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Abstract

Benzo[a]pyrene (BaP) is a highly toxic polycyclic aromatic hydrocarbon that induces oxidative stress and
structural damage in hepatic tissue. Antioxidant-rich plant extracts have been proposed as potential protective
agents against BaP-induced liver injury. This study aimed to evaluate the protective effects of soursop leaf, garlic,
and moringa leaf extracts against BaP-induced liver damage using complementary histopathological and electrical
property analyses. Eighty-five male mice were randomly assigned to 17 treatment groups consisting of one
untreated control group, one benzo[a]pyrene-only (BaP) group, and fifteen antioxidant treatment groups receiving
BaP exposure followed by soursop leaf extract, garlic extract, or moringa leaf extract at five different dose levels.
Liver tissue damage was assessed through microscopic histopathological examination, while electrical properties
as impedance, resistivity, and dielectric constant were measured to evaluate cellular membrane integrity and tissue
bioelectrical function. The results demonstrated that BaP exposure induced marked liver tissue damage and
disrupted hepatic electrical properties. Antioxidant treatment groups showed significant structural and
bioelectrical recovery compared to the BaP-only group. Among the tested treatments, antioxidant administration
at intermediate doses produced the most consistent protective effects. Overall, antioxidant supplementation
attenuated oxidative damage, improved hepatic tissue integrity, and restored electrical homeostasis in BaP-
exposed mice. These findings indicate that soursop leaf, garlic, and moringa leaf extracts possess hepatoprotective
potential against benzo[a]pyrene-induced toxicity and support the use of combined histopathological and electrical
property analyses as sensitive indicators for evaluating liver tissue recovery.
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1. Introduction

Benzo[a]pyrene (BaP) is a polycyclic aromatic hydrocarbon that is widely recognized as a potent
environmental toxicant; it is generated by incomplete combustion processes, including vehicle emissions,
industrial activities, and biomass burning [1]. Once absorbed into the body, BaP undergoes metabolic activation
in the liver and generates reactive intermediates that induce oxidative stress, lipid peroxidation, and structural
damage to hepatocytes [2]. Chronic exposure to BaP has been strongly associated with hepatic inflammation,
cellular degeneration, and functional impairment, which makes the liver a primary target organ in BaP-induced
toxicity [3,4].

In this study, the primary scientific focus is the biological evaluation of antioxidant interventions to mitigate
benzo[a]pyrene-induced liver damage, given the growing need for safe, accessible, and effective protective
strategies against environmental hepatotoxins [5]. Plant-derived antioxidants have attracted even greater attention
due to their ability to neutralize reactive oxygen species (ROS), stabilize cellular membranes, and suppress
oxidative damage at the tissue level. Natural antioxidant sources are particularly relevant in long-term exposure
scenarios, where synthetic drugs may introduce additional toxic burdens [6].

Soursop leaves (Annona muricata), garlic (Allium sativum), and moringa leaves (Moringa oleifera) are well-
documented medicinal plants that are rich in polyphenols, flavonoids, and organosulfur compounds with strong
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antioxidant and anti-inflammatory activities [7]. Previous studies have demonstrated their hepatoprotective
potential through biochemical and histological indicators, which include reduced lipid peroxidation, improved
antioxidant enzyme activity, and attenuation of inflammatory responses [8]. The doses used in this study were
determined based on established toxicological and pharmacological conversion principles; they adapted effective
doses reported in previous in vivo studies to mice body weight to ensure physiological relevance while avoiding
pro-oxidant effects at excessive concentrations. This dose-selection strategy has the aim of balancing efficacy and
safety, a critical goal in antioxidant-based interventions [9-11].

Beyond conventional histopathological evaluation, tissue damage at the cellular level can also be reflected in
changes in bioelectrical behavior [12]. In the present work, electrical properties as impedance, resistivity, and
dielectric constant are employed as quantitative outcome measures to support and strengthen the biological
assessment of antioxidant protection, rather than serving as the primary novelty of the study. Cellular membrane
disruption caused by oxidative stress alters ion distribution and electrical polarization, which leads to measurable
changes in tissue electrical properties. Recent studies have reported that antioxidant-mediated membrane
stabilization can restore electrical homeostasis in damaged tissues; they suggest that bioelectrical parameters may
serve as sensitive indicators of cellular recovery [11,13].

Recent experimental and systematic studies have increasingly demonstrated that antioxidant-mediated
hepatoprotection is closely associated with preservation of cellular membrane integrity, which directly governs
tissue bioelectrical behavior [14]. Antioxidant interventions using Moringa oleifera have been shown to attenuate
hepatic oxidative stress and structural damage by suppressing lipid peroxidation and enhancing endogenous
antioxidant enzymes, both in animal models and in cultured liver cells [15]. These protective effects are
mechanistically linked to stabilization of hepatocyte membranes and maintenance of intracellular redox balance.
Similarly, garlic (Allium sativum) supplementation has been extensively reported to improve liver function by
modulating oxidative stress pathways, preserving membrane lipid composition, and maintaining hepatocellular
integrity across various liver injury models. In parallel, Annona muricata leaf extract has demonstrated strong
hepatoprotective capacity against chemically-induced toxicity by enhancing antioxidant enzyme activity and
reducing lipid peroxidation, with additional evidence supporting its safety and tolerability in vivo [16]. Recent
literature increasingly supports a direct link between antioxidant activity, membrane integrity, and tissue
bioelectrical properties, particularly in organs exposed to oxidative stress, such as the liver. Improvements in
impedance and dielectric behavior have been correlated with reduced lipid peroxidation, enhanced membrane
protein organization, and recovery of intracellular ion balance following antioxidant treatment [17].

Despite extensive research on benzo[a]pyrene toxicity and the antioxidant potential of medicinal plants, there
remains a clear research gap in studies that simultaneously evaluate liver protection using both histopathological
assessment and bioelectrical property analysis within a single experimental framework. Specifically, comparative
evaluation of multiple antioxidant plant extracts at controlled dose levels, combined with quantitative electrical
characterization of liver tissue following BaP exposure, has not been sufficiently explored. This study aimed to
address this gap by systematically investigating the protective effects of soursop leaf, garlic, and moringa leaf
extracts against benzo[a]pyrene-induced liver damage, using microscopic histopathology as the primary biological
endpoint and electrical property measurements as complementary quantitative indicators of tissue recovery. This
integrated approach is expected to provide a more comprehensive understanding of antioxidant-mediated
hepatoprotection and to strengthen the use of bioelectrical parameters as supportive tools in toxicological
evaluation.

2. Materials and Methods

2.1 Experimental Animals, Ethical Approval, and Study Design

All experimental procedures involving animals were reviewed and approved by the Local Ethics Committee
of Brawijaya University, Indonesia (Ethical approval number: 128-KEP-UB-2023, approved on August 21, 2023),
and were conducted in full compliance with the Guide for the Care and Use of Laboratory Animals and the
ARRIVE guidelines. Eighty-five healthy male mice (Mus musculus), aged 2-3 months and weighing 25-30 g,
were used in this study. Animals were housed under standard laboratory conditions (temperature 22-25 °C,
12 h light/dark cycle) with ad libitum access to food and water. Prior to treatment, the mice were acclimatized for
seven days to minimize stress-related bias.

The animals were randomly assigned to 17 treatment groups, each consisting of 5 mice. The experimental
design comprised one untreated control group, one benzo[a]pyrene-only (BaP) group, and fifteen antioxidant
treatment groups that received BaP exposure followed by antioxidant administration. The antioxidant groups
received soursop leaf extract (Annona muricata), garlic extract (Allium sativum), or moringa leaf extract (Moringa
oleifera) at five dose levels for each plant extract. To improve clarity and reduce redundancy, the detailed grouping
scheme is summarized in Table 1, while dose ranges and treatment rationale are described textually in this section.



Table 1 Grouping of experimental animals.

- Benzo[a]pyrene Dose Antioxidant Dose

Treatment description Group code (mg/kg BW) (mg/kg BW)
Negative control Control - -
Positive control (Benzo[a]pyrene) BaP 0.3
Ber]zo[a]pyrene + Annona muricata leaf KSR1; KSR2; KSR3; KSR4; 03 1.9:2.9: 3.9 4.9: 5.9
antioxidant KSR5
Benzo[a]pyrene + Allium sativum antioxidant KBPL; KBFI’<2I;3}|§SBP3; KBP4; 0.3 1.1;1.7;23;29;35
Benzo[a]pyrene + KKL1; KKL2; KKL3; R
Moringa oleifera leaf antioxidant KKL4; KKL5 0.3 2.9,44,5.9, 74,89

Benzo[a]pyrene (BaP) was administered intraperitoneally for 14 days to induce liver damage. Antioxidant
treatments were administered orally for 14 days following BaP exposure. Dose levels for each plant extract were
selected based on previously published in vivo studies and principles of body-weight (BW) conversion [9-11,18].

2.2 Liver Tissue Collection and Preparation for Electrical Measurements

The mice were euthanized by approved cervical dislocation following light anesthesia, in accordance with
ethical guidelines. Liver tissues were immediately excised, rinsed gently with cold physiological saline to remove
residual blood, and analyzed in a fresh state without chemical fixation. Samples were taken from the same liver
lobe region to minimize anatomical variability. Each liver sample was trimmed into rectangular sections with
uniform dimensions (approximately 10 mm x 10 mm x 3 mm). Electrical measurements were performed at room
temperature (25 £ 1 °C) within 15 minutes of tissue excision to prevent postmortem degradation effects.

Measurement of resistivity and dielectric constant on the liver samples used a Bioelectrical Impedance
Analyzer (BIA) unit integrated with a Personal Computer (PC). Measurements were made by injecting a current
of 10 uA in a frequency range of 100 Hz to 100,000 Hz. A sample is placed between parallel plate electrodes and
then connected to a Bioelectrical Impedance Analyzer (BIA) to measure impedance (Z), capacitance (C), and
resistance (R). Prior to measurements, the BIA system was calibrated using standard resistive-capacitive reference
materials to ensure measurement accuracy and reproducibility. Measurement results of capacitance values (C) and
resistance values (R) were then used to find the dielectric constant (by Equation 1) and the resistivity value of the
material (by Equation 2):
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Cross-sectional area (A) and distance between parallel plates (d) were obtained from the results of previous
measurements, while permittivity of air (g, = 8.85 x 102 F / m) was obtained from literature. These equations
quantify intrinsic tissue electrical behavior and link electrical responses to cellular membrane integrity and ionic
distribution [19].

2.3 Histopathological observation

Liver samples for histopathological analysis were collected from the same anatomical region as electrical
measurements to ensure consistency across evaluation methods, specifically from the left lateral lobe. Tissues
were fixed in 10% neutral buffered formalin for 24 h, dehydrated through graded ethanol solutions, cleared in
xylene, embedded in paraffin, and sectioned at a thickness of 5 um using a rotary microtome. Sections were rid
of paraffin in xylene, rehydrated through graded ethanol to water, stained using hematoxylin and eosin (H&E),
and mounted with standard mounting media. Histological observations were performed using a binocular light
microscope at 100x to confirm liver architecture (as the central vein and portal triad) and at 500x for cellular
injury assessment and image acquisition. Histopathological features comprising hydropic degeneration (H),
parenchymal degeneration (P), necrosis (Ne), and normal cells (N), were evaluated using the Manja Roenigk
scoring method, and representative micrographs were captured with scale bars and morphological labels. The
damage score for each field was calculated using Equation 3 below:

Damage score = (Nx1)+(Px2)+(Hx3)+(Nex4) (3)
(N+P+H+Ne)

The average damage value for a treatment group was obtained by summing the damage in each field of view
and dividing by the number of samples in that treatment. The Manja Roenigk scoring method indicates that a



higher score indicates greater liver tissue damage, which allows for direct quantitative comparison between
treatment groups [20].

2.4 Statistical analysis

One-way analysis of variance (ANOVA) was used to evaluate differences in antioxidant dose levels within
each treatment series (KBP, KSR, and KKL) for impedance, resistivity, dielectric constant, and cell damage.
Normality was tested prior to ANOVA using the Shapiro-Wilk test, and homogeneity of variance was checked
using Levene's test. When the assumptions were met (Shapiro-Wilk p > 0.05 and Levene p > 0.05), parametric
ANOVA results were reported. All statistical tests were two-tailed, and a p-value < 0.05 was considered
statistically significant. The analysis was performed using Python (SciPy library) for all calculations [21].

3. Results

Biological tissues exhibit inherent bioelectrical properties that reflect cellular structure and metabolic activity.
In this study, liver tissue damage induced by benzo[a]pyrene exposure was evaluated using measurements of
impedance, resistivity, and dielectric constant as indicators of membrane integrity and cellular function. Figure 1
a-c presents the frequency-dependent impedance profiles of liver tissue from mice treated with antioxidants
derived from Allium sativum (KBP), Annona muricata (KSR), and Moringa oleifera (KKL). Benzo[a]pyrene
exposure resulted in a marked reduction in liver impedance compared to the control group, which indicates
substantial membrane damage and increased ionic permeability. Administration of plant-derived antioxidants led
to an overall increase in impedance values, which suggests partial restoration of membrane integrity. Across
antioxidant sources, a consistent dose-response trend was observed: impedance increased from dose 1 to dose 3
and then plateaued or declined at higher doses. This indicates a shared pattern of maximal improvement at the
intermediate dose.

For all three antioxidant sources, impedance values increased progressively up to the third dose, which
consistently produced the highest impedance values and the closest approximation to the control group. However,
full recovery was not achieved (Figure 1a-c). Statistical analysis demonstrated that impedance data for KBP, KKL,
and KSR met normality assumptions based on the Shapiro-Wilk test of ANOVA residuals (KBP p-value = 0.986;
KKL p-value = 0.057; KSR p-value = 0.432) and exhibited homogeneous variances (Levene test: KBP p-value =
0.837; KKL p-value = 0.969; KSR p-value = 0.995), which then permits parametric analysis. One-way ANOVA
revealed that variations in antioxidant dose did not result in statistically significant differences in impedance
values for KBP (p-value =0.975), KKL (p-value = 0.999), or KSR (p-value = 0.947). Dose 3 consistently produced
the highest impedance recovery; this pattern is consistent with improved membrane-related electrical behavior (as
reduced ion leakage and better preservation of cellular barrier function) at intermediate dose levels.

In the KKL group, a notable dose-dependent reversal was recorded: the overdosing effect occurred at dose 5
(8.9 mg/kg BW), where impedance decreased markedly and fell below earlier dose levels (Figure 1c). This decline
at dose 5 in the series (8.9 mg/kg BW) represents an important and distinctive finding compared with the more
stable pattern observed at lower doses. It highlights that the maximal impedance recovery was not maintained at
the highest dose. The overall trend across treatment groups, therefore, shows a consistent peak response at dose
3. In contrast, dose 5 for KKL showed the most pronounced reduction in impedance compared with prior doses
within its series. Electrical properties of liver tissue were also assessed using resistivity (Q-m), which reflects the
intrinsic opposition of a material to electric current flow. Figure 1d-f shows dose-response profiles of liver
resistivity for KSR (doses 1.9-5.9 mg/kg BW), KBP (doses 1.1-3.5 mg/kg BW), and KKL (doses 2.9-8.9 mg/kg
BW), with five replicates at each dose. The control group exhibited the highest resistivity (24.79 Qm), whereas
the benzo[a]pyrene group showed the lowest resistivity (11.41 Qm). Within antioxidant-treated groups, resistivity
values ranged from 9.32 to 22.00 Qm for KBP, 11.13 to 16.72 Qm for KSR, and 9.81 to 21.61 Qm for KKL, with
the highest antioxidant-group resistivity being observed at dose 3 of Moringa oleifera (5.9 mg/kg BW). Normality
testing on one-way ANOVA residuals yielded Shapiro-Wilk p-values of 0.060 (KSR), 0.0039 (KBP), and 0.066
(KKL), and one-way ANOVA indicated statistically significant differences across doses for each source: p-value
= 6.35 x 10° (KSR), p-value = 4.88 x 10% (KBP), and p-value = 1.74 x 10*? (KKL). In terms of trend
interpretation, resistivity increased toward dose 3 and then decreased at higher doses in parts of the dataset, which
is consistent with a peak response at the intermediate dose.

The dielectric constant was evaluated as an additional electrical property, and dose-dependent patterns for
KBP, KSR, and KKL are shown in Figure 1g-i. Across antioxidant dosing, the first, second, and third doses
produced lower dielectric constant values than the fourth and fifth doses, and the third dose produced the lowest
dielectric constant value within each antioxidant series. Within antioxidant-treated groups, dielectric constant
values ranged from 26,709.21 to 47,532.80 for KSR, 21,885.24 to 62,118.90 for KBP, and 15,278.05 to 61,297.60
for KKL (five replicates per dose). Normality testing on one-way ANOVA residuals yielded Shapiro-Wilk p-
values of 0.073 (KSR), 0.0071 (KBP), and 0.316 (KKL). One-way ANOVA showed statistically significant



differences across doses for each source, with p-values of 2.91 x 108 (KSR), 0.00393 (KBP), and 2.67 x 10"
(KKL). The trend that formed across all antioxidant types indicated that dose 3 produced the lowest dielectric
constant values (closest to control), which was followed by increases at doses 4 and 5; this reinforces dose 3 as
the most effective level across the measured electrical outcomes. Taken together across impedance (Figure 1a-c),
resistivity (Figure 1d-f), and dielectric constant (Figure 1g-i), the integrated electrical profile consistently peaked
at dose 3 (higher impedance and resistivity with lower dielectric constant relative to other doses). Conversely, the

Moringa series showed a pronounced deviation at dose 5, where the electrical pattern shifted away from the dose-
3 optimum.
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Figure 1 Characterization of electrical properties at various antioxidant doses: (a-c) impedance of KSR, KBP,

KKL treatments; (d-f) resistivity of KSR, KBP, KKL treatments; (g-i) dielectric constant of KSR, KBP, KKL
treatments.



Figure 2 Liver histopathology: negative control, positive control, Moringa oleifera 5.9 mg/kg BW, and Moringa
oleifera 8.9 mg/kg BW with 100x (a-d) and 500x (e-h) magnification. Labels: portal triad (PT), central vein (CT),
hydropic degeneration (H), parenchymal degeneration (P), necrosis (Ne), and normal cells (N).

Histopathological observations of mice livers in Figure 2 support the data from measurements of cellular
electrical properties, where administration of benzo[a]pyrene and antioxidants at varying doses can cause changes
in the cells that make up the liver. Liver identity and architecture were confirmed by portal triads (PT) and central
veins (CT) that are visible at low magnification (a-d) [22]. Negative controls showed largely normal hepatocytes
with preserved lobular organization and uniform cell outline (a, €). Positive controls (benzo[a]pyrene) showed the
highest levels of cell damage parameters (b, f), including hydropic changes (hepatocyte swelling and pale
cytoplasm) and parenchymal degeneration (loss of characteristic cytoplasmic texture) [23,24]. The effect of
antioxidant treatment on hepatocyte cells was the highest at a Moringa oleifera dose of 5.9 mg/kg BW and
decreased again at a Moringa oleifera dose of 8.9 mg/kg BW. Good histological condition is characterized by
many normal hepatocytes and few cells undergoing degeneration/necrosis. Histopathological observations



correlated with impedance, resistivity, and dielectric constant profiles. Impedance and resistivity values tended to
increase, while dielectric constant values decreased when cells were in a healthy state. The Moringa oleifera
8.9 mg/kg BW group showed deviations from the treatment, which indicates an overdose effect. The dose-
response pattern of Moringa oleifera 5.9 mg/kg BW antioxidant showed the most preserved cell morphology (c,
9)-

To determine the score of liver cell damage, the Manja Roenigk scoring method was used. Graphs of the
accumulative liver damage scores of mice treated with antioxidants from Annona muricata (KSR), Allium sativum
(KBP), and Moringa oleifera (KKL) are presented in Figure 3.
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Figure 3 Graph of the relationship between antioxidant dose variations and liver cell damage scores.

Based on calculations using the Manja Roenigk scoring method, the control group showed the lowest damage
scores, which indicates a higher proportion of healthy hepatocytes. In contrast, the benzo[a]pyrene group showed
higher damage scores that are consistent with increased hepatocyte injury. Across antioxidant-treated groups, liver
damage scores decreased relative to benzo[a]pyrene, which indicates reduced histopathological injury. Statistical
analysis demonstrated that the damage score data met normality assumptions based on the Shapiro-Wilk test of
ANOVA residuals (KSR p-value = 0.4189; KBP p-value = 0.0671; KKL p-value = 0.2200) and exhibited
homogeneous variances (Levene test: KSR p-value = 0.2889; KBP p-value = 0.7123; KKL p-value = 0.6592) that
support the use of parametric analysis. One-way ANOVA indicated that antioxidant dose variations produced
statistically significant differences in liver damage scores for KSR (p-value = 4.44 x 10%), KBP (p-value =
0.0369), and KKL (p-value = 3.76 x107). Consistent with the dose-response pattern in Figure 3, the third dose
showed the lowest damage scores across antioxidant sources, and the KKL series displayed the most pronounced
reduction at the third dose. At the fourth dose, damage scores increased again relative to the third dose, while the
overall histopathological findings continued to align with the observed dose-dependent profiles of the measured
bioelectrical parameters.

Histopathological assessment and electrical measurements revealed a consistent dose-dependent pattern across
antioxidant sources. In the microscopic assessment (Manja Roenigk), liver damage decreased after antioxidant
administration, reaching the lowest value at 5.9 mg/kg BW, particularly for Moringa oleifera (KKL). In contrast,
higher doses tended to reduce this improvement. In parallel, the electrical profile at the third dose showed the
most favorable shift that is characterized by higher impedance and resistivity as well as a lower dielectric constant
than the other doses. This agreement indicates that the observed changes at the cellular level are accompanied by
measurable changes in the bioelectrical behavior of the tissue, which provides an integrated basis for interpreting
the treatment effects.

4. Discussion

The liver cell membrane is composed of a lipid bilayer consisting of hydrophilic heads and hydrophobic lipid
tails with embedded functional proteins. These membrane proteins act as selective channels and carriers, and they
regulate ion transport and maintain intracellular homeostasis [25]. From a biological standpoint, the liver cell
membrane functions as an active regulatory interface rather than a passive structural boundary. Exposure to
benzo[a]pyrene induces oxidative stress that preferentially targets membrane lipids and proteins, which results in
lipid peroxidation, altered membrane fluidity, and loss of selective permeability [26]. These molecular disruptions
compromise the ability of hepatocytes to maintain electrochemical gradients, and they ultimately lead to
functional impairment of the liver. The structural organization of the hepatocyte membrane, including polar
membrane heads and non-polar lipid tails, is schematically illustrated in Figure 4.
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Such membrane-level damage has direct physiological consequences, including impaired ion transport,
dysregulation of intracellular calcium homeostasis, and mitochondrial dysfunction. As membrane integrity
deteriorates, hepatocytes become unable to maintain the electrochemical gradients that are essential for cellular
viability. Antioxidant compounds derived from Annona muricata, Allium sativum, and Moringa oleifera mitigate
these effects by scavenging reactive oxygen species, stabilizing membrane phospholipids, and preserving protein
conformation. By limiting the oxidative disruption of the lipid bilayer, antioxidants help maintain membrane
selectivity and ionic balance, which is expected to influence both tissue morphology and functional electrical
behavior.

This biological context provides a logical foundation for interpreting liver tissue behavior using a bioelectrical
framework. Based on the membrane architecture, the liver cell membrane can be conceptually modeled as a
resistor-capacitor (RC) system, where the polar membrane heads act as capacitive elements that store charge,
while the hydrophobic lipid core serves as a resistive barrier to ion flow [27]. This conceptual RC analogy, as
illustrated in Figure 5, reflects a biological reality: intact membranes resist ionic penetration, whereas damaged
membranes permit excessive ion leakage.

Cy C; C;

lelncl’icln R junction Riunction

Figure 5 Equivalent circuit of a capacitor resistor in a cell membrane.

At low frequencies, electrical currents predominantly travel through extracellular spaces, while at higher
frequencies, they penetrate cell membranes due to their capacitive properties. Thus, changes in impedance,
resistivity, and dielectric constant can be interpreted as functional indicators of membrane integrity and cellular
viability rather than abstract electrical parameters. In benzo[a]pyrene-exposed liver tissue, oxidative damage to
peripheral and integral membrane proteins, as well as non-polar lipid domains, reduces resistivity and alters
capacitive behavior. Conversely, antioxidant treatment partially restores these electrical characteristics, which
reflects improved membrane structure and function [28].

The dielectric response of liver tissue is closely related to the polarization of dipolar molecules within the
membrane. Dielectric materials weaken the effective electric field by aligning internal dipoles opposite to the
applied field, which then increases capacitance [29]. The alignment behavior of polar molecules before and after
exposure to an external electric field is illustrated in Figure 6. The changes in the dielectric constant as observed
in this study, therefore, reflect alterations in membrane composition and integrity at the molecular level.
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Figure 6 Polar molecules inside a dielectric material before receiving an external electric field (a) and after
receiving an external electric field (b).

Damaged liver tissue exhibited lower resistivity due to increased membrane permeability that facilitates
uncontrolled ion exchange between intra- and extracellular compartments. Histopathological findings strongly
supported these electrical observations, where benzo[a]pyrene exposure induced chromatin condensation, nuclear
fragmentation, cellular shrinkage, and eventual membrane rupture. The consistency between microscopic damage
and electrical measurements strengthens the biological relevance of the bioelectrical approach that is used in this
study, rather than positioning it as a purely technical assessment [30].

The present findings are consistent with previous reports demonstrating that antioxidant-mediated
hepatoprotection is closely associated with preservation of membrane integrity and function. Studies on Moringa
oleifera have shown reduced lipid peroxidation and improved hepatocyte morphology in oxidative stress models.
At the same time, Allium sativum has been reported to stabilize membrane phospholipids and modulate ion
transport systems [31]. Similarly, Annona muricata extracts have been shown to protect cellular membranes
against oxidative injury. Recent investigations suggest that improvements in membrane integrity are reflected by
normalization of the bioelectrical properties of tissue, such as increased resistivity and controlled dielectric
behavior. The results of this study extend these findings by integrating histopathological evidence with
bioelectrical measurements, which provides a complementary and non-destructive approach for the assessment of
liver tissue recovery following exposure to toxins [32,33].

An important observation in this study is the reduced protective effect as observed at higher antioxidant doses,
particularly in the moringa treatment groups, which suggests a potential transition from antioxidant to pro-oxidant
activity. High concentrations of antioxidant compounds have been reported to promote oxidative stress by
generating reactive intermediates, disrupting mitochondrial electron transport, or interfering with endogenous
redox signaling pathways. This phenomenon, which is known as the antioxidant-pro-oxidant shift, has been
documented for polyphenols, flavonoids, and sulfur-containing compounds under supraphysiological dosing
conditions [34]. The decline in electrical recovery and the persistence of histological damage at higher doses in
this study align with this mechanism; this underscores that antioxidant efficacy is dose-dependent and that
excessive dosing may exacerbate cellular stress rather than confer protection. In simplified terms, healthy liver
cells function as effective electrical barriers that limit ion movement as well as maintain high resistivity and stable
dielectric properties. Benzo[a]pyrene-induced membrane damage weakens this barrier; this condition allows ions
to move freely and results in reduced resistivity and altered capacitance. Antioxidant treatment partially restores
membrane integrity and thereby improves electrical and histological indicators of liver health. Therefore,
bioelectrical measurements in this study should be interpreted as functional reflections of membrane integrity and
oxidative injury, rather than purely physical or abstract electrical phenomena [35].

5. Conclusion

This study demonstrates that antioxidant extracts from Annona muricata, Allium sativum, and Moringa
oleifera exert significant hepatoprotective effects against benzo[a]pyrene-induced liver damage, with optimal
protective responses being consistently observed at the third dose levels, as 3.9 mg/kg BW for Annona muricata,
2.3 mg/kg BW for Allium sativum, and 5.9 mg/kg BW for Moringa oleifera. Among the tested extracts, Moringa
oleifera at 5.9 mg/kg BW shows the most prominent protective effect, as evidenced by histopathological
improvement and restoration of liver electrical properties. An integrated evaluation of histopathological changes
and bioelectrical parameters highlights membrane integrity as a shared mechanistic basis for hepatoprotection. It
supports the use of electrical property measurements as complementary quantitative indicators of tissue recovery.
For future experimental and translational perspectives, further studies are recommended to include
pharmacokinetic-based dose optimization, long-term toxicity assessment, standardized extract formulation, and
validation of bioelectrical measurements as potential non-invasive biomarkers in preclinical and clinical liver
injury models.
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