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Abstract

Obesity is a multifactorial metabolic disorder characterized by dysregulated energy home-
ostasis, impaired lipid metabolism, and altered hypothalamic appetite signaling. This
study aimed to evaluate the anti-obesity effects and underlying mechanisms of a 95%
ethanol extract of Artocarpus integer stem bark in a high-fat diet (HFD)-induced obese rat
model. Obesity was induced in male Wistar rats using HFD feeding, followed by treatment
with the extract (200-800 mg/kg/day, oral). Semaglutide and resveratrol were used as
reference compounds. Body weight, food intake, adiposity, serum lipid profile, adipokines,
histological changes, and gene expression related to lipid metabolism (Fas, Ppary, Cpt-1,
AdipoR1) and hypothalamic appetite regulation (Pomc, Mc4r, Npy) were evaluated. Phyto-
chemical profiling was performed using LC-HRMS. The extract markedly reduced body
weight gain, visceral adiposity, and food intake compared with the HFD control (p < 0.05),
with the high-dose extract demonstrating a substantial weight-reducing effect that ap-
proached the magnitude of semaglutide. Treatment improved dyslipidemia by decreasing
total cholesterol and triglycerides while increasing HDL levels. Adipokine imbalance was
restored, as evidenced by reduced leptin and amylin and increased adiponectin levels.
At the molecular level, the extract downregulated lipogenic genes (Fas, Ppary), partially
restored Cpt-1 expression, and normalized AdipoR1. In the hypothalamus, Pomc and
Mc4r were upregulated, whereas Npy was suppressed. LC-HRMS analysis revealed the
presence of stilbene, chalcone, and flavonoid derivatives. In conclusion, A. integer stem bark
extract exerts anti-obesity effects through coordinated modulation of appetite signaling
and lipid metabolism, supporting its potential as a multi-target phytotherapeutic agent for
obesity management.
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1. Introduction

Obesity is a complex and multifactorial metabolic disorder characterized by excessive
adipose tissue accumulation resulting from a chronic imbalance between energy intake and
expenditure. Beyond increased fat mass, obesity is associated with profound metabolic dys-
regulation, including altered adipokine secretion, impaired lipid metabolism, and disrup-
tion of central appetite-regulating pathways [1]. These abnormalities contribute to the de-
velopment of major comorbidities such as type 2 diabetes mellitus, cardiovascular disease,
and stroke, highlighting the urgent need for effective and safe therapeutic interventions [2].
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Current pharmacological strategies for obesity management remain limited in long-
term efficacy [3]. Conventional anti-obesity agents typically produce modest weight reduc-
tion, whereas glucagon-like peptide-1 receptor agonists (GLP-1 RAs), such as semaglutide,
have demonstrated improved clinical outcomes [4]. The therapeutic effects of GLP-1
RAs are primarily mediated through modulation of hypothalamic signaling, including
activation of proopiomelanocortin (Pomc) neurons and suppression of neuropeptide Y
(Npy)-driven orexigenic pathways [5]. Despite their efficacy, these agents are associated
with high cost, limited accessibility, and potential adverse effects, underscoring the need
for alternative or complementary pharmacological approaches, particularly those with
multi-target mechanisms.

Natural products have emerged as promising sources of bioactive compounds with
the ability to modulate multiple metabolic pathways involved in obesity. Several phyto-
chemicals, including berberine, curcumin, quercetin, and resveratrol, have demonstrated
anti-obesity activity through coordinated regulation of adipogenesis, enhancement of fatty
acid oxidation, and modulation of appetite-related signaling [6]. Among these, resvera-
trol, a stilbene-derived polyphenol, has been shown to activate mitochondrial fatty acid
oxidation and suppress adipogenic gene expression [7]. However, its overall efficacy in
reducing body weight remains limited, suggesting that structurally related compounds or
complex phytochemical mixtures may provide enhanced pharmacological activity through
synergistic multi-target effects.

Stilbenes are phytoalexins synthesized via the phenylpropanoid pathway and are
widely distributed in species of the genus Artocarpus (Moraceae), particularly in stem
bark tissues [8]. Artocarpus integer (Thunb.) Merr., commonly known as cempedak, is a
rich source of stilbene derivatives, chalcones, and flavonoids, which have been associated
with anti-adipogenic, lipid-modulating, and appetite-regulating activities [9]. Although
related species, such as Artocarpus heterophyllus, have demonstrated inhibitory effects on
adiposity [10], the pharmacological potential and molecular mechanisms of A. integer stem
bark in obesity remain insufficiently characterized. Recent evidence demonstrates that
stilbenoids suppress adipogenesis and lipogenesis by activating AMP-activated protein
kinase (AMPK) and downregulating key adipogenic transcription factors (PPAR-y and
C/EBP«), while promoting lipid turnover and thermogenesis [11].

In this context, the present study aimed to evaluate the anti-obesity effects and un-
derlying pharmacological mechanisms of a 95% ethanol extract of A. integer stem bark in
a high-fat diet-induced obese rat model. The extract was assessed in comparison with
semaglutide and resveratrol as reference compounds. Both central and peripheral mecha-
nisms were investigated through analysis of body weight, adiposity, lipid profile, adipokine
levels, histological alterations, and gene expression associated with lipid metabolism (Cpt-1,
Fas, Pparvy, and AdipoR1) and hypothalamic appetite regulation (Pomc, Mc4r, and Npy) [12].
This integrated approach was designed to elucidate the potential of A. integer as a multi-
target phytotherapeutic agent for obesity management.

2. Materials and Methods
2.1. Study Design

This study was conducted using a randomized controlled experimental design to
evaluate the pharmacological effects of Artocarpus integer (Thunb.) Merr. stem bark extract
in a high-fat diet (HFD)-induced obese rat model. The experimental protocol was structured
to assess both efficacy and mechanistic outcomes, including body weight, adiposity, food
intake, serum metabolic parameters, adipokine profiles, histological alterations, and gene
expression associated with lipid metabolism and hypothalamic appetite regulation.

https://doi.org/10.3390/applbiosci5030079


https://doi.org/10.3390/applbiosci5030079

Appl. Biosci. 2026, 5, 79

30f19

Obesity was first established through HFD feeding, and animals meeting predefined
obesity criteria were subsequently randomized into treatment groups. The extract was
administered at multiple dose levels to evaluate dose-response relationships, with semaglu-
tide and resveratrol included as pharmacological reference compounds. This design en-
abled comparative evaluation of the extract’s anti-obesity efficacy and its effects on central
(hypothalamic signaling) and peripheral (lipid metabolism) regulatory pathways [12].

2.2. Experimental Animals

Male Wistar rats (7—8 weeks old; 120-140 g) were used in this study. Animals were
acclimatized for 14 days under controlled laboratory conditions (temperature 22 £ 2 °C,
relative humidity 55 4= 10%, and a 12 h light/dark cycle) with ad libitum access to standard
chow and water. Male animals were selected to minimize variability associated with hor-
monal fluctuations and to ensure consistency in metabolic responses to high-fat diet (HFD)
induction. However, the use of a single sex represents a limitation for the generalizability of
the findings, and future studies should include both sexes to evaluate potential sex-specific
differences in the anti-obesity effects of Artocarpus integer extract.

Diet-induced obesity was established by feeding animals a high-fat diet (HFD) con-
sisting of standard chow (50%), beef tallow (20%), sucrose (20%), and butter (10%) [13,14].
The HFD was administered until animals met predefined obesity criteria, including a Lee
index > 315, body mass index (BMI) > 0.68, and at least a 50% increase in body weight
relative to baseline. These parameters were used to confirm successful induction of obesity
before initiation of treatment.

2.3. Plant Material and Extraction

The stem bark of Artocarpus integer (Thunb.) Merr. (Moraceae) was obtained from the
Indonesian Research Institute for Spices and Medicinal Plants (Balittro, Bogor, Indonesia)
and authenticated by the Indonesian National Research and Innovation Agency (BRIN).
A voucher specimen (No. B-86/11.6.2/IR.01.02/1/2025) was deposited at Herbarium
Bogoriense, Directorate of Scientific Collection Management, BRIN (Cibinong, Indonesia),
for future reference.

Dried plant material (5.0 kg) was powdered and extracted with 95% ethanol by macer-
ation (three consecutive cycles of 24 h at room temperature). The combined extracts were
filtered and concentrated under reduced pressure to obtain a crude extract. The extraction
yielded 265.9 g of crude extract, corresponding to a yield of 5.31% (w/w) and a drug—extract
ratio (DER) of 18.8:1.

Phytochemical profiling was performed using liquid chromatography-high-resolution
mass spectrometry (LC-HRMS). Chromatographic separation was carried out on an Ac-
cucore™ Phenyl Hexyl column (100 x 2.1 mm, 2.6 um) maintained at 40 °C. The mobile
phase consisted of 0.1% formic acid in water (solvent A) and 0.1% formic acid in acetonitrile
(solvent B), delivered at a flow rate of 0.3 mL/min using a gradient elution from 5% to 90%
B over 16 min.

2.4. Experimental Groups and Treatment Protocol

Following confirmation of diet-induced obesity, animals were randomly assigned to
experimental groups using a random allocation method to minimize selection bias. The
animals were allocated into seven groups (1 = 6 per group): (1) normal control (standard
diet + vehicle), (2) HFD control (high-fat diet + vehicle), (3) semaglutide-treated group
(70 ng/kg body weight, intramuscular), (4) resveratrol-treated group (30 mg/kg body
weight/day, oral), (5) A. integer extract low dose (200 mg/kg body weight/day, oral),
(6) A. integer extract medium dose (400 mg/kg body weight/day, oral), and (7) A. integer
extract high dose (800 mg/kg body weight/day, oral).
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The selected extract doses were based on previous pharmacological studies of Artocar-
pus species demonstrating metabolic regulatory activity [15]. Semaglutide and resveratrol
were included as reference compounds due to their established anti-obesity and metabolic
effects, enabling comparative evaluation of efficacy.

The vehicle consisted of sodium phosphate dibasic (44 mM), sodium chloride (70 mM),
and Tween 20 (0.007%) [16]. Oral treatments were administered by gavage at a volume of
1 mL/100 g body weight, while semaglutide was administered intramuscularly at 1 mL/kg
body weight. All treatments were administered throughout the experimental period under
consistent conditions.

2.5. Measurement of Obesity and Metabolic Parameters

Body weight and food intake were recorded daily throughout the experimental pe-
riod to evaluate changes in energy balance. Body mass index (BMI) and Lee index were
calculated weekly using body weight and naso—anal length to monitor the progression
of obesity.

At the end of the treatment period, blood samples were collected and centrifuged
to obtain plasma for biochemical analysis. Plasma concentrations of leptin, amylin (islet
amyloid polypeptide, IAPP), and adiponectin were quantified using commercially available
enzyme-linked immunosorbent assay (ELISA) kits (Fine Test, Wuhan, China; leptin: ER0115;
amylin/IAPP: ER0374; adiponectin: ER0006), according to the manufacturers’ protocols.

Semaglutide (CAS: 910463-68-2) was obtained from Cayman Chemical (Ann Arbor,
M1, USA; Cat. No. 40231), and Resveratrol (>99% purity) was purchased from Macklin
(Shanghai, China; Cat. No. R817263).

2.6. Gene Expression Analysis

At the end of the treatment period, animals were anesthetized with a ketamine—
xylazine combination and euthanized. The hypothalamus was rapidly dissected, snap-
frozen in liquid nitrogen, and stored at —80 °C until analysis.

Total RNA was extracted using TRIzol reagent, followed by DNase I treatment to
remove genomic DNA contamination. Complementary DNA (cDNA) was synthesized
using reverse transcriptase according to the manufacturer’s instructions. Quantitative real-
time polymerase chain reaction (RT-qPCR) was performed using SYBR Green chemistry
on a CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA).

Gene expression analysis was conducted for markers involved in lipid metabolism (Fas,
Cpt-1, Pparvy, and AdipoR1) and hypothalamic appetite regulation (Pomc, Mc4r, and Npy).
[3-Actin was used as the internal reference gene [12,17]. Primer sequences were ordered and
designed by PT Indogen (Jakarta, Indonesia) and synthesized commercially (PCR grade)
and are listed in Table 1. All gene expression analyses were performed by investigators
blinded to group allocation to ensure unbiased data acquisition and interpretation.

Table 1. Primer sequences used for RT-qPCR analysis.

Gene Direction Sequence (5'-3)

Fas Forward AGC CTA ACT CCT CGC TGC AAT

Fas Reverse TCC TTG GAA CCG TCT GTG TTC
Cpt-1 Forward AGG GCC ACT GAT GGT GAAC
Cpt-1 Reverse TGC CTG AAT CGA AGT GGG T
Pomc Forward CCT GTG AAG GTG TAC CCC AAT GTC
Pomc Reverse CAC GTT CTT GAT GAT GGC GTT C
Npy Forward CCC GCC CGC CAT GAT GCT AGG
Npy Reverse CCG CCC GGA TTG TCC GGC TTG
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Table 1. Cont.
Gene Direction Sequence (5'-3)
Mcdr Forward AAC ATT CTA GTG ATC GTG GG
Mc4r Reverse CAT AAT GTT ATG GTA CTG GAG CGC G
B-actin Forward TGA CGT GGA CAT CCG CAA AG
B-actin Reverse CTG GAA GGT GGA CAG CGA GG

The RNA purity metrics (A260/A280 ratio of 1.95-2.05), cDNA input concentrations,
thermal cycling conditions, and melt curve analysis confirm single-product specificity.

2.7. Histological Analysis of Adipose Tissue

At the end of the experimental period, animals were anesthetized and euthanized as
described above. Peripheral adipose tissue was excised, rinsed with physiological saline to
remove residual blood, and fixed in 10% neutral buffered formalin for at least 24 h.

Fixed tissues were processed using standard histological procedures, including de-
hydration through a graded ethanol series, clearing in xylene, and embedding in paraffin.
Tissue sections (4-5 um) were prepared using a microtome, mounted on glass slides,
deparaffinized, rehydrated, and stained with hematoxylin and eosin (H&E) [18].

Histological evaluation was performed using a light microscope (Olympus, Tokyo,
Japan). Representative images were captured digitally, and morphometric analysis of
adipocytes was conducted using Image] (National Institutes of Health, Maryland, DC,
USA). Adipocyte diameter and circumference were measured from at least 50 randomly
selected cells per sample, and mean values were calculated for each animal. Investigators
performing histological and morphometric analyses were blinded to group allocation to
minimize observer bias.

2.8. Statistical Analysis

Data are expressed as mean =+ standard deviation (SD). Statistical analyses were
performed using SPSS version 22 (IBM Corp., New York, NY, USA, licensed software). Data
distribution was assessed using the Shapiro-Wilk test, and homogeneity of variance was
evaluated using Levene’s test.

For normally distributed data with homogeneous variances, comparisons among
multiple groups were performed using one-way analysis of variance (ANOVA) followed by
Bonferroni’s post hoc test. When the assumption of homogeneity of variance was violated,
Welch’s ANOVA followed by the Games-Howell post hoc test was applied. Non-normally
distributed data were analyzed using the Kruskal-Wallis test followed by Dunn’s post
hoc test.

For comparisons between two groups, the independent samples t-test was used for
parametric data, while the Mann-Whitney U test was applied for nonparametric data. A
p-value < 0.05 was considered statistically significant.

3. Results
3.1. LC-HRMS Profiling of A. integer Stem Bark Extract

The LC-HRMS total ion chromatogram (TIC) of the 95% ethanol extract of Artocarpus
integer stem bark (Figure 1) revealed a chemically complex profile with multiple well-
resolved peaks across the retention time range, indicating the presence of diverse secondary
metabolites. The distribution of peaks suggested a predominance of moderately polar to
semipolar compounds, consistent with the extraction solvent used.
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Figure 1. LC-HRMS Total Ion Chromatogram of A. integer Stem Bark Extract.

Tentative compound identification (Table 2) indicated the presence of several bioactive
classes, including stilbenes, chalcones, and flavonoids. These phytochemicals are widely
associated with metabolic regulatory effects, particularly through modulation of lipid
metabolism and adipogenesis. For instance, stilbene derivatives are linked to activation
of fatty acid oxidation pathways, while chalcones and flavonoids have been reported to
suppress lipogenic signaling and adipocyte differentiation.

Table 2. Major phytochemical constituents of A. integer stem bark extract and their reported bioactivities.

Compound Class Reported Bioactivity
Stilbene (cis-/trans-) Stilbene Anti-adipogenic; modulates lipid metabolism
Resveratrol (cis/trans) Stilbene Activates fatty acid oxidation; suppresses lipogenesis
Cycloartocarpin Prenylated flavonoid Inhibits adipogenesis; anti-inflammatory
Roburic acid Triterpenoid Anti-inflammatory; modulates lipid metabolism
Methoxylated chalcone Chalcone Suppresses adipogenesis; activates AMPK
Bakuchalcone Chalcone Reduces lipid accumulation; antioxidant
Glabrachalcone Chalcone Inhibits adipocyte differentiation
Isogemichalcone B Chalcone Suppresses lipogenic gene expression
Lumaflavanone C Flavonoid Improves lipid profile; antioxidant
Macrophyllol A Flavonoid Modulates lipid metabolism

Notes: Compound identification was tentative and based on accurate mass measurements and
comparison with spectral databases and published literature. RT, retention time; m/z, mass-to-charge
ratio; AMPK, AMP-activated protein kinase; SIRT1, sirtuin 1; CPT-1, carnitine palmitoyltransferase-1;
PPARY, peroxisome proliferator-activated receptor gamma; FAS, fatty acid synthase.

The coexistence of these compound classes suggests a potential synergistic, multi-
target mode of action underlying the observed anti-obesity effects of the extract. However,
it should be noted that compound identification was based on accurate mass analysis and
literature comparison; therefore, further confirmation using tandem mass spectrometry
(MS/MS) and authentic standards is required.

Total ion chromatogram (TIC) of the 95% ethanol extract of A. integer stem bark
obtained using LC-HRMS. Chromatographic separation was performed on an Accucore™
Phenyl Hexyl column with gradient elution of 0.1% formic acid in water (A) and acetonitrile
(B) at a flow rate of 0.3 mL/min.

Comprehensive LC-HRMS profiling data, including retention times (RT), mass-to-
charge ratios (m/z [M+H]"), tentative compound identifications, and detailed annotations,
are provided in Supplementary Table S1.
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3.2. Effects of A. integer Extract on Body Weight Gain

Body weight changes over the 15-week experimental period are shown in Figure 2.
During the pre-induction phase (weeks 1-4), no significant differences in body weight were
observed among groups (p > 0.05), indicating comparable baseline conditions. High-fat
diet (HFD) feeding (weeks 5-10) resulted in a significant increase in body weight in the
HFD group compared with the normal control (p < 0.05), confirming successful induction
of obesity.

During the treatment phase (weeks 11-15), the HFD control group exhibited a contin-
ued progressive increase in body weight. In contrast, semaglutide significantly attenuated
body weight gain (p < 0.05 vs. HFD), while resveratrol produced a moderate effect. Admin-
istration of A. integer extract resulted in a dose-dependent reduction in body weight gain.
The highest dose (800 mg/kg) significantly decreased body weight compared with the HFD
group (p < 0.05), with efficacy comparable to semaglutide. The intermediate (400 mg/kg)
and low (200 mg/kg) doses also significantly reduced body weight gain, although to a
lesser extent.

These findings demonstrate that A. integer extract effectively attenuates HFD-induced
body weight gain in a dose-dependent manner, supporting its anti-obesity efficacy. In-
terestingly, the magnitude of weight reduction observed with the highest extract dose
approached that of semaglutide, showing a marked reduction in body weight gain relative
to the HFD control, approaching the magnitude of reduction seen in the semaglutide group
with values comparable to those observed in the semaglutide-treated group.
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Figure 2. Effects of A. integer Stem Bark Extract on Body Weight Gain in HFD-Induced Obese
Rats. Changes in body weight over the 15-week experimental period. Data are presented as
mean =+ standard deviation (SD) (n = 6). Normal, standard diet + vehicle; HFD, high-fat diet + vehicle;
semaglutide (70 ug/kg, intramuscular); resveratrol (30 mg/kg/day, oral); AIE-L (200 mg/kg/day,
oral); AIE-M (400 mg/kg/day, oral); AIE-H (800 mg/kg/day, oral). p < 0.05 versus the HFD control
group. Histopathological Changes in Adipose Tissue of HFD-Induced Obese Rats. Representa-
tive hematoxylin—eosin (H&E)-stained sections of adipose tissue (scale bar = 50 um). (A) Normal;
(B) HFD; (C) semaglutide (70 pg/kg); (D) resveratrol (30 mg/kg); (E) AIE-L (200 mg/kg); (F) AIE-M
(400 mg/kg); (G) AIE-H (800 mg/kg).

3.3. Effects of A. integer Extract on Epididymal Adipose Tissue Weight and Adiposity Index

The effects of A. integer stem bark extract on epididymal adipose tissue weight and
adiposity index are summarized in Table 3. High-fat diet (HFD) feeding significantly
increased both parameters compared with the normal control group (p < 0.05), confirming
the development of visceral adiposity.

Treatment with semaglutide significantly reduced epididymal adipose tissue weight
and adiposity index compared with the HFD control (p < 0.05), whereas resveratrol pro-
duced a moderate reduction. Administration of A. integer extract resulted in a dose-
dependent attenuation of visceral adiposity. The highest dose (800 mg/kg) markedly
reduced both adipose tissue weight and adiposity index (p < 0.05 vs. HFD), reaching levels
numerically close to those observed in the semaglutide-treated cohort. The intermediate
dose (400 mg/kg) also produced significant reductions, while the lowest dose (200 mg/kg)
showed moderate but significant effects.
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Table 3. Effects of A. integer stem bark extract on epididymal adipose tissue weight and adiposity index.

Parameter Normal HFD Semaglutide  Resveratrol AIE-L AIE-M AIE-H

Epididymaladipose o7, 13 j9o7 1340  628430P 972430% 9494143 84422  17+19b
tissue weight (g)

Adiposity index (%) 245+ 07 643+182 28 +13b  455+1.62 4544072  396+17  282+09°

Notes: Data are presented as mean =+ standard deviation (SD) (1 = 6). Normal, standard diet + vehicle;
HFD, high-fat diet + vehicle; semaglutide (70 pug/kg, intramuscular); resveratrol (30 mg/kg/day,
oral); AIE-L (200 mg/kg/day, oral); AIE-M (400 mg/kg/day, oral); AIE-H (800 mg/kg/day, oral).
2 p < 0.05 vs. normal control group; ® p < 0.05 vs. HFD control group.

These results indicate that A. integer extract effectively reduces HFD-induced visceral
fat accumulation in a dose-dependent manner, supporting its anti-adipogenic and lipid-
modulating activity.

3.4. Effects of A. integer Extract on Food Intake and Appetite-Related Hormones

The effects of A. integer stem bark extract on food intake and appetite-related hormones
are summarized in Table 4. High-fat diet (HFD) feeding resulted in increased food intake
and significant alterations in circulating adipokines compared with the normal control
group (p < 0.05), indicating dysregulation of energy balance and metabolic homeostasis.

Table 4. Effects of A. integer extract on food intake and adipokines (% change vs. HFD).

Parameter  Semaglutide Resveratrol AIE-L AIE-M AIE-H
Food intake —44% —14% —18% —21% —37%
Leptin —47% —35% —36% —45% —52%
Amylin —45% —30% —31% —39% —47%
Adiponectin +261% +143% +146% +208% +267%

Notes: Values in the main text table represent percentage changes relative to the HFD control group.
Absolute mean £ SD values for daily food intake (g/day) and plasma concentrations of leptin
(pg/mL), amylin (pg/mL), and adiponectin (ug/mL) across all individual experimental groups are
reported in Supplementary Table S2.

During the treatment phase, semaglutide significantly reduced food intake compared
with the HFD control (p < 0.05), whereas resveratrol exerted a modest effect. Administra-
tion of A. integer extract led to a dose-dependent reduction in food intake. The highest
dose (800 mg/kg) significantly decreased food intake (p < 0.05 vs. HFD), with efficacy
comparable to semaglutide, while the intermediate (400 mg/kg) and low (200 mg/kg)
doses produced moderate reductions.

Relative percentage modifications in daily food consumption and circulating adipokine
concentrations compared to the HFD control group are summarized in Table 4. Complete
absolute raw values (mean =+ SD) for post-treatment daily food intake (e.g., 10.4 £ 3.1 g/day
in AIE-H vs. 16.4 + 2.7 g /day in HFD) as well as plasma concentrations of leptin (pg/mL),
amylin (pg/mL), and adiponectin (ug/mL) across all seven experimental cohorts are
provided in Supplementary Table S2.

HFD feeding markedly increased plasma leptin and amylin levels and reduced
adiponectin concentrations (p < 0.05 vs. normal), reflecting obesity-associated hormonal
imbalance. Treatment with A. integer extract significantly reversed these alterations in a
dose-dependent manner. The highest dose (800 mg/kg) reduced leptin and amylin levels
and restored adiponectin concentrations to near-normal levels (p < 0.05 vs. HFD), with
effects comparable to semaglutide. Lower doses also improved adipokine profiles, although
to a lesser extent.
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This pattern suggests not only improved metabolic status but also partial restoration
of adipose tissue endocrine function.

3.5. Effects of A. integer Extract on Serum Lipid Profile

The effects of A. integer stem bark extract on serum lipid parameters are presented in
Table 5. High-fat diet (HFD) feeding induced pronounced dyslipidemia, characterized by
significant increases in total cholesterol and triglyceride levels and a marked reduction in
high-density lipoprotein (HDL) concentrations compared with the normal control group
(p <0.05).

Table 5. Effects on serum lipid profile (% change vs. HFD).

Parameter Semaglutide Resveratrol AIE-L AIE-M AIE-H
Total cholesterol —32% —31% —33% —34% —33%
Triglycerides —38% —25% —29% —35% —41%
HDL +38% +44% +46% +47% +64%

Notes: Values in the main text table represent percentage changes relative to the HFD control group.
Longitudinal serum lipid concentration data (mean & SD, mg/dL) for total cholesterol, triglycerides,
and HDL-C across all experimental timepoints are detailed in Supplementary Table S3.

During the treatment phase, the HFD control group exhibited further deterioration of
lipid parameters, indicating progressive metabolic impairment. In contrast, treatment with
semaglutide and resveratrol significantly improved lipid profiles compared with the HFD
control (p < 0.05), demonstrating their lipid-lowering effects.

Administration of A. integer extract resulted in a dose-dependent improvement in
serum lipid parameters. The highest dose (800 mg/kg) markedly reduced total cholesterol
and triglyceride levels while significantly increasing HDL concentrations (p < 0.05 vs.
HEFD), with effects comparable to semaglutide. The intermediate (400 mg/kg) and low
(200 mg/kg) doses also improved lipid profiles, although to a lesser extent.

Notably, the improvement in lipid parameters was consistent with the observed
modulation of adipokines and body weight reduction, suggesting coordinated regulation
of systemic lipid metabolism. The consistent improvement across all lipid parameters
indicates a coordinated systemic effect rather than isolated metabolic changes. Percentage
modifications in serum lipid parameters relative to the HFD control group are presented
in Table 5. Corresponding longitudinal absolute concentration values (mean =+ SD) for
total cholesterol (mg/dL), triglycerides (mg/dL), and HDL-C (mg/dL) across all three
experimental timepoints (before HFD, after HFD, and after treatment) are detailed in
Supplementary Table S3.

3.6. Molecular Mechanisms Underlying the Anti-Obesity Effects of A. integer Extract
3.6.1. Modulation of Lipid Metabolism-Related Gene Expression

The relative mRNA expression levels of genes involved in lipid metabolism are pre-
sented in Table 6. High-fat diet (HFD) feeding markedly disrupted metabolic gene regula-
tion, as evidenced by significant upregulation of the lipogenic genes Fas and Ppary (p < 0.05
vs. normal), indicating enhanced lipogenesis and adipogenesis. In parallel, expression of
Cpt-1, a key regulator of mitochondrial fatty acid 3-oxidation, was not detected, suggest-
ing impaired lipid catabolism. Expression of AdipoR1 was moderately increased, likely
reflecting compensatory alterations in adiponectin signaling.
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Table 6. Effects on lipid metabolism-related gene expression (% change vs. HFD).
Gene Semaglutide Resveratrol AIE-H
Fas +36% —85% —74%
Pparvy —25% —84% —68%
Cpt-1 nd— 1 +49% nd. - 71
AdipoR1 —61% —36% —42%

Notes: Values in the main text table represent percentage changes relative to the HFD control group;
n.d., not detected. Quantitative relative mRNA expression levels (278ACr mean + SD) for Fas, Cpt-1,
Pparg, and Adiporl across all treatment cohorts are provided in Supplementary Table S4.

Treatment with semaglutide significantly upregulated Cpt-1 expression (p < 0.05 vs.
HEFD), indicating activation of fatty acid oxidation pathways, although lipogenic gene
expression remained elevated. Resveratrol markedly suppressed Fas and Ppar<y expression
and strongly increased Cpt-1, consistent with its established role in promoting 3-oxidation.

Administration of A. integer extract significantly modulated lipid metabolism-related
gene expression in a manner consistent with a shift from lipid storage toward lipid uti-
lization. The highest dose (800 mg/kg) significantly downregulated Fas and Ppary while
partially restoring Cpt-1 expression (p < 0.05 vs. HFD). In addition, AdipoR1 expression
was normalized toward control levels, in agreement with the observed restoration of
circulating adiponectin.

Relative percentage differences in adipose tissue gene expression compared to the HFD
control group are summarized in Table 6. Absolute relative fold-change values (2744¢T,
mean =+ SD) for Fas, Cpt-1, Pparg, and Adipor1 across all treatment groups are compiled in
Supplementary Table S4.

Taken together, these findings suggest that A. integer extract suppresses lipogenesis
and adipogenesis while partially reactivating fatty acid oxidation pathways, supporting its
role as a metabolic modulator targeting peripheral lipid homeostasis.

3.6.2. Modulation of Hypothalamic Appetite-Regulating Gene Expression

The relative mRNA expression levels of hypothalamic appetite-regulating genes are
presented in Table 7. HFD feeding induced profound dysregulation of central appetite
signaling, characterized by marked upregulation of the orexigenic gene Npy and downreg-
ulation of the anorexigenic genes Pomc and Mc4r (p < 0.05 vs. normal), indicating enhanced
hunger signaling and impaired satiety control.

Table 7. Effects of A. integer extract on hypothalamic appetite-regulating gene expression (% change
vs. HFD).

Gene Semaglutide Resveratrol AIE-H

Pomc +145.8% —30.6% +163.9%
Npy —40.6% —15.9% —33.8%
Mc4r +108.8% —29.8% +184.2%

Notes: Values in the main text table represent percentage changes relative to the HFD control group.
Quantitative hypothalamic mRNA expression levels (2~22€T, mean + SD) for Pomc, Npy, and Mc4r
across treatment cohorts are reported in Supplementary Table S5.

Semaglutide treatment significantly restored anorexigenic signaling, as evidenced by
increased Pomc and Mc4r expression and reduced Npy levels (p < 0.05 vs. HFD). In contrast,
resveratrol exerted limited effects on central pathways, with partial suppression of Npy but
minimal recovery of Pomc and Mc4r expression.

Administration of A. integer extract markedly improved hypothalamic gene expression
profiles. The highest dose (800 mg/kg) significantly upregulated Pomc and Mc4r while
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suppressing Npy expression (p < 0.05 vs. HFD), indicating restoration of anorexigenic
signaling and inhibition of orexigenic drive.

Relative percentage changes in hypothalamic mRNA expression compared to HFD
controls are reported in Table 7. Quantitative fold-change levels (2~#4¢T, mean 4 SD) for
Pomc, Npy, and Mc4r across treatment cohorts are provided in Supplementary Table S5.

These results demonstrate that A. integer extract effectively rebalances hypothalamic
appetite regulation, consistent with its observed anorexigenic effects on food intake. In-
terestingly, the coordinated modulation of both anorexigenic and orexigenic pathways
suggests a balanced regulatory effect on hypothalamic signaling.

3.6.3. Integrated Mechanistic Interpretation

Taken together, A. integer extract exerts anti-obesity effects through coordinated mod-
ulation of both peripheral and central regulatory pathways. Peripherally, the extract
suppresses lipogenesis and adipogenesis while partially restoring fatty acid oxidation,
thereby improving lipid utilization. Centrally, it restores hypothalamic appetite signaling
by activating the POMC-MC4R axis and suppressing Npy-mediated orexigenic pathways.

This dual mechanism highlights a multi-target pharmacological profile, distinguishing
A. integer extract from single-target agents and supporting its potential as a phytotherapeu-
tic candidate for obesity management.

3.7. Effects of A. integer Extract on Adipocyte Morphology and Histopathology

Morphometric analysis of adipose tissue is summarized in Table 8, and representative
histological images are shown in Figure 2. High-fat diet (HFD) feeding resulted in signifi-
cant adipocyte hypertrophy, as evidenced by increased cell diameter and circumference
compared with the normal control group (p < 0.05), indicating excessive lipid accumulation
within adipocytes.

Table 8. Effects of A. integer extract on adipocyte size (% change vs. HFD).

Parameter Semaglutide Resveratrol AIE-L AIE-M AIE-H
Adipocyte circumference —27.1% —16.2% —9.4% —26.0% —18.3%
Adipocyte diameter —27.2% —16.2% —9.4% —26.0% —18.3%

Notes: Values in the main text table represent percentage changes relative to the HFD control group.
Absolute morphometric values (mean + SD) for adipocyte circumference (um) and diameter (um)
across all individual treatment groups are provided in Supplementary Table S6.

Treatment with semaglutide and resveratrol significantly reduced adipocyte size
(p < 0.05 vs. HFD), consistent with decreased lipid storage. Similarly, administration of
A. integer extracts attenuated adipocyte hypertrophy in a dose-dependent manner. The
highest dose (800 mg/kg) significantly reduced adipocyte diameter and circumference
(p < 0.05 vs. HFD), with values approaching those observed in the semaglutide-treated
group. The intermediate and low doses also improved morphometric parameters, although
to a lesser extent.

Histopathological evaluation corroborated the morphometric findings. Adipose tissue
from the HFD group exhibited enlarged, hypertrophic adipocytes with disrupted tissue
architecture, whereas extract-treated groups displayed smaller adipocytes and improved
structural organization. Notably, the highest dose of A. integer extract restored adipose
tissue morphology to a pattern comparable to that of the normal control.

Percentage reductions in epididymal adipocyte dimensions relative to the HFD con-
trol group are presented in Table 8. Absolute histological morphometric measurements
(mean =+ SD), including adipocyte circumference (um) and diameter (um), across all indi-
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vidual treatment cohorts are compiled in Supplementary Table S6. These results demon-
strate that A. integer extract effectively mitigates adipocyte hypertrophy and improves
adipose tissue architecture, supporting its role in reducing lipid accumulation and modu-
lating adipose tissue remodeling in obesity.

4. Discussion

Notably, the observed effects appear to arise from a coordinated multi-target mecha-
nism, which may offer an advantage over single-target pharmacological approaches. The
present study demonstrates that the ethanol extract of Artocarpus integer stem bark exerts
significant anti-obesity effects in a high-fat diet (HFD)-induced obese rat model through
coordinated modulation of central appetite regulation and peripheral lipid metabolism.
The extract attenuated body weight gain, reduced visceral adiposity, improved lipid pro-
files, restored adipokine balance, and ameliorated adipocyte hypertrophy, indicating broad
metabolic efficacy [19].

HFD feeding successfully induced a pathological obese phenotype, characterized
by increased body weight, adipose tissue expansion, dyslipidemia, and disruption of
endocrine and neuroregulatory pathways [20]. Elevated leptin levels observed in the HFD
group are consistent with leptin resistance, a hallmark of obesity associated with impaired
hypothalamic signaling despite hyperleptinemia [21]. Concurrent increases in amylin and
reductions in adiponectin further reflect metabolic dysregulation and impaired adipose
tissue function [22]. These findings align with previous reports demonstrating that obesity
is associated with altered adipokine profiles and disrupted energy homeostasis [23]. The
relatively high doses used in this preclinical study are typical for crude plant extracts; dose
optimization and pharmacokinetic studies are required to determine clinically relevant
exposure levels [24]. In addition, while the current panel demonstrated clear improvements
in total cholesterol, triglycerides, and HDL, direct quantification of circulating free fatty
acids (FFAs) and LDL subfractions was not included due to volume constraints. Future
detailed lipidomic investigations will be essential to fully map the extract’s impact on
peripheral lipolysis rates and lipoprotein clearance [25,26].

Treatment with A. integer extract significantly reduced body weight gain and visceral
adiposity in a dose-dependent manner, with the highest dose demonstrating robust weight-
lowering activity relative to semaglutide. This effect was accompanied by reduced food
intake, suggesting a central anorexigenic mechanism. At the molecular level, the extract
restored hypothalamic signaling by upregulating Pomc and Mc4r and suppressing Npy,
indicating activation of the Pomc—Mc4r axis and inhibition of orexigenic pathways [27].
This pattern closely resembles the mechanism of action of GLP-1 receptor agonists, which
enhance satiety signaling and suppress appetite through hypothalamic pathways [28].
Notably, compared with resveratrol, which showed limited effects on central gene expres-
sion, A. integer extract demonstrated a more balanced regulation of both anorexigenic and
orexigenic pathways, highlighting its potential advantage as a multi-target agent.

We also added an explicit statement in the Discussion section limitations acknowledg-
ing that formal non-inferiority or equivalence testing was not performed and that direct
comparative efficacy claims cannot be drawn without dedicated trial designs. In addition
to central effects, A. integer extracts significantly modulated peripheral lipid metabolism.
Downregulation of Fas and Ppary indicates suppression of lipogenesis and adipogene-
sis [29], while partial restoration of Cpt-1 expression suggests reactivation of mitochondrial
fatty acid -oxidation [30]. The absence of detectable Cpt-1 expression in the HFD group
primarily reflects severe transcriptional suppression of mitochondrial 3-oxidation under
obesogenic conditions [31], supported by preserved reference gene ([3-actin) integrity across
all samples; however, technical factors related to the lower limit of qPCR detection may
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also contribute and are acknowledged. Normalization of AdipoR1 expression, together with
increased circulating adiponectin, further supports improved adiponectin signaling and
metabolic homeostasis [32]. These molecular changes are consistent with the observed
improvements in serum lipid profile and adipose tissue morphology, indicating a shift from
lipid storage toward enhanced lipid utilization.

The observed modulation of lipid metabolism-related gene expression suggests the
involvement of upstream energy-sensing pathways [33]. In particular, the coordinated
downregulation of Fas and Ppary and partial restoration of Cpt-1 expression may be indica-
tive of activation of AMP-activated protein kinase (AMPK), a central regulator of cellular
energy homeostasis that inhibits lipogenesis and promotes fatty acid 3-oxidation [34]. This
putative AMPK-mediated mechanism is further supported by the presence of stilbene and
chalcone derivatives identified in the extract, which have been reported to activate AMPK
signaling in metabolic tissues [35,36]. Although AMPK activation was not directly assessed
in the present study, these findings suggest that A. integer extract may exert its anti-obesity
effects, at least in part, through AMPK-dependent pathways. However, direct assessment
of AMPK phosphorylation would be required to confirm this mechanism.

Furthermore, while RT-qPCR provided clear evidence of transcriptional modulation
across central and peripheral targets, protein-level validation via Western blot was not
performed due to tissue volume constraints during multi-parameter testing. Although
functional outcomes (food intake, adipokine concentrations, lipid profiles, and adipocyte
histology) strongly align with the observed gene expression patterns, direct evaluation of
protein abundance and post-translational modifications remains an essential objective for
future mechanistic studies [37].

Crucially, comparing Cpt-1 expression profiles across treatments reveals distinct up-
stream mechanisms converging on a shared metabolic outcome. Resveratrol produced a
direct, robust upregulation of Cpt-1 (+49%), reflecting its primary action as a peripheral
activator of mitochondrial 3-oxidation via SIRT1/AMPK pathways. In contrast, semaglu-
tide reactivated Cpt-1 transcription (n.d. — 1) secondarily by suppressing food intake and
relieving nutrient excess. A. integer extract (800 mg/kg) uniquely combines both modes: di-
rect peripheral stimulation by bioactive polyphenols alongside caloric-restriction-mediated
derepression. These distinct regulatory pathways explain how different molecular drivers
achieve comparable reductions in circulating triglycerides and adipocyte hypertrophy.

The improvement in adipocyte morphology provides additional structural evidence
supporting the metabolic effects of the extract [38]. Reduction in adipocyte size and
restoration of tissue architecture indicate decreased lipid accumulation and improved
adipose tissue remodeling [39]. Given that adipocyte hypertrophy is closely linked to
insulin resistance and chronic inflammation [40], attenuation of adipocyte enlargement
may contribute to the overall metabolic benefits observed in this study [41].

Phytochemical profiling by LC-HRMS revealed the presence of stilbene derivatives,
chalcones, prenylated flavonoids, and triterpenoids, which are known to exert anti-obesity
effects through multiple mechanisms [42,43]. Stilbenes, such as resveratrol, are associated
with activation of AMPK/SIRT1 signaling and enhancement of fatty acid oxidation [44],
whereas chalcones and flavonoids have been reported to inhibit adipogenesis and suppress
lipogenic gene expression [45]. The coexistence of these bioactive compounds suggests po-
tential synergistic interactions, enabling simultaneous modulation of central and peripheral
pathways [46]. Such multi-component, multi-target activity represents a key advantage
over single-compound therapies and aligns with current pharmacological strategies for
complex metabolic disorders [47]. The contribution of individual compounds remains to
be elucidated through bioactivity-guided fractionation [48].
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Natural chalcones (such as xanthohumol and related prenylated derivatives) directly
inhibit de novo lipogenesis (DNL) and enhance fatty acid oxidation by targeting the
LKB1/SIRT1-AMPK axis, thereby downregulating SREBP-1c and acetyl-CoA carboxylase
(ACC) while upregulating CPT1 and hormone-sensitive lipase (HSL) [49]. Polyphenolic
secondary metabolites mitigate lipid accumulation by remodeling the plasma lipidome, sup-
pressing early differentiation signals in preadipocytes, and downregulating downstream
lipogenic targets such as fatty acid synthase (FASN) and FABP4 [50]. Although AMPK
activation was not directly measured, the observed gene expression profile is consistent
with this pathway and warrants further investigation.

Importantly, the dual action of A. integer extract distinguishes it from conventional ther-
apies. While semaglutide primarily targets central appetite regulation [51] and resveratrol
mainly influences peripheral metabolism [52], A. integer extract demonstrated integrated
effects on both pathways. This coordinated mechanism may provide enhanced therapeutic
efficacy, as effective obesity management requires simultaneous regulation of energy intake
and metabolic processing [53].

Despite these promising findings, several limitations should be acknowledged. Com-
pound identification was tentative and based on LC-HRMS analysis without structural
confirmation. Further studies employing tandem mass spectrometry (MS/MS), compound
isolation, and bioactivity-guided fractionation are required to identify the active con-
stituents. In addition, long-term safety, pharmacokinetic profiling, and clinical validation
are necessary to establish translational relevance.

Although no overt signs of toxicity were observed, dedicated toxicological studies are
required to establish the safety profile. While these findings are promising, translation to
human physiology requires careful validation in clinical studies.

5. Conclusions

The present study demonstrates that the 95% ethanol extract of Arfocarpus integer stem
bark exerts promising anti-obesity effects in a high-fat diet-induced obese rat model. The
extract significantly attenuated body weight gain, reduced visceral adiposity, improved
serum lipid profiles, restored adipokine balance, and mitigated adipocyte hypertrophy,
indicating broad metabolic efficacy.

Mechanistically, these effects were associated with coordinated modulation of central
and peripheral regulatory pathways, including activation of hypothalamic anorexigenic
signaling (Pomc and Mc4r), suppression of the orexigenic gene (Npy), downregulation
of lipogenic and adipogenic genes (Fas and Pparvy), and partial restoration of fatty acid
oxidation via Cpt-1. This integrated mechanism supports a shift from energy storage toward
energy utilization.

Phytochemical profiling revealed the presence of stilbene, chalcone, flavonoid, and
triterpenoid derivatives, suggesting that the observed pharmacological effects may arise
from synergistic multi-component interactions.

Overall, A. integer stem bark extract exhibits a multi-target pharmacological profile,
highlighting its potential as a phytotherapeutic candidate for obesity management. Further
studies are required to identify the active constituents, elucidate their precise molecular
mechanisms, and evaluate long-term safety and translational applicability.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/applbiosci5030079/s1, Table S1: Comprehensive LC-HRMS pro-
filing data, including retention times (RT), mass-to-charge ratios (m/z [M+H]*), tentative compound
identifications, and detailed annotations; Table S2: Effects of A. integer stem bark extract on food
intake and appetite-related hormones; Table S3: Effects of A. integer stem bark extract on serum
lipid profile in HFD-induced obese rats; Table S4: Effects of A. integer stem bark extract on lipid
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metabolism-related gene expression in high-fat diet-induced obese rats; Table S5: Effects of A. integer
stem bark extract on hypothalamic appetite-regulating gene expression in high-fat diet-induced obese
rats; Table S6: Effects of A. integer stem bark extract on adipocyte size in HFD-induced obese rats.
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Abbreviations

AIE Artocarpus integer extract

AIE-L Artocarpus integer extract (200 mg/kg)

AIE-M Artocarpus integer extract (400 mg/kg)

AIE-H Artocarpus integer extract (800 mg/kg)

HFD High-fat diet

LC-HRMS  Liquid chromatography-high resolution mass spectrometry
mRNA Messenger ribonucleic acid

SD Standard deviation

TG Triglycerides

HDL High-density lipoprotein

BMI Body mass index

BW Body weight

Cpt-1 Carnitine palmitoyltransferase-1

Fas Fatty acid synthase

GLP-1 Glucagon-like peptide-1

Mcdr Melanocortin-4 receptor

Npy Neuropeptide Y

Pomc Proopiomelanocortin

Ppary Peroxisome proliferator-activated receptor gamma

AdipoR1 Adiponectin receptor 1
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