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Abstract

Ferroptosis is a recently identified, iron-dependent form of regulated cell death characterized by excessive lipid
peroxidation and membrane damage, and it has emerged as a promising therapeutic target in cancer treatment. In recent
years, increasing attention has been directed to plant-derived phenolic compounds due to their potent redox-modulating,
metal-chelating, and signaling-regulatory properties. This review provides a comprehensive overview of the molecular
mechanisms by which phenolic compounds regulate ferroptosis in cancer cells. Phenolics modulate ferroptosis through
multiple pathways, including suppression of glutathione peroxidase 4 (GPX4), depletion of intracellular glutathione (GSH),
disruption of iron homeostasis via ferritinophagy, and acceleration of lipid peroxidation mediated by acyl-CoA synthetase
long-chain family member 4 (ACSL4) — and arachidonate lipoxygenase (ALOX)-dependent pathways. In addition, redox-
sensitive signaling axes, particularly the nuclear factor erythroid 2-related factor 2 (NRF2) pathway, play a dual role by
conferring cytoprotective effects in normal cells while promoting ferroptosis resistance in tumor cells. Recently, in silico,
network pharmacology, and omics-based studies further reveal that phenolic compounds exert their effects via complex
multi-target networks rather than single protein inhibition. Moreover, nanotechnological carrier systems significantly
improve the bioavailability, tumor selectivity, and ferroptosis-inducing efficacy of phenolic compounds. Collectively,
the available preclinical evidence highlights plant-derived phenolics as promising ferroptosis modulators and potential
adjuvant agents in cancer therapy. Unlike previous reviews that focus primarily on either ferroptosis signaling or general
anticancer effects of polyphenols, this review integrates molecular mechanisms, systems-level analyses, and delivery

strategies to present a unified framework for phenolic-driven ferroptosis modulation in cancer.

Keywords: Cancer therapy, ferroptosis, lipid peroxidation, network pharmacology, phenolic compounds

1. Introduction

Cancer is the second leading cause of mortality
worldwide after cardiovascular diseases, with
millions of new cases diagnosed each year (1).
Despite advances in conventional treatment
strategies such as surgery, chemotherapy, and
radiotherapy, tumor heterogeneity, multidrug
resistance (MDR), therapy-associated systemic

toxicity, and high recurrence rates significantly
limit the overall efficacy of cancer treatment (2-
4). Therefore, in recent years, the identification and
therapeutic targeting of novel regulated cell death
mechanisms independent of apoptosis have become

a priority area in oncological research (5).
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Inthis context, ferroptosis was defined in2012 asaniron-
dependent, lipid peroxidation-driven, non-apoptotic
form of cell death, opening a new era in cancer biology
(6,7). Ferroptosis is characterized by intracellular free
iron accumulation, excessive production of reactive
oxygen species (ROS), peroxidation of polyunsaturated
fatty acids, and the collapse of antioxidant defense
systems (7,8). In this process, glutathione peroxidase 4
(GPX4) and intracellular glutathione (GSH) levels play
a central regulatory role. Inhibition of GPX4 activity
or depletion of GSH irreversibly commits cells to
ferroptotic death (9).

Due to their increased metabolic activity, elevated
iron demand, and pronounced oxidative stress
burden, cancer cells are considerably more
susceptible to ferroptosis than normal cells (5).
In aggressive tumor types such as hepatocellular
carcinoma, pancreatic adenocarcinoma, triple-
negative breast cancer, glioblastoma, and lung
cancer, pharmacological modulation of ferroptosis
pathways has been reported to yield significant
antitumor effects (7,10). However, the identification
of agents capable of selectively inducing ferroptosis
while exhibiting minimal toxicity in healthy tissues
remains a major unmet research need.

Natural products, particularly plant-derived
secondary metabolites, occupy an important place
in cancer chemoprevention and therapy owing to
their multi-target mechanisms of action and low
toxicity profiles (11-13). Among these compounds,
plant phenolics represent a broad phytochemical
class encompassing phenolic acids, flavonoids,
stilbenes, and lignans (14,15). Traditionally
recognized for their strong antioxidant properties,
phenolic compounds have recently been shown to
function not only as free radical scavengers but also
as bioactive molecules capable of bidirectionally
regulating cellular redox homeostasis (16-18).

An increasing number of molecular and cellular
studies demonstrate that plant phenolics can regulate
ferroptosis through direct or indirect mechanisms
(17,19-21). Phenolic compounds influence ferroptosis
via multiple pathways, including modulation of iron
homeostasis (21), regulation of ferritin metabolism
(22, 23), inhibition of GPX4 activity or suppression of
GSH synthesis (24) and activation nonheme iron-based

arachidonate lipoxygenase (ALOX)-dependent lipid
peroxidation pathways (25). Moreover, activation of
redox-sensitive signaling cascades such as nuclear
factor erythroid 2-related factor 2 (NRF2) plays a
central role in the bidirectional regulatory effects of
phenolics on ferroptosis (26-28).

It has been reported that certain phenolic compounds
such as resveratrol, quercetin, epigallocatechin
gallate (EGCG), and curcumin increase intracellular
free iron accumulation, suppress GPX4 activity, and
trigger lipid ROS production in cancer cells, thereby
inducing ferroptotic cell death (21,29-31). Morever,
phenolic acids such as gallic acid, chlorogenic acid,
and rosmarinic acid have been shown to reduce iron-
mediated oxidative damage limit lipid peroxidation,
and suppress ferroptosis by stabilizing the GSH-
GPX4 axis in normal cells (33-35), This bidirectional
regulatory effect clearly indicates that the phenolic-
ferroptosis interaction is highly dependent on the
type of compounds, dose, and cellular context.

The heightened susceptibility of cancer cells to
ferroptosis, coupled with the ability of phenolics
to protect healthy cells, highlights the exceptional
therapeutic selectivity of these compounds. Indeed,
preclinical studies have demonstrated that the
combination of phenolic compounds with conventional
chemotherapeutics can enhance therapeutic responses,
suppress chemotherapy resistance, and potentiate
ferroptosis-mediated cell death (36,37).

Nevertheless, the clinical translation of phenolic
compounds is hindered by major limitations
such as low bioavailability, rapid metabolism,
limited tissue penetration, and unfavorable
pharmacokinetic properties. To overcome these
challenges, nanotechnological delivery systems
based on polymeric nanoparticles, lipid-based
carriers, chitosan, alginate, and liposomes have been
developed in recent years, and these systems have
been shown to significantly enhance the ferroptosis-
modulating efficacy of phenolic compounds (38,39).

Collectively, these findings indicate that plant
phenolics are not merely conventional antioxidant
molecules, but rather multifunctional and selective
natural anticancer agents capable of regulating
ferroptosis  through iron metabolism, lipid
peroxidation, and antioxidant defense systems. When
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the unique position of ferroptosis in cancer biology
is combined with the pleiotropic redox-modulatory
effects of phenolics, it becomes evident that these
compounds may occupy a central role in next-
generation ferroptosis-based therapeutic strategies.

In this review, the chemical classes of plant
phenolics, the molecular mechanisms of
ferroptosis, the cellular and molecular regulatory
roles of phenolic-ferroptosis interactions, current
preclinical evidence, and the clinical translation
potential of nanotechnological carrier systems are
comprehensively addressed from an integrated
perspective. Thus, this work aims to elucidate how
phenolic-based approaches targeting ferroptosis
may establish a new paradigm in cancer therapy.

2. Ferroptosis

Ferroptosis is a regulated, iron-dependent, lipid
peroxidation—driven and non-apoptotic form of cell
death that was first described by Dixon et al. in 2012.
Unlike apoptosis, necrosis, and autophagy, ferroptosis
does not involve classical apoptotic hallmarks such as
caspase activation, DNA fragmentation, or formation
of apoptotic bodies (6,7). At the morphological level,
ferroptotic cell death is characterized by mitochondrial
shrinkage, loss of cristae, and increased density of
the outer mitochondrial membrane, while nuclear
integrity is largely preserved (40).

From a biochemical perspective, the fundamental
determinants of ferroptosis can be summarized as
intracellular Fe** accumulation, increased production
of ROS, peroxidation of polyunsaturated fatty
acids (PUFAs), and collapse of antioxidant defense
systems (8). The complex molecular landscape
of ferroptosis presents a vital frontier for medical
research. Emergent data have identified innovative
regulatory targets, paving the way for advanced
pharmacological interventions to mitigate or harness
this cell death pathway in various clinical contexts.

2.1. Central Regulators of Ferroptosis

2.1.1. Iron Homeostasis

Iron homeostasis is a tightly controlled cellular process
that ensures sufficient iron availability for essential
metabolic functions while preventing iron-induced

oxidative damage. At the core of ferroptosis lies the
expansion of the intracellular labile iron pool (LIP).
Iron catalyzes the formation of highly reactive
hydroxyl radicals (*OH) from hydrogen peroxide
via the Fenton reaction, thereby initiating the lipid
peroxidation cascade and cell death (41).

Multiple iron-regulatory pathways converge to
modulate ferroptosis sensitivity. Enhanced iron
uptake via the transferrin-transferrin receptor 1
(TFR1) axis increases intracellular iron loading,
while endosomal ferrireductases such as six-
transmembrane epithelial antigen of prostate 3
(STEAP3) facilitate the conversion of Fe** to the
more reactive Fe** form (41). Simultaneously,
impairment of iron storage mechanisms,
particularly through the downregulation of ferritin
heavy chain-1 (FTHI), limits iron sequestration
and further enlarges the LIP. A critical contributor
to this process is ferritinophagy, a selective form of
autophagy mediated by nuclear receptor coactivator
4 (NCOAA4), which promotes lysosomal degradation
of ferritin and releases stored iron into the cytosol.
Therefore, excessive activation of ferritinophagy
causes intracellular iron overload, which further
triggers oxidative stress and ferroptosis (42).

Inadditiontoincreased iron importand mobilization,
ferroptosis is further reinforced by reduced iron
export. Suppression of ferroportin-1 (FPN1), the
sole known cellular iron efflux transporter, leads to
intracellular iron retention and amplifies oxidative
stress (43). Collectively, these alterations establish
a pro-ferroptotic iron landscape characterized
by sustained Fe** accumulation and heightened
vulnerability to lipid peroxidation.

Notably, cancer cells exhibit profound alterations in
iron metabolism, including elevated iron demand,
increased TFR1 expression, and dysregulated ferritin
dynamics, which render them particularly susceptible
to ferroptosis (44). This iron-addicted phenotype
creates a therapeutic window in which modulation
of iron homeostasis can selectively induce ferroptotic
death in malignant cells while sparing normal tissues.
Consequently, targeting iron regulatory networks has
emerged as a promising strategy for ferroptosis-based
cancer therapies and for enhancing the efficacy of
ferroptosis-inducing agents.
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2.1.2. Lipid Peroxidation

The execution phase of ferroptosis is governed by
the iron-dependent oxidative degradation of PUFAs
within membrane phospholipids. Due to their bis-
allylic hydrogen atoms, PUFAs are highly susceptible
to radical-mediated peroxidation, rendering cellular
membranes particularly vulnerable under conditions
of redox imbalance. Lipidomics studies have
identified phosphatidylethanolamine (PE) species
containing arachidonic acid (AA) and adrenic acid
(AdA) as the most critical lipid substrates driving
ferroptotic cell death (45).

Chain reactions of lipid peroxidation initiated by
free radicals and Fe?* cause irreversible damage to
the cell membrane, disrupt membrane integrity, and
trigger cell death (6). Toxic aldehydes generated
as a result of lipid peroxide decomposition, such as
4-hydroxynonenal (4-HNE) and malondialdehyde
(MDA), further exacerbate cellular dysfunction by
forming covalent adducts with proteins and DNA (16).

Enzymatic  incorporation of these PUFAs
into membrane phospholipids by ACSL4 and
lysophosphatidylcholine acyltransferase 3 (LPCAT3)
further sensitizes cells to ferroptosis (46).

Ferroptosis is a highly regulated ROS-dependent
type of cell death, derived from free iron overload.
Lipid peroxidation is initiated when Fe** catalyzes the
formation of highly reactive oxygen species, which
abstract hydrogen atoms from PUFA-containing
phospholipids, generating lipid radicals (7). These
radicals rapidly react with molecular oxygen to form
lipid peroxyl radicals, thereby propagating self-
amplifying chain reactions across the membrane bilayer.
The uncontrolled accumulation of lipid hydroperoxides
leads to irreversible membrane damage, increased
membrane permeability, and loss of membrane integrity,
ultimately culminating in ferroptotic cell death (47).

Beyond membrane disruption, the decomposition of
lipid hydroperoxides yields highly reactive secondary
products, including electrophilic aldehydes such as
4-hydroxynonenal (4-HNE) and MDA (48). These toxic
products exacerbate cellular dysfunction by forming
covalent adducts with proteins, lipids, and nucleic acids,
thereby impairing enzyme activity, altering signaling
pathways, and inducing genomic instability (47). The
accumulation of such lipid-derived aldehydes represents

a point of no return in ferroptosis, reinforcing oxidative
damage and amplifying cell death signaling.

Under physiological conditions, lipid peroxidation
is tightly controlled by antioxidant defense systems,
most notably the GPX4 pathway, which detoxifies
phospholipid hydroperoxides using reduced GSH.
However, impairment of GPX4 activity or depletion
of GSH results in unchecked lipid peroxide
accumulation, establishing lipid peroxidation as the
central lethal event in ferroptosis (9,24,41).

2.1.3. GSH-GPX4 Antioxidant System

The most critical regulatory mechanism of
ferroptosis is the GSH-GPX4 system. GPX4
reduces phospholipid hydroperoxides to non-
toxic lipid alcohols and thereby suppresses lipid
peroxidation (5). Intracellular GSH serves as
an essential cofactor for GPX4 and ensures the
continuity of this enzymatic antioxidant defense
line. The regulation of ferroptosis through iron
homeostasis, lipid peroxidation, and the GSH-
GPX4 axis is schematically illustrated in Fig 1.
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Figure 1. Schematic representation of the molecular
regulation of ferroptosis mediated by iron homeostasis,
the Fenton reaction, the GSH-GPX4 axis, and lipid
peroxidation. TFR1, transferrin receptor 1; DMT1, divalent
metal transporter 1; GPX4, glutathione peroxidase 4;
LOXs, lipoxygenases; PUFAs, polyunsaturated fatty
acids; PE, phosphatidylethanolamine; ACSL4, acyl-
CoA synthetase long-chain family member 4; LPCAT3,
lysophosphatidylcholine acyltransferase 3; SLC7A11, solute
carrier family 7 member 11; SLC3A2, solute carrier family 3
member 2; GSH, glutathione; GSSG, glutathione disulfide.
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In physiological conditions, cellular iron uptake is
primarily mediated by transferrin-bound ferric iron
(Fe**), which enters the cell through TFR1. Within
endosomes, Fe** is reduced to Fe?* and transported into
the cytosol via divalent metal transporter 1 (DMT1),
thereby increasing the labile iron pool (40,42).
Abnormal distribution and excess intracellular Fe*
catalyzes the Fenton reaction with hydrogen peroxide
(H20,), generating highly reactive hydroxyl radicals
(*OH), which initiate lipid peroxidation cascades (47).

Polyunsaturated fatty acids (PUFA’s) are
esterified into membrane  phospholipids
through the coordinated action of ACSL4
and LPCAT3, generating PUFA-containing
phosphatidylethanolamine (PUFA-PE) (45). These
PUFA-PE species serve as preferred substrates for
lipid peroxidation. Iron-dependent LOXs further
catalyze the oxidation of PUFA-PE, producing
phospholipid hydroperoxides (PUFA-OOH) (49).

Concurrently, glutamine metabolism contributes to
ferroptosis sensitivity by fueling glutamate production
(6). Glutamate is exported in exchange for cystine via
the cystine/glutamate antiporter System Xc~, composed
of SLC7AI1 and SLC3A2 subunits. Inhibition or
downregulation of System Xc~ leads to reduced cystine
uptake, limiting intracellular cysteine availability and
consequently impairing GSH synthesis (50). Depletion
of GSH or direct inhibition of GPX4 results in
uncontrolled accumulation of lipid peroxides (7,8,51).

2.1.4.ACSL4-and ALOX-Dependent Ferroptosis
Pathway

The biosynthesis of lipid substrates involved in
ferroptosis is primarily regulated by ACSL4. ACSL4
catalyzes the esterification of AA and AdA into
membrane phospholipids, thereby increasing the
susceptibility of the cell membrane to ferroptosis (7,49).

The enzymatic arm of lipid peroxidation is mainly
mediated by ALOXs. ALOXSs, a family of enzymes,
produce oxygen lipids from PUFAs, including
ALOXE3, ALOXS, ALOX12, ALOXI2B,
ALOX15, and ALOX15B (52). ALOX12 and
ALOX15 are particularly known to mediate
p53-induced ferroptosis in cancer cells after an
alternative stimuli (52,53). These enzymes directly
oxidize PUFA-containing phospholipids, thereby
accelerating lipid hydroperoxide formation and

promoting the progression of ferroptosis. Inhibition
of the ACSL4-ALOX axis confers a strong
cytoprotective effect against ferroptosis (40).

2.1.5. NRF2 and Other
Signaling Pathways

Redox-Sensitive

Nrf2 is a significant transcription factor involved in
regulating the intracellular antioxidant stress response
and maintaining the stability of the intracellular
environment. NRF2 regulates the transcriptional
activation of genes involved in GSH synthesis, iron
transport, heme regulation, GPX4 expression, and
antioxidant enzyme systems, thereby forming a
protective shield against ferroptosis (28,54).

While NRF2 mitigates ferroptosis by upregulating
downstream antioxidant genes, this protective
mechanism paradoxically supports the survival
of both healthy and malignant cells. Over the
past decade, extensive research has demonstrated
that NRF2 activation in neoplastic tissues
facilitates tumor progression and metastasis
while simultaneously conferring resistance to
conventional chemotherapy and radiotherapy (55).

In addition, the p53, mTOR, AMPK, and Hippo
signaling pathways have been shown to indirectly
modulate ferroptosis through their effects on System
Xc™, lipid metabolism, and intracellular GSH levels
(40,56). These findings indicate that ferroptosis is
not controlled by a single pathway but rather by a
multilayered molecular network.

3. The Role and Mechanisms of Plant-Derived
Phenolic Compounds as Ferroptosis Inducers in
Cancer

Plant-derived phenolic compounds represent a broad
class of phytochemicals synthesized as secondary
metabolites and characterized by the presence of one or
more hydroxylated aromatic rings. These compounds
play central roles in plant defense mechanisms,
ultraviolet protection, pigmentation, and resistance to
pathogens (9,10). The chemical diversity of phenolics
is extensive, and they are mainly classified into
phenolic acids, flavonoids, stilbenes, and lignans.
Structural differences among these compounds
critically determine their bioavailability, intracellular
targets, and biological activities (8).
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Beyond their ecological functions, phenolic
compounds have garnered significant attention
in human health due to their potent antioxidant
and iron-chelating properties. In the context of
ferroptosis, phenolic compounds act as multi-
targeted inhibitors. Their structural hydroxyl groups
facilitate the scavenging of lipid peroxyl radicals,
thereby interrupting the lethal chain reactions
that compromise membrane integrity (29-31).
Furthermore, many phenolics possess the capacity
to sequester intracellular labile iron, preventing the
Fenton chemistry-driven generation of hydroxyl
radicals (21).

One of the most remarkable features of phenolic
compounds in the regulation of ferroptosis is their
ability to exert both antioxidant and pro-oxidant
effects depending on the dose and the cellular
microenvironment (Fig 2). At low concentrations,
phenolics protect cells against oxidative damage
through their free radical-scavenging and metal-
chelating properties; however, athigh concentrations
or within the acidic and iron-rich microenvironment
of cancer cells, they may shift toward a pro-oxidant
mode of action (16). This bidirectional behavior
enables phenolic compounds to suppress ferroptosis
in healthy cells while inducing ferroptosis in cancer
cells. From a therapeutic perspective, this unique
characteristic endows phenolics with selective
anticancer potential (5).
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Figure 2. Dual role of phenolic compounds in the regulation
of ferroptosis in cancer and normal cells. Phenolic acids

(e.g., gallic acid, rosmarinic acid, quercetin) exert context-
dependent effects on ferroptosis by differentially modulating
iron metabolism, redox homeostasis, and lipid peroxidation
pathways. In cancer cells, henolic compounds promote
ferroptosis through expansion of the labile iron pool,
enhancement of Fenton reaction-driven ROS generation,
suppression of GPX4 activity, depletion of GSH, and
inactivation of the NRF2/ARE antioxidant axis, leading to
excessive LPO, oxidative damage, and cell death. In contrast,,
phenolic compounds inhibit ferroptosis by limiting iron-
dependent ROS production, activating NRF2/ARE signaling,
upregulating antioxidant genes in normal cells (e.g., HO-1,
SLC7A11,GPX4),restoring GSH homeostasis, and preventing
lipid peroxidation, thereby promoting cellular protection and
survival. ARE, antioxidant response element; CAT, catalase;
GSH, Glutathione; GSSG, glutathione disulfide; GPX4,
glutathione peroxidase 4; HO-1, heme oxygenase 1; LPO,
lipid peroxidation; NRF2, Nuclear factor erythroid — 2; ROS,
reactive oxygen species; SLC7AL1l, solute carrier family 7
member 11; SOD, superoxide dismutases; SLC3A2, solute
carrier family 3 member 2.

3.1. Phenolic Acids

Phenolic acids are phenolic compounds that
contain at least one hydroxyl group and a
carboxylic acid function attached to a benzene
ring. They are low-molecular-weight compounds
derived primarily from the shikimate pathway and
are subdivided into two main groups according
to their carbon skeleton: Hydroxybenzoic acids
(e.g., gallic, vanillic, syringic and protocatechuic
acids) and hydroxycinnamic acids (e.g., caffeic,
ferulic, sinapic, p-coumaric and chlorogenic
acids) (14,15). Phenolic acids are widely
distributed in cereals, fruits, vegetables, coffee,
and medicinal plants and are well known for their
strong antioxidant activities. However, recent
studies have demonstrated that phenolic acids
such as gallic acid, ferulic acid, caffeic acid, and
chlorogenic acid not only act as antioxidants
but also modulate ferroptosis by increasing iron
uptake and ROS generation, and decreasing the
GSH/GPX4 levels in cancer (Table 1).

pharmedicinejournal.com



Pharmedicine J. 2026, Volume 3, Issue 1

Table 1. Experimental evidence of phenolic acids inducing ferroptosis in cancer models

Phenolic Cancer cell Key ferroptosis Main outcome Reference
compound line/model markers
Gallic acid HepG2 ISLC7A11, and GPX4 Inhibition of Wnt/p-catenin/SLC7A11/GPX4 (57)
Gallic acid HCTI116 and | 1Fe*, lipid ROS, MDA, ATF4 and | Growth inhibition of colon cancer cells by inducing (58)
Caco-2 TFR1 ferroptosis
ISLC7A11, GPX4 and SIGMARI
Gallic acid HeLa, SH- 1Fe?*, lipid ROS GA-induced cytotoxicity (59)
SY5Y, and
H446 cell
Gallic acid NSCLC (A549 |1ROS, MDA, ACSL4 Enhancing NSCLC radiosensitivity by promoting (60)
and H1299) INRF2, SLC7A11, and GPX4 ferroptosis
Chlorogenic HepG2 1Fe?*, lipid ROS, MDA, PTGS2, | Induction of ferroptosis through the PTGS2/ (64)
acid ACSLA4, and LPCAT3 AKRI1C3/GPX4 axis
1|GPX4, GSH
Rosmarinic acid | DLD-1 and INCOA4 Induction of apoptosis and ferroptosis pathway in (66)
LoVo cells ISLC7A11, GPX4 cisplatin-induced cytotoxicity of CRC cells
Rosmarinic acid | MDA-MB-231 | 1Fe?*, ROS Ferroptotic and apoptotic cell death via (67)
mitochondrial dysfunction and reduced
mitochondrial activity
Rosmarinic acid | HCT-116 1Fe*, ROS, MDA, AKRIC3, Triggering ferroptosis via mitochondrial (68)
ACSLA4, and LPCAT3 dysfunction and modulation of lipid metabolic
JGSH pathways
Ferulic acid TE-4 and EC-1 | 1Fe?*, ROS, MDA, Ferroptosis by inhibiting SLC7A11 and GPX4 axis. (72)
|SLC7A11, GPX4, SOD, GSH
CAPE MDA-MB 231 |1ROS, MDA Ferroptosis via HO-1 induction (74)
JGSH
Para-coumaric | H460 and A549 | 1Fe**, ROS, MDA Induction of erroptosis through the GPX4, xCT, (75)
acid (p-CA) INRF2 GPX4, xCT, GSH and NRF2 signaling pathways

ACSL4, acyl-CoA synthetase long-chain family member 4; ATF4, activated transcription factor 4; CAPE, caffeic acid phenethyl ester;
GSH, glutathione; GPX4, glutathione peroxidase 4; HO-1, heme oxygenase 1; LPCATS3, lysophosphatidylcholine acyltransferase 3; MDA,
malondialdehyde; NCOA4, nuclear receptor coactivator 4; NRF2, nuclear factor erythroid - 2; PTGS2, prostaglandin-endoperoxide synthase 2;
ROS, reactive oxygen species; SSGMARI, sigma-1 receptor; SLC7A11, solute carrier family 7 member 11; SOD superoxide dismutases; TFRI,

transferrin receptor 1.

3.1.1. Gallic acid

Gallic acid is a widely distributed phenolic acid
belonging to the hydroxybenzoic acid derivatives
and it is found in grapes, tea, fruit peels, and many
medicinal plants. Its antioxidant, anti-inflammatory,
and cytoprotective properties have long been
recognized. A recent investigation highlights the
dual role of gallic acid (GA) in the regulation of
ferroptosis, revealing that its biological effect is
fundamentally determined by the cellular context.
In malignant settings, GA has been identified as
a potent inducer of ferroptosis. For example, in
hepatocellular carcinoma (HCC) cells, GA triggers
ferroptotic cell death by suppressing the Wnt/B-
catenin signaling pathway, which subsequently
leads to the downregulation of the cystine/glutamate
antiporter SLC7A11 and the primary antioxidant
enzyme GPX4 (57). Similarly, Hong et al. (2021)

demonstrated that GA treatment significantly
restricts the proliferation of colon cancer cells by
inhibiting expression of ferroptosis-related proteins
SLC7A11 and GPX4 (58). This mechanism leads
to catastrophic accumulation of lipid peroxides
and iron-dependent ROS, effectively bypassing
conventional apoptotic resistance in tumor cells.

Beyond inducing ferroptosis, GA has been reported
to exhibit a pleiotropic effect by simultaneously
activating three different death mechanisms: apoptosis,
necroptosis, and ferroptosis (59). This multifaceted
approach allows for the elimination of malignant cells,
even in the presence of single-path resistance, because
GA disrupts mitochondrial integrity, activates caspases,
and facilitates iron-dependent lipid peroxidation.
Furthermore, GA may enhance the sensitivity of non-
small cell lung cancer (NSCLC) cells to radiotherapy
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by disrupting the NRF2-mediated antioxidant defense
system, promoting iron accumulation and lipid
peroxidation (60).

In contrast, GA functions as a ferroptosis inhibitor and
cytoprotective agent in normal physiological contexts
and non-cancerous injury models. Due to its strong
radical scavenging and iron chelation properties, GA
has been shown to protect healthy tissues (e.g., in
traumatic brain injury or diabetic cardiomyopathy
models) by neutralizing lipid peroxyl radicals and,
binding unstable Fe** ions through their phenolic
hydroxyl groups (33,61). By maintaining membrane
integrity and preventing the initiation of the Fenton
reaction, GA mitigates oxidative damage in normal
cells. This differential activity-selectively promoting
ferroptosis in neoplastic tissues while acting as
a scaffold for cellular survival in healthy cells-
highlights GA’s therapeutic potential as a selective
modulator in redox-based medicine.

3.1.2. Chlorogenic Acid

Chlorogenic acid (CGA) is an ester of caffeic acid
and quinic acid and is abundantly found in coffee,
apples, pears, and numerous medicinal plants.
Traditionally, CGA has been characterized as a
robust inhibitor of ferroptosis, primarily valued for
its ability to mitigate iron-dependent oxidative stress
in healthy tissues through the NRF2/GPX4 signaling
axis (35,62,63). However, a recent study by Wu et
al. (2025) has challenged this singular perspective,
demonstrating that CGA can selectively function
as a potent ferroptosis inducer within the context
of HCC (64). According to Wu et al., CGA triggers
ferroptotic cell destruction in HCC by regulating
the reprogramming of arachidonic acid metabolism.
This process occurs via the PTGS2/AKRI1C3/
GPX4 transport pathway, leading to disruption of
the cell’s antioxidant defense and subsequent lipid
peroxidation. This important finding demonstrates
that the role of CGA in ferroptosis is highly
environment-dependent: while maintaining redox
homeostasis and supressing lipid peroxidation in
healthy organ models, it can be used to register
overcoming cell death resistance in malignant tissues.
By targeting the PTGS2/AKR1C3/GPX4 pathway,
this research provides novel mechanistic insights into
how CGA can serve as a dual-function therapeutic

agent; acting as a scaffold for cytoprotection under
normal conditions while effectively promoting
ferroptotic abnormalities in cancer (64).

However, it should be noted that CGA concentrations
used in in vitro studies often exceed plasma
levels achievable through diet or conventional
administration, due to its limited bioavailability and
rapid metabolism. Therefore, while these findings
provide valuable mechanistic information on
CGA-mediated ferroptosis modulation, improved
application strategies may be needed to translate
these effects into physiologically and clinically
relevant settings.

3.1.3. Rosmarinic Acid

Rosmarinic acid (RA) is a naturally occurring
polyphenolic compound found in many plants
(e.g., Rosmarinus officinalis, Melissa officinalis,
and Salvia species with known antioxidant, anti-
inflammatory, and anticancer properties (65).
As a plant-derived polyphenolic compound, RA
has emerged as a context-dependent regulator of
ferroptosis, exhibiting opposing effects in cancerous
and non-cancerous cells.

In various cancer models, RA has been shown
to promote ferroptotic cell death by disrupting
redox homeostasis through downregulation
of key antioxidant systems such as GPX4 and
SLC7AT11, glutathione depletion, intracellular Fe**
accumulation, and increased lipid peroxidation,
ultimately making tumor cells susceptible to
oxidative damage and chemotherapeutic agents
(66-68). In colorectal cancer cell lines (DLD-1,
LoVo), RA combined with cisplatin enhances cell
death by promoting both apoptosis and ferroptosis.
This is evidenced by downregulation of GPX4 and
SLC7A11, key antioxidant regulators, and reversal
of RA’s effects by ferroptosis inhibitors (66).

In contrast, in normal or non-malignant cells exposed
to pathological stress (e.g., ischemia-reperfusion
injury, liver or kidney damage, and inflammatory
conditions), RA functions predominantly as a
ferroptosis inhibitor by activating cytoprotective
signaling pathways, particularly the NRF2/HO-1
axis, preserving GPX4 activity, and suppressing iron-
induced lipid peroxidation (69-71). Liu et al (2025)
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reported that RA suppresses ferroptosis and protects
neurons via activation of the NRF2 antioxidant
pathway and inhibition of KEAPI, reducing
oxidative injury cerebral ischemia-reperfusion injury
(69). NRF2 protects cells against ferroptosis by
transcriptionally activating genes involved in GSH
synthesis, GPX4 expression, ferritin production, and
antioxidant enzyme systems (26). In recent study,
researhers found that RA mitigates acetaminophen-
induced liver injury by enhancing antioxidant defense
(NRF2/HO-1) and maintaining GPX4 and GSH
levels, thereby preventing lipid peroxidation and
ferroptosis in hepatocytes (70). This dual behavior
highlights the redox-adaptive nature of RA, where
its pro-oxidant, ferroptosis-inducing effects primarily
manifest in the metabolically and oxidatively sensitive
tumor microenvironment, while its antioxidant and
ferroptosis-suppressive properties are dominant in
normal tissues. This contextual selective regulation
positions RA as a promising candidate for ferroptosis-
based cancer therapy with a potentially favorable
safety profile for non-malignant cells.

3.1.4. Ferulic acid

Ferulic Acid (FA), a ubiquitous dietary phenolic
acid found in the cell walls of cereal grains, fruits,
and vegetables, has long been celebrated for its
potent antioxidant properties. However, recent
pharmacological insights have repositioned FA as a
context-dependent modulator of ferroptosis.

Emerging evidence indicates that FA can function as a
pro-ferroptotic agent in malignant cells by amplifying
oxidative stress, increasing intracellular reactive oxygen
species and iron accumulation, and promoting lipid
peroxidation while simultaneously suppressing key
antioxidant defense systems. In esophageal squamous
cell carcinoma (ESCC), FA treatment reduced cell
viability, increased ROS and iron levels, elevated
MDA, and downregulation of the SLC7A11/GPX4
axis; notably, these effects were partially reversed by
ferroptosis inhibitors, like deferoxamine, suggesting
FA’s potential as a pro-ferroptotic anticancer agent (72).
Conversely, in non-cancer contexts such as sepsis-
induced acute lung injury and oxidative hepatocyte
damage, FA mitigated ferroptosis by activating the
NRF2/HO-1 antioxidant pathway, increasing GPX4
and GSH, reducing lipid peroxidation and iron

overload, and preserving cellular function (73). These
findings underscore FA as a compelling candidate for
selective ferroptosis-based anticancer investigations
with minimal toxicity to healthy cells.

3.2. Flavonoids

Flavonoids, a diverse class of plant secondary
metabolites characterized by a polyphenolic a C6-
C3-C6 skeleton, represent a cornerstone of natural
product research due to their widespread presence
in medicinal plants, fruits, and vegetables (76).
Based on their chemical structures, flavonoids are
classified into flavonols (quercetin, kaempferol,
myricetin and fisetin), flavones (luteolin,
apigenin), flavanones (naringenin, hesperetin),
flavanols (catechin, epicatechin), isoflavones
(genistein, daidzein), and anthocyanins (cyanidin,
delphinidin) revealing further structural diversity
arising from glycosylation and acylation at various
hydroxyl and methyl sites (77).

Due to their redox-active chemical structures,
flavonoids can modulate key molecular determinants
of ferroptosis, including iron homeostasis, ROS
formation, lipid peroxidation, and antioxidant
defense systems (Table 2). Recent evidence suggests
that flavonoids can act as both inducers and inhibitors
of ferroptosis, depending on the context. In cancer
cells, some flavonoids promote ferroptotic cell death
by increasing intracellular unstable iron, enhancing
ROS production, suppressing the SLC7A11/GSH/
GPX4 axis, and remodeling PUFA-containing
phospholipids, thus making tumor cells susceptible
to ferroptosis-based therapeutic strategies (31,32).
Conversely, in normal or non-malignant cells,
flavonoids frequently exert ferroptosis-suppressing
effects by activating cytoprotective pathways
such as NRF2/ARE signaling, maintaining GPX4
activity, and limiting iron-induced lipid peroxidation
(19,24). This dual, cell-context-dependent regulation
highlights flavonoids as critical modulators of
ferroptosis, emphasizing their potential to selectively
target cancer cells while protecting normal tissues
from oxidative damage.

3.2.1. Quercetin

Quercetin (QUE), one of the most abundant members
of the flavonol subclass, is well known for its strong
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antioxidant, anti-inflammatory, and anticancer
properties (78). Recent studies have also demonstrated
that quercetin promotes ferroptosis by increasing
ROS, iron accumulation, and lipid peroxidation while
suppressing ferroptosis regulators such as GPX4 and
SLC7A11, leading to cancer cell death in lung cancer,
glioblastoma, and colon cancer cell lines in association
with increased ferroptosis markers.

In gastric cancer cells, QUE has been shown to
increase lipid peroxidation and intracellular iron
content, inhibit SLC1AS expression, disrupt NRF2
nuclear translocation, and downregulate the NRF2/
xCT/GPX4 axis, thereby triggering ferroptotic cell
death and suppressing tumor progression (31). Zhu
et al (2024) demonstrated that in oral squamous
cell carcinoma models, QUE induced ferroptosis
by suppressing SLC7A11, lowering GSH levels,
and increasing ROS production in a mTOR/

S6KP70-dependent manner (79). Additionally, QUE
has been shown to induce ferritinophagy in breast
and hepatic cancer cells by facilitating the transport
of Transcription Factor EB (TFEB) to the nucleus, an
event that triggers lysosomal degradation of ferritin,
increasing free iron concentration, promoting ROS
and lipid peroxidation, and highlighting its capacity
to trigger ferroptosis (30,80). These reports are also
corroborated by the results of studies on HEC-1-A
endometrial cancer cells. Li et al (2022) showed that
in endometrial carcinoma cells, QUE suppressed
cell proliferation and migration by inducing
ferroptosis  (81). Collectively, these findings
support quercetin as a pro-ferroptotic flavonoid in
cancer models, acting through multiple molecular
mechanisms that converge on iron dysregulation,
antioxidant inhibition (e.g., GPX4, SLC7A1l), and
increased oxidative lipid damage.

Table 2. Experimental evidence of flavanoids inducing ferroptosis in cancer models

Phenolic compound | Cancer cell line / model Key ferroptosis markers Main outcome Reference (s)
Quercetin MCF-7, MDA-MB-231 “MROS, MDA, Fe* Induction of ferroptosis inducing (30)
TFEB-mediated ferritinophagy
Quercetin AGS, MKN-45 cells MROS, Fe? Induction of ferroptotic cell death (31)
JNRF2 GPX4, SLC7A11, GSH
Quercetin Oral squamous cell carcinoma | TMROS, LPO Ferroptosis via  mTOR/S6KP70- (79)
JSLC7A11, GSH, GPX4 dependent manner
Quercetin HepG2 cells MROS, Fe?*, LPO TFEB-mediated ferroptosis and Bid- (80)
J GPX4 involved apoptosis
Quercetin HEC-1-A MROS, Fe?*, TFR-1 Induction of ferroptotic cell death (81)
J GPX4, xCT, ACO1 and FLC
Luteolin HCT116, SW480, MC38/CT26 | MLipid-ROS, |, GPX4, GSH Ferroptotic cell death (82,83)
cells; colon cancer xenograft
model
Luteolin DU145 and PC-3 cells; prostate | NROS, MDA, Fe?* Ferritinophagy-induced ferroptosis (84)
cancer xenograft model JSLC7A11, GPX4, FTH1, and
FTL1
Luteolin Renal cell carcinoma cells “MROS, Fe?*, MDA Induction of ferroptosis (85)
JGSH
Luteolin U87MG M lipid-ROS NRF2/xCT/GPX4-mediated (86)
JGSH ferroptosis
Naringenin HOS, U20S, and MG63;| TROS, Fe?, LPO Induction of STAT3-MGST?2 signaling (87)
subcutaneous tumor model JGPX4 pathway
Naringenin HepG2, Hep3B and | TROS, Fe**, MDA Increasing the efficacy of ferroptosis (88)
SNU182 cells; liver cancer |, GSH inducers by attenuating aerobic
xenograft model glycolysis
Hesperetin T24 (HTB-4) and 5637 (HTB-9) | TROS Promotion of apoptosis and (89)
J GPX4 ferroptosis
EGCG A549 and H1299 MROS, MDA, Fe?*, ACSL4 Inhibition of GPX4/SLC7A11 (32)
JSLC7A11, GPX4

ACOI, anti-aconitase 1; ACSL4, acyl-CoA synthetase long-chain family member 4; FTLI, ferritin light chain; FTHI, ferritin heavy chain 1;
GSH, glutathione; GPX4, glutathione peroxidase 4; MDA, malondialdehyde; MGST2, microsomal glutathione S-transferase 2; NRF2, nuclear
factor erythroid - 2; ROS, reactive oxygen species; SLC7A11, solute carrier family 7 member 11; TFR-1, transferrin receptor 1
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3.2.2. Luteolin

Luteolin  (3'4',5,7-tetrahydroxyflavone) is a
naturally occurring flavonoid found in many
fruits, vegetables, and medicinal herbs. While
traditionally recognized for its antioxidant and anti-
inflammatory properties, accumulated evidence
indicates that luteolin can act as a potent ferroptosis
inducer in various cancer types through multiple
molecular mechanisms, including enhancement of
ROS generation, disruption of iron homeostasis,
activation of ferritinophagy, GPX4 suppression,
and increased lipid peroxidation (Fig 3).
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Synergy with Erastin
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‘ GPX4 Heme Degradation
¥
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Ferritinophagy

Lipid Peroxidation —>L Membrane Rupture J—b Ferroptosis

Figure 3. Luteolin-induced ferroptosis in cancer cells
through multiple molecular mechanisms. Luteolin
induces ferroptotic cell death through the coordinated
regulation of antioxidant defense, iron metabolism,
and lipid peroxidation pathways. Luteolin exhibits
synergistic activity with ferroptosis triggers such as
erastin, further intensifying ferroptotic signaling. HIC1,
hypermethylated cancer 1; TFEB, transcription factor
EB; GPX4, glutathione peroxidase 4; HO-1, heme
oxygenase 1; ROS, reactive oxygen species.

Zheng et al. (2023) demonstrated that luteolin
exhibits a potent ferroptosis-inducing effect in
colon cancer cells primarily through transcriptional
repression of GPX4. Mechanistically, luteolin
activated the tumor suppressor hypermethylated
cancer 1 (HICI), which directly inhibits GPX4
expression, leading to excessive lipid hydroperoxide
accumulation and ferroptotic cell death. Specifically,
luteolin showed synergistic therapeutic efficacy
with the ferroptosis-inducing erastin, significantly
enhancing lipid peroxidation and ferroptosis-related

cytotoxicity (82). Consistent with these findings,
Cao et al. (2025) reported that luteolin induces
GPX4-dependent ferroptosis in colon cancer models
and simultaneously enhances antitumor immune
activation. Luteolin treatment led to increased lipid
peroxidation, disruption of membrane integrity, and
upregulation of ferroptosis markers; suggesting that
luteolin-induced ferroptosis may also contribute
to immunogenic cell death, thereby enhancing
antitumor immune responses (83).

In addition to GPX4 inhibition, luteolin promotes
ferroptosis by altering intracellular iron metabolism.
Fu et al. (2024) demonstrated that luteolin facilitates
nuclear translocation of transcription factor EB
(TFEB) in prostate cancer cells, leading to activation
of the autophagy-lysosome pathway and increased
ferritinophagy (84). Ferritin degradation increases
the intracellular unstable Fe** pool, accelerating the
formation of reactive oxygen species driven by Fenton
chemistry and lipid peroxidation, ultimately triggering
ferroptosis. Furthermore, Han et al. (2022) identified
heme oxygenase-1 (HO-1) as a critical mediator of
luteolin-induced ferroptosis in clear cell renal cell
carcinoma (85). Luteolin-mediated upregulation of
HO-1 promotes heme degradation, expanding the
unstable iron pool and intensifying lipid peroxidation.
The combined effects of iron loading and impaired
antioxidant defenses make cancer cells highly
susceptible to ferroptotic cell death.

Very recent evidence further supports the role of
luteolin as a ferroptosis-inducing agent through
the modulation of the NRF2/xCT/GPX4 signaling
axis, a central pathway governing cellular redox
homeostasis and ferroptosis resistance (Table
2). Luteolin has been shown to inhibit tumor
growth by suppressing NRF2 activity, leading to
downregulation of xCT (SLC7A11) and subsequent
intracellular GSH depletion. in glioblastoma cells.
Decreased GSH availability compromises GPX4
enzymatic activity, limiting the detoxification of
lipid hydroperoxides and promoting excessive
ROS accumulation (86). The resulting oxidative
imbalance facilitates lipid peroxidation and makes
glioblastoma cells susceptible to ferroptotic cell
death. These findings demonstrate that luteolin
disrupts ferroptosis defense mechanisms not only
through transcriptional repression of GPX4 via
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HIC1, but also by weakening the NRF2-driven
antioxidant network, thus strengthening its role as
a multi-target regulator of ferroptosis. Collectively,
these studies demonstrate that luteolin triggers
ferroptosis  through multiple interconnected
mechanisms, including GPX4  suppression,
ferritinophagy-mediated iron release, HO-1-
induced iron accumulation, and sustained lipid
peroxidation. Thanks to its ability to target multiple
ferroptosis regulatory axes simultaneously, luteolin,
especially in combination with known ferroptosis
inducers, emerges as a promising natural compound
for ferroptosis-based anticancer strategies.

3.2.3. Naringenin and Hesperetin

Natural flavonoids such as naringenin and hesperetin
have recently attracted significant attention as
modulators of ferroptosis. Naringenin has been
shown to exhibit ferroptosis-promoting effects
through multiple signaling mechanisms in the
context of cancer. In osteosarcoma cells, naringenin
treatment significantly reduced cell viability and
increased ferroptotic markers, including increased
ROS, Fe** accumulation, and MDA levels; this
indicates increased lipid peroxidation consistent with
ferroptosis induction (87). Naringenin reduces the
expression of MGST2, a gene normally involved in
antioxidant defenses; this is associated with decreased
GPX4 expression, thus reducing cellular antioxidant
capacity and making cells susceptible to ferroptosis.

On the other hand, naringenin has been reported to
enhance the efficacy of classical ferroptosis inducers by
modulating cancer cell metabolism. In liver cancer cells,
naringenin reduces aerobic glycolysis by activating
the AMPK-PGCla signaling axis and shifts cellular
metabolism toward increased oxidative stress (88).
This metabolic reprogramming lowers the threshold for
ferroptosis induction by classical inducers, suggesting
that naringenin may synergistically enhance ferroptosis
through both metabolic effects and direct signaling
pathway regulation.

Compared to naringenin, evidence regarding
the direct role of hesperetin in ferroptosis is less
extensive but emerging. Network pharmacology and
molecular docking studies in bladder cancer cells
show that hesperetin not only inhibits proliferation
and migration via the PI3K/AKT pathway but

also promotes cell death with features consistent
with ferroptosis, such as ROS accumulation and
decreased GPX4 expression (89). The role of PI3K/
AKT signaling is important, as inhibition of this
pathway has been associated with susceptibility to
ferroptotic triggers in multiple cancer models.

In conclusion, these studies highlight that naringenin
and hesperetin primarily influence ferroptosis
through modulation of cellular redox balance,
suppression of antioxidant defenses, and metabolic
stress pathways. While naringenin’s ability to
inhibit the STAT3-MGST2 axis and enhance
AMPK-mediated metabolic reprogramming clearly
activates ferroptotic mechanisms, hesperetin’s role
appears to focus on PI3K/AKT signaling modulation
and associated oxidative stress amplification,
further supported by the emerging ferroptosis-
inducing delivery systems. These flavonoids, alone
or in combination with established ferroptosis
inducers, stand out as promising natural compounds
for ferroptosis-based anti-cancer strategies.

3.2.4. Epigallocatechin Gallate

Epigallocatechin-3-gallate (EGCG) is an important
catechin found predominantly in green tea and also
naturally occurring in various plant-based foods
such as apples, blackberries, and carob. EGCG
has been widely reported for its antioxidant, anti-
inflammatory, and anticancer properties; however,
its role in regulating ferroptosis has only recently
begun to emerge. A recent study by Wang et al.
(2024) reported that EGCG induced ferroptosis
in non-small cell lung cancer (NSCLC). The
authors demonstrate that EGCG inhibited the
proliferation and survival of tumor cells through the
downregulation of tsRNA-13502, a transfer RNA-
derived small RNA involved in redox homeostasis.
EGCG treatment was shown to activate ferroptotic
cell disruption, leading to significant changes in
ferroptosis-related markers, including increased
lipid peroxidation and iron-dependent oxidative
stress (32).

Suppression of tsRNA-13502 by EGCG disrupted
cellular antioxidant defense systems, thereby
enhancing susceptibility to ferroptosis. Although the
precise downstream targets of tsSRNA-13502 remain
to be fully elucidated, its modulation was associated

12

pharmedicinejournal.com



Pharmedicine J. 2026, Volume 3, Issue 1

with dysregulation of key ferroptosis regulators,
suggesting that non-coding RNA-mediated control
represents a novel layer of ferroptosis regulation
by natural polyphenols. Importantly, restoration
of tsRNA-13502 expression partially rescued
cells from EGCG-induced ferroptotic damage,
confirming the functional relevance of this pathway.

3.3. Stilbenes

Stilbenes represent a narrower group of phenolic
compounds characterized by a C6-C2—C6 backbone
consisting of two aromatic rings linked by an ethylene
bridge. The most well-known member of this group is
resveratrol, which is abundant in various plant sources,
particularly grapes, peanuts, and red wine (11).

3.3.1. Resveratrol

In addition to its antioxidant, anti-inflammatory,
and anticancer effects, resveratrol has attracted
considerable attention in recent years for its
ferroptosis-inducing  effects, particularly
breast, colon, prostate, and liver cancer cells (29).
Experimental studies have revealed that resveratrol
increases intracellular labile iron levels, suppresses
GPX4 activity, and accelerates lipid peroxidation,
ultimately leading to ferroptotic cell death (90-98).
These properties place stilbenes among the most
promising natural compounds in ferroptosis-based
anticancer strategies.

n

A review of the literature reveals that resveratrol
exhibits a potent ferroptosis-inducing effect in a
wide range of cancer types through multifaceted
molecular mechanisms (Table 3). Resveratrol
primarily promotes ferroptotic cell death by
downregulating GPX4 and system Xc~ (xCT),
leading to impaired glutathione metabolism and
uncontrolled lipid peroxidation (91,93,95). In
triple-negative breast cancer, resveratrol induces
ferroptosis via NEDD4L-mediated ubiquitination
and proteasomal degradation of GPX4, highlighting
a post-translational regulatory mechanism (91).
Similarly, in bladder cancer organoids and acute
myeloid leukemia cells, resveratrol increases
intracellular ROS accumulation and suppresses
GPX4-dependent antioxidant defenses in a ROS-
dependent manner (93, 95).

Resveratrol modulates ferroptosis not only by
directly targeting GPX4, but also through iron
metabolism, mitochondrial signaling, and oncogenic
pathways. By increasing iron ion accumulation
and lipid peroxidation, it sensitizes cancer cells
to ferroptosis inducers such as sulfasalazine
and cisplatin (96,97). Resveratrol also regulates
ferroptosis by inducing autophagy-ferroptosis
cross-interaction via EGFR/PI3K/AKT/GPX4,
HMMR, and DHODH-mediated mitochondrial
pathways and the USP36-SOD2 axis (92,94,98).
Specifically, resveratrol has been shown to reshape
the tumor microenvironment by increasing CD8*
T cell cytotoxicity through ferroptosis regulation,
further supporting its therapeutic importance (94).

In contrast, emerging studies highlight that
resveratrol may also play a context-dependent
protective role against ferroptosis, particularly
in nonmalignant tissues or under conditions of
excessive oxidative stress. This dual behavior
largely stems from differences in basal ROS levels,
iron availability, and antioxidant capacity between
normal and cancer cells. In malignant cells, which
typically exhibithigh basal ROS levels and increased
reliance on GPX4-mediated detoxification of lipid
peroxides, resveratrol-induced disruption of redox
balance and iron homeostasis can exceed cellular
defense thresholds, thus promoting ferroptosis.
Conversely, in non-malignant cells with lower basal
oxidative stress, resveratrol, through its antioxidant
capacity and iron chelation properties, maintains
redox homeostasis and limits ferroptotic damage by
activating antioxidant and cytoprotective pathways,
including NRF2 signaling. In conclusion, these
findings position resveratrol as a bidirectional
ferroptosis regulator that can selectively induce
ferroptotic cell death in cancer cells while
maintaining normal tissue integrity (90).

3.4. Lignans

Lignans, found in seeds (especially flaxseed), whole
grains, and various fruits and vegetables, are a class of
plant-derived phenolic compounds formed through the
dimerization of phenylpropanoid units. Some lignans,
such as enterolactone and enterodiol, are converted
by the gut microbiota into more biologically active
metabolites. They have been extensively studied for

13

pharmedicinejournal.com



Pharmedicine J. 2026, Volume 3, Issue 1

their antioxidant, anti-inflammatory, and anticancer
activities. However, research linking lignans to
ferroptosis regulation is extremely limited (Table 3).
To date, only a few studies have begun to explore
this link, with myrislignan emerging as the best-
characterized example (99).

A recent study by Zhou et al. (2023) demonstrated
that myrislignan, a naturally occurring lignan and
a known NF-kB pathway inhibitor, effectively
induced ferroptosis in glioblastoma cells. In this
study, myrislignan treatment led to classic signs
of ferroptotic cell death, including increased lipid
peroxidation, disruption of redox homeostasis, and
increased susceptibility to iron-dependent oxidative
stress. Mechanistically, these effects were linked to
the regulation of epithelial-mesenchymal transition
(EMT) through the modulation of the transcription
factor Slug (SNAI2), akey EMT driver. Specifically,
myrislignan caused downregulation of Slug by
suppressing NF-«B signaling, which in turn
affected the expression of ferroptosis-related genes

and increased susceptibility to ferroptotic triggers
(99). While the precise downstream influencers
linking key ferroptosis pathways such as Slug and
GPX4, the system Xc~ (xCT), or iron metabolism
are not fully defined, the study highlights a novel
interaction between EMT regulation and ferroptosis
susceptibility. EMT is increasingly recognized as a
determinant of tumor cell plasticity and treatment
resistance, and its modulation by myrislignan
suggests that lignans may exert ferroptosis-
promoting effects through indirect regulation of
transcriptional networks governing redox balance
and cell fate decisions.

Since the limited information in the literature, it
is currently premature to generalize ferroptosis-
regulating effects to all lignans. Further research is
needed to elucidate whether other lignan subclasses
share this capacity and to identify relevant molecular
targets and signaling pathways, including their
effects on GPX4 activity, iron homeostasis, and
lipid peroxidation cascades.

Table 3. Experimental evidence of stilbenes, lignans, andother phenolic compounds inducing ferroptosis in cancer models

Phenolic compound | Cancer cell line/ model | Key ferroptosis markers | Main outcome Reference (s)
Resveratrol MDA-MB-231, SUMI159,|1ROS, Fe**, Lipid ROS, | Ferroptotic cell death through NEDDA4L- 91)
4T1 MDA mediated GPX4  ubiquitination  and
1GPX4, GSH degradation
Oxyresveratrol MDA-MB-231 TROS, Fe**, Lipid ROS, |Ferroptosis through suppression of the (92)
MDA EGFR/PI3K/AKT/GPX4 signalling axis
1GPX4
Resveratrol T24 and TROS, Fe?, Lipid ROS, | Induction of ferroptosis (93)
UM-UC-3 |GPX4, xCT
Resveratrol H520 TROS, MDA, ACSL4, Promotion of ferroptosis through SLC7A11- (94)
IGSH, SOD, SLC7AI11, | HMMR interaction
GPX4
Resveratrol AML-193 and OCI-AML-3 | 1ROS, Fe?, | GPX4 Ferroptotic cell death through Hsa-miR- (95)
335-5p/NFS1/ GPX4 pathway
Resveratrol Melanoma cell lines TROS, Fe*, Lipid ROS | Enhancement of sulfasalazine-induced (96)
1GSH ferroptosis
Resveratrol PANCI and BxPC-3 TROS, MDA, Increasing  cisplatin  sensitivity by 97)
ISLC7AI11, GPX4 modulating dihydroorotatede hydrogenase-
mediated ferroptosis
Resveratrol MKN-45, MKN-1, SNU-|1ROS, Fe?, MDA, ACSL4 | Induction of autophagy and ferroptosis by (98)
5, AGS; gastric cancer | |[FTHI, GSH, GPX4 inhibiting USP36-SOD2 axis
xenograft model
Myrislignan U87 and U251; intracranial | {ROS, MDA Ferroptosis via Slug-SLC7A11 pathway (99)
xenograft model ISLC7A11, GSH
Curcumin A549 and H1299; LLC-|1ROS, Fe?, MDA, ACSL4 | Induction of autophagy and ferroptosis (21)
bearing mice ISLC7A11, GSH, GPX4
Curcumin MNNG/HOS and MG-63 | [NRF2, SLC7A11, HO-1, | Induction of ferroptosis regulating the (28)
GPX4 NRF2/GPX4 signaling
Curcumin HCT-8 1ROS, Fe2, MDA Ferroptosis via PI3K/Akt/mTOR signaling (100)
IGSH, SLC7A11, GPX4,
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Curcumin HepG2 cells; Hepal-6|1ROS, Fe?, MDA, KEAP! | Induction of ferroptosis through modulation (101)
xenograft mouse model |P62, NRF2 of the  P62-KEAPI-NRF2-signaling
pathway
Curcumin HepG2 and SMMC7721 | 1Fe?, MDA, ACSLA4, |Ferroptotic death via upregulation of (102)
PTGS2 ACSL4
JGSH, GPX4, SLC7A11
Curcumin MCF-7, MDA-MB-453;|1Lipid = ROS,  Fe*',|Promotion of SLC1A5-mediated ferroptosis (103)
Breast cancer xenograft| ACSL4, SLCIAS
model (BALB/c nude| |GPX4, FTL
mice)
Curcumin MB-MDA-231 TROS, Lipid ROS, Fe?*, |Ferroptotic death by increasing HO-1 (104)
HO-1 expression
IGSH, FHC
Curcumin analogue, | U2os and Saos-2 TROS, Fe?, MDA, HO-1 | Ferroptotic death by increasing HO-1 (105)
EF24 |GPX4 expression
Curcumin FTC-133, and FTC-238;|1ROS, Fe?, MDA, HO-1 |Induction of ferroptosis via HO-1 (106)
tissue samples 1GPX4, GSH upregulation
Curcumin AGS and HGC-27 1Fe?, MDA, ACSL4, GSH | Autophagy-mediated ~ ferroptosis by (107)
1GPX4, SLC7A1l inhibiting the PI3K/AKT/mTOR signaling
pathway
Curcumin derivative | Anglne and HO8910PM; | 1Lipid ROS, Fe?* Ferroptosis via HCARI/MCT1 signaling (108)
NLO1 ovarian cancer xenograft| |GPX4, SLC11A2 pathway
model
Curcumin LK-2 and HI1650 cells;|tMDA, LDH, Fe*,|Induction of ferroptosis through the (109)
NSCLC tissue samples; | ACSL4, TFR-1 DMRT3/SLC7AL11 axis
xenograft tumor model 1SOD, GSH, GPX4,
SLC7A11

ACSL4, acyl-CoA synthetase long-chain family member 4; DMRT3, Doublesex and Mab-3 related Transcription Factor 3; FTH1, ferritin heavy
chain 1; FTL1, ferritin light chain; GSH, glutathione; GPX4, glutathione peroxidase 4; HCAR1, hydroxycarboxylic acid receptor 1; HO-1, heme
oxygenase 1; KEAP1, Kelch-like ECH-associated protein 1; MCT1, monocarboxylate transporter; MDA, malondialdehyde; NRF2, nuclear factor
erythroid — 2; PTGS2, prostaglandin-endoperoxide synthase 2; ROS, reactive oxygen species; SLC7A11, solute carrier family 7 member 11;
SLC11A2, solute carrier family 11 member 2; TFR-1, transferrin receptor 1

4. Other Phenolic Compounds As Ferroptosis Inducer
4.1. Curcumin

Curcuminis a polyphenolic compound isolated from
the rhizomes of Curcuma longa and exhibits a broad
spectrum of biological activities. Recent literature
indicates that curcumin triggers ferroptotic cell
death in cancer cells, and that this occurs through
a wide range of mechanisms (Table 3). These
mechanisms include suppression of the antioxidant
system, increased lipid peroxidation, modulation
of signaling pathways (PI3K/Akt/mTOR, NRF2),
and processes associated with autophagy (21,28).
These activities of curcumin reinforce the emerging
importance of ferroptosis in anticancer therapy.

A decrease in GSH levels and suppression of
GPX4 activity are necessary to trigger ferroptosis.
Curcumin administration significantly reduced
GSH, SLC7A11, and GPX4 levels in HCT-8
colorectal cancer cells, while increasing intracellular

Fe?*, ROS, and lipid peroxidation product levels
which supports ferroptotic cell death. Ferroptosis
inhibitors such as Ferrostatin-1 can reverse these
effects, suggesting that ferroptosis is part of
curcumin’s antiproliferative effect (100).

In a recent investigation done with liver cancer cells
it was found that curcumin triggers the ferroptotic
process by  suppressing P62-KEAPI-NRF2
signaling (101). In this mechanism, downregulation
of NRF2 leads to a decrease in antioxidant
response elements (AREs) and thus a weakening
of the cellular anti-ferroptosis protective response.
Similarly, Jiang et al (2024) demonstrated that
curcumin increased lipid peroxidation by increasing
ACSL4 levels in hepatocellular carcinoma cells
HepG2 and SMMC7721, and weakened antioxidant
capacity by lowering intracellular GSH levels
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through downregulating the expression of GPX
and SLC7ATI1 (102). In addition to these findings,
curcumin and synthetic analogues have been shown
to suppress tumorigenesis in breast (103,104),
osteosarcoma (105) and follicular thyroid cancer
(106) by specifically inducing ferroptosis through the
modulation of HO-1 and the inhibition of SLC7AT1I.

In addition to the mechanisms mentioned above,
curcumin initiates the ferroptotic process,
particularly in gastric and lung cancer cells, by
triggering autophagy activation. Inhibition of the
PI3K/Akt/mTOR signaling pathway increases the
levels of autophagy markers (ATGS, Beclin-1,
LC3B), which, along with the increase in ferroptotic
markers, facilitates cell death. This process can
be partially inhibited by ferrostatin-1 or other
autophagy inhibitors (107,21).

Further studies have revealed that the mechanism
by which the curcumin derivative NLO1 contributes
to ferroptosis is related to lactate metabolism (108).
Approximately 13 times more potent than curcumin,
NLO1 can reduce lactate uptake from the extracellular
environmentbydecreasingHCAR1 (hydroxycarboxylic
acid receptor 1)MCT1 (monocarboxylic acid
transporter protein 1) expression, and improve energy
metabolism by activating the AMPK/SREBP1 pathway
in ovarian cancer cells, thereby reducing glucose uptake
and lactate production.

Curcumin’s effect on ferroptosis is important because
it offers a potential therapeutic target as a cell death
pathway other than classical apoptosis/necrosis
(109). Ferroptosis is considered an additional death
mechanism, particularly in chemotherapy-resistant
tumors. The effect of curcumin and its derivatives on
this process may have the potential for a synergistic
effect in combination therapies. Accumulated
evidence shows that curcumin plays a role in cancer
not only as a ferroptosis-inducing agent but also as
a potent chemosensitizer that enhances the efficacy
of chemotherapeutic drugs (110-112). Curcumin
weakens the resistance mechanisms developed by
tumor cells against chemotherapy by increasing
ROS accumulation, causing cell cycle arrest, and
disrupting redox balance. In this respect, curcumin
stands out as a promising adjuvant strategy that
simultaneously enhances chemotherapy efficacy

through ferroptosis-based cell death. However,
since the bioavailability of the bioactive compound
is poor, research continues on solutions such as
nanoformulations, drug delivery systems, and
derivative development strategies for clinical
applications.

5. Mechanistic Insights from Network
Pharmacology, Molecular Docking, and Systems
Biology Approaches
Recent advances in systems biology and
computational pharmacology have significantly
expanded our understanding of the way how
the plant-derived phenolic compounds regulate
ferroptosis in multiple cancer types (113, 114).
Evidence from network pharmacology, molecular
docking, virtual screening, ADMET profiling, and
transcriptomic analyses consistently demonstrate
that phenolic compounds modulate ferroptosis
through multiple target and multiple pathway
mechanisms rather than single-gene regulation.

Ming et al. (2024) demonstrated that curcumin
induced dose-dependent ferroptotic cell death in
colorectal cancer cells through the regulation of
the p53/SLC7A11/GSH/GPX4 signaling axis.
This study highlights GPX4 and SLC7AI11 as
core ferroptosis-related targets using an integrated
network pharmacology and molecular docking
strategy (113). In parallel, a very recently published
study revealed that a newly synthesized curcumin
derivative (Compound 4d) strongly binds to the
active site of GPX4 in MCF-7 cells, inducing
SLC7A11/GPX4 axis-mediated ferroptosis (115).
In another study, network pharmacology and
molecular docking analyses have shown that
curcumin’s ferroptosis-inducing activity against
esophageal squamous cell carcinoma targets
CHEKI1 and CDKG6 proteins (116). These findings
suggest that curcumin is capable of simultaneously
targeting multiple nodes within the ferroptosis
regulatory network, thereby reinforcing its role
as a multi-target ferroptosis modiilatér in cancer
therapy.

Furthermore, transcriptomic and multidimensional
data-driven studies have increasingly highlighting
ferroptosis as a key outcome of curcumin-mediated
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anticancer activity. Firouzjaei et al (2023)
systematically investigated the effect of curcumin
on ferroptosis-related gene expression in colorectal
cancer using integrated in silico analyses
and in vitro validation, revealing significant
transcriptional modulation of genes involved in
iron metabolism, lipid metabolism, and antioxidant
defense, including MYC, IL1-8 Caveolin 1 and
SLC1AS (117). Li et al. (2020) demonstrated that
curcumin treatment in breast cancer cells elicits a
ferroptosis-associated gene expression signature,
prominently characterized by the upregulation of
HMOX1/HO-1, linking oxidative stress responses,
iron metabolism, and lipid peroxidation to
ferroptotic cell death (118). Consistent with these
findings, EF24, a synthetic curcumin analog, was
shown to induce ferroptosis in osteosarcoma cells
through transcriptional activation of HMOXI,
further supporting HO-1 as a recurrent ferroptosis-
associated molecular feature of curcumin-based
compounds rather than a single direct target (105).
In colorectal cancer, transcriptome-guided pathway
analyses revealed that combined treatment with
curcumin and Andrographis activates ferroptosis-
related gene networks through coordinated
suppression of antioxidant defense mechanisms,
including GPX4 and ferroptosis suppressor
protein-1 (FSP1), highlighting ferroptosis as an
emergent outcome of large-scale transcriptional
modulation (119). Moreover, a curcumin synthetic
derivative, NLOI, was reported to induce
ferroptosis in ovarian cancer cells via modulation
of the HCAR1/MCT]1 signaling axis, a mechanism
supported by gene expression changes associated
with metabolic reprogramming and redox
imbalance (108). These studies underscore the
value of transcriptomic approaches in uncovering
ferroptosis as a systems-level response to curcumin
and its derivatives, revealing consistent ferroptosis-
associated gene signatures across different cancer
types and compound variants.

In another study employing molecular docking
approaches, hydroxytyrosol, a phenolic compound
derived from olives, was shown to exhibit strong
binding affinities toward several key ferroptosis-
related proteins, including NRF2, NAD(P)
H quinone oxidoreductase 1 (NQOI), PTGS2,

AKRI1C3, and thioredoxin reductase 1 (TrxR1),
in colorectal cancer cells (120). These targets
are critically involved in redox regulation, lipid
peroxidation, and antioxidant defense, underscoring
the potential role of hydroxytyrosol in modulating
ferroptosis-associated pathways. Similarly, Hong et
al. (2021) applied virtual screening and molecular
docking strategies to evaluate the therapeutic
potential of GA in colorectal cancer. Their analyses
revealed that GA displays high binding affinity
toward several prognostically relevant proteins,
including GPX4, TP53, TFRC, and AURKA, all of
which are implicated in ferroptosis regulation and
cancer progression. Beyond these predicted static
interactions, the study suggested that GA actively
contributes to ferroptosis induction by perturbing
iron metabolism and disrupting ROS homeostasis,
thereby reinforcing the functional relevance of
the docking-based predictions (58). Similarly,
oxyresveratrol emerged as a novel ferroptosis
inducer in breast cancer by targeting the EGFR/
PIBK/AKT/GPX4 signaling axis, with molecular
docking analyses confirming stable binding to
GPX4 and upstream signaling proteins (121).

Flavonoids constitute a prominent class of phenolic
ferroptosis modulators with diverse molecular
targets. 4,4’-Dimethoxychalcone was reported to
induce ferroptosis in cancer cells by synergistically
activating the Keapl/NRF2/HMOX1 pathway
while simultaneously inhibiting ferrochelatase
(FECH), thereby increasing intracellular labile iron
levels and promoting lipid peroxidation. These
findings were supported by molecular docking and
mechanistic pathway analyses, illustrating how iron
metabolism and antioxidant signaling converge in
ferroptosis execution (122). Consistently, baicalin
induced ferroptosis in osteosarcoma cells viaanovel
NRF2/xCT/GPX4 regulatory axis, where inhibition
of cystine uptake and GPX4 activity disrupted redox
homeostasis (123). Comparable mechanisms were
observed for nobiletin, which triggered ferroptosis
in melanoma cells through a GSK3p-mediated
Keapl/NRF2/HO-1 signaling cascade, reinforcing
the central role of NRF2-dependent antioxidant
responses in ferroptosis resistance (124). Similarly,
luteolin was demonstrated to trigger ferroptosis
in clear cell renal cell carcinoma by promoting
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HO-1-dependent increases in the labile iron pool
and lipid peroxidation, thereby linking flavonoid-
mediated iron dysregulation to ferroptotic cell death
(125). Finally, hesperetin was identified via network
pharmacology and docking analyses to promote
bladder cancer cell death through modulation of the
PI3K/AKT pathway, indirectly sensitizing cells to
ferroptosis-associated oxidative stress (89).

Consequently, these findings demonstrate that
phenolic compounds regulate ferroptosis through
integrated redox modulation, iron metabolism
dysregulation, and signaling pathway interference,
as revealed by multi-layered computational and
experimental approaches. The convergence of
network  pharmacology, molecular docking,
ADMET analysis, and systems-level validation
highlights phenolic compounds as promising
multi-target agents for ferroptosis-based cancer
therapy and provides a robust framework for future
translational and clinical investigations.

6. Phenolic Compound Integrated Nanomaterials
as Ferroptosis-Inducing Platforms for Cancer
Treatment

Despite the potent regulatory effects of phenolic
compounds on ferroptosis, their clinical translation
of phenolic compounds in cancer therapy is often
limited by pharmacokinetic barriers such as poor
aqueous solubility, rapid metabolism, restricted tissue
penetration, insufficient systemic distribution and low
bioavailability (126). To overcome these limitations,
recent studies have focused on integrating phenolic
compounds into nanostructured delivery systems, which
markedly improve their stability, tumor accumulation,
and therapeutic efficacy while enabling ferroptosis-
based anticancer strategies. Nanocarrier —systems
improve intracellular delivery of phenolics, provide
controlled-release profiles, and contribute to overcoming
multiple drug-resistance mechanisms. Moreover, tumor
microenvironmental features such as acidic pH, elevated
ROS levels, and abnormal vasculature facilitate both
passive (EPR effect) and active targeting of nanoparticles,
thereby enhancing the selectivity of ferroptosis-based
therapies. These nano-enabled platforms include metal-
polyphenol networks, polymeric nanoparticles, lipid-
based nanocarriers, biomimetic systems, and inorganic
nanocomposites (127).

Among these approaches, metal-phenolic coordinated
nanomaterials have emerged as particularly
effective ferroptosis inducers due to their intrinsic
iron content and redox activity (Table 4). Metal-
polyphenol coordination assemblies formed through
supramolecular interactions between Fe?*/Fe** ions
and phenolic ligands generate stable nanostructures
capable of catalyzing Fenton reactions and amplifying
lipid peroxidation. Yu et al. (2022) developed a
Fe(Il)-polyphenol coordinated nanomedicine that
combined photoacoustic imaging guidance with
mild hyperthermia, thereby enhancing iron-catalyzed
lipid peroxidation and inducing ferroptotic cell
death in breast cancer models. The nanoformulation
exhibited potent anticancer efficacy by inducing ROS
production and inhibiting the expression of GPX4 in
both in vitro and in vivo settings. (128). Similarly, self-
assembled Fe-phenolic acid networks were shown
to synergize with ferroptosis pathways, resulting
in significant tumor suppression through iron-
dependent ROS accumulation and GPX4 inactivation
(129). Furthermore, Qing et al. (2025) reported
a supramolecular nanocomposite (bm—Cur—NC)
formed via the coordination of bisdemethylcurcumin
with Cu(Il) exhibiting high aqueous stability and
mitochondrial affinity. Specifically, this nanomedical
product represents the first system capable of
depleting intracellular glutathione (GSH) through
three synergistic mechanisms: suppression of GSH
biosynthesis via SLC7A11 downregulation, Cu(Il)-
mediated GSH redox depletion, and Michael addition
reactions with a polyphenolic framework. The
resulting redox imbalance leads to lipid peroxidation
and mitochondrial dysfunction, triggering ferroptosis
in  drug-resistant cancer cells. bm—Cur—NC
demonstrated strong antitumor activity both in vitro
and in vivo, with ferroptosis identified as the dominant
mode of cell death, and exhibited broad cytotoxic
activity in multiple drug-resistant cancer models
(130). In line with this polyphenol-metal coordination
strategy, Wang etal. (2024) developed an EGCG-based
supramolecular nanocomplex using Fe(III) instead of
Cu(Il) as the catalytic metal center. In contrast to the
Cu-mediated GSH depletion dominant mechanism
reported by Qing et al., the FeE@PEG nanocomplex
primarily generates excess hydroxyl radicals (*OH)
using H,0-sensitive cleavage and Fe(Ill)-driven
Fenton reactions. Simultaneously, EGCG enhances
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Table 4. Nanomaterials integrated with phenolic compounds that trigger ferroptosis in cancer treatment.

Phenolic Nanomaterial Nanosystem Cancer model Ferroptosis-related mechanism | Reference
compound | structure
Gallic acid | Fe(II)-polyphenol Fe-GA@BSA- | Breast cancer cells and Fe(IT)-catalyzed Fenton reaction, (128)
coordinated SRF xenograft breast cancer model | lipid peroxidation, hyperthermia-
nanoparticles co-loaded enhanced ferroptosis
with Sorafenib
Rosmarinic | Self-assembled Fe- Fe-RA Hepatoma-22 (H22) cells and | Iron overload, ROS amplification, |  (129)
acid phenolic acid network xenograft tumor model GPX4 suppression
Curcumin | Polyphenol-metal bm—Cur-NC Cisplatin-resistant HCC Activation of ferroptosis via iron- (130)
supramolecular (HepG2/DDP) cells; HCC dependent lipid peroxidation
nanocomplex mouse model
Catechins | Self-assembled metal- | FeE@PEG SKOV3 ovarian cancer cells Tumor-specific ferroptosis via (131)
(green tea) | phenolic nanocomplex and xenograft mouse model iron redox cycling and ROS
generation
Curcumin | Cancer cell membrane- | MSN-CUR@ SGC7901 and MGC803 gastric | Lipid ROS accumulation, (132)
camouflaged CM cancer cells; mouse xenograft | iron dysregulation, ferroptosis
nanoparticles tumor model induction
Curcumin | Curcumin — Cur-PDANPs | PC-12 cells Iron chelation and redox (133)
polydopamine modulation (ferroptosis
nanoparticles regulation)
Resveratrol | Nanoliposomes co- Rapa/Res HCT116 colorectal cancer cells; | Lipid peroxidation, antioxidant (134)
loaded with rapamycin | liposomes CRC mouse model system inhibition, apoptosis—
ferroptosis crosstalk
Resveratrol | Biomimetic nano- RSV-NPs@ HT29 and HCT116 CRC cells; | Iron metabolism modulation, (29)
delivery system RBCm CRC mouse model ferroptosis induction
Gallic acid | Iron oxide IONP-GA/PAA | glioblastoma (U87MG and Iron overload, ROS-mediated (135)
nanoparticles U373MG); neuroblastoma lipid peroxidation
(IMR32); fibrosarcoma
(HT1080)
Apigenin Fe,0s/Fes0,@mSi0O, | API-Fe203/ A549 lung cancer cells Iron accumulation, oxidative (136)
nanocomposites Fe304@mSiO2- stress, ferroptotic cell death
Apigenin Iron—apigenin FeAPG 4T1, MDA-MB-231 breast Photothermal-enhanced (137)
nanocomplex cancer cells; xenograft tumor | ferroptosis and immune activation
model
Hesperetin | Targeted HFPN 4T1, MDA-MB-231 and AURKA targeting, ferroptosis (138)
nanocomposites BT-549 breast cancer cells; induction, radiosensitization
subcutaneous tumor model
Gallic acid | Ultrasound-responsive | GA-Fe@BSA@ |B16F10 melanoma cells Iron accumulation, oxidative (139)
nanoparticles PTX stress, ultimately leading to
mitochondrial damage, lipid per-
oxidation, and apoptosis

ferroptotic stress by promoting H,O, production via
auto-oxidation and depleting intracellular GSH,
leading to significant lipid peroxidation and ferroptosis
in chemotherapy-resistant ovarian cancer models
(131). These findings highlight how metal selection
critically determines the ferroptotic pathway activated
by polyphenol-based nanomedical drugs.

Polymeric (e.g., PLGA, chitosan, PEG-modified
systems)andhybridnanocarriersincorporatingphenolic
compounds further enhance ferroptosis-mediated

anticancer effects by improving intracellular delivery
and controlled release. Curcumin-loaded nanoparticles
camouflaged with cancer cell membranes represent
a biomimetic polymer-based system that enhances
tumor targeting and immune evasion while triggering
ferroptosis in gastric cancer via excessive lipid
peroxidation and iron dysregulation (132). In contrast,
curcumin-polydopamine nanoparticles have been
reported to chelate iron and modulate oxidative stress,
highlighting that the ferroptotic outcome of phenolic
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nanoformulations strongly depends on nanocarrier
composition and iron availability (133).

Lipid-based nanocarriers, particularly nanoliposomes,
have also been successfully employed to co-
deliver phenolic compounds and synergistic agents.
Nanoliposomal encapsulation of resveratrol in
combination with rapamycin significantly enhanced
both apoptotic and ferroptotic cell death in colorectal
cancer by promoting lipid ROS accumulation and
impairing antioxidant defenses (134). Biomimetic
resveratrol-loaded nano-delivery systems have further
demonstrated tumor-specific ferroptosis induction
through modulation of iron metabolism and membrane
lipid peroxidation (29).

In addition to organic nanocarriers, inorganic and
magnetic nanocomposites incorporating GA provide
multifunctional  ferroptosis-based  therapeutic
platforms. Iron oxide nanoparticles and Fe-based
nanocomposites inherently promote ferroptosis
through iron overload and ROS generation
(135).  Apigenin-loaded  Fe,03/Fe30,@mSiO,
magnetic nanocomposites significantly enhanced
intracellular iron accumulation and oxidative
stress, leading to ferroptotic cell death in lung
cancer cells (136). Moreover, multifunctional iron-
apigenin nanocomplexes integrating photothermal
therapy have been shown to amplify ferroptosis
while simultaneously activating antitumor immune
responses in triple-negative breast cancer (137).

These studies demonstrate that phenolic compound-
integrated nanomaterials not only overcome the
pharmacokinetic limitations of free phenolics but
also actively participate in ferroptosis induction
through iron delivery, redox modulation, and lipid
peroxidation amplification. The rational design
of nanocarrier composition (metal-coordinated,
polymeric, lipid-based, or inorganic) plays a
decisive role in dictating ferroptotic sensitivity and
therapeutic outcomes, highlighting the promise of
nanotechnology-enabled phenolic compounds as
next-generation anticancer agents.

Beyond polyphenol-metal redox nanocomplexes,
emerging nanotherapy platforms incorporate additional
physical or procedural triggers to further learn ferroptotic
cell destruction. Guo et al. developed a hesperetin-
based nanocomposite that enhances radiotherapy in

triple-negative breast cancer by inducing AURKA-
dependent ferroptosis (138). In parallel, Wang et al.
designed an ultrasound-resistant nanocatalyst capable
of simultaneously activating ferroptosis and apoptosis,
leading to effective suppression of metastatic uveal
melanoma (139). These approaches highlight the
expanding design of ferroptosis-inducing nanomedical
applications that integrate redox regulation with
radiotherapy or sonodynamic activation.

7. Future Perspective

Future studies should focus on improving the
translational potential of ferroptosis-targeting
strategies by addressing key challenges such as
bioavailability, pharmacokinetics, and tissue-
specific delivery of ferroptosis modulators. In
addition, the identification of reliable ferroptosis-
related biomarkers will be critical for patient
stratification and therapeutic monitoring in clinical
settings. Combining ferroptosis-modulating agents
with conventional therapies, such as chemotherapy
or radiotherapy, may also represent a promising
approach to enhance treatment efficacy and overcome
therapeutic resistance, ultimately facilitating the
transition of ferroptosis-based interventions from
preclinical research to clinical application.

8. Conclusion

This review comprehensively examines the
regulatory effects of plant-derived phenolic
compounds on ferroptosis by integrating molecular
mechanisms, preclinical anticancer evidence, in
silico and system-level network pharmacology
analyses, nanotechnological delivery strategies,
and clinical translation considerations. Collectively,
these interconnected layers form a unified
framework explaining how phenolic compounds
can modulate ferroptosis in a context-dependent
manner, exhibiting stimulatory or inhibitory
effects depending on cellular redox status, iron
metabolism, and disease context, thereby providing
high therapeutic selectivity. Within this framework,
the phenolic-ferroptosis axis emerges as an
innovative anticancer strategy with high potential
for overcoming drug resistance, reducing off-
target toxicity, and supporting the development of
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personalized therapeutic approaches. However, safe
and effective clinical translation of this information
will require rigorously designed, mechanism-
oriented, and large-scale clinical trials.
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Abstract

Introduction: The micellar environment formed by the aggregation of surfactants at a specific concentration, known as
the critical micelle concentration (CMC), behaves like a simple biological system and is thus considered a pseudo-model
of a biological system. Owing to these properties, which define them as mimetic systems, the microscopic environment
created by surfactant micelles is similar to phospholipid membranes, allowing micelles to serve as models for biological
membrane systems. Therefore, data on the binding of drugs to micelles is important as it can elucidate the drug’s
mechanism of action. Due to these interesting and unique physicochemical properties, surfactant micelles are widely
used as a simple pseudo-model even for highly complex biomembranes. Therefore, this study aims to investigate the
interactions of the antiviral drug Oseltamivir phosphate (OP) and the anticoagulant drug Enoxaparin sodium (ES) with

different micellar systems.

Methods: The interactions of ES and OP with anionic, cationic, and nonionic surfactants were examined by the
spectrophotometric method (UV-Vis), and their binding constants to micelles were calculated. Tween 20 (nonionic),
sodium dodecyl sulfate (SDS) (anionic), and cetyltrimethylammonium bromide (CTAB) (cationic)-surfactants frequently

used in pharmaceutical applications as models for mimetic systems-were selected for this study.

Results: The results of this study are expected to provide information about the behaviour of OP and ES in micellar
systems that model biological membranes, as well as offer insight into the effectiveness of surfactants used in the

improvement of drug formulations.

Conclusions: Given the importance of micellar systems in drug development, these results also offer practical insights

for selecting the right pharmaceutical additives to create novel dissolving media for various applications.

Keywords: Drug-membrane interaction, enoxaparin sodium, oseltamivir phosphate, spectrophotometry (UV-Vis),

surfactant micelles
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1. Introduction

Effectively developed drug delivery systems are
crucial for the production of pharmaceutical products
that are both safe and effective. The strategic use
of surfactants, or surface-active agents, which are
amphiphilic molecules with both hydrophilic (loving
water) and lipophilic (loving oil) regions, is at the
fundamental basis of many of these formulations.
They serve a role in drug formulation for processes
including solubilization, emulsification, wetting, and
improving bioavailability because of their special
structure, which lowers surface and interfacial
tension. Surfactants are frequently used to stabilize
suspensions and emulsions, change the kinetics
of drug release, and dissolve poorly water-soluble
drugs. However, in a formulation, a drug rarely exists
in isolation; it interacts chemically and physically
with all excipients, including surfactants (1-7).

The resulting drug-surfactant interaction is a complex
phenomenon that dictates the final properties, stability,
and therapeutic performance of the pharmaceutical
product. These interactions can manifest in various
ways, from the partitioning of drug molecules into
surfactant micelles to the formation of specific drug-
surfactant complexes at interfaces or in bulk solution.
Understanding the nature and magnitude of these
interactions is crucial for drug development, as even
a slight change in the surfactant-to-drug ratio or
environmental conditions (e.g., pH, temperature) can
significantly alter the drug’s thermodynamic activity,
solubility, and ultimately, its absorption profile in the
body. Therefore, for ensuring the quality, effectiveness,
and reproducibility of the pharmaceutical dosage
forms, analytical studies and accurate data publishing
relating to drug-surfactant physicochemical behaviour
are still crucial. Furthermore, the significance of
surfactants in the pharmaceutical industry is increased
by the restricted water solubility of many active
pharmaceutical ingredients (APIs). This is particularly
important since a lot of biological activity takes place
in the hydrophobic core of membranes or on their
surfaces. Surfactants are active in a wide range of
environments, including body fluids, bacterial cell
surfaces, and animal cell membranes. Furthermore,
surfactant micelles can form compartments with
distinct properties (hydrophobic and hydrophilic),
enabling the selective solubilization and transport of

various substances within these compartments. This
property makes them suitable for controlled drug
transport and release (1,2).

Studies of the physical characteristics of molecules
binding to membranes are simplified by surfactant
micelles’ amphiphilic nature, which enables the use of
simple models that mimic biological membrane systems.
Accordingly, the physicochemical interaction of a drug
and a micelle is considered an approach to modelling the
drug’s interactions with biological surfaces (1,7-10).

This helps in understanding the more complex
issue associated with drug transport across the
cell membrane. Estimating the amount of drugs
incorporated into membranes can be made possible
by determining their binding constants, which relate
to the basic molecular interaction between the drug
and biological tissues. Based on this information,
this study investigated the interactions of nonionic
Tween 20, anionic sodium dodecyl sulfate (SDS),
and cationic cetyl trimethylammonium bromide
(CTAB) surfactant micelles-which were selected as
mimetic models with different molecular structures
and hydrophobic characteristics-with ES and OP. The
present study attempted to identify how ES and OP
interact with the examples of mimetic systems include
anionic, nonionic, and cationic micelles of surfactants.

OP is an antiviral medication that inhibits the the
ability of influenza virus to replicate within body cells
by preventing the virus from chemically binding to its
host. OP is an antiviral inhibitor that effectively and
selectively inhibits the influenza virus’sneuraminidase.
The IUPAC name of OP is (3R,4R,5S) ethyl-4-
acetamido-5-amino-3-(1-ethylpropoxy)  phosphate
carboxylate of cyclohexene (11). ES is the sodium
salt of a heparin possessing a low molecular mass.
ES is an anticoagulant that reduces the formation of
blood clots. It is used to treat or prevent deep vein
thrombosis (DVT), a kind of blood clot that can cause
pulmonary embolism. The ITUPAC name of ES is
6-[5-acetamido-4,6-dihydroxy-2-(sulfooxymethyl)
oxan-3-yl]oxy-3-[5-(6-carboxy-4,5-dihydroxy-
3-sulfooxyoxan-2-yl)oxy-6-(hydroxymethyl)-3-
(sulfoamino)-4-sulfooxyoxan-2-yl]oxy-4-hydroxy-5-
sulfooxyoxane-2-carboxylic acid (12-14).

The interactions were evaluated quantitatively
and qualitatively using spectrophotometric
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measurements. Based on absorbance and
wavelength variations, the Benesi-Hildebrand
Equation (15) was applied to determine the binding
constants of both drugs to the micelles.

2. Methods

2.1. Materials

OPand ES were supplied by Atabay Kimya Company
(Istanbul, Turkey). The chemical structures of
surfactant micelles are given in Table 1.

Table 1. The molecular structures and CMC values of SDS,
CTAB and Tween 20.

Surfactant Molecular structure CMC (mmol/L)
@]

5DS CH3(CHy) O—g—ONa 8.00
C,H,.S0,Na s '

i
CTAB CHS(CH2)15_|}J+_CH3 Br 0.92
C,H,BrN SHg
Tween 20 T : Owoo

0.05

CisH10s6 h fy creces

The SDS, CTAB, and Tween 20 used were obtained
from Sigma Co. Doubly distilled, high-purity water
was used to prepare the solutions. Fig 1 shows the
molecular structures of OP and ES.

?
O—?—O Na*
o}

CHs . HgPO,4 b 2:)

C') HO NH HO
0=S—O'Na* O—S—O Na* O—S—O Na*

I
o]

Figure 1. Molecular structures of OP and EP.

2.2. Method

The UV spectra of the fixed concentration of drugs
(with and without surfactants) were recorded using a
computer-connected Shimadzu UV-2100S double-
beam UV-visible spectrophotometer. The instrument
utilized a water-jacketed thermostatic cell holder and

a matched pair of 1.0 cm path length cuvettes. All
measurements were repeated at least three times, and
the maximum wavelength (A ) showed excellent
repeatability of +0.1 nm. The spectrophotometric
values reported here represent the mean of at least
three measurements performed at 298 K. The relative
Standard Deviation (SD) was consistently < 1.1%.

2.3. Quantifying Binding Degree of Drugs using
the Modified Benesi-Hildebrand Equation (KB)

The binding constant (K,) was calculated to quantify
the interaction (binding degree) of the drugs OP
and ES with the surfactant micelles of SDS, CTAB
and Tween 20. The K, value that describes how
a substance (likely a drug or molecule), interacts
with micelles is calculated using the pseudophase
model. The pseudophase model treats micelles and
the surrounding water as distinct compartments
or “pseudophases” where the drug molecule can
reside. The equilibrium for drug binding to a
micelle is represented as:

Drug (D) + Micelle M) S D. M

An improved comparison of this interaction degree
was obtained using a modified variation of the
Benesi-Hildebrand equation (1), which is applicable
at high surfactant concentrations (14).

11 1

—_—
AM As K, [C,](Ae) 0

In this equation, [C,,] is the concentrations of the
drug and the micelle, where [C ] equals the total
surfactant concentration minus the CMC (C, = total
surfactant concentration — CMC. The terms A and
A, denote the drug absorbance in the presence and
absence of surfactants (AA=A—A ), and Ac is the
difference in molar extinction coefficients (g,
g, ) in the presence and absence of micelles. €, is
the molar absorption coefficient of drugs when it
is completely bound to the micelles. A linear plot
of the of 1 /( AA) against 1/[C|,] confirms that this
model and equation are applicable for determining
K, and ¢ ,. The linearity of the 1/AA versus 1/[C,]
plot also confirmed that OP and ES binds to the
micelles to form a 1:1 complex (8-10).

In this study, the CMC was determined by monitoring
the change in the absorption spectrum upon the
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interaction of OP and ES, which is indicative of
micelle formation. Notably, the CMC values for
ionic surfactants in the presence of fixed drug
concentrations differed from their CMCs in pure
water. However, no such change in the CMC was
observed for the non-ionic surfactant, Tween 20.

3. Results
3.1. Micellar binding of OP

OP is a new ester prodrug and neuraminidase inhibitor
used to treat influenza types A and B. Since oseltamivir’s
hydrophobic group causes poor oral absorption, the
drug was developed as a phosphate salt to enable oral
administration. OP is the salt form of oseltamivir,
a small-molecule antiviral prodrug. Its ionization
primarily depends on its basic functional group (the
amine) and its acidic counterion (the phosphate). The
active metabolite, oseltamivir carboxylate, also has a
carboxylic acid group with an approximate pKa of 4.3,
which significantly affects its properties. The pKa
7.9 is the most cited value for the amine group of the
parent drug itself. In our experimental conditions, the
medium pH is above 4.3, resulting in the existence of
more stable OP cations. Depending on the concentration
range, OP can be easily identified in pharmaceutical
formulations at wavelengths 0o 208.5, 217, and 215 nm.
OP, a cationic drug (chemical structure shown in Figure
1), exhibits the maximum absorption band at 209 nm.
The absorption spectra for OP within the Lambert-Beer
law’s linear concentration range in an aqueous medium
are plotted in Fig 2.

° ©0.01 mM
©0.02 mM

©0.04 mM
©0.06 mM
©0.08 mM

Absorbance

2
>N

0.3

0

190 200 210 220 230 240

Wavelength (nm)

250 260 270

The change in absorbance of a fixed concentration
(0.04 mM) of OP at 209 nm was monitored in the
present study to analyse how OP interacts with
varying concentrations of SDS, CTAB, and Tween
20 (both below and above their CMCs) at 298 K.
Figures 3, 4, and 5 show the associated absorption
spectra of OP in the presence and absence of
CTAB, SDS, and Tween 20 micelles, respectively,
to compare their impact on spectral behaviour of
OP. In the presence of nonionic surfactant Tween
20, there was no spectral interaction observed
with OP below the CMC. Conversely, when the
surfactant concentration exceeded the CMC, all
studied surfactants caused a progressive increase
in absorbance. The only weak interaction observed
was between OP and CTAB micelles, due to the
electrostatic repulsion.
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Figure 3. Absorption spectra of OP in various concentrations
of SDS at 298 K.
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Figure 2. UV-Vis absorption spectra of OP in an aqueous
medium at 298 K.

Figure 4. Absorption spectra of OP in various concentrations
of CTAB at 298 K.
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Figure 5. Absorption spectra of OP in various concentrations
of Tween 20 at 298 K.

The variation of absorbance values of OP in
the presence of Tween 20, CTAB, and SDS was
illustrated in Figures 6 and 7. As shown in Fig
7, OP’s absorbance dropped sharply as the SDS
concentration increased up to 1.0 mM, although
its spectral characteristics remained unchanged.
This initial decrease in absorbance is evidence
that a complex is forming between the OP and
SDS molecules. The onset of micelle formation
was detected by monitoring changes in the
absorption spectrum of OP; this spectral shift
served as the basis for determining the CMC in
this study (9,16).
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Figure 6. The absorbance change of 0.04 mM OP with the
concentrations of Tween 20 at 298 K
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Figure 7. The absorbance changes of 0.04 mM OP with the
concentrations of SDS and CTAB at 298 K.
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The highly linear plots (R*>0.99) of 1/AA vs 1/C,,
for all experiments confirmed that OP binds to the
micelles in a 1:1 complex (Fig 8a and 8b). Binding
constants (K) were calculated using equation (1)
and are summarized in Table 2 along with their
associated errors and correlation coefficients. Since
OP and CTAB did not interact, it was not possible to
calculate the binding constant. Overall, the spectral
data showed that the affinity of the drug-micelle
interaction varied among the surfactants, following
the order: Tween 20 > SDS > CTAB.

Table 2. The CMC and calculated binding constants (KB) for
the interaction of OP and ES with SDS, CTAB and Tween 20
micelles using UV-vis spectroscopy at 298 K.

or ES
Surfactant | K, CMC |CMC"™ |K, CMC |CMC™
M) |mM) ((mM) M) |[(mM) | (mM)
Tween 20 |1459.70 [0.05 |0.05 2034.71 |0.05 0.05
SDS 89.08 |1.0 8.0 - - 8.0
CTAB - - 092 21551 0.8 0.92

*Error limit in KB values is + 5%. The correlation coefficients (R2)
are 0.9988, 0.9987 for OP in the presence of SDS and Tween 20,
respectively and 0.9938, 0.9958, for ES, in the presence of Tween 20
and CTAB, respectively. CMCO values that are consistent with the
literature obtained by conductometric measurement in water (17).
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Figure 8a. Lincarized Benesi-Hildebrand plot for the binding
of OP (0.04 mM) to SDS micelles.
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Figure 8b. Linearized Benesi-Hildebrand plot for the binding
of OP (0.04 mM) to Tween 20 micelles.

3.2. Micellar binding of ES

ES, chemically a white crystalline powder,
exhibits practical solubility in water and
free solubility in 0.1 N HCI. Clinically, it is
preferred over unfractionated heparin due to
its enhanced bioavailability and extended half-
life, which enable a reduction in the frequency
of subcutaneous administration (12-14). Due
to its polymeric structure as a complex mixture
of sulfated polysaccharide chains, it does not
have a single, defined pKa value, but rather
a distribution of values corresponding to its
numerous functional groups. Enoxaparin is a
strong polyacid, meaning it is highly ionized
under almost all physiological conditions. Since
ES is a polyanionic molecule, its activity is
dependent on its high negative charge density,
derived from functional groups that have very low
pKa values. These groups are extremely acidic
and are essentially fully ionized (as R-OSO;,) in
aqueous solution across the entire physiological
pH range. In our experimental conditions, the
medium pH is approximately 5-6, resulting in the
existence of more stable ES anions. Within the
proper concentration range of the Lambert-Beer
Law, the anionic drug ES, the molecular structure
of which was shown in Fig 1, was examined in
an aqueous medium. The maximum absorption
of ES occurs at 230 nm, and the ES spectra of
absorption are shown in Fig 9.
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200 210 220 230 240 250

260
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Figure 9. UV-Vis absorption spectra of ES in an aqueous
medium at 298 K.

The interaction of a fixed concentration
(0.04 mM) of the drug ES with SDS, CTAB, and
Tween 20 at 298 K was studied by monitoring the
change in the absorbance of ES at 230 nm with
a wide range of surfactant concentrations both
below and above their CMCs. The absorption
spectra (Figures 10, 11, and 12) were used to
compare the influence of surfactants on the
spectral behaviour of ES. Below the CMC, no
spectral interaction was observed between ES and
the nonionic surfactant Tween 20. However, as
the surfactant concentration exceeded the CMC,
all three surfactants contributed to a gradual rise
in ES absorbance, except for SDS, which showed
a small increase. An exception was the weak
interaction with SDS micelles, evidenced by a
minimal change in absorbance and attributed to
electrostatic repulsion. In contrast, a sharp initial
drop in the absorbance of ES was seen with CTAB
up to 0.8 mM (Fig 13), indicating the formation
of an ES-CTAB complex without altering the
spectral shape. The change in the absorption
spectrum of ES was also used as the basis for
determining the CMCs of the surfactants. The
overall variation in ES’s absorbance with each
surfactant is detailed in Figures 13 and 14.
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Figure 10. Absorption spectra of ES in various concentrations

of SDS at 298 K.
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Figure 13. The absorbance changes of 0.04 mM ES with the
concentrations of SDS and CTAB at 298 K.
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Figure 14. The absorbance changes of 0.04 mM ES with the
concentrations of Tween 20 at 298 K.

Based on the highly linear plots (R?> 0.999) shown
in Fig 15a and 15b, the binding of ES to the micelles
occurs through a 1:1 complex. The calculated binding
constants (K,) (Table 2) showed that Tween 20
exhibited the strongest affinity, followed by CTAB.
Conversely, the lack of interaction between ES and
SDS due to the electrostatic repulsion meant its
binding constant could not be determined, placing the
overall affinity order at Tween 20 > CTAB > SDS.

CTAB

20.0 40.0 60.0 80.0

1/Cy

100.0 120.0 140.0 160.0

Figure 15a. Linearized Benesi-Hildebrand plot for the binding
of ES (0.04 mM) to CTAB micelles.
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Figure 15b. Linearized Benesi-Hildebrand plot for the binding
of ES (0.04 mM) to Tween 20 micelles.

4. Discussion

In the present study, to understand the in vivo
behaviour of OP and ES, their interaction with
different types of micelles was investigated. The
results provide valuable information about the
character and properties of the binding of the drugs
to these structures, which serve as models for
various biological components. Fig 16 illustrates
the similarities between micelles and biological
membranes, which are often referred to as mimetic
systems. It can be clearly seen that there is a
fundamental similarity between a spherical micelle
and a flat lipid bilayer (biological membrane). Both
systems self-assemble due to the hydrophobic effect,
orienting their hydrophilic head groups toward the
water and sequestering their hydrophobic tails away
from the aqueous environment. This structural
analogy allows micelles to function as mimetic
systems for studying drug-membrane interactions
and also acting as effective drug carriers.

Biological Membrane
(Lipid Blayer)

Hydroiphlic Heads Micelle
face water ~ ------ i
Tail

Hydroiphlic face water
(inside & outside cell)

Agqueeus Environment
Hydroiphlic

Head Group Hydroiphlic

. «— Nonpolar
X 0 Tails
2
Q)
5

) Hydrobobic
Tails shieled
from water

N Cao

F iphlic Tails
shielled from water

Hydroiphlic
Head Group

Embedded

Nonpolar Molecule Nonpolar Molecules

Aqueeus Environment Membrane Protein

Figure 16. Micelles as mimetic drug delivery systems

In the present study, the observed spectral changes
and increased absorbance above the CMC indicate

that OP and ES successfully bind to the Tween 20,
CTAB, and SDS micelles. Conversely, no binding
was detected between the cationic OP and the
cationic surfactant CTAB in the same way as anionic
ES and anionic SDS. This lack of interaction may be
attributed to electrostatic repulsion and inadequate
hydrophobic attraction. It was hypothesized that
the strongest interaction would occur between
oppositely charged drugs and surfactants, given
the presence of both electrostatic attraction and
hydrophobic forces. This expectation aligns with
the observed lack of interaction between ES-SDS
and OP-CTAB micelles. Despite this, both ES and
OP were found to bind more strongly to the nonionic
micelles than to the ionic CTAB or SDS micelles.
The superior binding strength is likely due to the
nonionic micelles’ aqueous polyoxyethylene oxide
mantle, which provides a more accommodating
environment for drugs compared to the anionic
or cationic sites of ionic micelles. The observed
variance in the binding constant is mainly a
result of the distinctive micellar environments.
Specifically, there is a correlation between the
local polarity around the micelle and the ethylene
oxide (EO) residues of nonionic surfactants, such
that a decrease in polarity leads to an increase in
the binding constant. The structure of a micelle is
characterized by three zones: a nonpolar core of
hydrocarbon tails, a Stern layer of head groups, and
the diffuse Gouy—Chapman layer containing the
majority of counterions. The binding location of the
drug molecule is determined by the nature of both
the drug and the micelle, resulting in localization
within either the nonpolar core or the micelle—water
interface. The fact that the maximum absorbance
wavelengths of ES and OP don’t significantly
change upon the addition of surfactants indicates
that both drugs are binding at the micelle-water
interface (18-20). In this study, we also found that
the presence of ES and OP consistently lowered the
CMC forionic surfactants. In case of SDS and CTAB
micellar solutions, the addition of both ES and OP
exhibited a neutral salt effect, effectively reducing
the electrostatic repulsion among the charged head
groups. Specifically, when added to ionic micelle
solutions, ES and OP acted as a neutral salt, which
reduced the electrostatic repulsion between the
charged head groups
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The chemical mechanisms driving the drug-micelle
interactions are governed by a competition between
electrostatic forces and hydrophobic partitioning,
mediated by the structure of the micelle. In
conclusion, the study of the binding affinity of
ES and OP with structurally different surfactants
(CTAB, SDS, and Tween 20) leads to the following
points:

1. The Role of Electrostatic Repulsion

The most definitive mechanism observed is
electrostatic repulsion, which prevents strong
binding between identically charged components.
The anionic drug (ES) exhibited no detectable
binding with the anionic surfactant (SDS). The
cationic drug (OP) exhibited no detectable binding
with the cationic surfactant (CTAB). This lack
of interaction confirms that simple electrostatic
repulsion, combined with insufficient hydrophobic
drive, governs when binding cannot occur.

11. The Superiority of Nonionic Binding

Despite the hypothesis that opposite charges should
yield the strongest binding (due to electrostatic
attraction), both the anionic (ES) and cationic
(OP) drugs bound more strongly to the nonionic
surfactant (Tween 20) than to the oppositely
charged ionic micelles. The nonionic micelle’s
structure, specifically its aqueous polyoxyethylene
oxide mantle, provides a highly accommodating
environment for the drug molecules. This
environment is chemically superior for partitioning
compared to the more rigidly defined anionic or
cationic surfaces of the ionic micelles. A decrease
in the local polarity around the nonionic micelle’s
ethylene oxide (EO) residues directly correlates
with an increase in the binding constant, indicating
that the partitioning is highly dependent on localized
polarity changes within the interface.

1I1. Binding Location

The exact location of drug incorporation is
critical to the mechanism. The micelle structure
is characterized by a nonpolar core, a Stern layer
(head groups), and a diffuse Gouy—Chapman
layer (counterions). The fact that the maximum
absorbance wavelengths of ES and OP do not
significantly change upon surfactant addition

indicates that the drugs are not penetrating deep
into the nonpolar core. Instead, both drugs are
binding at the micelle-water interface, where they
are influenced by both the hydrophobic tails and the
surrounding aqueous environment.

5. Conclusion

This study employed spectrophotometric analysis
to model the binding behaviour of antiviral
(OP) and anticoagulant (ES) drugs with anionic
(SDS), cationic (CTAB), and non-ionic (Tween
20) surfactant micelles, thereby simulating drug-
membrane interactions at a molecular level. The
overall strength of the drug-micelle interaction was
found to be greater in nonionic micelles of Tween
20 than in ionic ones. This binding trend directly
correlates with the hydrophobic character of the
surfactants, i.e., the lower the CMC, the higher
the hydrophobicity, confirming that hydrophobic
interaction is crucial for the micellar binding,
particularly as it enhances the binding constant
(K,) values of OP and ES in ionic and nonionic
systems depending on the chemical structure of
drugs. Given the importance of micellar systems in
drug development, these results also offer practical
insights for selecting the right pharmaceutical
additives to create novel dissolving media for
various applications. Furthermore, by modelling
drug-membrane interactions, this study enhances
understanding of the behaviour of ES and OP within
biological organisms.
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Abstract

Introduction: Methotrexate (MTX), is a widely used drug however it can cause tissue toxicity; but the concurrent use of
antioxidants may help reduce this damage. This study investigates the therapeutic properties of alpha-lipoic acid (a-LA)

and Quercetin (Que) on MTX-induced oxidative stress in the rat liver.

Methods: The experimental groups were designed as: C: Control, MT: MTX-given group (20 mg/kg, i.p. single dose),
MT+a-LA: MTX+a-LA given group (20 mg/kg, i.p. for 5 days), and MT+Q: MTX+Que given group (20 mg/kg, i.p. for 5

days). Liver tissues were analyzed using biochemical, histopathological, and electrophoretic mobility shift assays.

Results: There was a significant increase in lipid peroxidation (LPO) and nitric oxide levels (NO) and a decrease in
glutathione (GSH) levels, superoxide dismutase (SOD), catalase (CAT), and glutathione-S-transferase activities in the MT
group compared to the control. MTX caused a significant increase in alkaline phosphatase (ALP) and sialic acid (SA) levels
and decreased boron level and tissue factor activity. Biochemical results related to hepatotoxicity were also correlated
with the histological examinations. Administration of a-LA and Que regulated LPO, GSH, ALP, SA, and boron levels, as

well as SOD and CAT activities. Besides, Que was found to be more effective at restoring these values to normal levels.
Conclusions: The results suggest that a-LA and, in particular, Que may help alleviate MTX-induced liver damage.

Keywords: Alpha lipoic acid, methotrexate, oxidative stress, rat; quercetin;
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1. Introduction

Methotrexate (MTX), a folate antimetabolite, is
widely utilized in the treatment of various immune-
mediated and neoplastic disorders (1). It is clinically
employed to manage chronic inflammatory
diseases, such as rheumatoid arthritis and psoriasis,
and the treatment of certain malignancies, including
osteosarcoma (2). The primary mechanism of
MTX in oncology is the inhibition of dihydrofolate
reductase, which blocks the intracellular production
of reduced tetrahydrofolate (3). This suppression
limits the synthesis of thymidylate and certain
amino acids, thereby inhibiting DNA synthesis
and cell proliferation. Additionally, MTX inhibits
thymidylate synthase, an enzyme essential for the
formation of deoxythymidine monophosphate
(dTMP). The disruption of these pathways by MTX
impairs the synthesis of DNA, RNA, and ATP,
ultimately halting cellular replication (4).

Folate deficiency induced by MTX impacts
mitochondrial function because mitochondria require
folate for various processes and results in cellular
dysfunction that increases the generation of reactive
oxygen species (ROS) due to impaired antioxidant
defense mechanisms and mitochondrial dysfunction.
Besides, MTX inhibits the deamination pathway
of adenosine and adenosine monophosphate.
Thus, increased extracellular adenosine levels
result from low-dose MTX’s anti-inflammatory
and immunosuppressant effects (3,4). Moreover,
MTX causes various toxicological side effects,
such as teratogenicity, infertility, and neurotoxicity
by forming ROS that damage cell components.
Depletion of folate, which causes disturbances in
the metabolism of purine and pyrimidine bases, is
thought to cause liver damage (5).

Alpha lipoic acid (a-LA), or thioctic acid, is
produced in the mitochondria in all prokaryotic
and eukaryotic cells. It is mainly found in the
heart, kidney, and liver in animal tissues; it is
also found in tomatoes, spinach, and broccoli in
plants, thus, it can be used as a food supplement.
Dihydrolipoic acid, the reduced form of a-LA,
repairs functional parts of the cell, such as proteins
and lipids, protects DNA from damage in oxidative
reactions, and acts as a cofactor for various

enzymes in the antioxidant defense system and as
a chelating agent for heavy metals (6). Alpha-LA is
indicated for the amelioration of complications of
several neurological disorders, including diabetic
neuropathy and Alzheimer’s disease (7).

Quercetin (Que), the most abundant flavonoid in
the Mediterranean diet, is found in many seeds,
vegetables, and fruits. Que prevents cell death
and oxidative damage by scavenging oxygen
radicals and chelating metal ions to protect against
lipid peroxidation. In addition to its therapeutic
activities, Que stimulates mitochondrial biogenesis
and inhibits lipid peroxidation (8).

The liver is an organ that performs various tasks in
maintaining life. It has many vital functions, such
as detoxification, defence against infections, control
of energy sources, and production of some proteins.
Since MTX is primarily metabolized in the liver by
enzymes like dihydrofolate reductase and glutamate
hydrolase, the metabolic products of MTX can be toxic
to hepatocytes, leading to liver injury. While several
studies have examined the effects of antioxidants in
conjunction with MTX therapy, there is a relative lack
of comparative studies evaluating the differences in
their protective effects. Therefore, this study examines
the potential protective and therapeutic role of a-LA
and Que on MTX-induced liver damage in rats.

2. Methods

2.1. Drugs and Chemicals

MTX (50 mg/5 mL) was obtained from Kogak Farma
Pharmaceutical and Chemical Co. (Istanbul, Turkey),
and o-lipoic acid (Catalog Number: 1077-28-7) and
quercetin (Catalog Number:117-39-5) were obtained
from Sigma-Aldrich Chemical Company (St. Louis,
MO, USA). All other chemicals and solvents used
were of best available analytical grades.

2.2. Animals and Ethics Statement

Approval of the study was granted by the Marmara
University Animal Care and Use Committee
(71.2015.mar). Adult male Wistar albino rats
(200-250 g) were purchased from Aziz Sancar
Experimental Medicine Research Institute, Istanbul
University, Istanbul, Turkiye.
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This study used four animal groups, six rats for each
group as follows: 1) C: the control group, received
only physiological saline, ii) intraperitoneal (i.p.)
MT: injected MTX (20 mg/kg body weight, i.p. single
dose), ii1)) MT+ a-LA: injected a-LA (20 mg/kg body
weight, i.p. for five days) after MTX (20 mg/kg body
weight i.p. injection), and iv) MT+Q: injected Que
(20 mg/kg body weight i.p. for five days) after MTX
(20 mg/kg body weight i.p. injection). On day 6th,
rats were sacrificed under anesthesia, liver tissues
were resected and divided into two parts — the left half
of the liver tissues were taken for histopathological
analysis, and the right half of the tissues were taken
and stored at — 20°C until the day of the experiment
for biochemical analyses.

2.3. Biochemical Analysis

Liver homogenates [10% (w/v)] were prepared
with physiological saline (0.9% g NaCl) solution
for the biochemical analysis. Total protein level
and the parameters investigate oxidative stress;
lipid peroxidation (LPO) and nitric oxide (NO),
antioxidant  parameters; glutathione (GSH),
superoxide dismutase (SOD), catalase (CAT),
glutathione-S-transferase (GST), and structural
and functional parameters; alkaline phosphatase
(ALP), sialic acid (SA), boron and tissue factor
(TF) were measured spectrophotometrically, also
electrophoretic mobility shift assays were done
in the liver according to the methods described
previously (9).

2.4. Histopathologic Analysis

For light microscopic investigation, liver tissue
samples taken from the experimental animals
were fixed in 10% neutral buffered formaldehyde
at room temperature. The tissues were dehydrated
by ascending alcohol series (70%, 90%, 96%, and
100%), cleared in toluene, kept in paraffin in an
oven at 60°C, and embedded in paraffin blocks at
room temperature. Following the staining of the
approximately 5 um thick paraffin section with
hematoxylin and eosin (H&E), they were examined
and photographed with a microscope (ZEISS-Axio
Scope A, Goéttingen, Germany) attached camera
(ZEISS Axiocam 105 color, Gottingen, Germany).
For histopathological analysis, each section was

evaluated by the following criteria: 1) vacuolization
of hepatocytes and pyknotic nucleus, ii) vascular
congestion and dilatation of sinusoids, and iii)
activation of the Kupffer cells and inflammatory
cell infiltration. Each criterion was scored using
the semiquantitative scale as follows: 0 (none), 1
(mild), 2 (moderate), and 3 (severe).

2.5. Statistical Analysis

GraphPad Prism 9.0 (GraphPad Software, San
Diego, CA, USA) program was used for statistical
analysis. The one-way ANOVA method and Tukey
test were used to compare the mean of more than
two groups and to interpret the differences between
subgroups in the variables with a difference. P value
<0.05 was considered significant.

3. Results

3.1. Effects of MTX, oa-LA, and Que
administration on hepatic oxidative stress markers

The effects of MTX, a-LA, and Que on hepatic
ROS generation were investigated by evaluating
the levels of LPO and NO (Table 1). Administration
of MTX significantly elevated LPO and NO
levels than group C (p<0.01). Both a-LA and Que
reduced LPO levels compared to the (p<0.01).
Administration of a-LA decreased the NO level
significantly compared to the MT group (p<0.05).
Although a slight decrease was observed in NO
level after Que administration to the MT group, the
result was insignificant (p>0.05).

Table 1. Comparison of LPO and NO values in liver tissues
between the experimental groups.

Experimental | LPO NO

Groups (n=6) | (nmoL MDA/mg | (nmoL. MDA/mg
protein) protein)

C 5.9440.57 15.34+2.04

MT 10.3140.56** 21.34+].8**

MT+a 7.17+1.48« 19.05+1.18¢

MT+Q 6.3+1.76% 19.72+0.68

n: number of animals. Values are given as mean + standard
deviation. LPO: Lipid peroxidation, NO: Nitric oxide, C:
Control group, MT; Methotrexate group, MT+a-LA: Alpha
lipoic acid given methotrexate group, MT+Q: Quercetin
given methotrexate group. “p<0.01 compared to the group C,
*p<0.05, “p<0.01 compared to the MT group.
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3.2. Effects of MTX, a-LA, and Que on hepatic
antioxidant markers

As shown in Table 2, the GSH level and activities of
SOD, CAT, and GST were decreased significantly in
the MT group than the group C (p<0.05). GSH level
and, SOD and CAT activities increased significantly
in the MT+o-LA group compared to the MT group
(p<0.05). Besides, Que was also effective in elevating
hepatic GSH levels and SOD and CAT activities
compared to the MT group (p<0.05) (Table 2). Neither
a-LA nor Que changed GST activity (p>0.05).

Table 2. Comparison of GSH, SOD, CAT, and GST values in
liver tissues between the experimental groups.

Experimental | GSH (mg/g | SOD (U/mg | CAT (U/mg|GST (U/g
Groups (n=6) | protein) protein) protein) protein)
C 4.03£0.16 | 1.14+0.39 |92.62+2.97 |94.42+7.7
MT 2.06+0.65" | 0.63+£0.16" | 77.06+6.53" | 78.38+8.31"
MT+a 3.04+0.41* | 1.10+0.23** | 84.76+3.14* | 80.88+6.38
MT+Q 3.16+0.64* | 1.11£0.25* | 85.88+3.82* |85.86+4.53

n: number of animals. Values are given as mean + standard deviation.
GSH: Glutathione, SOD: Superoxide dismutase, CAT: Catalase,
GST: Glutathione-S-transferase, C: Control group, MT; Methotrexate
group, MT+a-LA: Alpha lipoic acid given methotrexate group,
MT+Q: Quercetin given methotrexate group. “p<0.05, “p<0.01
compared to the group C, *p<0.05 compared to the MT group.

3.3. Effects of MTX, a-LA, and Que on Hepatic
Structural and Functional Markers

The effect of MTX, a-LA, and Que administration on
ALP, SA, and boron values and TF activities in liver
tissue is shown in Table 3. MTX caused an increase in
ALP and SA levels compared to the group C (p<0.05).
Que decreased ALP and SA levels significantly
compared to the MT group (p<0.05); however, the
decrease with a-LA administration was insignificant.
Hepatic boron levels reduced significantly in the
MT group, and Que elevated the results significantly
(p<0.05). Prolonging the time in TF activity means
that the activity decreases. TF activity of the MT
group reduced significantly than group C (p<0.05).

Table 3. Comparison of ALP, SA, Boron and TF values in
liver tissues between the experimental groups.

Experimental | ALP (U/mg |SA (mg/g |Boron TF activity
Groups (n=6) | protein) protein) (ppm) (second)

C 261.5+16.84 | 6.06£0.42 |2.79+0.48 |74.83£7.46
MT 300.8+19.73" | 7.23+0.43" | 1.32+0.74™ | 85.83+3.06"
MT+a 281.2+11.75 |6.28+0.9 |2.240.56 | 78.33+10.07
MT+Q 27348.36¢ 6.04+1.11¢ |2.4+0.62* | 85.045.72

n: number of animals. Values are given as mean + standard
deviation. ALP: Alkaline phosphatase, SA: Sialic acid, TF: Tissue

factor, C: Control group, MT; Methotrexate group, MT+a-LA:
Alpha lipoic acid given methotrexate group, MT+Q: Quercetin given
methotrexate group. *p<0.05, **p<0.01 compared to the group C,
ap<0.05 compared to the MT group.

3.4. SDS-polyacrylamide Gel Electrophoresis
Results

The liver samples analyzed through SDS-PAGE
showed protein bands at the same position for all
samples, with molecular weights ranging from
21 to 136 kD. When assessed through the Image
J program, some unsignificant differences in the
densities of the protein bands were detected in the
electrophoretic examination of the groups. The MT
group showed an increase in the band density of
the protein with a molecular weight of 117, 110,
84, 78, 38, and 24 kD than those of the group C,
and a decrease was observed in these bands in the
MT+a-LA and MT+Q groups compared to the MT

group (Fig. 1).
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Figure 1. SDS-PAGE patterns of liver tissue protein of the
groups. St: Standard protein mixture (bovine albumin:66
kD; egg albumin: 45 kD; glyceraldehyde-3-phosphate: rabbit
muscle, 36 kD and bovine carbonic anhydrase: 29 kD); MW:
Molecular weight: C: Control group, MT; Methotrexate
group, MT+o-LA: Alpha lipoic acid given methotrexate
group, MT+Q: Quercetin given methotrexate group.

3.5. Histological Results

A normal morphology of liver parenchyma with
regular hepatocytes and sinusoids was seen in
the group C (Fig. 2A). In the MT group, severe
degeneration of hepatocytes with cytoplasmic
vacuolization and pyknotic nucleus, sinusoidal
dilatation and congestion, inflammatory cell
infiltration, and increased activated Kupffer cells
were observed (Fig. 2B). On the other hand, all
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these histological alterations were decreased in
the liver parenchyma of the MT+a-LA and MT+Q
groups compared to the MT group (Figure 2C, D).
The histopathologic score of the MT group was
significantly higher than the C group (p<0.01). On
the other hand, the histopathological scores of the
MT+a-LA and MT+Q groups were significantly
lower compared to the MT group (p<0.01). There
was no statistically significant difference between
the histopathological score of the MT+a-LA group
and the MT+Q group (Fig. 2E).
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Figure 2. Representative light micrographs (A-D) and the
graph of the histopathologic score (E) of the liver in the
experimental groups. A: Normal liver parenchyma with
hepatocytes and sinusoids was seen in the control group.
B: Degenerated hepatocytes with cytoplasmic vacuolization
(arrows), pyknotic nucleus (broken arrow), marked sinusoidal
dilatation and congestion (asterisk), and Kupffer cells
(arrowheads), and inflammatory cells (thick arrow-inset) were
seen in the MT group. C: Besides hepatocytes with normal
morphology (arrows) in many areas, degenerated hepatocytes
and mild sinusoidal dilatation (asterisk) were observed in
the MT-+a-LA group. D: Besides hepatocytes with normal
morphology (arrows) in many areas, degenerated hepatocytes
and mild sinusoidal congestion (asterisk) were observed in
the MT+Q group. Original magnification: x200, H&E stain.
E: **p<0.01 compared to the C group, aap<0.001 compared
to the MT group. C: Control group, MT; Methotrexate group,

MT+a-LA: Alpha lipoic acid given methotrexate group,
MT+Q: Quercetin given methotrexate group

4. Discussion

Chemotherapeutic drugs show their anticancer
effects by disrupting tumor cells’ structures or
metabolic pathways. However, they cannot be
used selectively against cancer cells and can cause
potentially serious side effects at therapeutic
doses. The group of antimetabolites, including the
frequently used MTX, is also among the treatments
that cause serious side effects (2,10). MTX can cause
a wide variety of toxicological effects, biochemical
dysfunctions, and severe changes in enzyme levels
and cellular structures-functions. It is known that
MTX is converted to 7-hydroxymethotrexate in
the liver, its extracellular metabolite, and stored
as its polyglutamated form. However, long-term
use of MTX can cause the accumulation of MTX
polyglutamates, which MTX hepatotoxicity (2).

According to peer-reviewed studies conducted
to understand the MTX-related liver toxicity, it
is thought to develop due to oxidative stress (11).
Excessive free radicals resulting from oxidative
stress overwhelm the body’s defence system
and disrupt metabolism, and the reason behind
the damage is the loss of antioxidant molecules.
This situation can result in increased production
of reactive substances, such as MDA (a reactive
substance of LPO), and NO (a gas-formed free
radical in the cell), resulting in hepatotoxicity and
tissue damage. Mitochondrial dysfunction and
concomitant ROS generation have been proven to
mediate autophagic cell death (5).

MTX also can reduce the antioxidant levels, which
in turn lowers the effectiveness of the body’s
natural defense system against ROS. GSH plays
a crucial role in maintaining cell integrity, while
SOD, CAT, and GST are antioxidants that are
effective in detoxification. These antioxidants are
essential for protecting the cell against oxidative
stress. According to previous studies (5,12,13),
MTX administration causes elevated MDA and NO
levels. Besides, it was determined that GSH levels
and antioxidant enzymes, such as SOD and CAT
decreased significantly following MTX intoxication
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(14). In a related study (15), GST and CAT
activities in the MTX-induced damage group were
found to be decreased. It was concluded that MTX
administration triggers ROS production, thereby
increasing oxidants and reducing antioxidants (16).
Consistent with previous findings, our study showed
that LPO levels (an indicator of ROS generation)
increased significantly in the MTX-treated group
compared to Group C; conversely, GSH levels,
as well as CAT, GST, and SOD activities, were
significantly reduced. According to these results,
MTX-induced damage appears to occur through
two primary mechanisms: direct cellular toxicity
and increased ROS production. Furthermore, MTX
inhibits several antioxidant enzymes, thereby
elevating LPO levels and exacerbating oxidative
stress.

ALP is a vital enzyme in the calcification process;
its expression is linked to inflammation, and
abnormal levels of ALP may indicate tissue damage
(17). SA is a part of the cell structure and plays a
crucial role in functioning biological systems.
Also, SA determines the inflammatory state and
tissue destruction (18). Boron is an important
trace element for the body because it regulates
biological processes and metabolism. It affects
brain functions and skeletal health and regulates the
immune system (19). TF is one of the regulators of
thrombosis, an initiator of the coagulation cascade
in the body. In case of organ damage, TF quickly
stops bleeding to prevent excessive blood loss and
ensures hemostasis (9). To our knowledge, this
is the first study that attempts to investigate both
a-LA and Que treatment on MTX-induced tissue
damage on boron level and TF activity of the liver
tissue in rats. Exposing MTX caused an increase in
ALP and SA levels and decreased boron levels and
TF activity in the liver, which is a sign of structural
and functional changes in the liver tissue caused
by MTX administration. Elevated liver ALP levels
may be a sign of disrupted normal functions, and
the increase in liver SA levels may be a response
to tissue self-protection against damage caused by
MTX administration. Also, this increase may be
due to SA’s protective effect in reducing damage
by creating a negative charge on cell membranes.
Decreased boron levels are also another sign of

damage in liver tissue. Boron, which functions as
an antioxidant in the organism, may have decreased
due to the reduced activities of the other antioxidant
enzymes in the tissue. Prolonged TF activity may
indicate that the body is delayed in repairing the
injury. The electrophoretic examination shows
that MTX caused a boost in the band density of
the proteins with a molecular weight of 117, 110,
84, 78, 38, and 24 kD compared to the control.
The structural and functional proteins in the liver
maintain the proper and regular functioning of the
tissue. Any disruption or change in the arrangement
of these proteins may cause dysfunction or
insufficiency of the liver.

Our altered biochemical results related to
hepatotoxicity were also correlated with the
histological examinations. Both a-LA and Que
efficiently neutralized the structural and functional
changes resulting from the MTX application; Que,
in particular, brought the parameters to a controlled
level. Our results suggest that both a-LA and Que
treatment on MTX had positive effects on the
liver, especially since Que was more effective
in neutralizing damage and using substances
with antioxidant properties to prevent tissue
damage caused by MTX. Alpha LA helps to form
cellular antioxidants by making them reusable by
regenerating (20). According to previous studies,
a-LA treatment to MTX administration elevates
SOD activity and GSH levels and reduces MDA
levels, and also reverses the decreased antioxidant
parameters (21,22). Besides, a-LA has beneficial
effects on fatty liver disease patients by reducing
ALP levels were reported (23). The antioxidant
capacity of a-LA in the inflammatory process by
reducing SA levels in plasma was also pointed out
(24). In our study, we found that a-L A administration
to MT significantly decreased MDA and NO levels,
and decreased GSH levels, SOD and CAT activities,
compared to the MT group.

The protective effects of Que have been
documented in various models of chemically-
induced hepatotoxicity (25). For instance, Que
administration was shown to normalize elevated
MDA and depleted GSH levels in ethanol-
induced injury (26). Similarly, Similarly, in MTX-
administered rats, Que acted as a therapeutic agent
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by reversing MTX-induced lipid peroxidation and
restoring SOD activity (27). While most studies,
such as those involving lipopolysaccharide/D-
galactosamine-induced injury, report an increase
in GSH levels following Que treatment (28),
contrasting results have been observed in other
models. In chlorpyrifos-induced testicular damage,
for example, Que was found to decrease previously
elevated antioxidant enzymes and ALP levels
(29). This reduction in ALP levels suggests that
Que possesses
(30). Consistent with these findings, our research

membrane-stabilizing activity

demonstrated that Que administration to MTX-
treated rats significantly reduced MDA, ALP, and
SA levels while elevating GSH content and the
activities of SOD and CAT.

The experimental study demonstrated that MTX
induced oxidative stress in rat liver tissue, leading to
increased generation of ROS and a significant reduction
in antioxidant levels. Both a-LA and Que were effective
in reducing oxidative stress and protecting tissue
against damage, and thus, they may be promising drugs
for preventing MTX-induced liver damage.

5. Conclusion

We experimentally demonstrated that oxidative
damage caused by MTX administration could
be biochemically reversed by o-LA and Que
administrationinlivertissue. Que was more effective
in normalizing the investigated biochemical and
functional parameters, although both a-LA and Que
are hepatoprotective agents for oxidative stress. The
present study, however, is limited by the absence of
parameters in the blood, as the sample amount was
insufficient for determining parameters.
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Abstract

Introduction: Primary Biliary Cholangitis (PBC) is an autoimmune liver disease characterized by chronic destruction of
intrahepaticbileducts, leading tofibrosisand eventual liver failure. Currentfirst-line treatments, including ursodeoxycholic
acid (UDCA) and obeticholic acid (OCA), provide insufficient therapeutic benefit for a substantial proportion of patients.
Integrative systems-level analyses of multi-omic data enable the identification of potential therapeutic targets and the

repurposing of existing drugs.

Methods: A total of 214 human genes associated with PBC were retrieved from NCBI Gene and DisGeNET databases.
Protein-protein interaction (PPI) networks were constructed using STRING and subsequently analyzed for hub genes
and network clusters using Cytoscape. Pathway enrichment analysis was performed using Reactome, and drug-gene
associations were evaluated using the DSigDB database. Selected drug-target interactions were further assessed using

experimentally validated binding data from BindingDB and molecular docking results generated by SwissDock.

Results: The network analysis produced 187 nodes which connected through 1,645 edges. Hub gene analysis highlighted
TP53, IL6, CXCL8, STAT3, IFNG, JUN, and CDKN1A as central regulators of immune and apoptotic signaling pathways.
The Reactome analysis showed that interleukin and TP53-mediated pathways achieved statistical significance at an FDR
value of less than 0.05. The FDA has approved six compounds for medical use including Simvastatin and Budesonide
and Tocilizumab and N-acetylcysteine and PD98059 and Vorinostat which demonstrate supportive experimental or

computational evidence of target engagement.

Conclusions: This integrative network-based framework identified central molecular regulators and repurposable
drugs for PBC. Further experimental and clinical studies are required to determine the therapeutic potential of these

candidates in autoimmune liver disease.

Keywords: Computational validation, cytokine signaling, drug repurposing, hub genes, primary biliary cholangitis
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1. Introduction

Primary Biliary Cholangitis (PBC) is a chronic
autoimmune liver disease characterized by the
progressive destruction of small intrahepatic bile
ducts. This process leads to cholestasis, hepatic
inflammation, and, if left untreated, progression to
cirrhosis and eventual liver failure. Although PBC
canoccuratany age, itpredominantly affects middle-
aged women. Clinically, the disease is diagnosed
based on a characteristic triad comprising the
presence of antimitochondrial antibodies, elevated
liver enzyme levels, and chronic cholestasis (1-3).
The etiology of PBC is multifactorial and involves
a complex interplay of genetic predisposition,
epigenetic modifications, and environmental
triggers (4-6). A central immunopathological
mechanism is T lymphocyte—mediated destruction
of biliary epithelial cells, which disrupts bile duct
architecture and initiates progressive fibrotic
remodeling of the liver (7-10). Recent omics-based
studies have further demonstrated that dysregulation
of the Interleukin-6 (IL6)/Signal Transducer
and Activator of Transcription 3 (STAT3) axis,
interferon gamma (IFNG) signaling, and oxidative
stress-related pathways act synergistically to
promote immune-mediated biliary injury in PBC
(10-16). These findings highlight IL6, IFNG, and
C-X-C Motif Chemokine Ligand 8 (CXCLS) as
key molecular nodes with therapeutic relevance.

Ursodeoxycholicacid (UDCA) remains the first-line
therapy for PBC, while obeticholic acid (OCA) has
been evaluated as a second-line option for patients
with an inadequate response to UDCA. However,
approximately 30-40% of patients fail to achieve
sufficient biochemical or clinical improvement
with UDCA-based therapy (3,17-21). Notably, the
conditional marketing authorization application
for OCA was withdrawn by the sponsor in 2024,
underscoring ongoing challenges in optimizing
second-line treatment strategies (22-24). Despite
these advances, a substantial unmet need remains,
particularly for therapies that directly target immune-
mediated inflammation, fibrotic remodeling, and
cytokine-driven signaling pathways implicated
in PBC pathogenesis. Most currently available
treatments primarily modulate bile acid metabolism
or lipid homeostasis and may not adequately

address immune and inflammatory mechanisms in
all patients. Therefore, complementary therapeutic
strategies targeting immune and stress-response
pathways may provide additional clinical benefit.

Drug repurposing has emerged as an efficient and
cost-effective approach to accelerate therapeutic
development for complex and rare diseases such
as PBC. By identifying new clinical indications
for existing FDA-approved drugs, this strategy
reduces development time, cost, and safety-related
uncertainty. Drug repurposing is particularly
well suited to immune-mediated disorders,
where pathway redundancy and compensatory
signaling often limit the efficacy of single-target
interventions (17,25-29). Network pharmacology
integrates systems biology with pharmacological
datatoidentify disease-relevantmolecularnetworks,
regulatory hub genes, and candidate drugs capable
of modulating multiple interconnected pathways
(15,30).

In the present study, we applied a network-based
drug repurposing strategy to identify potential
therapeutic agents for PBC. Using a curated list
of 214 PBC-associated genes obtained from the
NCBI Gene and DisGeNET databases (31), we
constructed a protein—protein interaction (PPI)
network using Search Tool for the Retrieval of
Interacting Genes/Proteins (STRING) (32) and
visualized it in Cytoscape (33). Topological analysis
enabled the identification of highly connected hub
genes within the network. These hub genes were
subsequently interrogated using the Drug Signature
Database (DSigDB) to identify candidate drugs with
repurposing potential (34). Tocilizumab, targeting
IL6 signaling, and N-acetylcysteine (NAC),
associated with IFNG-related oxidative stress
pathways, were selected for further computational
validation based on their biological relevance and
central network positions. Drug—target interaction
plausibility was evaluated using experimentally
validated binding data from BindingDB (35) and
molecular docking simulations performed with
SwissDock (36,37).

This integrative framework aims to complement
existingbileacid-and metabolism-centered therapies
by highlighting immune — and fibrosis-related
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molecular targets and clinically accessible drugs
with repositioning potential. By bridging network
biology with pharmacological validation, this study
provides a hypothesis-generating approach to guide
future experimental and translational investigations
in precision hepatology.

2. Methods

2.1. Gene Selection

Multiple biomedical databases with reliable multi-
omic data integration were used to retrieve disease-
associated genes for systematic characterization of
the PBC genetic landscape.

The NCBI Gene database (https://www.ncbi.nlm.
nih.gov/gene) serves as a centralized repository
for gene-specific information maintained by the
National Center for Biotechnology Information.
The research extracted gene entries which received
the Medical Subject Heading (MeSH) term
“Primary Biliary Cholangitis” annotation. This
query enabled the identification of established PBC-
associated genes supported by multiple evidence
sources, including genome-wide association
studies, differential expression analyses, functional
experiments, and expert manual curation.

The research team expanded their study by
using DisGeNET (https://www.disgenet.org/) to
obtain more evidence from structured biomedical
knowledge sources which integrates gene-disease
associations from UniProt and CTD databases
and animal models and high-throughput literature
mining. Specifically, we retrieved genes associated
with the unique disease identifier Concept Unique
Identifier (CUI): €0021446, corresponding to
“Primary Biliary Cholangitis”. The evaluation of
each gene-disease association used DisGeNET
evidence scores to determine the most relevant
biological targets.

Following data retrieval, all gene symbols were
harmonized and standardized to official HGNC
(HUGO Gene Nomenclature Committee) gene
symbols to ensure interoperability and downstream
compatibility. The normalization process solved
previous issues that resulted from outdated
gene names and platform-dependent aliases and

synonyms. Duplicate records between databases
were removed using string-matching algorithms in
Microsoft Excel, followed by manual verification
to ensure data accuracy characterize.

As a result of this rigorous curation pipeline, we
assembled a non-redundant list of 214 unique
protein-coding genes with established or inferred
associations with PBC pathophysiology. The
researchers used the selected gene panel to construct
interaction networks which revealed crucial
molecular hubs that play a role in PBC disease
progression. However, it must be emphasized
that network-derived drug candidates represent
hypothesis-generating outputs rather than proven
therapeutic options and therefore require careful
evaluation against existing clinical evidence.

2.2. STRING-based PPI Network Construction

To elucidate the molecular interplay among the 214
PBC-associated genes identified in Section 2.1, we
constructed a comprehensive PPI network using the
STRING database (version 12.0; https://string-db.
org). STRING serves as a major repository that
integrates experimentally validated and predicted
protein interactions derived from multiple evidence
sources, including high-throughput experimental
data, curated biological databases, text mining of
scientific literature, co-expression patterns, and
computational predictions.

The HGNC-standardized gene
uploaded to STRING using
parameters:

symbols were
the following

I.  Organism: Homo sapiens (taxonomy ID: 9606)

I1.
confidence threshold suitable for exploratory
disease-specific network analyses)

III. Active interaction experimental
evidence, curated databases, co-expression,
neighborhood, gene fusion, and co-occurrence

IV. Additional interactors: none (analysis
restricted to the 214 PBC-associated proteins).
Self-interactions were excluded, and the network
was treated as undirected to reflect bidirectional
functional protein interactions.

Minimum interaction score: > 0.40 (medium-

Sources:
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STRING generated an interactome including both
experimentally verified physical interactions and
predicted functional associations. Edge confidence
scores were retrieved to permit weighting of
interaction strength in subsequent analyses.
The resulting network file was exported in tab-
separated values (TSV) format containing protein
attributes and interaction metrics for downstream
visualization and topological evaluation.

The exported file was then imported into Cytoscape
version 3.10.0 (Cytoscape Consortium, San Diego,
CA, USA) for advanced network visualization and
quantitative analysis of key network properties
such as node degree, betweenness centrality, and
clustering coefficients. This integrative pipeline
produced a reproducible PPI network framework
that served as the basis for subsequent hub-gene
prioritization, module detection, and pathway
enrichment analysis.

To address potential interaction noise, a sensitivity
analysis was also performed using a higher
STRING confidence threshold (0.7), restricted
to experimentally validated and curated database
interactions. Network topology and hub-rank
stability were compared across thresholds to ensure
robustness of the identified key regulators. At the
higher confidence threshold (0.7), key hub genes
including IL6, TP53, STAT3, JUN, and v-rel avian
reticuloendotheliosis viral oncogene homolog A
(RELA) remained among the highest-ranked nodes,
indicating that hub-rank stability was preserved
and that the network architecture was not driven by
low-confidence interactions. The hub-gene analysis
was repeated using a high-confidence STRING
threshold (> 0.70), restricted to experimental and
curated-database interactions. Hub-rank stability
was evaluated across thresholds.

2.3. Network Visualization and Hub Gene
Identification

The STRING network data were imported
into Cytoscape for systems-level analysis of
PPI dynamics in PBC using this open-source
visualization platform.

We used the NetworkAnalyzer plugin in Cytoscape
to calculate different topological metrics for each

gene product node in the network which included
degree, betweenness centrality and closeness
centrality. Node degree represents the number of
direct connections a given node has and is used
to infer its potential role as a signaling hub. The
number of shortest paths that pass through a node
determines its betweenness centrality value because
it shows how much the node affects information
transfer in the network. Closeness centrality,
defined as the inverse of the average shortest path
length to all other nodes, captures the efficiency of
a node’s communication and influence across the
interactome.

Each of these centrality measures offers
complementary insight into the structural and
functional hierarchy of the interactome. All
calculations were performed under default
conditions without node or edge filtering. The
network’s degree distribution was fitted to a power-
law model by log-log linear regression using degree
frequency data in Cytoscape’s NetworkAnalyzer,
yielding an R? = 0.87, consistent with a scale-free
topology characteristic of biological networks.

Genes ranking in the top 10th percentile for node
degree were designated as putative hub genes,
based on the well-established principle that hubs
are frequently critical to network integrity and
may serve as master regulators in disease-relevant
signaling cascades. This threshold is consistent
with prior systems-biology literature, where the top
decile of the degree distribution is widely applied
to distinguish true regulatory hubs from general
high-degree nodes while preserving biological
interpretability. These genes were further shortlisted
for downstream drug repurposing analysis due to
their high potential as pharmacological targets.

The PPI network visualization used prefuse force-
directed layout optimization to generate its layout
structure while node size and color followed degree
centrality for hubness representation.

2.4. Cluster Detection via MCODE

The Molecular Complex Detection (MCODE)
plugin in Cytoscape enabled us to find densely
connected regions in the protein—protein interaction
network. The algorithm identifies clusters of densely
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connected nodes which could indicate important
biological protein complexes or functional modules.

Default MCODE parameters were applied to ensure
reproducibility and consistency with previous
studies. The researchers used a degree cutoff of 2
to select nodes with at least two connections and
a node score cutoff of 0.2 to exclude low-scoring
nodes and a K-core value of 2 to find the central
core subgraph and a maximum depth of 100 to
define cluster extension distance from seed nodes.

The MCODE algorithm produced clusters which
researchers validated through their analysis of
literature and pathway database verification from
Reactome and KEGG. The dual-step method
validated each identified module by showing both
statistical significance and biological importance
which enabled researchers to determine vital
molecular pathways in PBC.

2.5. Pathway Enrichment Using Reactome

To functionally the biological
processes associated with PBC, we performed
pathway enrichment analysis using the Reactome
Pathway Browser (version 86; https://reactome.
org). The expert-curated resource Reactome
provides detailed mappings of genes and proteins to
biological pathways, enabling researchers to study
cellular and disease mechanisms at high resolution.

characterize

Pathway enrichment analysis was first performed
using the full set of 214 PBC-associated genes,
in order to avoid hub-driven pathway bias and to
capture the broader disease-relevant signaling
architecture. In a secondary, hypothesis-focused
analysis, we repeated enrichment using the 30 top-
degree hub genes to examine whether these highly
connected regulators preferentially mapped to
cytokine — and interleukin-related pathways.

For both analyses, official gene symbols were
used to ensure compatibility with the Reactome
database. In the primary analysis, the input gene
set consisted of all 214 PBC-associated genes
identified in Section 2.1. In the secondary analysis,
the input gene set was restricted to the 30 hub genes
with the highest node degree centrality in the PPI
network.

Results from the full-gene-set enrichment are
presented in the main text and figures, whereas
hub-only enrichment outputs are provided in
Supplementary Fig S1.

The following parameters were applied during
analysis: species was set to Homo sapiens; the false
discovery rate (FDR) threshold was defined as <
0.05 using the Benjamini—Hochberg correction; the
minimum pathway overlap was set to three genes;
and the analysis type was over-representation based
on the hypergeometric test.

The researchers applied strict criteria to achieve
statistical reliability when they chose biological
pathways showing substantial gene enrichment
patterns. The background gene universe was set to
the entire Homo sapiens genome, consistent with
the default Reactome over-representation analysis
parameters.

Reactome outputs were filtered to retain only
statistically significant results (FDR< 0.05). The
researchers analyzed different pathways based on
FDR values and biological importance through
their examination of immune pathways such as
interferon signaling and cytokine networks and
apoptotic mechanisms and metabolic pathways
related to cholestasis and liver damage.

The researchers added annotations to each enriched
pathway which included the number of shared genes
and FDR values and biological processes related
to the results. Multiple signaling pathways were
identified that are implicated in PBC pathogenesis
and these pathways present potential targets for
therapeutic treatments.

The researchers conducted additional analysis
of Reactome-enriched pathways to determine
their relationship with hub gene connectivity and
established drug targets for drug repurposing.
The research team selected pathways with
multiple druggable hub genes for pharmacological
The
analysis model was built through cross-linking

investigation. integrated network-based
Reactome outputs with drug—gene associations for

systematic drug repurposing evaluation.

49

pharmedicinejournal.com



Pharmedicine J. 2026, Volume 3, Issue 1

The researchers used drug—gene interaction data to
create a mechanistic framework which connected
molecular hubs to possible therapeutic approaches.

2.6. Drug-Gene Interaction Analysis

To identify potential therapeutic agents for PBC
via drug repurposing, we conducted drug-gene
interaction analysis using the DSigDB (Drug
Signatures Database) through the Enrichr web-
based platform (https://maayanlab.cloud/Enrichr/).
DSigDB provides curated associations between
genes and drug-induced gene expression signatures,
making it a valuable resource for network
pharmacology-based drug discovery.

Importantly, DSigDB does not catalogue direct
drug—target interaction data, but rather compound-
induced gene-expression signatures. Accordingly,
DSigDB-derived hits in this study were treated
as hypothesis-generating pharmacogenomic leads
rather than as confirmed drug-target relationships.

The full list of top-ranked hub genes obtained from
protein-protein interaction network analysis was
uploaded to Enrichr for enrichment analysis using
DSigDB as the target library. The identification of
clinically relevant candidates involved selecting
FDA-approved drugs with defined molecular
targets and mechanisms of action, particularly those
with potential relevance to liver disorders, fibrosis,
and immunomodulation.

We obtained drug-gene association metadata through
manual curation of DrugBank and PubChem
databases and primary literature sources for each
enriched association. The curated information
included drug names and classifications and known
indications and target genes and mechanisms of action
and current liver and autoimmune disease applications
and potential PBC treatment possibilities which we
evaluated as high moderate or low based on functional
significance and existing scientific evidence.

The output data was organized in Supplementary
Table S1 and presented through a bar graph (Fig
4) to show the top candidate drugs based on their
combined enrichment score and pharmacological
plausibility. The integrative analysis resulted in
the selection of multiple FDA-approved drugs

for additional validation as potential repurposing
candidates in PBC.

Following enrichment analysis, an additional clinical-
biological filtering step was applied. Candidate drugs
were evaluated according to: (i) biological plausibility
based on the enriched immune and fibrotic pathways,
(1) existing evidence in autoimmune or cholestatic
liver disease, and (iii) feasibility and known hepatic
safety, including reported hepatotoxicity profiles,
hepatic metabolism, and cholestasis-related risk.
Drugs lacking reasonable translational plausibility
were downgraded in repurposing priority and
interpreted as exploratory.

2.7. Computational Validation of Drug-target
Binding Affinities

The results from DSigDB enrichment analysis
(Section 2.6) were validated through BindingDB
database and SwissDock molecular docking
server binding affinity assessments for drug—
gene associations. This dual strategy integrated
experimentally measured ligand—target interactions
with computational docking simulations to assess
the pharmacological relevance of the candidate
drug—target pairs identified for PBC.

2.7.1. Binding affinity data retrieval (BindingDB)

Binding affinity values (ICso, Ki, or K ) were
obtained from the BindingDB database (https://

www.bindingdb.org/) for drug—target pairs
shortlisted in the DSigDB-based analysis.
Experimentally  validated interactions were

available for the following pairs:

PD98059—-MAP2K1 (MEKI1): ICso = 2.8 uM -
inhibition of MAPK phosphorylation by activated
MEKI1.

*  Budesonide-NR3C1: ICso =0.5-1.6 nM - high-
affinity binding to the human glucocorticoid
receptor.

e Simvastatin-HMGCR: ICso = 4.3-18 nM -
inhibition of microsomal HMG-CoA reductase
activity.

e Vorinostat-HDACI1/HDAC2: K; = 10-50 nM
- inhibition of recombinant human histone
deacetylases 1 and 2.
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For N-acetylcysteine and Tocilizumab, no
quantitative BindingDB data were available for their
specific PBC-related targets. These interactions
were therefore evaluated computationally via
molecular docking simulations.

2.7.2. Molecular docking (SwissDock)

Molecular docking simulations were carried out
using the SwissDock server (http://www.swissdock.
ch) to explore the potential molecular interactions
between candidate drugs and their respective
targets. The Protein Data Bank (PDB) provided
protein structures which underwent preprocessing
to eliminate water molecules and heteroatoms
before initiating the docking procedure. The
PDB ID 1FG9 crystal structure with all available
chains received energy minimization and cavity
optimization treatment before IFNG docking.

The IFNG—N-acetylcysteine complex underwent
SwissDock’s Accurate mode analysis with these
parameters: Attracting Cavities 2.0 as the method
and medium sampling exhaustivity and one
Random Initial Condition (RIC) and box center
coordinates at 34, — 5, — 19 and box dimensions
of 20 x 20 x 20 and buried cavity prioritization.
Docking simulations generated multiple clusters,
with Cluster 0 — Member 1 showing the highest
ranking, characterized by an Attracting Cavities
(AC) score of —24.70 (unitless) and a SwissDock/
SwissParam—estimated binding free energy (AG)
of —6.62 kcal/mol, indicating a moderate binding
affinity compatible with physiological interactions.
The ligand established multiple hydrogen bonds
and ionic bonds with surrounding residues inside
the binding cavity which indicated a possible weak
to moderate regulatory connection.

The researchers started docking Tocilizumab—
IL6 receptor (IL6R) but they could not perform
structural modeling because the 3D data of the
receptor—Fab interface was not available.

Docking simulations were performed for exploratory
assessment of structural plausibility only. Because
NAC is a small redox-active molecule rather than
a classical receptor-binding ligand, the docking
results were not intended to imply physiologically
relevant affinity.

2.7.2.1. Tocilizumab-IL6R interaction validation
(Literature and structural evidence)

The IL6-IL6R-Tocilizumab complex does not
have a complete crystal structure which makes
small-molecule docking analysis impossible so
researchers confirmed Tocilizumab’s binding to
IL6R through structural analysis and scientific
literature.

Tocilizumab functions as a humanized monoclonal
antibody  which  specifically targets both
soluble (sIL6R) and membrane-bound (mIL6R)
interleukin-6 receptor forms to stop their interaction
with gp130 and block JAK/STAT signaling. The
PDB contains structural data (IDs: 3L5H, 4CNI)
that shows the partial Fab—IL6R binding domains
and shows how the antibody physically blocks IL6
from binding to its receptor.

According to kinetic data from biophysical assays,
Tocilizumab exhibits subnanomolar affinity for
IL6R (K d = 24 x 107! M) as determined by
surface plasmon resonance and competitive binding
studies (38,39). The drug achieves its strong IL6
signaling inhibition and clinical effectiveness in
autoimmune and inflammatory diseases because of
its exceptionally high binding affinity.

The experimental validation and structural
characterization results led to the conclusion
that Tocilizumab—IL6R interaction was proven
experimentally so it was removed from additional
computational docking analysis.

Accordingly, tocilizumab was not treated as a
computationally docked candidate in this study;
rather, 1its inclusion reflects experimentally
established IL6R binding and network/pathway
relevance.

2.7.3. Data integration and prioritization

BindingDB and SwissDock results were qualitatively
integrated to assess the strength and plausibility of
each drug—target interaction. The study defines strong
interactions as those which bind to experimentally
validated high-affinity targets (ICso or K; < 100 nM).
The docking-derived interactions which showed
binding energies of AG<-6 kcal/mol were considered
as potentially relevant.
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The results of both experimental and computational
validations are summarized in Table 2. Collectively, the
integrated computational validation corroborated the
mechanistic plausibility and pharmacological relevance
of the proposed repurposed drug candidates in PBC.

3. Results

3.1. PPI Network Topology

Of the 214 genes, 187 were mapped in STRING
to known protein interactions, yielding a network
with 1,645 edges (Fig. 1). The network displayed
features of a scale-free topology typical of biological
systems, indicating robustness and modularity.
The degree distribution followed a power-law fit
(R? = 0.87), consistent with a scale-free network.
The complete STRING-derived protein—protein
interaction dataset contains all edge confidence
scores and interaction types and is provided in
Supplementary Table S2. This network architecture
indicated the presence of key hub nodes likely
driving the molecular pathogenesis of PBC.

Figure 1. Protein—protein interaction network of 187 PBC-
associated genes constructed using STRING (V12.0).The
network comprises 187 nodes and 1,645 edges representing
known and predicted protein interactions. Each node
corresponds to a protein encoded by a gene associated with
PBC. Edges indicate functional associations derived from
experimental data, curated databases, co-expression patterns,
and text mining. Nodes are color-coded by clustering or
interaction strength. The network exhibits scale-free topology,
characteristic of biological systems, suggesting the presence
of functional hubs and modularity.

3.2. Hub Gene Identification

Based ontopological analysis of the PPI network, we
systematically calculated multiple network metrics
using the NetworkAnalyzer plugin in Cytoscape,
including node degree, betweenness centrality, and
closeness centrality. Node degree was selected as
the primary criterion for hub gene selection, given
its biological relevance in indicating the number of
direct protein interactions. Hub status was defined
a priori as the top 10th percentile of nodes ranked
by degree centrality, consistent with widely applied
network-biology practice.

Genes with the highest degree values were
designated as hub genes (Table 1). The top 10
hub genes-TP53, 1L6, CXCL8, STAT3, IFNG,
JUN, CDKNIA, RELA, FOS, and MYC-
exhibited numerous connections to multiple
partners, demonstrating their critical function
in PBC immunoinflammatory and apoptotic
pathways.

Table 1. Top 10 Hub genes identified from the PPI network of PBC-
associated genes. Hub status was assigned based on node degree
computed via NetworkAnalyzer in Cytoscape. These genes represent
key molecular nodes potentially driving PBC pathogenesis.

Gene Node | Biological Role
Degree
TP53 42 Cell cycle control, apoptosis
IL6 39 Cytokine signaling, immune response
CXCL8 34 Chemokine activity, neutrophil
recruitment
STAT3 32 Transcription factor, inflammation
IFNG 31 Immune activation, Th1 signaling
JUN 30 AP-1 transcription complex, stress
response
CDKNIA |28 Cell cycle arrest (p21)
RELA 26 NF-kB subunit, inflammatory regulation
FOS 25 AP-1 transcription complex
MYC 24 Cell proliferation, metabolism

Abbrevations: TP53-Tumor Protein p53; IL6 — Interleukin-6;
CXCLS8-C-X-C Motif Chemokine Ligand 8 (Interleukin-8);
STAT3-Signal Transducer and Activator of Transcription 3; IFNG
— Interferon-Gamma; CDKN1A-Cyclin-Dependent Kinase Inhibitor
1A (p21); RELA — v-rel avian reticuloendotheliosis viral oncogene
homolog A.

These hub genes are widely reported as key
regulators of immune signaling, cytokine
production, apoptosis, and cell cycle control, all
of which are relevant to PBC pathogenesis. Thus,
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they were prioritized for downstream enrichment
and drug repurposing analysis. Collectively,
these hubs support the central involvement of
inflammatory signaling and cell fate regulation in
PBC.

These genes were selected for downstream
enrichment, drug—gene interaction, and binding
validation analyses. A sensitivity analysis performed
at a STRING confidence score > 0.7, restricted to
experimentally validated and curated database
interactions, confirmed that IL6, TP53, STAT3,
JUN, and RELA remained among the highest-
ranked hub genes. This indicates that the centrality
of key regulators was stable and not dependent on
the chosen interaction confidence threshold.

3.3. Cluster analysis via MCODE

MCODE identified three highly connected modules
(clusters) within the STRING-derived PPI network,
Table 2. The disease-associated network shows
functional modularity through these clusters
supporting the involvement of immune-inflammatory,
apoptotic, and metabolic pathways in PBC.

Table 2. Functional modules detected by MCODE analysis
of The PPI network. Each cluster is characterized by high
internal connectivity (MCODE score) and enriched biological
functions derived from Reactome annotations and literature
evidence.

Cluster MCODE | No.of | Key Genes | Enriched
No Score Genes Function
Cluster1 | 6.4 12 TP53,IL6, | Cytokine and
STAT3, interleukin
RELA signaling
Cluster2 | 4.9 9 CDKNI14A, | Cell cycle
FOS, JUN | and apoptosis
regulation
Cluster3 | 3.2 5 DHCRY7, Metabolic
CYP7A1 processes
and bile acid
homeostasis

Abbrevations: TP53-Tumor Protein p53; IL6 — Interleukin-6;
CXCLS-C-X-C Motif Chemokine Ligand 8 (Interleukin-8); STAT3-
Signal Transducer and Activator of Transcription 3; IFNG —
Interferon-Gamma; CDKN1A-Cyclin-Dependent Kinase Inhibitor
1A (p21); RELA — v-rel avian reticuloendotheliosis viral oncogene
homolog A; DHCR7-7-dehydrocholesterol reductase; CYP7A1-
cytochrome P450 family 7 subfamily A member 1.

Notably, Cluster 1 encompassed several canonical
immune and cytokine regulators (TP53, IL6,
STAT3, RELA), underscoring the centrality of
immune signaling in PBC.

3.4. Reactome Pathway Enrichment

Pathway enrichment analysis was performed
using the Reactome database to better understand
the biological functions and signaling pathways
associated with the PBC-associated gene set (Fig.
2). In the primary analysis based on all 214 PBC-
associated genes, we observed significant over-
representation of immune-regulatory, cytokine,
and TP53-related pathways. A
analysis restricted to the 30 top-degree hub genes

secondary

yielded a qualitatively similar pattern with an
even stronger over-representation of interleukin
and cytokine signaling (Supplementary Fig 3),
indicating that the immune-cytokine signature is
not an artefact of hub selection but a core feature
of the network.
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Figure 2. Reactome Pathway Overview. A global map of
pathway involvement generated from the input gene list.
Highlighted branches represent significantly enriched nodes
based on hub gene overlaps.

As shown in Fig 3, the top enriched pathways were
predominantly related to immune regulation and
cytokine signaling, which are critically implicated
in the pathogenesis of PBC.
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Top 10 Enriched Pathways (Reactome)

Interleukin-10 signaling

Interleukin-4 and Interleukin-13 signaling

Cytokine Signaling in Immune system

Signaling by Interleukins |

Immune System

Chemokine receptors bind chemokines |

RUNX1 and FOXP3 control regulatory T lymphocytes
Differentiation of T cells

Naive CD+ T to T helper cells

Transcriptional Regulation by VENTX

0 F] 4 6 8 10 12 14
-log10(FDR)

Figure 3. Top 10 enriched biological pathways identified
via Reactome analysis. The x-axis represents the -
logio (FDR) wvalues, indicating significance. The top
pathways involve interleukin signaling, immune system
modulation, and transcriptional regulation-all relevant to the
immunopathogenesis of PBC.

These pathways collectively reflect the
multifactorial nature of PBC, involving cross-talk
between immune activation, apoptotic processes,
and metabolic dysregulation.

3.5. Drug-gene Interactions

A drug-gene interaction was performed to ( Passive
voice shoul be used) explore the therapeutic
relevance of the identified hub genes in PBC,
analysis using the DSigDB database via the Enrichr
platform. The analysis identified FDA-approved
drugs and investigational compounds linked to the

selected hub genes. The study analyzed compounds
that have established mechanisms of action which
play a crucial role in both immune system regulation
and liver function.

The MEK inhibitor PD98059 which indirectly
affects TP53-regulated pathways showed promise
as an antifibrotic compound among the most
popular hits (Fig 4). The IL-6 receptor blocker
Tocilizumab emerged as a mechanistically relevant
candidate based on network centrality and pathway
involvement; however, current evidence does not
establish a therapeutic benefit in PBC, and its
relevance remains exploratory. The hepatoprotective
antioxidant N-acetylcysteine, linked to IFNG in
the enrichment output, also showed therapeutic
relevance.

w
&
=

06035

005313

D 00000663

Figure 4. Top drug-gene nteractions based on Dsigdb
analysis. Bar length reflects — logio (p-value) enrichment.
Drugs with relevance to hepatic or immune pathways are
emphasized.

Table 3. Summary of top drug—gene interactions identified via DSigDB.

Drug Pharmacological Network/ Drug Class Indication Approval Repurposing
Target (Direct) Pathway Gene Potential
Influenced
PD98059 MAP2K1 (MEK1) TP53 (p53 signaling axis) | MEK inhibitor | Preclinical - Moderate
oncology (antifibrotic)
Tocilizumab |IL6R (Interleukin-6 IL6 IL-6 blocker | Rheumatoid FDA High (immune
receptor) arthritis, cytokine suppression)
storms
Budesonide | NR3CI (Glucocorticoid | CXCL8 Corticosteroid | Crohn’s disease, |FDA High (liver
receptor) ulcerative colitis inflammation)
NAC — (Redox modulation / | IFNG (hypothesis- Antioxidant | Acetaminophen |OTC High
glutathione precursor) | supported docking) toxicity (hepatoprotective)
Simvastatin | HMGCR DHCR?7 (cholesterol Statin Hyperlipidemia | FDA Moderate
biosynthesis pathway) (antifibrotic)
Vorinostat | HDACI/HDAC2 CDKNIA (p21 HDAC T-cell lymphoma | FDA Experimental
expression) inhibitor (autoimmunity)
Abbrevations: TP53-Tumor Protein p53; IL6 — Interleukin-6; CXCL8-C-X-C Motif Chemokine Ligand 8 (Interleukin-8); IFNG — Interferon-

Gamma; CDKN1A-Cyclin-Dependent Kinase Inhibitor 1A (p21); DHCR7-7-dehydrocholesterol reductase; MAP2K1 (MEK1)-Mitogen-
Activated Protein Kinase Kinase 1; HDAC-Histone Deacetylase; HMGCR-3-Hydroxy-3-Methylglutaryl-CoA Reductase; NR3C1-Nuclear
Receptor Subfamily 3 Group C Member 1.
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Overall, these findings point to clinically accessible
or repositionable agents that may modulate
key pathways involved in PBC pathogenesis. A
summary of selected drug-gene interactions is
presented in Table 3, while the complete list is
provided in Supplementary Table S1.

These interactions were further validated through
computational binding and structural analyses.

3.6. Computational Validation of Drug—target
Binding Affinities

BindingDB affinity data and SwissDock docking
results supported the plausibility of the prioritized
drug—target relationships (Table 4). Several pairs
showed nanomolar-range inhibitory activity based
on reported BindingDB values.

Reported affinities included 1Cso = 2.8 uM
for PD98059-MAP2K1, ICso 0.5-1.6 nM
for Budesonide-NR3Cl1, ICso = 4-18 nM for
Simvastatin-HMGCR, and K; = 10-50 nM for
Vorinostat-HDAC1/2.

The results show that the identified compounds
possess high target specificity and their action
mechanisms match what science has proven.

The docking simulation of N-acetylcysteine against
IFNG produced an AC score of —24.70 and a

SwissParam energy of —6.62 kcal/mol suggesting
a potential weak-to-moderate interaction. The top-
ranked pose localized to a buried pocket within the
IFNG structure and formed multiple hydrogen-
bond and electrostatic contacts with nearby polar
residues, supporting a hypothesis of redox-sensitive
cytokine modulation. A binding free energy of
approximately —6.6 kcal/mol represents weak—
moderate affinity, and therefore the NAC-IFNG
interaction should be interpreted as exploratory
rather than physiologically meaningful

The researchers did not perform computational
docking of tocilizumab with IL-6R because the
complete receptor—Fab interface structure is not
available, preventing reliable in silico modeling.
Instead, tocilizumab was retained based on
experimentally confirmed target engagement.
Surface plasmon resonance and structural studies
have demonstrated sub-nanomolar affinity for
IL-6R (K _d =24 x 107° M). In contrast to NAC,
tocilizumab was therefore not docked, and its
relevance in this study derives exclusively from
these experimentally validated binding data rather
than computational prediction. The high-affinity
IL-6R blockaded achieved by tocilizumab underlies
its established clinical activity in immune-mediated
diseases.

Table 4. Summary of experimentally validated and computationally predicted drug—target interactions.

Drug Target Experimental Type of Data Docking Binding AC Score | Interpretation
Binding (SwissDock) | Energy (AG, |(unitless)
(BindingDB/ kcal/mol)
Literature)
PD98059 MAP2K1 [Cs0=2.8 UM Experimental - - - Moderate inhibitor
Budesonide NR3Cl ICs50=0.5-1.6nM | Experimental - - - Strong GR agonist
Simvastatin HMGCR ICso=4-18 nM Experimental - - - Potent enzyme
inhibitor
Vorinostat HDAC1/2 |K;=10-50 nM Experimental - - - Strong epigenetic
modulator
NAC IFNG - Docking Completed | —6.62 —24.70 | Potential weak-
moderate binding
Tocilizumab IL6R K d~2-4x 107 M | Literature Not - - Experimentally
applicable validated antibody-
receptor binding

Overall, integrating experimental affinity evidence with docking results supports the pharmacological feasibility of the proposed repurposed

agents in PBC.
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4. Discussion

This study employed network-based approaches
with  computational validation to identify
therapeutic targets and drug candidates for PBC,
a disease that requires improved treatment options
due to suboptimal responses to current therapies.
The research integrated multi-omics data mining
with PPI network analysis, hub gene prioritization,
Reactome pathway enrichment, drug-gene mapping,
and binding affinity evaluation using BindingDB
and SwissDock to develop a comprehensive
systems-level framework linking computational
findings to translational relevance.

The identified hub genes-TP53, IL6, CXCLS,
STAT3, IFNG, JUN, CDKNI1A, RELA, FOS,
and MYC-act as key regulatory factors governing
immune responses, apoptotic pathways, and cell
cycle regulation. The PPI network shows their
essential position in PBC disease development
because they interact strongly with numerous other
proteins. IL6 and STAT3 function as essential
components of the IL6/ Janus Kinase (JAK)/
STAT3 signaling pathway which plays a key role
in both chronic inflammation and fibrogenesis
during autoimmune liver injury. CXCLS8 promotes
neutrophil recruitment, contributing to liver tissue
damage, whereas TP53 and CDKNIA (p21)
indicate that dysregulated apoptosis plays a role
in cholangiocyte loss. These findings demonstrate
that PBC develops through multiple interconnected
mechanisms, including immune dysregulation,
apoptosis, oxidative damage, and impaired tissue
repair. Importantly, the hub genes identified in this
study should be interpreted within the biological
context of biliary injury. In PBC, cholangiocytes
are the primary immune targets, and cytokine
pathways such as IL6-STAT3 signaling promote
cholangiocyte survival, epithelial-mesenchymal
transition, ductular reaction, and peri-portal
inflammation. CXCL8-mediated  neutrophil
recruitment further amplifies biliary injury, while
TP53-CDKNI1A activation reflects oxidative-
stress-induced DNA damage and apoptosis in
stressed cholangiocytes. These pathways are
also influenced by infiltrating T lymphocytes,
macrophages, and Kupffer cells, indicating that
the identified hub genes function across multiple

cellular compartments rather than within a single-
cell population. Therefore, the network signature
likely represents a composite of immune-epithelial
cross-talk, hepatocyte stress responses, and stromal
remodeling rather than a purely hepatocyte-limited
process.

Pathway enrichment analysis revealed significant
enrichment of interleukin signaling, TP53-
regulated transcription, and cytokine-mediated
signaling pathways showed significant enrichment
which corresponds to the immunopathological
features of PBC. The disease progression extends
past immune system activation because apoptotic
and metabolic pathways show signs of enrichment
which indicates that hepatocytes and cholangiocytes
experience intrinsic survival challenges and bile
acid regulation has become disrupted. The study
results confirm previous research which shows that
oxidative stress and mitochondrial dysfunction and
fibrotic remodeling work together to create PBC
pathophysiology. The research findings validate
a therapeutic model which treats immune system
dysfunction and metabolic problems and apoptosis
simultaneously instead of using a single treatment
approach. Importantly, a similar pattern of
interleukin — and TP53-related pathway enrichment
was observed when using either the full 214-gene
set or the restricted hub-gene subset, supporting
the robustness of the immune—cytokine network
signature.

The evaluation of drug—gene interactions showed
several drugs which have strong potential for
drug repositioning. The IL6 receptor blocker
Tocilizumab functions as a central network node
blocker with subnanomolar affinity (K d = 2—4 x
107" M) according to previous structural and kinetic
research. Budesonide functions as a glucocorticoid
that undergoes extensive first-pass liver metabolism
to produce localized immunosuppression while
maintaining low systemic drug levels. SwissDock
analysis suggested that N-acetylcysteine may
interact with IFNG with an estimated binding free
energy of approximately —6.6 kcal/mol which
enables it to reduce oxidative stress by regulating
redox reactions. The nanomolar inhibitory constants
of Simvastatin (HMGCR target) and Vorinostat
(HDAC1/2 target) in BindingDB indicate their
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potential to regulate fibrosis and epigenetic
processes. Collectively, these pharmacological
profiles suggest that effective PBC treatment
may require therapeutic strategies targeting
inflammatory cytokine signaling, oxidative stress,
and epigenetic regulatory mechanisms. It should
also be emphasized that some immune-targeting
agents, including IL-6 pathway inhibitors such as
tocilizumab, have previously shown limited clinical
benefit in PBC despite mechanistic plausibility. This
further highlights the need for rigorous translational
validation beyond computational prediction.
Since DSigDB reports transcriptomic-signature
similarity rather than experimentally verified target
binding, enriched drugs such as PD98059 should
be viewed as exploratory mechanistic probes. In
our interpretation, only compounds with supportive
biological plausibility, hepatology-relevant
indications, and acceptable liver safety profiles
were considered higher-priority repositioning
candidates, whereas other DSigDB hits were
classified as low-priority or purely exploratory.

In addition to UDCA-based therapy, recent
clinical guidelines have incorporated fibrates
(such as bezafibrate and fenofibrate) and emerging
peroxisome proliferator—activated receptor (PPAR)
agonists, including elafibranor, which have shown
biochemical efficacy in selected patient populations.
Despite these advances, current treatment options
do not consistently achieve full biochemical
remission in all patients. The conditional marketing
authorization application for OCA was withdrawn
by the sponsor in 2024 which demonstrates the
requirement for new treatment options. The
research identified multiple drugs which are FDA-
approved and show good liver safety characteristics
and can be quickly moved to clinical use. Although
IL-6 pathway blockade and antioxidant modulation
emerged as mechanistically relevant axes in our
analysis, these observations should be regarded as
hypothesis-generating. In particular, IL-6 receptor
blockade with tocilizumab has not demonstrated
consistent clinical benefit in PBC to date, and
therefore its role remains uncertain.

This study illustrates how established network-
based analyses can support the identification of
biologically plausible drug—target relationships

in PBC. Nonetheless, certain limitations must
be acknowledged. The use of pre-existing gene—
disease databases may introduce bias, as these
resources are enriched for genes that have already
been extensively studied. In addition, STRING and
Reactome may not fully capture tissue-specific or
dynamic interactions that are particularly relevant
to cholangiocytes. The results from docking
experiments also require experimental validation
through biochemical assays and in vivo studies
to verify the predicted binding potential. The
NAC-IFNG docking signal was weak and no
benchmarking controls were applied; therefore,
this finding should be regarded as hypothesis-
generating only and does not provide evidence of
a true ligand-receptor interaction. Nevertheless,
even though hub stability was preserved at higher
STRING confidence thresholds, network-level
findings should still be interpreted as hypothesis-
generating rather than confirmatory. In addition,
the present analysis does not resolve cell-type
specificity or disease-stage dynamics. Since
bulk-level gene associations may reflect mixed
contributions from cholangiocytes, hepatocytes,
stromal cells, and infiltrating immune populations,
future studies should incorporate single-cell and
spatial-omics datasets in PBC to define cell-
restricted signaling programs and stage-dependent
transcriptional shifts. Although hub stability
was preserved at higher STRING confidence
thresholds, network-derived findings should still
be regarded as hypothesis-generating rather than
confirmatory. Another important limitation is that
network-derived drug candidates may not always
translate into clinically meaningful efficacy, as
enrichment-based associations do not fully account
for pharmacokinetics, tissue distribution, off-target
effects, or disease-specific immune-tolerance
mechanisms. Therefore, the proposed compounds
should be considered hypothesis-generating rather
than definitive therapeutic recommendations.
Future studies should integrate transcriptomic,
proteomic, and single-cell analyses in PBC
patient tissues to improve target identification and
biological validation.

The integrative method demonstrates how
computational analysis methods speed up the
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development of new treatments for complicated
liver diseases. The research establishes connections
between disease gene networks and drug signatures
to identify particular molecular targets which leads
to the validation of Tocilizumab and Budesonide
and NAC for clinical and translational research
applications. The established methodology enables
researchers to conduct reproducible precision
medicine studies in hepatology which will help
develop multiple-targeted treatments for PBC in
future research.

5. Conclusion

This study contributes to the existing literature
by providing a comprehensive systems-level
framework that integrates disease-associated gene
networks with pharmacological evidence to identify
repurposable drug candidates for PBC. Compared
with single-pathway approaches, single pathways
or isolated molecular targets, our approach
systematically prioritizes central regulatory hubs
and directly links them to clinically accessible drugs
using both experimental binding data and structure-
based interaction analysis. By bridging network
biology with pharmacological validation, this
work offers a reproducible strategy for prioritizing
testable candidates in autoimmune liver diseases
and supports the rational repositioning of existing
drugs for precision hepatology.

Using this integrative network-based analysis,
we identified essential molecular regulators and
therapeutic targets for PBC. Analysis of 214
PBC-associated genes revealed key central hubs,
including TP53, IL6, CXCLS8, STAT3, IFNG,
and CDKNI1A, which collectively regulate
immune responses, apoptotic signaling, and
fibrotic pathways. Reactome pathway enrichment
highlighted cytokine — and interleukin-mediated
signaling as dominant biological processes.
Furthermore, combined drug—gene interaction
analysis and computational validation identified
Budesonide, Simvastatin, Vorinostat, NAC, and
Tocilizumab as potential repositionable agents
targeting core mechanisms of PBC pathogenesis.
These findings demonstrate that network-based
analysis coupled with drug repurposing represents

an efficient and cost-effective strategy to accelerate
therapeutic development for autoimmune liver
diseases. Future studies integrating multi-omics
data with experimental validation in PBC-relevant
cellular systems will be essential to support clinical
translation.
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