phase at a flow rate of 0.8 mL/min. The injection volume was 20 pL.

Aegeline, quercetin, and umbelliferone were detected at 223, 256, and 216 nm, respectively, while the extract was analyzed at
214 nm. Standard stock solutions (1000 ppm) were prepared by dissolving 10 mg of each standard in 10 mL of mobile phase.
Working standards were prepared at 50 ppm by diluting 0.5 mL stock solution to 10 mL.

The extract sample was dissolved in methanol:water (70:30), sonicated, diluted to the required concentration, and filtered before
injection. Quantification was performed by comparing sample and standard peak areas. This approach follows established
analytical practice for 4. marmelos, in which reversed-phase chromatographic methods using coumarin and flavonoid markers
have been developed and validated for quantitative analysis and quality control of bael fruit extracts and polyherbal formulations
[44,45].
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Table 1: Quantitative Analysis of Selected Marker Compounds in the A. marmelos ethanolic extract

Marker Standard area Sample area Concentration

Acgeline 1,512,529 554,239 18.32 ppm
Umbelliferone 1,140,515 898,181 39.38 ppm

Quercetin 1,134,089 441,875 19.48 ppm

Animal Models and Experimental Design

Wistar rats of either sex, weighing 150—180 g, were used for the in vivo study. The Wistar strain is among the most widely
employed outbred rat models in nutritional and hepatobiliary research, with strain, diet composition, and feeding period all
recognized as determinants of NAFLD development in this species [46]. A total of 24 animals were included and acclimatized
for one week before initiation of the experiment. The animals were housed under standard laboratory conditions at 25 £ 0.5
°C with a 12:12 h light—dark cycle and had free access to food and water, except where otherwise specified.

All experimental procedures were performed in accordance with the guidelines of the Committee for the Control and
Supervision of Experiments on Animals, Government of India, and were approved by the Institutional Animal Ethics
Committee under approval no. IAEC/CPD/415/11. The study was conducted at the Animal House of Smt. Sharadchandrika
Sutesh Patil College of Pharmacy, Chopda, Jalgaon, Mahatashtra, India (registration no. 316/PO/ReBi/S/2000/CPCSEA,
dated 02/11/2022).

Following acclimatization, the animals wete divided into four groups (n = 6/group). The normal control group received
standard laboratory chow (3.365 kcal/g; VRK Nuttitional Solutions, Pune, India), whereas the remaining groups received a
high-fat diet (VRKHFD 60; VRK Nutritional Solutions, Pune, India) providing 60% of energy from fat, 25.6% from
carbohydrate, and 14.4% from protein, with an estimated energy content of 5.00 kcal/g. High-fat diets of this composition ate
well established to induce obesity, dyslipidemia, insulin resistance, and hepatic steatosis in rodents over extended feeding periods
[13]. The diets contained appropriate vitamin and mineral mixtures. Animals in the HFD groups also received 10% w/v fructose
in drinking water continuously from Day 1 until the end of week 16; co-administration of fructose with high saturated fat
synergistically accelerates hepatic de novo lipogenesis and insulin resistance [47], and such combined diets produce rodent hepatic
phenotypes most closely resembling human NAFLD [48].

After 8 weeks of dietary induction, treatment was initiated and continued for 8 weeks (weeks 9-16). The experimental groups

and treatment schedule are presented in Table 2.

Table 2. Experimental design and treatment schedule

Gr Experimental gr Dietary regimen and treatment Dose and Treatment
ou xperimental grou etary regimen a eatme
P P group - route period
10 mL/k
I Normal Control (ND) Normal chow diet + 0.5% CMC r}: /kg, Weeks 1-16
0.
II Disease Control (HFD) HFD + 10% w/v fructose in drinking water — Weeks 1-16
I Aegle marmelos Extract HFD + 10% w/v fructose in drinking water + ethanolic | 250 mg/kg, Weeks 916
(AME250) extract of A. marmelos p.o.
HFD + 10% fructose in drinki ter + 20 k
IV | Positive Control (PI020) o w/v fructose in drinking water me/KS | Weeks 9-16

pioglitazone HCl p.o.

The ethanolic extract of Aegle marmelos and pioglitazone hydrochloride were separately suspended in 0.5% CMC prepared in
distilled water immediately before administration. The respective treatments were administered once daily by oral gavage from
weeks 9-16. The normal-control group received 0.5% CMC as the vehicle at a volume of 10 mL/kg body weight, p.o. Body
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weight, food intake, and water consumption were monitored weekly throughout the experimental period to assess the metabolic

impact of the intervention.

The disease-control group received the HFD and 10% w/v fructose in drinking water throughout the 16-week experimental
period without receiving any test treatment. The fructose solution was supplied through drinking-water bottles and was not
administered by oral gavage.

Food intake, body weight, naso-anal length, body mass index, and fasting blood glucose were assessed at predetermined time
points, i.e., at the end of weeks 1, 8, and 16. Longitudinal recording of feed intake and body weight indices alongside glycemic
measurements follows established practice in dietary rodent studies of obesity and NAFLD [49], and fasting blood glucose
assessment in these models is routinely performed using tail-tip capillaty blood sampling [50].

Blood Collection, Plasma Separation, and Biochemical Analysis

After 16 weeks, Wistar rats were fasted for 8—12 h and anesthetized with isoflurane. Blood was collected from the dorsal aorta
using EDTA-containing Vacutainer tubes. Samples were centrifuged at 3,000 X g for 15 min at 25 °C, and the separated plasma
was stored at 2-8 °C until analysis.

Plasma was analyzed for fasting glucose and insulin to calculate HOMA-IR, along with liver function markers (albumin, total
protein, bilirubin, ALT, AST, and ALP) and lipid profile parameters (triglycerides, total cholesterol, HDL, and LDL). All
analyses were performed using commercial diagnostic kits on an ERBA XI.-180 automated clinical chemistry analyzer.

Absolute Liver Weight and Hepatosomatic index

At the end of the experimental period, the animals were euthanized according to the approved animal ethics protocol. The liver
was excised, washed with ice-cold PBS (pH 7.4), blotted dry, and weighed immediately. Relative liver weight (hepatosomatic
index) was calculated as a percentage of the final body weight using the formula: hepatosomatic index (%) = (Absolute liver
weight + final body weight) X 100 [51]. This endpoint is widely used as an index of diet-induced hepatic lipid accumulation, as
hepatomegaly and increased liver mass are characteristic consequences of high-fat feeding and correlate with hepatic triglyceride
deposition [52].

Tissue Homogenate Preparation

Liver tissues were collected after euthanasia, rinsed with ice-cold PBS (pH 7.4), and homogenized in chilled PBS containing
protease inhibitots to prepare a 10% (w/v) homogenate. Homogenates wete centrifuged at 10,000 X g for 15 min at 4 °C, and
the supernatants wete collected, aliquoted, and stored at —80 °C until analysis. Samples were diluted as required and equilibrated

to room temperature before testing. Standards and samples were analyzed in duplicate.

The supernatants were assessed for antioxidant markers (total protein, CAT, SOD, GSH, and lipid peroxidation) and
inflammatory cytokines (IL-1B, I1L-6, and TNF-a). Preparation of hepatic homogenates in ice-cold phosphate buffer for
downstream antioxidant analysis follows established methodology in high-fat diet rat studies [53], and the quantification of
hepatic TNF-o, IL-18, IL-6, MDA, and SOD in tissue homogenates by ELISA and commercial assay kits is consistent with
prior protocols used in hepatometabolic rodent models [54].

Homeostatic Model Assessment of Insulin Resistance

Insulin resistance was assessed using the Homeostatic Model Assessment of Insulin Resistance (HOMA-IR). Following a 12-h
fasting period, fasting blood samples were collected and plasma glucose and insulin concentrations were determined. Fasting
glucose was estimated using the GOD-POD method[55], while plasma insulin was measured using the Rat Insulin GENLISA™
ELISA kit. HOMA-IR was calculated from fasting glucose and insulin concentrations according to the equation described by
Matthews et al. (1985). Higher HOMA-IR values indicated greater insulin resistance [50]. Specifically, the index was derived
using the formula: [fasting insulin (WU/mL) X fasting glucose (mg/dL)] / 405 [57].

Antioxidant activity
Estimation of Catalase

Catalase activity was estimated spectrophotometrically according to Aebi [58], based on the decomposition of hydrogen

peroxide (H203) into water and oxygen. The decrease in absorbance at 240 nm was monitored for 3 min at 1-min intervals.
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The reaction mixture contained 3.0 mL of 30 mM H,O,, 0.5 mL of 50 mM phosphate buffer (pH 7.0), and 0.5 mL of
supernatant from a 10% tissue homogenate. Catalase activity was calculated from the rate of decrease in absorbance using the

molar extinction coefficient of H;Oz (e = 43.6 M™' cm™) and expressed as pmol H,O, decomposed/min/mg protein.
Estimation of Superoxide Dismutase (SOD)

Superoxide dismutase activity was estimated by the method of Kono (1978), based on the inhibition of nitroblue tetrazolium
(NBT) reduction by superoxide radicals generated from hydroxylamine autoxidation [59]. The reaction mixture contained
sodium carbonate buffer (50 mM, pH 10.2), EDTA (0.1 mM), NBT (24 uM), hydroxylamine hydrochloride (1 mM), Triton X-
100 (0.03%), and tissue homogenate. The mixture was incubated at 37°C for 20 min, and absorbance was measutred at 560 nm
against a reagent blank.

SOD activity was determined from the percentage inhibition of NBT reduction relative to the control. One unit of SOD was
defined as the amount of enzyme producing 50% inhibition under the assay conditions. Activity was expressed as U/mL
homogenate and, whete applicable, U/mg protein.

Estimation of Reduced Glutathione (GSH)

Reduced glutathione (GSH) was estimated by the method of Moron et al. (1979), based on the reaction of GSH sulfhydryl
groups with 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) to form a yellow-colored product, measutred at 412 nm [60]. Briefly,
0.5 mL of supernatant from a 10% tissue homogenate was deproteinized with 0.5 mL of 4% sulfosalicylic acid, followed by
addition of 4.0 mL of 0.01 M DTNB prepared in PBS (pH 7.4). Absorbance was measured at 412 nm against a reagent blank
using a UV—Visible spectrophotometer.

GSH concentration was calculated from the absorbance and expressed as umol/mL of tissue homogenate. Where required,
GSH levels were normalized to the protein concentration determined using a BSA standard curve and expressed as umol/mg

protein.
Estimation of Lipid Peroxidation (LPO)

Lipid peroxidation was estimated by the thiobarbituric acid reactive substances (TBARS) method described by Ohkawa et al.
(1979). The assay is based on the reaction of malondialdehyde (MDA), a lipid peroxidation product, with thiobarbituric acid
(TBA) to form a pink-colored MDA—TBA complex, measured at 532 nm [61].

Briefly, 0.1 mL of 10% tissue homogenate was mixed with 0.2 mL of 8% sodium lauryl sulfate, 1.5 mL of 20% acetic acid (pH
3.5), and 1.5 mL of 0.8% TBA. The mixture was heated at 95°C for 60 min, cooled, extracted with n-butanol:pyridine (15:1),
and centrifuged at 2200 X g for 5 min. The absorbance of the organic layer was measured at 532 nm against a reagent blank.

MDA concentration was calculated using the molar extinction coefficient of the MDA—TBA complex (1.56 X 10> M™* cm™)
and expressed as nmol MDA/mL tissue homogenate. LPO was also normalized to protein concentration and expressed as

nmol MDA/mg protein.
Estimation of Hepatic Triglyceride

Hepatic triglyceride (TG) content was determined using a direct colorimetric method adapted from Butler et al. (1961). Briefly,
liver tissue was homogenized in nine volumes of phosphate buffer (M/15, pH 7.0) for 90 s. A 1-mL aliquot of the homogenate
was mixed with activated silica gel and chloroform and shaken intermittently for 10 min. Phospholipids were adsorbed onto
the silica gel, while triglycerides were extracted into the chloroform phase. The extract was filtered, and an aliquot containing
approximately 0.05 mg of triglycerides was used for analysis. Cotn oil (0.05 mg/mL) setved as the standard. The chloroform
was evaporated, followed by saponification with alcoholic potassium hydroxide. After acidification with sulfuric acid, glycerol
released from triglyceride hydrolysis was oxidized with sodium periodate to form formaldehyde. The formaldehyde was
subsequently reacted with chromotropic acid to produce a colored complex. Absorbance was measured spectrophotometrically
at 570 nm [62].

Hepatic TG concentration was calculated from the corrected absorbance ratio of the sample to the corn-oil standard and
expressed as mg/g tissue:
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10 ODSU - ODuu]

Hepatic TG (mgt_ )—
epatic g issue | = 4 [ 0Dy — 0Dy,

where A is the volume (mL) of the chloroform extract aliquot used for analysis, and ODsy, ODyy, ODss, and ODus represent
the absorbance values of the saponified unknown, unsaponified unknown, saponified standard, and unsaponified standard,

respectively.
Histopathological Study

Following euthanasia, the intact livers were excised, rinsed with normal saline, dried on filter paper, weighed, and grossly
examined. Representative tissue samples from the right hepatic lobes were fixed in 10% formalin for 24 h, dehydrated through
graded ethanol, cleared in xylene, embedded in paraffin, sectioned at 3—5 um, and stained with hematoxylin and eosin (H&E).
Histological features of the treatment groups were compared with those of the control group [63,64].

Steatosis and hepatocellular hypertrophy were evaluated microscopically at 40X magnification. Lesions were graded based on
the percentage of tissue affected as follows: 0 = no abnormality detected/within normal limits, 1 = minimal (0-10%), 2 = mild
(11-20%), 3 = moderate (21-40%), and 4 = severe (41-100%). Lesions were further characterized according to their organ-
specific topography, distribution (focal, multifocal, or diffuse), nature, and duration [63].

Statistical Analysis

Data were expressed as the mean * standard error of the mean. Differences among experimental groups were analysed using a
one-way analysis of vatiance followed by Tukey's post-hoc test for multiple group comparisons. Differences between groups
were considered statistically significant at a threshold of p < 0.05. GraphPad Prism 11.1.0 software was used for all statistical

calculations and the generation of graphical representations.
3. RESULTS
HPLC Analysis of Aegle marmelos Extract and Marker Compounds

To standardize the ethanolic extract dried fruits of Aegle marmelos and quantify key phytoconstituents relevant to its biological
activity, a reversed-phase HPLC-UV method was utilized. Isocratic separation on a Cosmosil C18 column (250 X 4.6 mm, 5
pm) using methanol:water (70:30, v/v) at 0.8 mL/min successfully resolved three major phytochemical markers: umbelliferone,
quercetin, and aegeline. Chromatographic identification was confirmed by matching retention times with reference standards
under identical analytical conditions. In the A. marmelos extract chromatogram, umbelliferone eluted at tr = 4.240 min, quercetin
at tr = 5.268 min, and aegeline at tr = 6.039 min, aligning closely with the pure standard peaks at tr = 4.323 min, 5.416 min,
and 6.390min, respectively. Quantitative evaluation via peak area integration revealed that umbelliferone was present as the
predominant bioactive constituent at a concentration of 39.38 ppm (sample peak area: 898,181), followed by quercetin at 19.48
ppm (sample peak area: 441,875) and aegeline at 18.32 ppm (sample peak area: 554,239).

'

300

Umbelliferone

.20

Quercetin
soe Aegeline

5.208"

Figure 1. Reversed-phase HPLC chromatographic profiling of .Aegle marmelos ethanolic extract
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Figure 3. Reversed-phase HPLC chromatogram of the acgeline standard
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Figure 4. Reversed-phase HPLC chromatogram of the quercetin standard
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Effect of Aegle marmelos extract on Food Intake on animals fed on HFD and fructose

To evaluate the effect of high-fat diet (HFD) combined with fructose and subsequent treatment with Aegle marmelos extract
(AME250, 250 mg/kg p.o.) ot pioglitazone (P1020, 20 mg/kg p.o.) on dietary behavior, daily food intake (g/day/rat) was
quantified at Weeks 1, 8, and 16. Rats receiving a standard normal diet (ND) consumed significantly greater amounts of food
compared to the HFD-fed groups at all analyzed time points (Week 1: p < 0.0001; Week 8: p < 0.0001; Week 16: p < 0.0001).
Similarly, significant differences were sustained when comparing ND to AME250 (p < 0.001 at W1; p < 0.0001 at W8 and
W16) and ND to PIO20 (p < 0.01 at W1; p < 0.0001 at W8 and W16). Intervention with either AME250 or PIO20 from Weeks
9 to 16 caused no significant alteration in food intake compared to the HFD disease-control group (p > 0.05). Furthermore,
no significant differences in food intake were recorded between the AME250 and PIO20 treatment groups at any time point
(p > 0.05).
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Figure 5. Effect of Aegle marmelos extract on food intake in HFD and fructose induced NAFLD in Wistar rats at different
time points. Food intake (g/day/rat) was recorded in normal diet control (ND), high-fat diet + 10% fructose disease control
(HED), Aegle marmelos extract-treated (AME250, 250 mg/kg p.o.), and pioglitazone-treated (P1020, 20 mg/kg p.o.) Wistar
rats. Treatments were administered daily from Week 9 to Week 16. Data are presented as Mean £ SEM. Statistical analysis
was performed using ordinary two-way ANOVA followed by Tukey's multiple-comparisons test. p < 0.05, *p < 0.01, ¥** p <
0.001, ¥** p < 0.0001, and ns = non-significant (p > 0.05).

Effect of Aegle marmelos extract on Body Weight and Body Mass Index on animals fed on HFD and fructose

To determine the impact of high-fat diet (HFD) plus fructose induction and subsequent therapeutic intervention on physical
anthropometric parameters, body weight (BW) and body mass index (BMI) were measured at Weeks 1, 8, and 16. Baseline
baseline measurements at Week 1 showed no statistically significant differences across any experimental groups for either
parameter (p > 0.05). Continuous administration of HFD and 10% fructose water for 8 weeks resulted in a marked escalation
in both body weight and BMI in all high-fat diet groups compared to normal diet controls (ND vs HFD, ND vs AME250, ND
vs PIO20: p < 0.0001 for BW; p < 0.01 to p < 0.0001 for BMI). Following the intervention phase (Weeks 9-16), the HFD
disease control group displayed further increases in body weight (~420 g) and BMI (~0.86 kg/m?), remaining significantly
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elevated relative to ND controls (p < 0.0001). Treatment with Aegle marmelos extract (AME250) or pioglitazone (P1020) from
Weeks 9 to 16 significantly mitigated HFD-induced gains in both body weight and BMI compared to the untreated HFD
control group (p < 0.0001). Furthermore, pioglitazone exhibited a significantly greater reduction in both BW and BMI

compared to AME250 at Week 16 (p < 0.0001).
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Figure 6. Effect of Aegle marmelos extract on body weight and body mass index in HFD and fructose induced NAFLD in
Wistar rats at different time points. Progression of (A) Body Weight (g) and (B) Body Mass Index (kg/m?) across
experimental groups at Weeks 1, 8, and 16. Groups: Normal Diet control (ND), High-Fat Diet + 10% Fructose disease
control (HFED), Aegle marmelos extract (AME250, 250 mg/kg p.o.), and Pioglitazone (PI020, 20 mg/kg p.o.). Treatments were
administered daily from Week 9 through Week 16. Values represent Mean = SEM. Statistical analysis was performed using
ordinary two-way ANOVA with Tukey's post-hoc multiple-compatisons test. p < 0.01, * p < 0.001, **** p < 0.0001, ns =
non-significant (p > 0.05).

Effect of Aegle marmelos extract on Fasting Blood Glucose on animals fed on HFD and fructose

Fasting blood glucose (FBG) levels were evaluated at Weeks 1, 8, and 16 to assess glycemic control across experimental groups.
Baseline FBG levels at Week 1 were comparable across all groups with no statistically significant differences (p > 0.05).
Following 8 weeks of dietary induction, all high-fat diet and fructose-fed groups demonstrated a marked, statistically significant
elevation in FBG compared to normal diet controls (ND vs. HFD, AME250, and P1IO20: p < 0.0001), confirming induction
of fasting hypetglycemia. By Week 16, the untreated HFD control group exhibited severe hyperglycemia (~188 mg/dL),
remaining significantly higher than ND controls (p < 0.0001). Daily intervention with _Aegle marmelos extract (AME250, 250
mg/kg p.o.) from Weeks 9 to 16 significantly reduced fasting blood glucose levels compared to the HFD disease control group
(p < 0.001). Standard treatment with pioglitazone (PI020, 20 mg/kg p.o.) produced a further significant attenuation of FBG
relative to HFD (p < 0.0001). Furthermore, PIO20 demonstrated superior antihyperglycemic efficacy compared to AME250
at Week 16 (p < 0.01).
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Figure 7. Effect of Aegle marmelos extract on fasting blood glucose in HFD and fructose induced NAFLD in Wistar rats at
different time points. Fasting blood glucose (mg/dL) measured at Weeks 1, 8, and 16 across experimental groups: Normal
Diet control (ND), High-Fat Diet + 10% Fructose disease control (HFD), Aegle marmelos extract (AME250, 250 mg/kg
p.0.), and Pioglitazone (P1020, 20 mg/kg p.o.). Treatments were administered p.o. daily from Week 9 to Week 16. Values
represent Mean + SEM. Statistical analysis was performed using ordinary two-way ANOVA with Tukey's post-hoc test. p <
0.01, * p < 0.001, ¥*** p < 0.0001, ns = non-significant (p > 0.05).

Effect of Aegle marmelos extract on Insulin and HOMA-IR on animals fed on HFD and fructose

To evaluate the impact of dietary induction and subsequent therapeutic intervention on systemic insulin sensitivity, fasting
plasma insulin levels and the Homeostatic Model Assessment of Insulin Resistance (HOMA-IR) index were determined at
Week 16. Chronic administration of a high-fat diet combined with 10% fructose water induced marked hyperinsulinemia (~46
pIU/mL) and severe systemic insulin resistance (~21.3) in the HFD disease control group compared to normal diet controls
(ND vs HFD: p < 0.0001 for both patameters). Treatment with Aegle marmelos extract (AME250, 250 mg/kg p.o.) from Weeks
9 to 16 significantly attenuated both fasting insulin concentratdon (~33 ulU/mL) and HOMA-IR (~13.1) relative to the
untreated HFD group (p < 0.0001). Standard intervention with pioglitazone (P1020, 20 mg/kg p.o.) demonstrated a potent
restoration of insulin sensitivity, returning both insulin levels (~13.3 uIU/mL) and HOMA-IR values (~4.6) to levels statistically
indistinguishable from the normal diet control group (ND vs PIO20: ns, p > 0.05). Consequently, pioglitazone achieved a
significantly lower fasting insulin and HOMA-IR score compared to AME250 (p < 0.0001).
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Figure 8. Effect of Aegle marmelos extract on fasting plasma insulin levels and HOMA-IR in HFD and fructose induced
NAFLD in Wistar rats at week 16. Quantifications of (A) Fasting Plasma Insulin (WIU/mL) and (B) HOMA-IR score across
experimental groups: Normal Diet control (ND), High-Fat Diet + 10% Fructose disease control (HED), .Aegle marmelos
extract (AME250, 250 mg/kg p.o.), and Pioglitazone (P1020, 20 mg/kg p.o.). Treatments wetre administered daily from Week
9 to Week 16. Bars represent Mean £ SEM. Statistical analysis was performed using ordinary one-way ANOVA with Tukey's
post-hoc multiple-comparisons test. **** p < 0.0001, ns = non-significant (p > 0.05).

Effect of Aegle marmelos extract on Absolute Liver Weight and Hepato somatic Index on animals fed on HFD and
fructose

To determine the impact of dietary induction and oral treatments on organ-level hepatomegaly, absolute liver weight (g) and
the hepatosomatic index (HSI, %) were evaluated at Week 16. Chronic consumption of a high-fat diet supplemented with 10%
fructose water induced marked hepatomegaly, significantly elevating absolute liver weight (~20.7 g) and HSI (~4.9%) in the
untreated HFD group compared to normal diet controls (~9.6 g and ~3.8%, respectively; p < 0.0001 for both parameters).
Treatment with Aegle marmelos extract (AME250, 250 mg/kg p.o.) from Weeks 9 to 16 produced a prominent reduction in both
absolute liver weight (~15.8 g) and HSI (~4.4%) compared to the HFD control group (p < 0.0001). Standard treatment with
pioglitazone (P1020, 20 mg/kg p.o.) also significantly attenuated absolute liver weight (~13.1 g, p < 0.0001) and normalized
the HSI (~4.0%) to values that were statistically comparable to the normal diet control group (ND vs P1IO20: ns, p > 0.05).
Comparative evaluation revealed that pioglitazone achieved significantly lower absolute liver weight (p < 0.001) and HSI (p <
0.01) relative to AME250.
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Figure 9. Effect of Aegle marmelos extract on absolute liver weight and hepatosomatic index in HFD and fructose induced
NAFLD in Wistar rats at week 16. Quantification of (A) Absolute Liver Weight (g) and (B) Hepatosomatic Index (%) across
experimental groups: Normal Diet control (ND), High-Fat Diet + 10% Fructose disease control (HED), .Aegle marmelos
extract (AME250, 250 mg/kg p.o.), and Pioglitazone (P1020, 20 mg/kg p.o.). Treatments wetre administered daily from Week
9 to Week 16. Values represent Mean + SEM. Statistical analysis was conducted using ordinary one-way ANOVA followed
by Tukey's post-hoc test. p < 0.01, * p < 0.001, **** p < 0.0001, ns = non-significant (p > 0.05).

Effect of Aegle marmelos extract on Liver Function Test parameters on animals fed on HFD and fructose

To determine the hepatoprotective efficacy of Aegle marmelos extract against HFD- and fructose-induced liver injury, plasma
total protein concentrations and serum biomarker enzymes (ALT, AST, and ALP) were evaluated at Week 16. The untreated
HFD disease-control group exhibited marked hepatocellulat injury, characterized by significant surges in ALT (~143 IU/L),
AST (~208 IU/L), and ALP (~300 IU/L) levels alongside a notable reduction in plasma total protein (~5.9 g/dL) compared
to normal diet controls (~41 IU/L, ~82 IU/L, ~126 IU/L, and ~6.7 g/dL, respectively; p < 0.0001 for all). Treatment with
Aegle marmelos extract (AME250, 250 mg/kg p.o.) from Weeks 9 to 16 significantly attenuated liver injuty, producing marked
teductions in ALT (~107 IU/L, p < 0.0001), AST (~163 IU/L, p < 0.0001), and ALP (~235 IU/L, p < 0.0001), while
significantly restoting plasma total protein levels (~6.2 g/dL, p < 0.01) relative to the HFD control group. Pioglitazone
intervention (P1020, 20 mg/kg p.o.) fully restored all parameters (ALT ~42 IU/L, AST ~80 IU/L, ALP ~123 IU/L, Total
Protein ~6.8 g/dL) to values statistically indistinguishable from the normal diet control group (ND vs PIO20: ns, p > 0.05).
Consequently, PIO20 demonstrated significantly greater hepatoprotective efficacy compared to AME250 across all four
markers (p < 0.0001).
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Figure 10. Effects of Aegle marmelos extract on plasma total protein, alanine aminotransferase (ALT), aspartate
aminotransferase (AST), and alkaline phosphatase (ALP) levels in HFD- and fructose-induced NAFLD in Wistar rat at week
16. Quantifications of (A) Plasma Total Protein (g/dL), (B) Alanine Aminotransferase (ALT, IU/L), (C) Aspartate
Aminotransferase (AST, IU/L), and (D) Alkaline Phosphatase (ALP, IU/L) actoss expetimental groups: Normal Diet control
(ND), High-Fat Diet + 10% Fructose disease control (HFD), Aegle marmelos extract (AME250, 250 mg/kg p.o.), and
Pioglitazone (P1020, 20 mg/kg p.o.). Treatments were administered daily from Week 9 to Week 16. Values represent Mean +
SEM. Statistical significance was determined using ordinary one-way ANOVA followed by Tukey's post-hoc test. p < 0.01,
** p < 0.0001, ns = non-significant (p > 0.05).
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Effect of Aegle marmelos extract on Lipid Profile on animals fed on HFD and fructose

To evaluate the hypolipidemic potential of Aegle marmelos extract against diet-induced dyslipidemia, circulating plasma levels of
triglycerides, total cholesterol, HDL-C, and LDL-C were measured at Week 16. Sustained administration of a high-fat diet
combined with 10% fructose water produced severe atherogenic dyslipidemia, characterized by prominent elevations in
triglycetides (~198 mg/dL), total cholesterol (~190 mg/dL), and LDL-C (~128 mg/dL), alongside a marked depletion of
protective HDL-C (~23 mg/dL) relative to normal diet controls (~78 mg/dL, ~81 mg/dL, ~21 mg/dL, and ~44 mg/dL,
respectively; p < 0.0001 for all). Daily oral treatment with _Aegle marmelos extract (AME250, 250 mg/kg p.o.) from Weeks 9 to
16 significantly attenuated this dyslipidemic profile, decreasing triglycerides (~150 mg/dL, p < 0.0001), total cholesterol (~148
mg/dL, p < 0.0001), and LDL-C (~85 mg/dL, p < 0.001), while producing a significant elevation in HDL-C (~32 mg/dL, p
< 0.01) compared to the HFD control group. Pioglitazone intervention (PIO20, 20 mg/kg p.o.) exhibited supetior lipid-
lowering efficacy, fully restoring total cholesterol, HDL-C, and LDL-C concentrations to levels statistically indistinguishable
from normal diet controls (ns, p > 0.05). Comparative analysis confirmed that PIO20 achieved significantly greater lipid
restoration than AME250 across all evaluated parameters (p < 0.001 to p < 0.0001).
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Figure 11. Effect of Aegle marmelos extract on plasma triglycerides, total cholesterol, HDL cholesterol, and LDL cholesterol in
HFD- and fructose-induced NAFLD in Wistat rats at week 16. Quantifications of (A) Triglyceride (mg/dL), (B) Total
Cholesterol (mg/dL), (C) HDL Cholesterol (mg/dL), and (D) LDL Cholesterol (mg/dL) across expetimental groups: Normal
Diet control (ND), High-Fat Diet + 10% Fructose disease control (HFD), Aegle marmelos extract (AME250, 250 mg/kg p.o.),
and Pioglitazone (P1I020, 20 mg/kg p.o.). Treatments were administered daily from Week 9 to Week 16. Bars represent Mean
+ SEM. Statistical analysis was performed using ordinary one-way ANOVA followed by Tukey's post-hoc test. p < 0.05, *p
< 0.01, **¥F p < 0.001, ¥*** p < 0.0001, ns = non-significant (p > 0.05).
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Effect of Aegle marmelos extract on Hepatic Pro-Inflammatory Cytokines on animals fed on HFD and fructose

To evaluate the anti-inflammatory efficacy of Aegle marmelos extract in high-fat diet (HFD) and fructose-induced non-alcoholic
fatty liver disease (NAFLD), hepatic tissue concentrations of pro-inflaimmatory cytokines—tumor necrosis factor-alpha (TNF-
), interleukin-13 (IL-18), and interleukin-6 (IL-6)—were quantified at Week 16. Chronic administration of HFD and fructose
induced sevete hepatic inflammation, as evidenced by a matked elevation in TNF-alpha (~565 pg/mL), IL-1beta (~430
pg/mL), and IL-6 (~665 pg/mL) levels in the untreated HFD disease-control group compared to normal chow-fed rats (ND:
~140, ~115, and ~190 pg/mlL, respectively; P < 0.0001 for all).

Treatment with Aegle marmelos extract (AME250, 250 mg/kg p.o.) from Week 9 to 16 significantly attenuated the expression of
all three hepatic cytokines compared to the HFD group (INF-o ~305 pg/mL, IL-18~240 pg/mL, IL-6 ~390 pg/mL; P <
0.0001$). Similarly, administration of the reference standard pioglitazone (P1020, 20 mg/kg p.o.) robustly suppressed hepatic
inflammation, restoring TNF-o, I1.-18, and IL-6 levels back to near-baseline baseline values (P < 0.0001 vs. HFD; P > 0.05 vs.
ND). Although AME250 demonstrated substantial anti-inflammatory capacity, pioglitazone exhibited significantly higher
potency in normalizing hepatic cytokine levels across all parameters (P < 0.0001$ vs. AME250).
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Figure 12. Effect of Aegle marmelos extract on hepatic tumor necrosis factor-a (INF-a), interleukin-18 (IL-18), and
intetleukin-6 (IL-6) levels in HFD- and fructose-induced NAFLD in Wistar rats at week 16. Hepatic tissue concentrations of
(A) Tumor Nectosis Factot-alpha (TNF-«, pg/mL), (B) Intetleukin-1 beta (IL-18, pg/mL), and (C) Intetleukin-6 (IL-6,
pg/mL) across expetimental groups: Normal Diet control (ND), High-Fat Diet + 10% Fructose disease control (HFD), 4egle
marmelos extract (AME250, 250 mg/kg p.o.), and Pioglitazone (P1020, 20 mg/kg p.o.). Treatments were administered daily
from Week 9 to Week 16. Bars represent Mean £ SEM. Statistical analysis was performed using ordinary one-way ANOVA
followed by Tukey's post-hoc test. **** p < 0.0001, ns = non-significant (p > 0.05).
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Effect of Aegle marmelos extract on Hepatic Antioxidants on animals fed on HFD and fructose

To determine the antioxidant and anti-peroxidative efficacy of Aegle marmelos extract against HFD- and fructose-induced
oxidative stress, hepatic catalase, superoxide dismutase (SOD), reduced glutathione (GSH), and malondialdehyde (MDA) levels
were evaluated at Week 16. The untreated HFD disease-control group exhibited severe hepatic oxidative stress, characterized
by profound depletion of endogenous antioxidant defenses—catalase (~23.5 pmol/mg), SOD (~6.7 umol/mg) and GSH (~3.0
pmol/mg)—alongside a marked rise in lipid peroxidation product MDA (~4.6 nmol/mg) compated to normal diet controls
(~55.5 pmol/mg, ~15.0 pmol/mg, ~7.8 pumol/mg, and ~1.1 nmol/mg, trespectively; p < 0.0001 for all). Daily oral
administration of Aegle marmelos extract (AME250, 250 mg/kg p.o.) from Weeks 9 to 16 significantly attenuated oxidative
damage, restoring catalase (~33.2 umol/mg, p < 0.01), SOD (~9.8 umol/mg, p < 0.01), and GSH (~4.8 umol/mg, p < 0.001)
activities, while significantly suppressing hepatic MDA levels (~3.0 nmol/mg, p < 0.0001) relative to the untreated HFD group.
Pioglitazone intetvention (P1020, 20 mg/kg p.o.) completely normalized all oxidative markers (catalase ~50.8 umol/mg, SOD
~14.3 umol/mg, GSH ~7.4 umol/mg, MDA ~1.2 nmol/mg) back to levels statistically comparable to normal diet controls
(ns, p > 0.05). Consequently, PIO20 displayed significantly greater antioxidant restoration and lipid peroxidation suppression
than AME250 across all four markers (p < 0.0001).
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Figure 13. Effect of Aegle marmelos extract on hepatic catalase, superoxide dismutase, reduced glutathione (GSH),
and lipid peroxidation in HFD- and fructose-induced NAFLD in Wistar rats at week 16. Hepatic tissue levels of (A)
Catalase (umol/mg protein), (B) Superoxide Dismutase (SOD, umol/mg protein), (C) Reduced Glutathione (GSH, pmol/mg
protein), and (D) Lipid Peroxidation / Malondialdehyde MDA, nmol/mg protein) across expetimental groups: Normal Diet
control (ND), High-Fat Diet + 10% Fructose disease control (HFD), Aegle marmelos extract (AME250, 250 mg/kg p.o.), and
Pioglitazone (P1IO20, 20 mg/kg p.o.). Treatments were administered daily from Week 9 to Week 16. Bars represent Mean +
SEM. Statistical analysis was performed using ordinaty one-way ANOVA followed by Tukey's post-hoc test. p < 0.01, * p <
0.001, ¥*** p < 0.0001, ns = non-significant (p > 0.05).
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Effect of Aegle marmelos extract on Hepatic Triglyceride Content on animals fed on HFD and fructose

To evaluate the effect of Aegle marmelos extract on hepatic lipid accumulation, intrahepatic triglyceride (TG) content was
quantified in wet liver tissue at Week 16. Chronic administration of a high-fat diet combined with 10% fructose water induced
marked parenchymal steatosis, resulting in a prominent, statistically significant elevation in hepatic TG levels in the untreated
HFD group (~48 mg/g wet tissue) compared to normal diet controls (~12 mg/g wet tissue; p < 0.0001). Daily intervention
with Aegle marmelos extract (AME250, 250 mg/kg p.o.) from Weeks 9 to 16 significantly attenuated intrahepatic lipid buildup,
reducing hepatic TG levels to ~34 mg/g wet tissue relative to the HFD control group (p < 0.0001). Standard treatment with
pioglitazone (P1020, 20 mg/kg p.o.) produced a further reduction in intrahepatic lipid accumulation (~17 mg/g wet tissue, p
< 0.0001 vs. HFD), though both treatment groups retained slightly higher TG concentrations relative to ND controls (p <
0.0001). Comparative evaluation confirmed that pioglitazone achieved significantly greater clearance of hepatic triglycerides
than AME250 (p < 0.0001).
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Figure 14. Effect of Aegle marmelos extract on hepatic triglyceride content in HFD- and fructose-induced NAFLD
in Wistar rats at week 16. Quantification of hepatic triglyceride (T'G) content (mg/g wet liver tissue) across experimental
groups: Normal Diet control (ND), High-Fat Diet + 10% Fructose disease control (HFD), Aegle marmelos extract (AME250,
250 mg/kg p.o.), and Pioglitazone (PI020, 20 mg/kg p.o.). Treatments wete administered daily from Week 9 to Week 16.
Values represent Mean £ SEM. Statistical analysis was performed using ordinaty one-way ANOVA followed by Tukey's post-
hoc test. **** p < 0.0001.

Effect of Aegle marmelos extract on Gross Morphology and Histopathology of liver tissue

To evaluate the structural hepatoprotective efficacy of _Aegle marmelos extract, gross morphological inspection and
histopathological evaluation of liver tissues were performed at Week 16. Livers harvested from normal diet controls (ND)
maintained normal anatomical architecture, deep reddish-brown color, sharp edges, and no detectable histopathological
abnormalities (NAD). In contrast, chronic high-fat diet and 10% fructose intake (HFD disease control) induced pronounced
gross hepatic pathology, characterized by severe hepatomegaly, rounded organ margins, and diffuse yellowish-pale discoloration
reflecting extensive lipid deposition. Histopathological scoring confirmed hepatocellular vacuolar degeneration with
inflammatory cell infiltration (Grade <2). Daily treatment with Aegle marmelos extract (AME250, 250 mg/kg p.o.) ot pioglitazone
(PI0O20, 20 mg/kg p.o.) from Weeks 9 to 16 completely ameliorated these gross pathological changes, restoring normal organ
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dimensions, sharp hepatic margins, and healthy tissue pigmentation, with histopathological assessments revealing no

abnormality detected (NAD) across both treatment cohorts.

PR

Aegle Marmelos Extract Pioglitazone (P1020)

Disease Control (HFD) (AME250)

Normal Control (ND)

Figure 15. Gross morphology of liver tissues in HFD- and fructose-induced NAFLD in Wistar rats at week 16.
Representative gross anatomical photographs of harvested livers across experimental groups: (A) Normal Control (ND),
displaying normal reddish-brown color and sharp anatomical margins; (B) Disease Control (HFD), displaying severe
yellowish-pale discoloration, organ enlargement, and blunted borders indicative of steatosis and cellular swelling; (C) Aegle
marmelos extract (AME250, 250 mg/kg p.o.), showing restoration of normal gross hepatic morphology and color; and (D)
Pioglitazone (P1020, 20 mg/kg p.o.), showing complete presetvation of healthy liver architecture.

Table 3. Histopathological observations of liver tissue in experimental groups

Experimental Group Histopathological
Histopathological Observation 1stopathologica
- Score/Grade
(n=6)
Normal Control (ND) No abnormality detected (NAD) NAD
Disease Control (HFD) Hepatocellular VaCI..lolat' degeneration with infiltration of <2
inflammatory cells
Aegl Jos Extract
g IZ:II\:IIEZZZ) xuae No abnormality detected (NAD) NAD
Pioglitazone (P1020) No abnormality detected (NAD) NAD

Figure Note: ND, normal diet; HFD, high-fat diet; AME250, Aegle marmelos extract at 250 mg/kg; P1O20, pioglitazone at 20
mg/kg; NAD, no abnormality detected; WNL, within normal limits. Histopathological changes were graded as follows:
NAD/WNL, no abnormality detected/within normal limits; 1, minimal (0-10%); 2, mild (11-20%); 3, moderate (21-40%);
and 4, severe (41-100%).

387
Natural Resources for Human Health (NRFHH)
https://nrfhh.com



Natural Resources for

Human Health
eISSN: 2583-1194

Aegle Marmelos Extract
(AME250)

Figure 16. Histopathological evaluation of liver tissues in experimental groups at week 16. Histopathological grading
confirmed no abnormality detected (NAD) in ND, AME250, and PIO20 groups, compared to hepatocellular vacuolar
degeneration with inflammatory cell infiltration (Grade <2) in the HFD group (n = 6 per group).

4. DISCUSSION

The present study demonstrates that 16 weeks of feeding a high-fat diet (60% energy from fat) together with 10% w/v fructose
in drinking water produced a robust experimental phenotype of NAFLD in Wistar rats, recapitulating the principal metabolic
and hepatic features of the human disease. Untreated HFD controls developed marked obesity (body weight 420.0 g vs. 250.0
g in normal controls at week 16), elevated BMI, fasting hyperglycemia (187.5 £ 3.81 mg/dL vs. 97.5 * 3.81 mg/dL),
hyperinsulinemia (~46 pIU/mL) with severe insulin resistance (HOMA-IR ~21.3), atherogenic dyslipidemia (triglycerides ~198
mg/dL, total cholesterol ~190 mg/dL, LDL-C ~128 mg/dL with HDL-C suppressed to ~23 mg/dL), hepatomegaly (absolute
liver weight ~20.7 g; hepatosomatic index ~4.9%), substantial transaminitis (ALT ~143 IU/L, AST ~208 IU/L, ALP ~300
1U/L), marked intrahepatic triglyceride accumulation (~48 mg/g vs. ~12 mg/g wet tissue), profound depletion of hepatic
antioxidant defenses (catalase ~23.5 umol/mg, SOD ~6.7 umol/mg, GSH ~3.0 umol/mg), elevated lipid peroxidation (MDA
~4.6 nmol/mg), increased hepatic pro-inflammatory cytokines, and hepatocellular vacuolar degeneration with inflammatory
cell infiltration on histopathology. This simultaneous perturbation of metabolic, oxidative, inflammatory, and structural hepatic
parameters closely mirrors the phenotype of human NAFLD; indeed, systematic comparisons of experimental models have
identified prolonged high-fat combined with high-fructose feeding as the dietary regimen whose histological and transcriptomic
features most closely resemble human NAFLD [48]. The fidelity of the model therefore provides a valid platform for evaluating
the antisteatotic and hepatoprotective potential of the A. marmelos extract.

Daily oral administration of the standatdized ethanolic extract (AME250, 250 mg/kg) from weeks 9-16 significantly attenuated
the HFD/fructose-induced abnormalities actoss evety axis examined. Body weight gain was curtailed (360.0 g vs. 420.0 g) and
BMI was reduced (0.7545 £ 0.0088 vs. 0.8698 £ 0.0120) despite food intake remaining unchanged relative to the HFD control
group, indicating that the treatment effect was not attributable to reduced caloric consumption but to metabolically mediated
improvements in energy homeostasis. Fasting glucose fell to 162.5 & 3.81 mg/dL, fasting insulin to ~33 pIU/mL, and HOMA -
IR to ~13.1, confirming partial restoration of systemic insulin sensitivity. These results are consistent with earlier findings that
A. marmelos extracts attenuate fructose-induced hepatic insulin resistance by restoring downstream signaling via Akt and FoxO-
1 [34]. Because SREBP-1c is an important transcriptional regulator of hepatic de novo lipogenesis, its involvement provides a
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plausible mechanistic link between the improved glycemic and insulinemic status and the concurrent reduction in intrahepatic
triglycetide accumulation obsetved in the AME250 group (~34 mg/g vs. ~48 mg/g) [34].

The extract additionally exerted a clear hypolipidemic action, lowering plasma triglycerides (~150 mg/dL), total cholesterol
(~148 mg/dL), and LDL-C (~85 mg/dL), while elevating the protective HDL-C fraction (~32 mg/dL), and simultaneously
reducing hepatic triglyceride content. This pattern is consistent with the marmelosin-mediated improvement of glycemia, insulin
resistance, lipid profile, and antioxidant status, together with suppression of TNF-o, IL-18, and IL-6, reported in high-fat diet-
and streptozotocin-induced diabetic rats [36], and supports the view that the coumarin constituents of the fruit contribute to
its antidyslipidemic activity. The combined reduction in circulating and intrahepatic lipids, without any change in food intake,
suggests that the extract modulates hepatic lipid metabolism rather than dietary behavior, an interpretation consistent with
inhibition of SREBP-1c-dependent lipogenesis discussed above.

Oxidative stress is a central pathogenic driver in the progression from steatosis to steatohepatitis, and its attenuation is
considered a key axis of potential therapeutic intervention. In the present study, AME250 significantly restored hepatic catalytic
and non-enzymatic antioxidant capacity—catalase (~33.2 umol/mg), SOD (~9.8 umol/mg), and GSH (~4.8 umol/mg)—while
supptessing lipid peroxidation to an MDA level of ~3.0 nmol/mg. These antioxidant effects can be rationally linked to the
phytochemical composition of the extract: reversed-phase HPLC standardization identified umbelliferone (39.38 ppm) as the
predominant marker, followed by quercetin (19.48 ppm) and aegeline (18.32 ppm). Quercetin is a well-established flavonoid
radical scavenger [65], and polyphenol-rich A. marmelos preparations have previously been shown to ameliorate serum glucose,
dyslipidemia, pro-inflammatory cytokine levels (TNF-a, IL-6, IL.-18), and antioxidant status in diabetic mice, with cytoprotective
activity against hyperglycemia-induced oxidative stress in HepG2 cells [40]. The observed suppression of hepatic TNF-o, 11.-
1B, and IL-6 in the AME250 group—alongside the complete return of liver histology to "no abnormality detected" status, in
contrast to the vacuolar degeneration and inflaimmatory infiltration of the untreated HFD group—indicates that the extract's
antioxidant capacity translates into reduced inflaimmatory signaling and structural hepatoprotection. The near-complete
histological recovery is particularly notable given that hepatic triglyceride levels, although substantially reduced, remained above
the normal-control range, suggesting that the extract may exert cytoprotective and anti-inflammatory effects that extend beyond

simple lipid clearance.

The positive control, pioglitazone (20 mg/kg), produced greater improvements than AME250 across most endpoints, fully
normalizing liver enzymes, lipid profile, antioxidant status, and hepatosomatic index to values statistically indistinguishable from
normal controls. This superiority is expected, since pioglitazone, a PPARy agonist, is a guideline-supported pharmacotherapy
that can be considered in patients with biopsy-proven NASH with or without type 2 diabetes [16]; the comparison confirms
the internal validity of the model and provides a clinically relevant benchmark for the plant extract. Nevertheless, the broad-
spectrum activity of AME250—simultaneously improving adiposity, glycemia, insulin resistance, dyslipidemia, hepatic steatosis,
oxidative stress, inflammation, and histopathology—suggests that the bioactivity of its marker compounds (umbelliferone,
quercetin, and aegeline) may contribute to its metabolic effects [66,67], although equivalence to an established insulin sensitizer
remains untested. Several limitations of this study should be acknowledged. The number of animals per group (n = 6) was
modest; a single dose of the extract (250 mg/kg) was evaluated without a dose—tesponse design; and hepatic molecular signaling
(e.g., AMPK, SREBP-1c, PPAR-a, N1f2) was not directly assessed, so the proposed mechanisms remain inferential. Future
studies incorporating dose-ranging, longer treatment periods, and transcriptomic or protein-level pathway analyses—together
with evaluation of the individual marker compounds—would strengthen the mechanistic evidence base. Within these limits,
the present data support the standardized ethanolic extract of A. marmelos fruit as a promising adjunctive candidate for the
management of NAFLD and its associated metabolic disturbances.

CONCLUSION

In conclusion, the standardized ethanolic extract of Aegle marmelos significantly ameliorates high-fat diet and fructose-induced
Non-Alcoholic Fatty Liver Disease (NAFLD) in Wistar rats. Oral intervention with the ethanolic extract improves systemic
insulin sensitivity, lowers intrahepatic triglyceride accumulation, mitigates lipid peroxidation, restores endogenous antioxidant
capacity, reduces pro-inflammatory cytokine expression, and preserves normal hepatic histological structure. These therapeutic
properties are mediated by the synergistic bioactivity of its key matker compounds—umbelliferone, quercetin, and aegeline—
supporting the potential of the ethanolic extract of Aegle marmelos as a promising natural candidate for managing NAFLD and

associated metabolic disorders.
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LIST OF ABBREVIATIONS
o A marmelos: Aegle marmelos
o AMPK: AMP-activated protein kinase
e HFD: High-fat diet
e ND: Normal diet
® NASH: Non-alcoholic steatohepatitis
e MAFLD: Metabolic dysfunction-associated fatty liver disease
e HPLC: High-performance liquid chromatography
e NAFLD: Non-alcoholic fatty liver disease
®  NF-xB: Nuclear factor-kappa B
®  Nrf2: Nuclear factor erythroid 2-related factor 2
e SREBP-1c: Sterol regulatory element-binding protein 1c
® PBS: Phosphate-buffered saline
e MDA: Malondialdehyde
o AMPK: AMP-activated protein kinase
o ACC: Acetyl-CoA carboxylase
® PPAR-a: Peroxisome proliferator-activated receptor alpha
® SOD: Superoxide dismutase
® GSH: Reduced glutathione
e HOMA-IR: Homeostatic Model Assessment of Insulin Resistance
e DTNB: 5,5'"-dithiobis-(2-nitrobenzoic acid)
o TBARS: Thiobarbituric Acid Reactive Substances
e NBT: Nitroblue tetrazolium
®  Akt: Protein kinase B
® FoxO: Forkhead box protein O
ETHICS APPROVAL AND CONSENT TO PARTICIPATE

All experimental procedures were conducted in accordance with the guidelines of the Committee for the Purpose of Control
and Supervision of Experiments on Animals (CPCSEA) [68], Government of India, and were approved by the Institutional
Animal Ethics Committee (IAEC) undet approval No. IAEC/CPD/415/11. The study was conducted at the Animal House
of Smt. Sharadchandrika Suresh Patil College of Pharmacy, Chopda, Jalgaon, Maharashtra, India, registered with CPCSEA
under Registration No. 316/PO/ReBi/S/2000/CPCSEA, dated 02/11/2022. All applicable ethical and regulatory requirements
for the use and care of experimental animals were duly followed.

HUMAN AND ANIMAL RIGHTS
Research Involving Animals

All in vivo experiments were conducted in accordance with the guidelines of the Committee for the Purpose of Control and
Supervision of Experiments on Animals (CPCSEA), Government of India, and the Guide for the Care and Use of Laboratory
Animals, 8th edition, published by the National Research Council, National Academies. The experimental protocol was
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reviewed and approved by the Institutional Animal Ethics Committee (IAEC) under approval No. IAEC/CPD/415/11. The
study was conducted at the Animal House of Smt. Sharadchandrika Suresh Patil College of Pharmacy, Chopda, Jalgaon,
Maharashtra, India, registered with CPCSEA under Registration No. 316/PO/ReBi/S/2000/CPCSEA, dated 02/11/2022.

Research Involving Plants

The plant material used in the present study, Aegle marmelos, was collected from local areas of Nashik, Maharashtra, India, during
the winter season. Healthy, ripe fruits were collected in accordance with applicable local and national regulations. The plant
material was authenticated by the Western Regional Centre, Botanical Survey of India (BSI), Pune, and a voucher specimen
(BSI/WRC/Tech./2025/PSB-110, Specimen No. 02) was deposited in the herbarium of the Western Regional Centre,
Botanical Sutvey of India, Pune. The study used Aegle marmelos, which is classified as Near Threatened [69], and the collection
and use of the plant material complied with relevant guidelines for plant research and applicable conservation regulations,

including those concerning species protected under IUCN and CITES provisions.
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